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Abstract

Biofuels derived from cellulosic biomass offer one of the best near- to mid-term
alternatives to fossil fuels. Consuming bioenergy instead of fossil fuels can reduce greenhouse
gas emission and benefit to the nation’s energy security. The conversion can be done either on
biochemical platform or thermochemical platform. Cellulosic bioethanol is developed as an
alternative to petroleum-based liquid fuel on the biochemical platform. It can be used on its own
as a sustainable liquid transportation fuel or blended with conventional transportation fuel. On
thermochemical platform, combustion is proven to efficiently utilize biomass for heat and power
generation by co-firing with coal. To efficient convert cellulosic biomass into biofuels, biomass
need to go through size reduction for bioethanol conversion. Particle size is critically important
to energy consumption in its preprocessing and the efficiency in bioconversion. In the
application of co-firing, the resulting fuel quality after biomass densification is also crucial to
make biomass a cost effective solid fuel. This research provide fundamental knowledges and
insights in biofuel manufacturing on biochemical and thermochemical platforms. A guidance on
the effect of particle size through the whole bioethanol conversion process is provided. An
investigation on solid fuel upgrading effects from synchronized torrefaction and pelleting (STP)
system is also performed. At last, a preliminary study of a pathway on integrating these two
platforms of cellulosic biomass utilization is performed. This half thesis consists of 8 chapters.
Firstly, an introduction of this research is given in Chapter 1.Secondly, Chapter 2 provides a
literature review on cellulosic bioethanol conversion process. Chapter 3and 4 present a
comprehensive study on effect of particle size in both biomass pre-processing and bio-
conversion. Chapter 5 reviews application of biomass on thermochemical platform. Chapter 6

studies the fuel upgrading effect from using STP system. A preliminary study on integrating two



platforms of cellulosic biomass utilizations is presented in Chapter 7. Finally, conclusions are

presented in Chapter 8.
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Abstract

Biofuels derived from cellulosic biomass offer one of the best near- to mid-term
alternatives to fossil fuels. Consuming bioenergy instead of fossil fuels can reduce greenhouse
gas emission and benefit to the nation’s energy security. The conversion can be done either on
biochemical platform or thermochemical platform. Cellulosic bioethanol is developed as an
alternative to petroleum-based liquid fuel on the biochemical platform. It can be used on its own
as a sustainable liquid transportation fuel or blended with conventional transportation fuel. On
thermochemical platform, combustion is proven to efficiently utilize biomass for heat and power
generation by co-firing with coal. To efficient convert cellulosic biomass into biofuels, biomass
need to go through size reduction for bioethanol conversion. Particle size is critically important
to energy consumption in its preprocessing and the efficiency in bioconversion. In the
application of co-firing, the resulting fuel quality after biomass densification is also crucial to
make biomass a cost effective solid fuel. This research provide fundamental knowledges and
insights in biofuel manufacturing on biochemical and thermochemical platforms. A guidance on
the effect of particle size through the whole bioethanol conversion process is provided. An
investigation on solid fuel upgrading effects from synchronized torrefaction and pelleting (STP)
system is also performed. At last, a preliminary study of a pathway on integrating these two
platforms of cellulosic biomass utilization is performed. This PHD dissertation consists of 8
chapters. Firstly, an introduction of this research is given in Chapter 1.Secondly, Chapter 2
provides a literature review on cellulosic bioethanol conversion process. Chapter 3and 4 present
a comprehensive study on effect of particle size in both biomass pre-processing and bio-
conversion. Chapter 5 reviews application of biomass on thermochemical platform. Chapter 6

studies the fuel upgrading effect from using STP system. A preliminary study on integrating two



platforms of cellulosic biomass utilizations is presented in Chapter 7. Finally, conclusions are

presented in Chapter 8.
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Chapter 1 - Introduction of cellulosic biofuel

1.1 Significance of cellulosic biofuel

Bioenergy derived from cellulosic biomass (forest and agricultural residues and dedicated
energy crops) has been recognized as a promising alternative to fossil fuels. With its high
availability and low cost, cellulosic biomass is regarded as a sustainable resource for bioenergy
production in the near to distant future. Among many bioenergy conversion technologies,
making cellulosic bioethanol and co-combustion are most common used methods to utilize
biomass for bioenergy.

On the biochemical platform, cellulosic ethanol is produced to replace conventional
transportation fuels. It can be used on its own as a sustainable liquid transportation fuel or
blended with conventional transportation fuel to meet the government’s mandate of 16 billion
gallons of cellulosic biofuel produced annually by 2022 in the Renewable Fuel Standard (RFS)
as part of the Energy Independence and Security Act [1,2]. There are over 1 billion dry tons of
cellulosic biomass that can be sustainably harvested in the U.S. every year. This amount is
sufficient to produce 90 billion gallons of biofuel that can displace about 30% of the nation’s
current liquid fuel consumption annually [3]. Additionally, over 90% of the liquid transportation
fuel used in the U.S. is petroleum-based (gasoline and diesel), to replace conventional liquid fuel
also contribute to the reduction of greenhouse gas emission in to the atmosphere [4-9].
Compared to the first-generation biofuels (fuels produced from feedstocks such as corns and
sugar canes, which can potentially be made into food/feed), producing biofuels from the inedible
cellulosic biomass creates less competition with food/feed production for the limited agricultural

farmland and other resources [5].



On the thermochemical platform, co-combustion is another efficient and clean way to derive
energy from cellulosic biomass. About 40% of the world’s total power is supplied by coal power
plants. Adding biomass as a partial substitute in existing coal power plants poses an opportunity
to generate heat and electricity and reduce the consumption of fossil fuels. Cellulosic biomass co-
combustion benefits from the infrastructure that is in place for large-scale coal combustion. Some
individual coal-fired power units have been converted to 100% biomass combustion, and all the

power plants can be converted to run on biomass [10-13].

1.2 A challenge in cellulosic ethanol manufacturing

Figure 1.1 shows major steps of cellulosic ethanol manufacturing. Biomass particle size
(after size reduction) is a curial input process parameter with impacts on both the feedstock
preprocessing and bioconversion stages. Biomass particle size is closely related to the energy
consumption in size reduction. More energy will be consumed when smaller biomass particle
size is produced. However, smaller particles size can provide higher transportation and handling
efficiency. It also has positive influences to the conversion rate of fermentable sugar in
hydrolysis, but there is a drawback on the total sugar recovery. In the current literature, there are
no commonly accepted guidelines on how to select biomass particle size in order to conserve
energy in the feedstock preprocessing stage while still achieving good biofuel yield in the

bioconversion stage.
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Figure 1.1. Major steps to produce cellulosic ethanol
1.3 A challenge in solid fuel manufacturing

Producing torrefied pellets is the prevailing technigue to overcome the barriers caused by
characteristics of raw biomass such as hydrophilic natural, low energy and volumetric density,
[14, 15]. As shown in Figure 1.2, upsteam and downstream operations are two current solutions
to produce torrefied pellets in separated steps. As the global demand for torrefied pellets is
expected to double from 24.5 million metric tons to 50 million metric tons by 2024 [16]. The
integration of torrefaction and pelleting is proposed to improve production efficiency, reduce
logistical costs, and make intercontinental bioenergy transport economically and energetically
feasible. For this purpose, synchronized torrefaction and pelleting (STP) method is developed to
achieve multiple fuel upgrading effects in a single step. With the assist of ultrasonic vibration,
significant amount of heat is generated due to viscoelastic heating and initiate torrefaction from
the center of pellets during the operation. The accumulation of heat results in a rapid temperature
increase (up to 320°C) when biomass is being pelletized. The relative lower temperature at pellet

surface only provides thermal set effect to lignin content in biomass and result in good quality to



torrefied pellets. STP method is effective at enhancing pellet physical, thermochemical and

hygroscopic characteristics.

Upstream operation

Downstream operation

5 - Pelleting g Torrefaction Lud

Single-step operation

N\

Synchronized Torrefactionand Pelleting L

Raw biomass

Torrefied biomass pellets

Figure 1.2. Operations to produce torrefied biomass pellets
1.4 Integrating two platforms of cellulosic biomass applications

Second-generation (2G) bioethanol production is yet to be successful commercially.
Stand-alone second-generation bioethanol production is still facing significant challenges [17-
19]. In order to conserve energy and cost in conversion process, several integration approaches
have been proposed and investigated [19, 20]. The valorization of biomass hydrolyzed residues
provides an opportunity to create an intermediate product that can serve as a renewable solid fuel
or a feedstock commaodity for other bio-refinery applications. Rather than directly using the raw
biomass, the hydrolyzed residue should be recovered and used for heat and power generation for
bioethanol production process with a combined heat and power facility. A more economical use
of this residue is to utilize it as a platform chemical for high value-added products such as
aromatic and phenolic compounds, cement additives, bitumen modifiers and battery materials.
Making pellets with biomass hydrolyzed residues can improve the overall techno-economic
performance of the process.

Condensing biomass hydrolyzed residues into pellets can increase the volumetric energy

densities, improve the handling and logistic efficiency of the fuel product [21-23]. When



utilizing these pellets as platform chemical commodities, the enriched lignin content of
hydrolyzed residues also offers great physical quality to the pellets due to the natural binding
ability of lignin [21, 24]. Considering the strong value adding potentials of pellets made from
hydrolyzed residues, an integration of combined heat and power plant (CHP) can achieve an
optimized combination of biomass valorization, ethanol yield and energy output from the 2G

feedstocks [25, 26].
1.5 Objectives and scope of this research

The objectives of the research on effect of biomass particle size in bioethanol conversion
are as following;

To investigate the effect of particle size in biomass pre-processing and mainly focused on
the effect on energy consumption, pellet density and durability.

To investigate the effect of particle size in biomass handling.

To investigate the effect of particle size in ethanol conversion on biomass physical
features (surface morphology, surface area, crystallinity).

To investigate the effect of particle size in ethanol conversion on biomass chemical
features (material composition, chemical compound).

To investigate the effect of particle size in ethanol conversion on total sugar recovery,
hydrolysis efficiency.

The objectives of the research on synchronized torrefaction and pellet process are as
following;

To investigate effects of input parameters (particle size, pressure, ultrasonic power,
duration, material type) on torrefaction and pellet quality.

To investigate the impact to pellet physical properties by STP



To investigate the impact to pellet thermochemical properties by STP

To investigate the impact of pellet hygroscopic properties by STP

The objectives of the research on integrating two platforms of utilizing cellulosic biomass
are as following;

To investigate the impact to pellet physical properties from adding hydrolyzed residue

To investigate the impact to pellet hygroscopic properties from adding hydrolyzed
residue

To investigate the impact to pellet thermochemical properties from adding hydrolyzed

residue
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Chapter 2 - Literature review of key features in cellulosic bioethanol

conversion process

Abstract

Biofuels derived from cellulosic biomass offer one of the best near- to mid-term
alternatives to petroleum-based liquid transportation fuels. Biofuel conversion is mainly done
through a biochemical pathway, on which size reduction, pelleting, pretreatment, enzymatic
hydrolysis, and fermentation are main processes. As an input factor, biomass particle size has
influences in both preprocessing and bioconversion process. Most reported studies focus on the
effects of biomass particle size on a single specific process and the reported relationships
between particle size and output parameters are inconsistent; as a result, in the current literature,
there is no commonly accepted guidance to select the overall optimum particle size in order to

minimize the energy consumption and maximize sugar yield.
2.1 Introduction

In the multistep bioethanol production process, size reduction and pretreatment are
performed prior to enzymatic hydrolysis, because the bulk raw biomass cannot be processed or
converted to bioethanol efficiently. Reducing biomass particle size provides biomass with higher
volumetric density, improved flowability, and better handling property in logistics [1].
Pretreatment alters the recalcitrance of cellulosic biomass natural structure and separates
cellulose from the hemicellulose-lignin shield by breaking the bonds and linkages in the woven
cell wall. The physical and chemical modifications caused by size reduction and pretreatment
make biomass more accessible to enzymes in the subsequent enzymatic hydrolysis [2]. Through

extensive studies, key physical and chemical features that impact biomass enzymatic digestibility
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have been identified. By classification, physical features include particle size, accessible surface
area, and crystallinity. Chemical features are mainly referred to as the chemical composition
fractions of cellulose, hemicellulose, and lignin so as the characteristics of the bonds and
linkages amongst the three biomass structural compositions [3].

The influences of biomass physical and chemical features on its enzymatic digestibility
have been broadly reported in the literature. A high enzymatic digestibility can be achieved by
favorably preparing a biomass substrate, so it has large enzyme-accessible surface area [4,5], low

crystallinity [2,6], and low lignin or hemicellulose contents [3,7-9].
2.2 Size reduction

Biomass size reduction is the first step for biofuel production from cellulosic biomass
through biochemical pathway. Size reduction is usually performed on a mill with a sieve
installed to control the size of the produced particles. During milling process, biomass materials
endure impacting, compression, shearing and stretching [10]. As summarized in Table 2.1, the
average particle size varies by different size reduction equipment. Hammer mills are mostly used
in biomass size reduction. It has a low energy consumption with high productivity. Particles
made by hammer mills are usually smaller than screen size and may cause flowability issues.
Due to the cutting mechanisms, most equipment produce rode like particles. When particles with
high aspect ratio are produced (attrition/dis mill), it has negative effect to flowability. Unlike
other equipments, rotary by pass shear mill produce cube like particles low aspect ratio and
provide good flowability. However, unable to produce fine particles is the drawback. Ball mill
produce finest particles to micrometer and nanometer level but the final particle size is hard to

control because no screen can be used. Knife mill can produce wider range of particles. Final
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particle size is easier to control with corresponding screens. Similarly, due to flowability issue,

feeding actions are usually needed when producing fine particles.
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2.3 Pretreatment

Raw biomass mainly consists three compositions and their contents vary by biomass
types. They are cellulose (40-50%), hemicellulose (20-30%), and lignin (15-20%) on a dry
weight basis [11]. Cellulose and hemicellulose are compound sugars that can be broken into
fermentable sugars in enzymatic hydrolysis. Lignin contains no sugar content. The obstacle of
converting compound sugars in biomass to fermentable sugars is mainly due to the presence of
lignin. Lignin shields biomass as the main plant cell wall composition and interweaves with
hemicellulose to surround cellulose by a network structure. This structure limits the accessibility
of enzymes to compound sugars during hydrolysis. Moreover, the crystalline natural structure of
cellulose chains due to extensive hydrogen bonding consequently increases the difficulty for
enzymes to access compound sugars. As a result, raw biomass often requires pretreatment to
liberate the sugars contained within cellulose fibers embedded in the hetero-matrix of plant cell
walls to increase the yield of fermentable sugars. A scheme is shown in Figure 2.1. The sugar

yield in enzyme hydrolysis can then be enhanced after pretreatment.
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Figure 2.1. A scheme of the pretreatment function
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Pretreatment methods can be classified into chemical, physical, physicochemical methods
[12-14]. Dilute acid, dilute alkaline, liquid hot water, and ammonia fiber explosion (AFEX) are
among the several well studied in the literature. It has been indicated that the modification on
biomass compositional and structural features by pretreatment are critically important for
increasing the fermentable sugar yield in enzymatic hydrolysis [15]. As shown in Table 2.2,
effects of pretreatment methods on biomass compositional and structure features are different.
Delignification of dilute alkaline and ammonia fiber explosion pretreatment results in biomass
structural disruption and increased enzyme accessible surface area. However, not all the
pretreatments aim at removing lignin, the removal of hemicellulose by dilute acid, liquid hot
water, and metal oxide pretreatments substantially alters lignin structure and disrupt hetero-
matrix network structure between hemicellulose and lignin. The high pressure in ammonia fiber
explosion (AFEX) and supercritical CO2 aids on reducing biomass crystallinity, rendering
cellulose more amenable to enzymatic hydrolysis.

Table 2.2. Effects of pretreatment methods on biomass compositional and structural

features
Pretreatment method Decregs; R@move Remove lignin
crystallinity hemicellulose
Dilute acid X \ x
Dilute alkaline X X N
Liquid hot water N \ x
Ammonia fiber explosion (AFEX) \ x \
Supercritical CO» \ x x
Metal oxide X N X

x: not effective; V: effective
2.4 Physical and chemical features
Key physical and chemical features that impact biomass enzymatic digestibility are
widely studied and identified. By classification, physical features include particle size, accessible

surface area, and crystallinity. Chemical features are mainly referred to as the chemical
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composition fractions of cellulose, hemicellulose, and lignin so as the characteristics of the bond
and linkage between the three compositions [3].

Table 2.3. Reported correlation between biomass physical, chemical features and enzymatic

digestibility
Aspects Factors Correlations References
Negative [20, 21]
o Unpretreated —5 Give  [22, 23]
Particle size
. Neutral [24, 25]
Physical Pretreated -
f Negative [20, 26]
eatures Accessible
Positive [24, 27]
surface area
Crystallinity Negative [2, 6]
Chemical |I:||gn|.n CI(IJnItent Negative [3, 28]
features emicetiiose Negative [7,9]
content

The correlations between physical and chemical features of biomass and enzymatic
digestibility in the literature are summarized in Table 2.3, a high enzymatic digestibility can be
achieved by having substrates with larger accessible surface area, lower crystallinity, lower
lignin and hemicellulose contents, but the reported correlations between particle size and
enzymatic digestibility are inconsistent. Positive (larger particle size has higher enzymatic
digestibility), neutral (no correlation) and negative correlations (smaller particle size has higher
enzymatic digestibility) have been reported. When enzymatic hydrolysis is directly performed to
digest un-pretreated biomass, consistent results are reported that particle size of the biomass has
negative correlation with enzymatic digestibility, but the correlation is rather weak. When
pretreatment is performed, three different correlations are reported. The effects of biomass
particle size on enzymatic digestibility are mostly concluded by simply comparing the sugar
yield. However, modifications of biomass physical features on a microscopic level (crystallinity

reduction and accessible surface area increase) and chemical features (hemicellulose and lignin
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removal) in pretreatment have major impact to biomass enzymatic digestibility since the
enhancement by pretreatment is much more significant (>70%) than that simply by size
reduction (up to <50%) [19].

2.5 Effect of particle size on sugar yield

Sugar yield definitions used in the literature are found to be different, and this variation
caused the inconsistency in the reported correlations as summarized in Table 2.4. Most studies
reported the correlations by using enzymatic hydrolysis efficiency to investigate the percentage
of compound sugar digested in hydrolysis; when this definition is used, it seems to be commonly
agreed that compound sugar in small particles can be more efficiently digested into fermentable
sugar than in large particles. When enzymatic hydrolysis sugar yield or total sugar yield
definitions are used, inconsistent correlations have been reported. A higher enzymatic hydrolysis
efficiency and enzymatic hydrolysis sugar yield of small particles do not necessarily mean small
particles should be selected favorably in bioethanol production. The correlation in favor of small
particles can be deceptive as small particles’ advantage in hydrolysis can be outweighed by their
drawbacks in pretreatment.

Table 2.4. Reported correlations between particle size and sugar yield when different
definitions are used

Sugar yield definition Definition explanation Co:)rﬁlatl Reference
Percentage of grams of compound sugar Negative [20,29-34]

Enzymatic hydrolysis

efficiency digested to grams of fermentable sugar added

to hydrolysis Positive [35]

Negative [36,37-39]
Neutral [40]
Positive [41,42]

Enzymatic hydrolysis Grams of fermentable sugar yield per 1g of dry
sugar yield biomass added to hydrolysis

Grams of fermentable sugar yield per 1g of dry  Negative [43]

Total sugar yield biomass added to pretreatment Positive  [44,45]
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Particle size of biomass used in reported studies can be classified into two ranges: particle
size smaller than 1 mm can be considered as micron meter level and particle size larger than 1
mm can be considered as a millimeter level. Despite the pretreatment method varied, the particle
size smaller than 1 mm showed the trend that smaller particle size results in higher sugar yield.
In contrast, particle size is larger than 1 mm, two different trends were reported in various
literatures.

Table 2.5 Reported relationship between cellulosic biomass particle size and enzymatic
hydrolysis sugar yield of two biomass particle size ranges

Particle Relationship reference
range

<1 mm Smaller particle size results in high sugar  [20,46-50] [31]
yield

>1 mm Smaller particle size results in high sugar [34] [51]
yield

Larger particle size results in high sugar [23,42,52,53]
yield [54]
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Chapter 3 - Investigation on effect of particle size in biomass

preprocessing

This work is published in the paper “A Comprehensive Investigation on the Effects of Biomass
Particle Size in Cellulosic Biofuel Production” Yang Yang, Meng Zhang, and Donghai Wang,
ASME Journal of Energy Resources Technology 140, no. 4 (2018).

Abstract

Biofuels derived from cellulosic biomass offer one of the best near- to mid-term
alternatives to petroleum-based liquid transportation fuels. Biofuel conversion is mainly done
through a biochemical pathway, on which size reduction, pelleting, pretreatment, enzymatic
hydrolysis, and fermentation are main processes. The literature has studied the energy
consumption in a step individually. However, none have included all conversion steps. There is
no commonly accepted guidance to select the overall optimum particle size in order to minimize
the energy consumption in preprocessing and maximize sugar yield in biochemical conversion.
This study presents a comprehensive experimental investigation converting three types of
biomass (big bluestem, wheat straw, and corn stover) into fermentable sugars and studies the
effects of biomass particle size in size reduction and pelleting.

Key words:

Particle size, pre-processing, size reduction, energy consumption, densification
3.1 Introduction
Today’s economy and society are overwhelmingly reliant upon liquid transportation
fuels. This reality will not change dramatically in the near future. However, over 90% of the
liquid transportation fuel used in the U.S. is petroleum-based (gasoline and diesel) and more than

half of the petroleum is imported. [1-4]. Meanwhile, consuming petroleum-based transportation

26



fuels contributes to the accumulation of greenhouse gases (CO2, SO2, and NOX) in the
atmosphere [5,6]. Therefore, it is imperative to develop alternative liquid transportation fuels that
are domestically produced and environmentally friendly.

The second-generation biofuels produced from cellulosic biomass (forest and agricultural
residues and dedicated energy crops) are alternatives to conventional transportation fuels.
Compared to the first-generation biofuels (fuels produced from feedstocks such as corns and
sugar canes, which can potentially be made into food/feed), producing biofuels from the inedible
cellulosic biomass creates less competition with food/feed production for the limited agricultural
farmland and other resources [3]. Producing and using cellulosic biofuels can turn residues and
wastes into energy, enhance the nation’s energy security, create new employment opportunities,
and improve rural economies [6]. Cellulosic biofuel can be used on its own as a sustainable
liquid transportation fuel or blended with conventional transportation fuel to meet the
government’s mandate of 16 billion gallons of cellulosic biofuel produced annually by 2022 in
the Renewable Fuel Standard (RFS) as part of the Energy Independence and Security Act [7,8].
There are over 1 billion dry tons of cellulosic biomass that can be sustainably harvested in the
U.S. every year. This amount is sufficient to produce 90 billion gallons of biofuel that can
displace about 30% of the nation’s current liquid fuel consumption annually [9]. Furthermore,
cellulosic biofuel has the potential to reduce greenhouse gas emissions. Among all the other
renewable energy sources, biomass is the only sustainable carbon carrier. Biomass grows by
absorbing carbon dioxide, water, and nutrients and converts them into hydrocarbons through
photosynthesis. When biomass is consumed as a fuel, carbon is cycled in the atmosphere [10].

The major steps of converting cellulosic biomass feedstocks into biofuels can be divided

into the feedstock preprocessing stage conducted in a field or at a depot and the bioconversion
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stage performed at a biorefinery. Size reduction is a necessary process with current conversion
technologies, as raw cellulosic biomass feedstocks (such as the stems of herbaceous biomass or
chunks of woody biomass) cannot be directly converted into biofuels efficiently [11,12]. This
process decreases cellulosic biomass particle size by mechanical methods such as milling,
cutting, and chipping. The large physical size and strong structure of cellulosic biomass make
size reduction a highly energy-intensive process [13]. Pelleting applies mechanical forces to
compress biomass particles produced by size reduction into uniformly sized pellets or briquettes.
Pelleting can increase the volumetric density of biomass from 40-200 kg/m3 to 600-1400 kg/m3,
which will significantly lower the cost and improve the feedstock flowability in biomass logistics
[14,15].

This study investigated the effect of particle size on energy consumption of biomass size
reduction and pelting. The impact from particle size to physical characteristics of the pellets were
also studied. Three particle sizes (4, 2 and 1 mm) of big bluestem, wheat straw, and corn stover

were produced by knife milling and were pelletized with an ultrasonic pelleting system.
3.2 Experimental Procedures and Parameter Measurements

3.2.1 Size reduction

All materials (whole stems) were processed through a knife mill (SM 2000, Retsch, Inc.,
Haan, Germany) powered by a 1.5 kW three-phase electric motor. The milling chamber of the
knife mill is shown in Fig. 3. Three sieves with sizes of 4, 2, and 1 mm were used to control the
particle size received. In each size reduction experiment, 100 g of biomass was gradually fed into
the milling chamber. The knife mill was stopped after 10 seconds when all the biomass was
loaded into the milling chamber. The weight of the particles collected was measured, and the size

reduction time was recorded.
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3.2.2 Pelleting

As illustrated in Fig. 3.1, cellulosic biomass particles were compressed into pellets using
an ultrasonic machine. This process combines an ultrasonic generation system and a pneumatic
loading system. The ultrasonic generation system (Stationary USM, Sonic-Mill, Albuquerque,
NM, USA) converts the 60 Hz of power line frequency to 20 kHz of electrical power.
Afterwards, the 20 kHz electrical power is converted into mechanical vibration by a piezoelectric
converter. The high frequency mechanical vibration is then amplified and transmitted to the end
surface of the pelleting tool. Biomass particles were compressed into a pellet inside a mold with
a cylindrical cavity of 20 mm diameter. The pelleting action is driven by a pneumatic cylinder. In
this study, the compress air pressure for pelleting was set at 345 kPa (50 psi). The vibration
amplitude of the pelleting tool is controlled by the power supply unit. In this study, the ultrasonic
power was set at 50% (of the maximum ultrasonic power the power supply unit can generate),
and the pelleting duration was kept at 90 seconds. Each pellet was made of 2 g of biomass. The
moisture content of the biomass particles for pelleting was approximately 7% and pelleting

experiments were conducted in ambient temperature (20-22°C).
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Figure 3.1. Schematic of the ultrasonic assisted pelleting process

3.2.3 Energy consumption measurement

Energy consumption in this investigation was the electrical energy consumed in size
reduction and pelleting. A Fluke 189 multimeter and a Fluke 200 AC current clamp (Fluke
Corp., Everett, WA, USA) were used to conduct the measurement. Current data was collected by
the Fluke software. The sampling rate was two readings per second. The software recorded the
average current (IAVG) in each test. The line-to-neutral voltage (V) did not fluctuate much
during tests, so it was regarded as a constant of 120 V. The electrical energy consumed during
each test (Et) was calculated using the following equations: size reduction (three-phase power)
Et = V3IAVG- V-t (J) and pelleting (single-phase power) Et = IAVG-Vt (J). Dividing Et by the
weight (w) of the biomass materials received after the tests gives energy consumption (E) per
unit weight as E = Et(kJ)/w(g). For each experimental condition in size reduction and pelleting,

eight independent energy consumption measurements were performed.
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3.2.4 Pellet density and durability measurement

Pellet density and durability were employed to evaluate the pellet quality in this study.
Density of a pellet was calculated by the ratio of its weight to its volume. Eight pellets were
randomly chosen for density measurements. Three density values (initial density, out-of-mold
density, and 24-h density) were measured for each pellet. The initial density was the pellet
density at the end of each test while it was still in the mold. The inner diameter of the mold
cavity was taken as the pellet diameter, and the pellet height was obtained from a digital readout
attached on the pelleting tool. Out-of-mold density was the pellet density right after being
unloaded from the mold, and 24-h density was the pellet density measured 24 hours after being
unloaded. The latter two densities were measured to reflect the amount of spring-back (volume
expansion) and the stability of a pellet during storage; these pellet dimensions were measured by
a digital caliper. Durability tests were performed on an ASABE standard pellet durability tester
(Seedburo Equipment Co., Des Plaines, IL, USA) (Fig. 3.2). First, test pellets (stored in ambient
conditions for 24 hours) were loaded into the tester chamber. Then, the chamber was rotated at
50 rpm for 10 minutes. After each test, pellets were transferred and shaken through a U.S. No. 6
standard sieve to separate whole pellets from crumbs and loose particles. Durability is defined as
the ability of densified pellets to remain intact when handled. The durability index was
calculated as percentage between the mass pellets after and the mass of pellets before durability

testing.
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Figure 3.2. Durability tester

3.3 Experimental Results and Discussions

3.3.1 Effect of particle size on size reduction energy consumption

As shown in Figure 3.3, for all the biomass materials used in this study, size reduction
energy consumption increased as biomass particle size decreased. This observed trend has been
consistently reported in many studies with both the same size reduction equipment [16, 17-20]
and other machines [21-25, 26-30]. In addition, to produce a specific amount of biomass
particles of the same size, a size reduction machine with a higher power rating usually consumes
less energy due to its higher material handling efficiency [17-20,26,31]. It was also noticed that
when producing smaller biomass particles, the average current only increased slightly compared
to that when producing larger biomass particles. The significant increase in energy consumption
was mainly caused by the elongated time required to produce the same weight of biomass
particles. In this study, for wheat straw and corn stover, the energy consumed to produce 1 mm
biomass particles doubled the energy consumption to produce 2 mm particles. This significant
increase in energy consumption when biomass particle size decreased from 2 mm to 1 mm was
also reported when conducting size reduction of other biomass materials such as switchgrass [17-

18], Miscanthus [17,18], and barley straw [24]. Comparatively, for every particle size produced,
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big bluestem consumed the least amount of energy; producing 1 mm big bluestem only
consumed 30% more energy than producing 2 mm big bluestem. It was observed that big
bluestem particles had the best flowability amongst the three biomass materials. Particles smaller
than the openings on the sieves could be discharged efficiently out of the milling chamber, which
shortened the time required to produce the same amount of particles as required by the other two
types. Contrarily, there is one report that found the opposite trend that producing larger particles
consumed more energy [31]. This observation was mainly caused by the biomass flowability
issue of larger particles (45 and 85 mm) in that they did not move through the grinder (HG-200,

Vermeer Corp., Pella, 1A, USA) as easily as the smaller particles (20 and 30 mm) [31].
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Figure 3.3. Effects of biomass particle size on size reduction energy consumption.

3.3.2 Effect of particle size on pelleting energy consumption

The effects of biomass particle size on pelleting energy consumption are shown in Figure
3.4. It was noticed that pelleting wheat straw particles consumed more energy than the other two
materials. Pelleting 4 and 2 mm particles consumed more energy than pelleting 1 mm particles

under the same conditions for wheat straw. This observation agreed with the predicted trend of
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an empirical-model developed for this process [32]. Since larger biomass particles initially yield
a lower bulk density of the particles in the mold and require more energy to be condensed into a
pellet than do smaller particles [32]. For corn stover and big bluestem, biomass particle size did
not significantly affect the pelleting energy consumption (P>0.05). Song et al. also found that the
energy consumption did not change significantly when pelleting 0.45, 1, 2, and 4 mm particles;
however, pelleting 8 mm particles consumed a larger amount of energy [33]. Svihus et al. [34]
studied the effects of biomass particle size on pelleting energy consumption with a high capacity
pelleting machine (RPM350, Minch-Edelstahl GmbH, Germany). The results indicated that
there were no significant differences in energy consumption when pelleting 3 and 6.1 mm
particles. Zhang et al. [35] also reported that the energy consumptions were approximately the
same when pelleting 3.2 and 9.5 mm corn stover and sorghum stalk particles on a ring-die

pelleting machine (CPM 2000, California Pellet Mill Co., Crawfordsville, IN, USA).
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Figure 3.4. Effects of biomass particle size on pelleting energy consumption.

3.3.3 Effect of particle size on pellet density

The pellet density data is shown in Figure 3.5. Columns in the diagram show the out-of-
mold density values. The upper bounds of the error bars are the initial density values and the

lower bounds are the 24-h density values. It can be seen that pellets experienced a 15-25%
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spring-back in their volumes when taken out of the mold. They became more stable over the next
24 hours with less than 5% spring-back occurring. Only for wheat straw pellets, the amount of
spring-back increased as the particle size became larger. Wheat straw pellets had a much higher
density than the other two materials, yet the density of corn stover pellets was the lowest. In
general, pellets made from 2 mm particles had a slightly higher average density than that of
pellets made from 1 mm particles; while pellets made from 4 mm particles had the lowest density
amongst the three particle sizes. Mani et al. [36] examined the effects of compressive force,
particle size, and moisture content on the density of pellets made from corn stover, wheat straw,
barley straw, and switchgrass. It was found that all these variables significantly affected the
pellet density, the only exception being that no significant effect was observed regarding particle
size on wheat straw pellet density. Three particle sizes, 0.8, 1.6, and 3.2, were produced on a
hammer mill, and smaller particles (except wheat straw) produced denser pellets. Mani et al.
explained that different viscous and elastic characteristics of biomass materials contributed to the
different densification behaviors since cellulosic biomass is often regarded as a viscoelastic

material [37-39].
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Figure 3.5. Effects of biomass particle size on pellet density. (Upper error bars represent the

initial density and lower error bars represent the 24-h density)
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3.3.4 Effect of particle size on pellet durability

Pellet durability results are shown in Figure 3.6. Pellets made from 1 and 2 mm biomass
particles had similar durability, which was higher than that of pellets made from 4 mm biomass
particles. Wheat straw pellets had the highest durability amongst the three biomass materials.
Pellets made from 1 and 2 mm wheat straw particles had a nearly identical durability of 94%.
The durability of pellets made from 4 mm wheat straw slightly decreased to 93%. Pellets made
from 1 and 2 mm corn stover particles had a durability of 90%, and the durability decreased to
87% with 4 mm corn stover particles. Big bluestem pellets were less durable compared to the
other two materials. Their durability results dropped from 86% to 80% as particle size increased
from 1 to 4 mm. It has been broadly reported that finer particles generally correspond with
greater durability as larger particles may serve as fissure points to initiate cracking or splitting in
pellets [40]. With the same pelleting mechanism as used in this study, Zhang et al. by doing a
full factorial design of experiments found that 2 mm wheat straw particles produced more
durable pellets than 1 mm particles [41]. With conventional pelleting methods (without
ultrasonic vibration), Singh and Kashyap reported that decreasing rice husk particle size from 5
to 4 mm increased pellet durability from 84% to 95% [42]. Franke and Rey found that the
smallest particles in their study, ranging from 0.5 to 0.7 mm, were the most feasible in generating
high quality pellets [43]. Hoover et al. reported that 4 mm corn stover particles produced pellets
with a higher durability than the 6 mm particles [44]. In a study of alfalfa pellet durability, Hill
and Pulkinen [45] noted that a decrease in particle size from 6.4 to 2.8 mm increased the
durability by more than 15%. Several other researchers observed a mixture of particle sizes is

more beneficial produce durable pellets. When being condensed, the mixture can increase the
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inter-particle bonding and remove of inter-particle spaces more efficiently than uniformed

particles [46].
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Figure 3.6. Effects of biomass particle size on pellet durability.

3.4 Conclusions
This study presented an experimental investigation on the effect of particle size in the
biomass feedstock preprocessing stage with corn stover, wheat straw, and big bluestem.
Table 3.1 summarizes the effects of biomass particle size on various evaluation parameters in
biomass preprocessing stage. The effects of particle size on biomass preprocessing critically

depended on the biomass type. The following conclusions were drawn:

Table 3.1.Statistical analysis results on the effects of biomass particle size on the multistep
bioethanol conversion (significant level is 0.05)

. Size reduction Pelleting energy .
Blomass types energy consumption consumption Pellet density
Big Bluestem Significant No significant Not significant

Corn Stover Significant No Significant ~ Not significant
Wheat Straw Significant Significant Not significant

(1) Generally, smaller particle tended to have better durability for all three type of materials.
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(2) For big bluestem, particle size did not significantly affect pellet density and the energy

consumption of pelleting.

(3) For corn stover, particle size negatively affected the energy consumption of size reduction

significantly. Nevertheless, particle size did not have a significant impact on pellet density.

(4) For wheat straw, smaller particle size significantly increased the energy consumptions in

size reduction and pelleting. However, particle size had no significant effects on pellet density.
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Chapter 4 - Investigation on effect of particle size in biomass

bioconversion process

This work is published in the paper “Effects of particle size on biomass pretreatment and
hydrolysis performances in bioethanol conversion” Yang Yang, Jikai Zhao, Meng Zhang, and

Donghai Wang, Journal of Biomass Conversion and Bio-refinery. 2022:PP 1-14
Abstract

Many studies have investigated how particle size as a biomass physical feature influences
sugar yield exclusively in enzymatic hydrolysis. However, without considering the effects of
particle size on biomass preprocessing and pretreatment, it is difficult to select an optimal
particle size range for bioethanol production considering the multistep nature of this process.
Comprehensive effects of particle size on biomass preprocessing, pretreatment, and enzymatic
hydrolysis were evaluated in this study by assessing biomass compositional and morphological
features, characterizing biomass crystallinity and enzyme-accessible surface area, and studying
hydrolysis sugar yield and its efficiency. Results indicated that submillimeter small particles
(0.5, 0.25, and <0.25 mm) experienced greater pretreatment severity and 5-10% more structural
composition removal than their millimeter level counterparts (1-4 mm). Although small particles
had about 10% higher enzymatic hydrolysis efficiency, the low pretreatment solid and sugar
recoveries neutralized their enzymatic hydrolysis efficiency advantage over large particles. This
trade-off suggested that there may exist little value in reducing particle size further under
millimeter level, comparable total sugar yield can be achieved by biomass of millimeter particle
sizes; in the meanwhile, employing millimeter particle sizes can conserve energy in biomass
preprocessing since comminution is highly energy-intensive and costly.

Keywords
Bioethanol, biomass, enzymatic hydrolysis, particle size, pretreatment, sugar yield
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4.1 Introduction

As the world gradually transitioning to the renewable sector for low-carbon energy
resources, cellulosic biomass provides good sustainability for fuel production as an alternative to
petroleum-based liquid transportation fuels. Effectively breaking down the polysaccharides in
cellulosic feedstocks to fermentable monosaccharides is the key to economically producing
bioethanol. Cellulosic biomass is the most abundant bioresource produced on earth, and it has
three main components (by dry weight percentage): cellulose (40—50%), hemicellulose
(25—30%), and lignin (15—20%). Cellulose is stabilized by hydrogen bonds and stacks as
crystalline chains. Hemicellulose and lignin crosslink with cellulose chains to form micro-fibrils.
This shielded network structure and the packed crystalline cellulose lead to the natural
recalcitrance of raw biomass, which limits the efficiencies of processing and converting
cellulosic biomass at all stages in bioethanol production [1].

In the multistep bioethanol production process, size reduction and pretreatment are
performed prior to enzymatic hydrolysis, because the bulk raw biomass cannot be processed or
converted to bioethanol efficiently. Reducing biomass particle size provides biomass with higher
volumetric density, improved flowability, and better handling property in logistics [2].
Pretreatment alters the recalcitrance of cellulosic biomass natural structure and separates
cellulose from the hemicellulose-lignin shield by breaking the bonds and linkages in the woven
cell wall. The physical and chemical modifications caused by size reduction and pretreatment
make biomass more accessible to enzymes in the subsequent enzymatic hydrolysis [3]. Through
extensive studies, key physical and chemical features that impact biomass enzymatic digestibility
have been identified. By classification, physical features include particle size, accessible surface

area, and crystallinity. Chemical features are mainly referred to as the chemical composition
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fractions of cellulose, hemicellulose, and lignin so as the characteristics of the bonds and
linkages amongst the three biomass structural compositions [4].

The influences of biomass physical and chemical features on its enzymatic digestibility
have been broadly reported in the literature. A high enzymatic digestibility can be achieved by
favorably preparing a biomass substrate, so it has large enzyme-accessible surface area [5,6], low
crystallinity [3,7], and low lignin or hemicellulose contents[4,8-10]. However, the reported
correlations between biomass particle size and enzymatic digestibility are inconsistent. Positive
(larger particle size has higher enzymatic digestibility), neutral (no significant correlation), and
negative correlations (smaller particle size has higher enzymatic digestibility) have all been
reported. When enzymatic hydrolysis is directly performed to digest unpretreated biomass,
consistent results have been reported that biomass particle size has a negative correlation with
enzymatic digestibility [11,12], but the correlation is rather weak. When biomass pretreatment is
performed before hydrolysis, all three correlations positive, neutral [5,13], and negative [11,14]
have been observed. Moreover, the effects of biomass particle size on enzymatic digestibility are
mostly concluded by solely comparing enzymatic hydrolysis sugar yield. However, in
pretreatment, the modifications of biomass physical features on a microscopic level (e.g.,
crystallinity reduction and accessible surface area increase) and chemical features (e.qg.,
hemicellulose and lignin removal) are believed to have more direct and substantial impacts on
biomass enzymatic digestibility, since the enzyme-accessibility enhancement by pretreatment is

much more significant than that achieved by mechanical comminution (size reduction) [15].
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Table 4.1 Reported correlations between particle size and sugar yield when different definitions

are used
Sugar yield definition Definition explanation Co:)rﬁlatl Rel(‘:eeren
i . Percentage of grams of compound sugar . [11,16-
EnzyrE?;ilgi:r)]/éjrolySIS digested to grams of fermentable sugar added Negative 21]
y to hydrolysis Positive [22]
Grams of fermentable sugar yield per 1g of dry Negative [14,23-
Enzymatic hydrolysis biomass added to hydrolysis g 25]
sugar yield Neutral [13]

Positive  [26,27]
Grams of fermentable sugar yield per 1g of dry  Negative [28]
biomass added to pretreatment Positive  [29,30]

Total sugar yield

In addition, sugar yield definitions used in the literature are found to be different, and this
variation also caused the inconsistency in the reported correlations as summarized in Table 1.
Most studies reported the correlations by using enzymatic hydrolysis efficiency to investigate the
percentage of compound sugar digested in hydrolysis; when this definition is used, it seems to be
commonly agreed that compound sugar in small particles can be more efficiently digested into
fermentable sugar than in large particles. When enzymatic hydrolysis sugar yield or total sugar
yield definitions are used, inconsistent correlations have been reported. A higher enzymatic
hydrolysis efficiency and enzymatic hydrolysis sugar yield of small particles do not necessarily
mean small particles should be selected favorably in bioethanol production. The correlation in
favor of small particles can be deceptive as small particles’ advantage in hydrolysis can be
outweighed by their drawbacks in pretreatment. For example, after dilute acid or steam explosion
pretreatment, large particles usually have higher solid and sugar recoveries than small particles.
So, if total sugar yield definition is used to consider the overall effects of particle size on
pretreatment and hydrolysis, positive relationships are largely reported [29,30]. Moreover, size
reduction is an energy-intensive process, more energy will be consumed to produce smaller

particles [31,32]. Also, particle size ranges appeared to affect the comprehension of particle size
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effects because particle size showed inconsistent effects when different particle size ranges (e.g.,
submillimeter vs. millimeter ranges) were used [11,32].

Wheat straw biomass was used in this study. Wheat is the world most widely grown crop
[34]. About 400 million tons of wheat straw are globally available, which can be used in
production of biofuels. About 100 billion liters of bioethanol are produced using wheat straw on
an annual basis [35]. Dilute sulfuric acid pretreatment was selected in this study as it is the most
widely used commercial pretreatment method because of its low cost and high efficiency in
lignin removal [8]. The objective of this research is to comprehensively connect biomass particle
size with its enzymatic digestibility by studying the effects of particle size on the modifications
of biomass physical and chemical features. The effects of particle size on pretreatment sugar
recovery, enzyme-accessible surface area, crystallinity, and biomass surface morphology were
investigated. Considering pretreatment sugar recovery and total sugar yield, the necessity to
conduct fine size reduction (submillimeter) was evaluated. A resource-efficient guidance for

particle size selection was provided.

4.2 Experimental procedures and parameter measurements

4.2.1 Material preparation

The wheat straw material used in this study was collected from the East Central Kansas
Experiment Field of Kansas Agricultural Experiment Station. The initial moisture content was
approximately 8%. It was measured by following the NREL analytical procedure [36]. Biomass
particles were prepared on a knife mill (SM 2000, Retsch, Inc., Germany) and separated on a
sieve shaker (with 4, 2, 1, 0.5, 0.25 and <0.25 mm sieve openings) (RO-TAP, W.S. Tyler,

Mentor, OH) to obtain different size levels. All the six size groups of biomass particles were
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stored under a humidity-controlled condition. In the rest of the work, the sizes of the sieve
openings will be referred to as particle sizes.
4.2.2 Pretreatment

Dilute sulfuric acid (2%) pretreatment was employed. For each pretreatment, a 10% solid
loading (w/w) slurry with 20 g biomass and 200 ml dilute sulfuric acid were well mixed in a 600
mL glass liner and pretreated in a pressure reactor (4760A, Parr Instrument Co., Moline, IL) at
120 °C for 30 minutes. This condition was selected to limit the formation of sugar degradation
products such as furfural and 5-hydroxymethylfurfural (HMF), which not only reduce
pretreatment sugar recovery but also act as fermentation inhibitors. After pretreatment, the solid
and liquid fractions were separated on suction filtration units. The solid fraction was washed
with distilled water to remove inhibitors and residual acids. The distilled water used in washing
was collected and combined with the supernatant of the pretreatment slurry. The combined liquid
was then transferred and diluted into a 1 L volumetric flask for further composition analysis.

Pretreatment solid recovery rate (RS) is used to evaluate the solid weight recovery and
loss during pretreatment. It is calculated as Eq. (1), where WAP is the biomass dry weight after
pretreatment and WBP is biomass dry weight before pretreatment.

Wap
Wgp

Rs(%) = —22 x 100 Eq. (1)

Pretreatment sugar recovery is used to study how much compound sugars (cellulose and
xylose) are recovered and remain in the solid fraction of the pretreated biomass. Composition
analyses before and after pretreatment were executed by following NREL analytical procedure
[38]. Cellulose and xylose recoveries (RC and RX) are calculated as shown in Egs. (2) and (3),

where AC and AX are the cellulose and xylose compositions (%) in the biomass after
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pretreatment. A-and Ay are the cellulose and xylan compositions (%) in the biomass before
pretreatment.

WAp XAC

Re(%) = X 100 Eq. (2)

WAp XAX

Ry (%) = ¥ % 100 Eq. (3)

Structural carbohydrates in pretreated and raw materials were measured on an HPLC
(1200 HPLC, Agilent Technologies Inc., Santa Clara, CA) with an RCM-Monosaccharide Ca2+
(7.8x300 mm, Rezex) column. The total sugar, byproducts, and degradation products in the
liquid fraction were measured with an Aminex HPX-87H ion exclusion column (7.8x300 mm,
Bio-Rad) by following NREL analytical procedure [39].
4.2.3 Drying

Pretreated biomass samples were dried by two methods, including oven drying (105°C
for 4 hours) and freeze drying (—80°C for 72 hours) to prepare them ready for subsequent
analyses and measurements.
4.2.4 Enzymatic hydrolysis

Twenty milliliter of 5% solid loading (w/w) slurry was prepared with 1 g pretreated
biomass (dry weight), 1 mL enzyme complex Accellerase 1500TM (DuPont Genencor Science,
Wilmington, DL), and sodium acetate buffer solution (50 mM, pH 4.8, 0.02% sodium azide) in a
125 mL hydrolysis flask. The enzyme complex contains glucanase, B-glucosidase, xylanase, and
B-xylosidase with an endoglucanase activity of 2200-2800 CMC U/g, a B-glucosidase activity of
450-775 pNPG U/g, a xylanase activity of 660 U/g, and a 3-xylosidase activity of 60 U/g.
Hydrolysis reaction was incubated at 50 °C in a water bath shaker operated at 110 rpm for 72

hours. The supernatant of each hydrolysis slurry sample (100 pL) was extracted every 12 hours.
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After collection, the supernatant was mixed with distilled water at a ratio of 1:9 in 1.5 mL
microcentrifuge tubes and boiled in a water bath (100°C) for 15 mins to inactivate enzymes.
After that samples were centrifuged, filtered, and transferred into HPLC vials for sugar analysis.

The HPLC system was used to measure glucose and xylose concentrations in the
hydrolysis slurry. Enzymatic hydrolysis sugar yields (YHG and YHX) were then calculated, as
shown in Egs. (4) and (5), to measure the amount of fermentable sugar (glucose and xylose)
yield per unit dry weight of biomass,

CgXxV

Yuc(g/1g of biomass) = W Eq. (4)
Yux(g/1g of biomass) = C"/‘VXV Eq. (5)
H

where CG and CX are the concentration (g/L) of glucose and xylose detected by HPLC,
V is the total volume (L) of the hydrolysis slurry, WH is the dry weight (g) of the biomass loaded
into the hydrolysis flask.

Enzymatic hydrolysis efficiencies (EC and EX) are expressed as the percentage of
cellulose converted to glucose and the percentage of xylan converted to xylose by enzymatic

hydrolysis, and they are calculated as Egs. (6) and (7):

_ CgXV
Ec(%) = 1 X 100 Eq. (6)
Ex(%) = —2Y % 100 Eq. (7)

114X Wy xAx
where, factors 1.11 and 1.14 are the cellulose-to-glucose and xylan-to-xylose conversion

factors, respectively. These two factors reflect the weight gain when hydrolyzing compound

sugars to fermentable sugars. Total sugar yields (TC) and (TX) provide interpretations about how

much fermentable sugar (glucose and xylose) a unit dry weight of biomass (before pretreatment)
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can yield through pretreatment and enzymatic hydrolysis combined. They are calculated as
shown in Egs. (8) and (9).

Tc(g/1g of biomass) = Yyg X Rg Eqg. (8)

Tx(g/1g of biomass) = Yyx X Rg Eq. (9)
4.2.5 Accessible surface area

A modified Simon’s stain method [37] was used to measure and quantitatively

demonstrate the relative enzyme accessible surface area by comparing the amounts of dye
solutions absorbed by pretreated biomass. Pontamine Fast Sky Blue 6 BX (FB) and Pontamine
Fast Orange 6NR dyes (FO) (Sigma-Aldrich) were used to prepare the stain mixture. The orange
dye solution was filtered with a 100K Amicon Ultra 15 mL centrifugal filter apparatus (Sigma-
Aldrich). The top fraction in the filter was collected and dried to prepare the stain mixture. The
blue dye has small molecular size and a low affinity towards cellulose. The orange dye has large
molecular size and a much stronger affinity towards cellulose. If cellulose is shielded by
hemicellulose and lignin, thus, pores on fiber wall are small, the small-molecular-sized blue dye
can penetrate in and access cellulose, but the large-molecular-sized orange dye cannot. Cellulose
then adsorbs only the blue dye. On the other hand, when the shield on cellulose is disrupted, and
the pores on fiber wall are large enough for the orange dye to penetrate, cellulose adsorbs the
orange dye preferentially because of the orange dye’s stronger affinity to cellulose. It is also
known that cellulosic biomass with larger pore size is more amenable in hydrolysis, with more
available surface area for enzymes to access. It has been indicated that cellulosic biomass sample
with higher orange dye adsorption has more enzyme accessible surface area in hydrolysis [35].
The stain process was performed on oven dried, freeze dried, and suction filtered pretreated

biomass samples. For oven dried and freeze-dried samples, 100 mg pretreated biomass from each
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particle size group was weighed and moved into separate centrifuge tubes. 1 mL of Simon’s stain
mixture was added together with distilled water to make up the volume of the sample mixture in
the tube as 10.0 mL. For suction-filtered samples, moisture content was measured before creating
the mixture. The amount of distilled water added to each sample varied according to the samples’
moisture contents. These tubes were then incubated at 70 °C for 48 hours.

The concentrations of the blue and orange dyes remained in the stain solution were
measured by performing UV spectrum scan of the supernatant on a spectrophotometer (Epoch 2,
BioTek, Winooski, VT). The absorbance was read at 500 nm and 620 nm. The extinction
coefficients (¢) for the blue and orange dyes were calculated by the established linear
relationships between the absorbance and concentration of dye solutions. For each dye,
absorbance measurements were conducted for five dye concentrations. The coefficients
generated by regression are €B/500 = 7.35, ¢éB/620 = 28.5, €0/500 = 39.62, and £€0/620 = 1.95.
The blue and orange dye concentrations (CB and CO) remained in the supernatant of each stain
solution can be calculated with Egs. (10) and (11) according to the Lamber-Beer law, where A is

the absorption of mixed dye solution at 500 or 620 nm, and L is the optical path length.
Aso0 = €0/500LCo + €B/500LCh Eq. (10)
A620 = €0/620LCo + €B/620LCp Eq. (11)
4.2.6 Crystallinity
The degree of biomass crystallinity is determined by the ratio between crystalline and
amorphous regions in biomass and expressed as crystallinity index (Crl) [3]. In this study, Crl

was measured by an X-ray diffractometer (MiniFlex I, Rigaku Americas Corporation,

Woodland, TX). Biomass samples were scanned at 1°/min from 26 = 10° to 30° with a step size
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of 0.02°. As shown in Eq. (12), 1002 is the intensity of crystalline 002 peak at 26 = 22.5°. And

Iam is the intensity of the amorphous band at 26 = 18.7°.

Crl = looz”lam Eq. (12)

Iooz

FTIR spectroscopy was also used to investigate the crystalline level of the biomass
particles. The spectrometer (Spectrum 400 FT-IR, PerkinElmer Co., MA) recorded spectra in
absorbance mode with wavenumber ranging from 400 to 4000 cm-1. The detection resolution
was 4 cm-1 in the absorbance mode with 16 scans per test. The spectrum of air was scanned as
the background. The absorption bands at 1430 and 898 cm-1 were used to calculate the cellulose
crystallinity index according to Eq. (13) [40], where LOI is lateral order index and A is the
absorbance value of the corresponding band. Before tests, materials were size reduced to less

than 0.2 mm on a cyclone mill.

LOJ = 4130 Eq. (13)

Agosg
4.2.7 Surface morphology
Morphological images of raw and pretreated biomass samples were taken on a scanning
electron microscope (S-3500N Hitachi High-Tech America, Inc., IL).

4.3 Experimental results and discussions

4.3.1 Effect of particle size on material composition

Compositions of unpretreated biomass particles were different across particle size groups
in terms of carbohydrate and lignin fractions (Table 4.2). Compound sugars in the compositions
before and after pretreatment are cellulose and hemicellulose; they are presented as potential
fermentable monosaccharide equivalencies (cellulose as glucose and hemicellulose as xylose and

arabinose) for easy comparisons with hydrolysis results. The 0.25 and <0.25 mm particle groups
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had significantly less potential glucose, xylose, arabinose together will a lower lignin content.
They were nearly 6%, 4%, 1% and 3% less than the structural carbohydrates in biomass particles
from the 0.5 to 4 mm groups. Based on the observation under an optical microscope, a
significant portion of larger particles were from the stem of wheat straw. Smaller particles were
mostly from the leaves and veins of wheat straw. As wheat straw stem is richer in cellulose and
lignin than leaves and veins, it is more rigid. This tenacious natural of stem consequently
remains as larger particles and the less rigid leaf and vein portion is more likely to be ground into
smaller particles during size reduction. This difference can lead to the composition variation

amongst different particle size groups [41].

Table 4.2 Biomass composition before pretreatment

Particle size Extraction Glucose %*  Xylose %*  Arabinose %* Lignin % Ash %
recovery %

4 mm 88.22+1.22%  38.68+0.84%  26.18+0.26° 2.45+0.04¢ 16.66+0.24%  1.27+0.07¢

2 mm 85.36+3.12%  38.76+0.33%°  26.16+0.33? 2.65+0.03? 16.89+0.41*  1.54+0.02°

1 mm 84.23+254®  38556+0.21°  26.28+0.42° 2.54+0.02° 16.35+0.24%  1.37+0.03¢
0.5 mm 80.15+3.87*  37.61+0.37%  26.32+0.11° 2.56+0.08° 16.58+0.14%  1.44+0.02¢
0.25 mm 74.96+4.32%  32.51+0.15°  22.19+0.35° 1.37+0.04¢ 13.13+0.22°  2.36+0.02°
<0.25 mm 70.27+#3.65¢  31.79+0.42°  22.11+0.54° 1.04+0.04¢ 13.24+0.31°  3.66+0.04%

*Presented as fermentable sugar equivalency

The high extractive (substances extracted by distilled water and/or ethanol) contents in
the smaller particle size groups was another possible reason causing the composition difference
amongst particle size groups. As shown in Table 4.2, the ash content of unpretreated biomass
particles increased as particle size decreased. After Soxhlet extraction with distilled water and
ethanol, the structural composition recovery rates of 0.25 and <0.25 mm particles (70—75%)
were significantly lower than those of wheat straw particles ranging from 0.5 to 4 mm (80—88%).

This indicates that smaller particles had more non-structural substances to be extracted. Since
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extractives (organic acids, wax, protein, fats etc.) only account a small portion (4.96%) of the
washed wheat straw [42], soil could be the major extractives. USDA classified sands (<50—2000
pum), silts (<2—50 pm), and clays (<2 pm) as the major contents of soil [43]. Extractives
originated from soil were more likely to fall into the smaller particle size groups on the sieve
shaker; containing soil extractives consequently lowered the total potential carbohydrate contents
in smaller biomass particle groups.
4.3.2 Effect of particle size on pretreatment

The main mechanism of dilute sulfuric acid pretreatment is to separate cellulose from the
hemicellulose and lignin shield by breaking the bonds and linkages in the woven biomass cell
wall structure, leaving most of the hemicellulose hydrolyzed into the liquid fraction of the
pretreatment slurry. This effect resulted in solid loss and biomass composition change. In Table
4.3, a general trend was observed that smaller particles had lower pretreatment solid recovery.
Due to the removal of most hemicellulose, the percentage of cellulose and lignin in the pretreated
biomass increased. There was little difference in pretreated biomass compositions amongst
particle size groups except for the <0.25 mm group, which had slightly lower cellulose but
higher ash content. Similar trends have been reported by Chambon et al. when pretreating
miscanthus biomass using low-cost ionic liquid triethylammonium hydrogen sulfate [22]. No
significant difference was seen in cellulose recovery values for coarse (~3x1x1 cm) and medium
(~3x%0.02x0.01 cm) particles, while a slightly greater degree of cellulose loss was noted for fine
(0.18-0.85 mm) particles. Other researchers reported that there was a significant decrease in
particle size of sub-millimeter particles when they interacted with acid pretreatment [44,45]. This
effect could lead to future decrease in pretreatment solid and sugar recoveries of sub-millimeter

particles. Pretreatment sugar recovery and degradation results are detailed in Figure 4.1.
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Structural composition recovery rates are shown in Figure 4.1A, where 0.25 and <0.25 mm
particle size groups had significantly lower cellulose and lignin recoveries as reflected in their
low solid recoveries (Table 4.3). This observation also indicates that smaller particles
experienced greater pretreatment severity. As shown in Figure 1B, more xylose was hydrolyzed
into the liquid fraction of the pretreatment slurry for smaller particles. However, the amount of
inhibitor generation during pretreatment did not display a strong correlation with particle size
groups (Figure 4.1C). This can be the result of the relative mild pretreatment temperature (120
°C) used in this study since inhibitor generation is more likely to occur under high pretreatment

temperature (above 180 °C) condition for wheat straw [46].

Table 4.3 Pretreatment solid recovery and biomass composition after pretreatment

Particle size  Solid recovery %  Glucose %" Xylose %"  Arabinose %" Lignin % Ash %
4 mm 44.22+1.85% 54.80+0.812 13.34+0.142 3.13+0.05¢ 27.97£0.27°  0.73x0.01°
2 mm 45.83+1.51° 53.65+0.432 13.64+0.212 3.72+0.09¢ 27.72+0.16°  0.71+0.02°
1mm 43.98+1.042 53.99+0.272  12.29+0.24° 4.61+0.04° 27.85+0.36°  0.88+0.02¢
0.5 mm 40.67+0.79° 51.07+0.76®  13.45+0.382 4.98+0.05° 26.07+£0.77¢  2.50+0.02°
0.25 mm 35.64+0.50°¢ 53.55+0.44%  12.61+0.41° 4.53+0.06° 26.33+0.63°  2.96+0.01°
<0.25 mm 34.95+0.99¢ 49.13+0.48°¢ 12.060.59° 5.39+0.08? 28.22+0.118  4.03+0.022

“Presented as fermentable sugar equivalency

4.3.3 Effect of particle size on hydrolysis efficiency and total sugar yield

Pretreated biomass was processed with two drying options including oven drying and

freeze drying. A third control group of pretreated biomass that was never dried was also included
for comparison. The moisture content in the never-dried biomass was counted as part of the
hydrolysis buffer solution. Results of 72-hour glucose yield are shown in Figure 4.2. As
indicated by their higher glucose yield in Figure 4.2A, smaller biomass particles from the never-

dried group were more accessible to enzymes than larger particles. Similar trend can be observed

58



within all three groups (never-, oven-, and freeze-dried) when comparing their 12-hour

hydrolysis glucose yield results in Figures 4.2B and 4.2C. This observation indicates that

enzymatic hydrolysis of cellulose occurred more rapidly with smaller particles at the initial stage

because smaller particles experienced greater pretreatment severity that tended to render biomass

physical and chemical features for better enzymatic accessibility. The increased enzymatic

accessibility of biomass substrates boosted a higher glucose yield. However, as enzymatic

hydrolysis went on, only 0.25 mm biomass particles had a significant higher glucose yield than

other particle size groups after 72 hours. After the easy-to-access portion of the pretreated

biomass interacted with enzymes first, biomass with high recalcitrance remained, and the

hydrolysis reaction slowed down and eventually reached equilibrium. As the hydrolysable

amounts of cellulose from each particle size group were quite close to each other (Table 4.2),

glucose yield results were consequently similar amongst particle size groups after 72 hours.
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Figure 4.2. 72-hour hydrolysis sugar yield results: (A) never-dried, (B) oven-dried, and (C)
freeze-dried biomass

When comparing hydrolysis sugar yield across the three groups prepared by different
drying methods in Figure 4.2, it can be seen that the initial and equilibrium glucose yields were
significantly impacted by drying methods. For both oven-dried and freeze-dried biomass, the
initial hydrolysis sugar yields for smaller particles were still higher but the advantages over
larger particles were not as significant as they were in the never-dried group. Moreover, the
amount of glucose yields of both oven-dried and freeze-dried samples were much lower than
those of the never-dried samples. This alternation of biomass pore structure by drying ultimately
weakened or nearly neutralized the effects of particle size on pretreatment severity and the
difference in enzyme accessible surface area created by different levels of pretreatment severity.
It suggests that the collapse of large pores and small pore walls during drying consequently
hindered the substrates’ enzymatic accessibility. The drying processes that caused an irreversible
physical contraction of the biomass cell wall has been mentioned as “fiber hornification” (the
stiffening of the polymer structure that takes place in cellulosic materials upon drying) [47].

By comparing enzymatic hydrolysis efficiency, a trend can be seen from the unpretreated
material group (raw) that smaller particles had higher enzymatic hydrolysis efficiencies and
higher total sugar yields (Figure 4.3). After pretreatment, the enzymatic hydrolysis efficiencies
(Figure 4.3B) of all groups were improved significantly. However, enzymatic hydrolysis
efficiencies of particles in the submillimeter groups showed slight advantage. It is noted that for
never-dried biomass, the highest enzymatic hydrolysis efficiency was not contributed by the
smallest particles (<0.25 mm). Chambon et al. also reported that medium (~3x0.02x0.01 cm)

particles had a higher enzymatic hydrolysis efficiency than large (~3x1x1 cm) and fine (0.18—
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0.85 mm) particles. Dilute acid pretreatment removed the majority of hemicellulose and some of
lignin. As shown in Table 4.3, hemicellulose removal was more effective for smaller particles,
but lignin removal (delignifcation) showed a different trend: the smallest particles had the lowest
delignifcation, but the 0.5 and 0.25 mm particles had the highest delignifcation. A similar
observation was explained as the re-precipitation of lignin onto the large surface area of small
particles during pretreatment led to the low delignifcation, and this suggests that the presence of
lignin has a stronger negative effect on enzymatic hydrolysis efficiency than the positive effect
of hemicellulose removal [22]. Vidal et al. discussed the concept of maximal particle size in
pretreatment; that is the particle size below which no increase in pretreatment effectiveness was
observed. For dilute acid pretreatment, this size is <3 mm (sieve opening) [15]. Supported by
theoretical diffusion modeling done by Kim and Lee to examine the diffusivity of sulfuric acid in
different biomass [48], if biomass particles are smaller than the critical particle sizes, diffusion is
not an obstacle hindering pretreatment effectiveness. Critical particle sizes were calculated for
four biomass feedstocks (switchgrass, straw, stover, and wood), ranging from 1.0 to 3.2 mm
diameter (spherical geometry) or 0.3 to 1.1 mm thickness (plate geometry).

This discussion suggests that particle size had little effects when pretreatment was
conducted as substrates of all range of particle sizes were rendered sufficiently susceptible to
enzymatic hydrolysis. After taking pretreatment solid recovery into account, the low
pretreatment solid recovery of small biomass particles further weakened their slight advantage in
enzymatic hydrolysis efficiency. Total glucose yields amongst six biomass particle sizes of
wheat straw showed no significant difference (p-value >0.05). There seemed to be little value of
performing submillimeter size reduction. Particle size was a weak indicator of total sugar yield

(fermentable sugar per gram of unpretreated biomass). These insights are in line with particle
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size range of 2—6 mm recommended by Cadoche and Lopez [49] and the roles of biomass

particle size in pretreatment and enzymatic hydrolysis analyzed by Vidal et al [15].
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Figure 4.3. (A) 72-hour total sugar yield and (B) enzymatic hydrolysis efficiency
4.3.4 Effect of particle size on enzyme accessible surface area

Cellulase enzymes are measured to have a hydrodynamic radius bigger than 5 nm [50].
The hydrodynamic radius of the orange dye molecules (5—7 nm) is comparable to that of
cellulase enzymes. Therefore, the capacity that a biomass sample absorbs the orange dye
molecules can be used as a measurement of its accessibility to enzymes during hydrolysis. The
blue dye consists of much smaller molecules than the orange dye. By adding the absorbing
capacity of blue dye, the total dye absorption can be used to represent the total surface area of
biomass substrates.

Table 4.4 Dye absorption results of Simon’s stain

Oven-dried sample Freeze-dried sample Never-dried sample
Particle  Orange Blue Total ) Orange Blue Total ) Orange Blue  Total ]
Ratio Ratio Ratio

size mg/g mg/g  mg/g mg/g mg/g  mgl/g mg/g mg/g mg/g

4 mm 49.29 2773 77.03 1.78 46.21 23.64 69.86 1.95 56.89 3743 94.32 151
2 mm 4739 2524 7263 1.88 47.62 25.64 7327 1.86 5311 3209 8521 1.65
1 mm 46.38 2745 7383 1.68 45.25 2246 67.72 201 54.05 3351 87.55 1.61
0.5mm 4834 2652 7486 1.82 47.63 2577 7341 185 56.42 36.71 93.13 1.53
0.25 mm 5047 2926 79.74 1.72 52.37 31.92 8429 1.64 60.67 4262 103.29 142
<0.25mm 51.18 30.30 8148 1.69 50.23 29.11 7934 1.73 61.15 4331 10444 141
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Absorptions of the two-color dyes in Simon’s stain are compared across particle size
groups in Table 4.4. A general trend can be observed that a greater amount of orange dye was
absorbed by smaller particles in all the particle size groups. More specifically, orange dye
absorption decreased first as particle size decreased from 4 to 1 mm and then increased as
particle size kept decreasing to <0.25 mm. This change is followed by the change of lignin
contents in different pretreated particle size groups shown in Figure 4.1A.

The reduction of particle size also brought changes to blue dye absorptions that higher
blue dye absorptions were measured with smaller particles. This observation confirmed that
reducing particle size affected both enzyme accessible surface area and total surface area of
pretreated biomass. However, the impacts on these two categories of surface area were different.
The ratio changes between orange dye and blue dye showed a different trend as compared to that
of total absorption. The decreased ratio between orange dye and blue dye reflected that the
increase of accessible surface area was rather limited by reducing particle size. Further size
reduction mostly increased total surface area. This conclusion agreed with the changes of glucose
yield through the 72-hour hydrolysis across all groups (Figure 2). As reducing particle size
provided more total surface area, enzymes reached to accessible surface faster with smaller
particles and achieved a significant higher initial glucose yield at the 12 hour. After hydrolysis
reached equilibrium, only minor differences in glucose yield amongst groups could be observed
due to the limited increase of enzyme accessible surface area.

Both oven-dried and freeze-dried biomass had lower dye absorption accompanied by
their lower total sugar yield and enzymatic hydrolysis efficiency. Drying removes the water
filled in the inherent capillaries in biomass cell walls and increases the extent of cross-linking in

biomass microfibrils, which result in the collapse of pore structures and the reduction of dye
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absorption. Park et al. reported that smaller pores are more resistant to pore collapse during
drying than larger pores [51]. As a result, enzyme accessible surface area increased by size
reduction was further weakened by drying.

4.3.5 Effect of particle size on crystallinity

Cellulose is the major crystalline portion in biomass. As the majority of amorphous
hemicellulose and a portion of less rigid cellulose being broken down during dilute sulfuric acid
pretreatment, crystallinity index (Crl) of pretreated biomass increased as shown in Table 5. This
increase is consistent with reported trends in the literature [52]. For both oven-dried and freeze-
dried samples, the crystallinity indexes of large biomass particles (4, 2, 1 mm) were lower than
small particles (0.5, 0.25, <0.25 mm) due to the different pretreatment severities they
experienced.

FTIR spectra are shown in Figure 4.4 The absorption band at 1430 cm-1 is assigned to a
symmetric CH2 bending vibration that represents crystalline Cellulose I. The band at 898 cm-1 is
associated with the C-O-C stretching at p-(1—4)-glycosidic linkage in amorphous Cellulose I1
[40]. After pretreatment, the amorphous fraction of cellulose was supposed to be removed.
However, the signals of amorphous fraction related band of pretreated biomass still existed at
898 cm-1. As shown in Figure 4.4 (A and C), the absorption band became even stronger
compared to the unpretreated samples. The presence of amorphous Cellulose Il at 898 cm-1
indicates that pretreatment promoted the conversion of Cellulose I to Cellulose Il. With further
inspection on absorption intensities of 4, 1 and 0.25 mm samples, particle size had limited effect
on increasing the absorption band, but the intensity of signals was slightly weakened as particle

size decreased according to the amorphous fraction related band at 898 cm-1. This trend also
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agreed with the results obtained by the XRD measurement in this work that particle size had a
positive impact on removing amorphous fractions in pretreatment.

Table 4.5 XRD and FTIR crystallinity results

] . Oven-dried sample Freeze-dried sample Unpretreated raw biomass
Particle size
Crl LOI Crl LOI Crl LOI
4 mm 59.52+2.10 122  55.28+2.90 1.21
2mm 59.95+3.20 1.30 56.34+2.60 1.28
1 mm 56.27+3.10 129  55.86+2.30 1.29
49.92+1.4 1.45
0.5mm 60.36+2.80 1.29  59.48+1.10 131

0.25 mm 66.14+2.20 1.35  58.56+2.10 1.30
<0.25 mm 62.21+1.30 1.38  57.22+2.30 1.34

The signals of crystalline Cellulose I at 1430 cm-1 were rather weak and there were not
significant changes after pretreatment since the crystalline Cellulose | mostly maintained its
integrity through pretreatment. There were notable signal peaks presented at around 2920 and
2850 cm-1. They are related to the asymmetric and symmetric methyl and methylene stretching
groups of cellulose. The appearance of these two peaks indicates that an increased amount of
cellulose was exposed after pretreatment, attributing to a higher overall crystallinity. Based on
the absorbance from FTIR spectra, LOI index was also calculated. It is an empirical crystallinity
index used to compare the relative amounts of amorphous and crystalline cellulose in pretreated
and unpretreated biomass. For both oven- and freeze-dried samples (Table 4.5.), LOI index
slightly dropped comparing to unpretreated materials. The lower LOI index reflects crystallinity
reduction of cellulose after pretreatment and also confirms the conversion of Cellulose | to
Cellulose I1. 1t is also observed that LOI index of larger particles are smaller. This observation,
again, indicates a higher pretreatment severity was experienced by small particles. However, the

degree of modifications on cellulose was rather similar despite different particle sizes were used.
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Figure 4.4. FTIR spectra of pretreated oven dried (A) (B) and freeze dried (C) (D)
particles
When associating these observations with enzymatic hydrolysis results, crystallinity
seems to be a secondary indicator of biomass enzymatic digestibility. After dilute acid
pretreatment, biomass material became more cellulose-rich. The crystallinity of pretreated
biomass may be slightly reduced, but the majority of pretreated biomass is still crystalline
cellulose. The fact that hydrolysis sugar yield and enzymatic hydrolysis efficiency were still
significantly increased over those of unpretreated biomass indicates that the crystallinity index is
a weak indicator of biomass enzymatic digestibility. The bonds and crosslinks amongst cellulose,
hemicellulose, and lignin in the biomass cell walls are the main recalcitrance that enzymes have
to overcome to digest cellulosic biomass. With lignin, hemicellulose, and/or amorphous cellulose
being removed by chemical pretreatments, biomass can be susceptible enough to enzymes, so
that enzymes can interact with the substrates effectively, even it is characterized with a higher
crystallinity index.
4.3.6 Effect of particle size on surface morphology
Figure 4.5 shows that both 0.25 and 1 mm unpretreated particles have smooth and
compact surfaces. At higher magnifications (400x and 2000x), the surface morphologies are
generally very similar. After pretreatment, Images A and D in Figures 6 and 7 reveal the

dramatic morphological change. The surfaces of 0.25 and 1 mm pretreated particles became
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rough and show cracks and fractures on the main particle body. At 400x magnification, Images
B and E of Figures 4.6 and 4.7 show scale-like surface and expose some internal structure of the
pretreated particles. This morphological change can be related to the biomass structural
modification during pretreatment that disrupted biomass cell walls. When hemicellulose and/or
lignin were removed during pretreatment, it left a significant number of voids and porosities in
the cell walls (Images C and F in Figures 4.6 and 4.7) that provided more accessible area for
enzymes to intact during hydrolysis. However, there was no significant difference between oven-
and freeze-dried particle surfaces. The similar degree of surface-modifications of dried particles
indicates that pretreatment effect on biomass morphology was determined by pretreatment

condition predominately than biomass particle size.

Figure 4.5. SEM images of unpretreated particles
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Figure 4.7. SEM images of freeze-dried pretreated particles
SEM images in Figures 5—7 are presented as 0.25 mm (A, B, C) and 1 mm (D, E, F) at 70x,

400x%, and 2000x magnifications. Image D in each figure is at 35x for better illustration.

4.4 Conclusions

This study assessed how millimeter and submillimeter biomass particles performed
during pretreatment and enzymatic hydrolysis. The following conclusions are drawn:

1. Size reduction (comminution) by itself was insufficient to attain economically feasible
sugar yields. Unpretreated biomass has under 0.1 g total sugar per unit biomass and less than

20% of enzymatic hydrolysis efficiency.
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2. Reducing particle size resulted in lower solid and cellulose recoveries but greater
hemicellulose removal in pretreatment. Only 35% of the initial mass can be recovered in the
pretreatment solid fraction for 0.25 and <0.25 mm particles and over 85% of the initial
hemicellulose are decomposed during pretreatment.

3. Submillimeter particles showed slight advantage (<10%) over millimeter particles in
enzymatic hydrolysis efficiency. The smallest particle size group (<0.25 mm) had the highest
enzymatic hydrolysis efficiency for oven-dried and freeze-dried pretreated samples and
unpretreated samples. For pretreated samples that were not dried, the 0.25 mm particle size
group was the highest.

4. Submillimeter particles’ advantage in enzymatic hydrolysis efficiency was outweighed
by their low solid and sugar recoveries in pretreatment. Total sugar yields in the investigated six
particle size groups showed no significant difference (p-value >0.05).

5. Enzyme-accessible surface area quantified by the orange dye absorption in Simons’
stain technique could indicate the substrate’s enzymatic hydrolysis efficiency and sugar yield.
Whereas crystallinity index was a weak indicator of the substrate’s susceptibility to enzymes.

6. Drying negatively impacted biomass enzymatic digestibility as it reduced enzyme-
accessible surface area of dried biomass by collapsing its inherent pore structures.
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Chapter 5 - Literature review of utilizing biomass as solid fuel

Abstract

The U.S. is sustainably producing of over 1 billion dry tons of biomass annually. This
amount of biomass is sufficient to produce bioenergy that can replace about 30 percent of the
nation’s current annual consumption of conventional fossil fuels. This then gives us the
opportunity to turn waste into bioenergy that can assist in meeting the U.S. Renewable Fuel
Standard (RFS). Besides being converted into bioethanol through the biochemical platform,
biomass can also be utilized solid fuels to generate bioenergy through the thermochemical
platform. Co-firing power plants use torrefied biomass pellets combined with coal for electricity
generation. Upsteam and downstream operations are two current solutions to produce torrefied
pellets in separated steps. Torrefaction followed by pelleting or torrefaction after pelleting, are
the prevailing technique that the industry is currently using to produce torrefied biomass pellets.
Torrefaction converts biomass into biochar with high heating value, and pelleting densifies

torrefied biochar into pellets with high durability and density.
5.1 Introduction

Bioenergy derived from cellulosic biomass (forest and agricultural residues and dedicated
energy crops) has been recognized as promising alternatives to fossil fuels. Raw biomass has
very low bulk density, low energy content, high moisture content, and hydrophilic nature. Such
properties result in the high cost of biomass transportation, handling and storage which hinged its
application either on the biochemical or thermochemical platform [1]. In order to address these
problems, biomass needs to be preprocessed or pretreated before it can be used as an efficient
bioenergy source. Handling, storage, and transportation cost can be lowered by increasing the

density via consolidating biomass into pellets. Dense pellets require less space for storage and
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transport than loose biomass [2, 3]. Density of pelleted biomass can be 600-800 kg/m3, which is
much higherthan the bulk density of loose biomass (40-250 kg/m3).Furthermore, cost of
transportation, handling, storage pelleted biomass is also much lower than that of baled or
chopped biomass [4]. Meanwhile, pellets with the uniform size and shape are easier to handle
using existing grain handling and storage infrastructures, such as elevators, hoppers and
conveyor belts.

Co-firing is regarded as a great opportunity for replacing solid fossil fuel used for power
generation with renewable bioenergy (biomass) with lower costs and a direct decrease in
greenhouse gas emissions [5]. Torrefaction has been proposed as an alternate to improve the
thermochemical and hygroscopic properties of biomass [6, 7]. Co-firing power plants use
torrefied biomass pellets combined with coal for electricity generation. A two-step process,
torrefaction followed by pelleting, is the prevailing technique that the industry is currently using
to produce torrefied biomass pellets [8]. During torrefaction process, biomass is heated in a
closed atmosphere at temperature of about 200-320°C for a torrefaction time of 30 mins to a
couple hours. During the torrefaction process, the water contained in the biomass as well as
superfluous volatiles are released, and the biopolymers (cellulose, hemicellulose, and lignin)
partly decompose, giving off various types of volatiles. The final product is the remaining solid,
dry, and charred material with high heating value, which is referred to as torrefied biomass or
biochar. [7]. Other advantages associated with torrefied biomass include more homogeneous
composition, reduced moisture content, improved resistance to water absorption and microbial
growth. After the biomass is torrefied, it is densified into pellets using conventional densification

equipment (i.e. a screw extruder, a briquetting press, a rolling machine, or a ring-die pelleting
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machine), to increase its mass and energy density and to improve its hydrophobic properties [9,
10].
5.2 Torrefaction

Torrefaction is a mild thermal treatment that enhances the properties of cellulosic
biomass as a fuel [11]. Cellulosic biomass is heated in an inert atmosphere at temperatures
ranging from 200 to 300 °C for 30 minutes to several hours. During this process, removal of the
volatile substances with lower heat value leads to an increased energy density of torrefied
cellulosic biomass closer to that of coal [12,13]. Meanwhile, main biomass polymers (cellulose,
hemicellulose, and lignin) partially decompose giving off various types of volatiles. The final
product is the remaining solid, dry, and charred material. It offers advantages including:
increasing biomass energy density, reducing moisture content, enhancing the resistance to water
absorption and microbial growth, offering increased friability (making torrefied biomass easier to
grind) and homogeneous material properties [7,14].

5.3 Densification

Densification is a collection of biomass pre-processing methods applying mechanical
forces to densify biomass particles into uniformly sized pellets or briquettes. Pelleting can
increase the volumetric density of biomass from 40-200 kg/m3 to 600-1400 kg/m3, which will
significantly lower the cost of biomass logistics [12, 15]. Due to their uniform size, the
flowability of pellets is similar to that of grains. This enables the use of existing grain

transportation infrastructure and storage systems for pellet logistic.

81



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

References

Lindley, J. A, and L. F. Backer. "Agricultural residue harvest and
collection."Prepared for Western Region Biomass Energy Program. PO# AA-PO-
111671-12134 (1994).

Fasina, O. O., and S. Sokhansanj. "Storage and handling characteristics of alfalfa
pellets.” Powder Handling and Processing 8.4 (1996): 361-366.

Sokhansanj, Shahab, Janet Cushman, and Lynn Wright. "Collection and delivery of
feedstock biomass for fuel and power production.” (2003).

Sokhansanj, Shahab, and Lynn Wright. "Impact of future biorefineries on feedstock
supply systems—equipment and infrastructure.” ASAE Annual International
Meeting/CIGR XVth World Congress, Paper. No. 024190. 2002.

Bergman, Patrick CA, et al. "Torrefaction for biomass cofiring in existing coal-fired
power stations.” Energy Centre of Netherlands, Report No. ECN-C-05-013 (2005).
Bergman, P. C. A. "Combined torrefaction and pelletization.” The TOP process
(2005).

Pimchuai, A., Dutta, A., & Basu, P. (2010). Torrefaction of agriculture residue to
enhance combustible propertiest. Energy & Fuels, 24(9), 4638-4645

Reza, M. Toufig, et al. "Engineered pellets from dry torrefied and HTC biochar
blends." Biomass and Bioenergy 63 (2014): 229-238.

Mani, S., L. G. Tabil, and S. Sokhansanj. "Compaction of biomass grinds-an
overview of compaction of biomass grinds.” Powder Handling and Processing15.3

(2003): 160-168.

82



[10]

[11]

[12]

[13]

[14]

[15]

Sokhansanj, Shahab, et al. "Binderless pelletization of biomass.” 2005 ASAE Annual
Meeting. American Society of Agricultural and Biological Engineers, 2005.
Acharjee, T.C., Coronella, C.J. and Vasquez, V.R., 2011. Effect of thermal
pretreatment on equilibrium moisture content of lignocellulosic biomass. Bioresource
technology, 102(7), pp.4849-4854.

Bergman, P.C., Boersma, A.R., Zwart, R.W.R. and Kiel, J.H.A., 2005. Torrefaction
for biomass co-firing in existing coal-fired power stations. Energy Centre of
Netherlands, Report No. ECN-C-05-013.

Medic, D., Darr, M., Potter, B. and Shah, A., 2010. Effect of torrefaction process
parameters on biomass feedstock upgrading. In 2010 Pittsburgh, Pennsylvania, June
20-June 23, 2010 (p. 1). American Society of Agricultural and Biological Engineers.
Li, H., Liu, X., Legros, R., Bi, X.T., Lim, C.J. and Sokhansanj, S., 2012. Pelletization
of torrefied sawdust and properties of torrefied pellets. Applied Energy, 93, pp.680-
685.

Bergman, P., Combined torrefaction and pelletisation. The TOP process, 2005.

83



Chapter 6 - Synchronized torrefaction and pelleting of biomass for

bioenergy production

This work is published in the paper “A fundamental research on synchronized torrefaction and
pelleting of biomass” Yang Yang, Mingman Sun, Meng Zhang, Ke Zhang, Donghai Wang and
Catherine Lei, Journal of Renewable Energy. 2019,142, pp. 668-676

Abstract

Synchronized torrefaction and pelleting (STP) was developed as a laboratory scale
process to produce torrefied pellets with a single biomass material loading. Two fuel upgrading
actions (torrefaction and pelleting) happened simultaneously with the assistance of ultrasonic
vibration. It was found that STP elevated biomass temperature to above 200°C in less than one
minute and initiated torrefaction while biomass was pelletized in a mold. A feasibility study
showed that STP consistently produced torrefied pellets with improved physical,
thermochemical, and hygroscopic properties as an upgraded fuel for biomass co-combustion.
STP was effective at enhancing the density and durability of torrefied pellets. Elemental analysis
of torrefied biomass material showed increased carbon content, indicating higher heating values
of torrefied pellets over non-torrefied biomass. Thermogravimetric analysis and Fourier-
transform infrared analysis revealed loss of hydrogen and oxygen-rich matters during STP.
Finally, greater hydrophobicity of torrefied pellets was exhibited by less water and vapor
absorption compared with non-torrefied biomass.

Keywords

Biofuel, Biomass, Pellet, Torrefaction, Ultrasonic
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6.1 Introduction

Bioenergy derived from cellulosic biomass (forest and agricultural residues and dedicated
energy crops) has been recognized as a promising alternative to fossil fuels. With its high
availability and low cost, cellulosic biomass is regarded as a sustainable resource for bioenergy
production in the near to distant future. Among many bioenergy conversion technologies,
combustion is proven to efficiently utilize biomass for heat and power generation. Consuming
bioenergy instead of fossil fuels can achieve carbon neutrality because the CO2 emitted by
bioenergy consumption is equivalent to that absorbed from the environment during biomass
growth [1]. About 40% of the world’s total power is supplied by coal power plants, all of which
can also run on biomass [2-5]. Thus, the co-combustion of biomass with solid fossil fuels in
existing coal power plants is a clean way to generate heat and electricity and poses an
opportunity to reduce the consumption of fossil fuels. However, several technical barriers are
hindering the large-scale utilization of biomass for bioenergy production. These barriers are
related to the characteristics of biomass such as low energy density, low volumetric density, high
moisture content, and its hydrophilicity. These qualities of raw biomass result in high cost of
biomass handling, storage and low efficiency of biomass energy conversion [6-9]. In order to
address these challenges, it is necessary to preprocess biomass before it can be efficiently used as
an energy resource. Biomass torrefaction and pelleting are two recognized technologies that
improve the energy and volumetric densities of biomass feedstock [10-12].

Torrefaction is a mild thermal treatment (250-350°C) that upgrades raw biomass to
energy-dense intermediates for co-combustion with coal [13]. During torrefaction, the moisture
and superfluous matters in biomass are released and biopolymers are partially decomposed. The

product of this treatment is torrefied biomass with high calorific value and energy density [14-
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16]. Further advantages associated with torrefied biomass include homogeneous composition,
reduced moisture content, and increased resistance to moisture absorption and microbial growth
[16, 17].

It is more convenient to handle, store, and transport torrefied biomass pellets than raw
biomass. Pelleting can increase the volumetric density of biomass from 40-250 kg/m3 to 600-
1400 kg/m3 [14, 18]. Biomass pellets with uniform size and high flowability can be easily
processed with the existing grain handling and storage infrastructure (i.e. elevators, hoppers, and
conveyor belts) to significantly lower the cost of biomass logistics [14].

Producing torrefied pellets is the prevailing technique to overcome the barriers caused by
characteristics of raw biomass such as low energy and volumetric density [19, 20]. The global
demand for torrefied pellets is expected to double from 24.5 million metric tons to 50 million
metric tons by 2024 [21]. The integration of torrefaction and pelleting is proposed to improve
production efficiency, reduce logistical costs, and make intercontinental bioenergy transport
economically and energetically feasible. Additionally, the product lines for integrated
torrefaction and pelleting can be diversified and expanded compared to sole torrefaction or
pelleting facilities [22, 23]. Figure 6.1 illustrates two current solutions to produce torrefied
pellets. In the upstream operation, biomass torrefaction and conditioning are conducted first.
Afterward, torrefied biomass is condensed by mechanical compression with a variety of
machines (i.e. screw extruder, briquetting press for large and different shapes, rolling machine,
or ring-die pelleting machine). In the downstream operation, torrefaction is carried out after

pelleting.
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Figure 6.1. Operations to produce torrefied biomass pellets

Although some connections between biomass torrefaction and pelleting have been
established, they are still two independent processes. In this study, synchronized torrefaction and
pelleting (STP) was developed to produce torrefied pellets with a single biomass material
loading on a laboratory scale. In this integrated solution, the two fuel upgrading actions
(torrefaction and pelleting) occur simultaneously with the assistance of ultrasonic vibration
within 75 seconds. As ultrasonic vibration is applied to biomass, a significant amount of heat is
generated due to viscoelastic heating to initiate torrefaction. The accumulation of heat results in a
rapid temperature increase (up to 320°C) when biomass is being pelletized. This characteristic of
STP significantly reduces the process duration. This synchronized operation is more energy
efficient as the generated heat is not only utilized to perform torrefaction but also to produce
pellets of high density and durability. In current operations, torrefaction reduces pellet durability
because the composition change during torrefaction leads to the loss of affinity of the added
binding materials. STP, however, produces dense and durable torrefied pellets without the
addition of binders due to the induced natural binding effects from the thermally softened lignin.
[22, 24] Another advantage of not using binders is that the enhanced energy density and
hydrophobicity of torrefied pellets will not be compromised due to the hydrophilic properties of

binders such as starch and lime (Table 6.1).
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Although biomass torrefaction and pelleting mechanisms have been investigated
individually, no study has been conducted on the simultaneous use of these two fuel upgrading
actions. The objectives of this study are to investigate the feasible conditions to produce torrefied
pellets with STP and to characterize and demonstrate the fuel upgrading effects of STP on corn

stover and big bluestem pellets from physical, thermochemical, and hygroscopic aspects.

88



Table 6.1 A comparison among the upstream, downstream, and synchronized torrefaction and
pelleting processes

Upstream operation Synchronized

- Downstream .
Property L Without . torrefaction and
With binder binder operation pelleting
Density (Kg/m?®) 550-650 750-850 500-600 850-1000
Durability (%) 99% > 90% < 90% ~ 80%
Heating value i i i i
(MJ/kg) 19-22 20-24 18-22 18-20
Heating value i i 10,000- i
(MI/m?) 10,450-14,300  15,000-20,400 13.200 15,300-22,000
Hydrophobicity Low High High High

6.2 Experimental procedures and parameter measurements

6.2.1 Materials and preparation

The biomass materials used in this study were corn stover and big bluestem. The
moisture content of both materials is approximately 8% and was determined by following the
National Renewable Energy Laboratory procedure (NREL/TP-510-42621) [25]. A knife mill
(Model SM 2000, Retsch, Inc., Haan, Germany) was used for biomass size reduction. Sieves
with different sizes (4, 2, and 1 mm) were used to control the particle size of biomass materials
prior to synchronized torrefaction and pelleting.

6.2.2 Synchronized torrefaction and pelleting (STP)

As illustrated in Figure 6.2, synchronized torrefaction and pelleting was performed on a
modified ultrasonic machine (Model AP-1000, Sonic-Mill, Albuguerque, NM, USA). The STP
system consists of an ultrasonic generation system and a pneumatic loading system. The
ultrasonic generation system includes a power supply that converts 60 Hz conventional line
electrical power into 20 kHz electrical power, a piezoelectric converter that converts high
frequency electrical energy into mechanical vibrations, and a pelleting tool. The pelleting tool is
a solid cylinder with a flat end. The ultrasonic vibration is amplified and transmitted to the

pelleting tool, causing it to vibrate perpendicularly to the tool end surface at a high frequency.
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The vibration amplitude is controlled by the power supply. A higher percentage (0 to 100%) of
power produces a higher vibration amplitude and generates more heat inside the pellet. Before
pelleting, 1.5 gram of biomass particles are loaded into a glass ceramic mold (Model Macor,
Corning Incorporated, Corning, NY, USA), which consists of two parts: the upper part forms a
cylindrical cavity with an inner diameter of 16 mm and a depth of 43 mm; the bottom part is a
square plate serving as a base and it is detachable to unload the finished pellet.

Pelleting pressure is applied by a pneumatic cylinder and the pressure is controlled by a
regulator. As the ultrasonic vibration is applied to the biomass, a significant amount of heat is
generated to initiate torrefaction while biomass is pelletized in the glass ceramic mold. In this
study, pelleting pressures of 20, 30, 40, and 50 psi were applied. Ultrasonic powers of 20%,
30%, 40%, and 50% were employed and the process duration was 50-75 seconds. After each
experiment, a cylindrical torrefied pellet of 16 mm diameter and 6-8 mm height was made.

Pelleting temperature measurements were conducted to investigate the feasible conditions
of STP. Temperature data were recorded using a multimeter with a thermocouple inserted into
the center of a pellet. Temperature measurement started immediately after the ultrasonic power
supply was turned on and stopped right after it was turned off. Data were collected at a rate of

one read per second.
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Figure 6.2. Schematic illustration of synchronized torrefaction and pelleting (STP)

6.2.3 Measurement of pellet physical properties

The volumetric density of each pellet was obtained by dividing the weight of a pellet by
its volume. Measurements of pellet dimensions and weight were performed immediately after the
pellet was retrieved out of the mold.

Pellet durability represents the ability to transport pellets without experiencing
unacceptable breakage or generating a significant amount of fines. The durability tester (Model
PDI, Seedburo Equipment Co, IL, USA) has a rotating tumbler with four compartments driven
by a motor. It simulates the amount of breakage that normally occurs during pellet transportation.
A set of ten pellets were loaded into each compartment. During the ten minute durability test,
pellets were constantly tumbled. After the durability test, a sieve (U.S. No. 6, opening diameter =
3.15 mm) was used to separate the pellets that maintained a good cylindrical shape from the fines

and debris. The remaining pellets on the sieve were then weighed and divided by their total
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weight before the test. This ratio was defined as the durability index and expressed as a
percentage.

An optical microscope (Model BX51, Olympus Corp. Japan) was used to observe the
morphological features of biomass before and after STP.
6.2.4 Measurement of pellet thermochemical properties

Thermogravimetric analysis (TGA) is an analytical technique used to determine a

material’s thermal stability and its fraction of volatile components by monitoring the change in
mass over time as temperature changes [26]. The temperature in the furnace of the
thermogravimetric analyzer (Model TGA?7, PerkinElmer Co, USA) was increased from ambient
temperature to 700°C at a rate of 20°C/min in a nitrogen atmosphere and maintained at 700°C
for one minute. Thermogravimetry (TG) and its differential curves (DTG) for biomass were
obtained.

The torrefaction process and the effectiveness of torrefaction are characterized by three
parameters: Mass Yield (MY), Energy Density ratio (ED), and Energy Yield (EY), which are

defined as follows:
MY = mass of torrefied biomass/mass of non-torrefied biomass
ED = HHV of torrefied biomass/ HHV of non-torrefied biomass
EY =MY-ED
The higher heating value (HHV) of biomass was measured with a bomb calorimeter

(Model C200, IKA Group, Germany). Approximately one gram of biomass was put into an

adiabatic container and combusted for each heating value measurement.

92



Biomass elemental content was analyzed by with an elemental analyzer (Model Series 11
CHNS/O, PerkinElmer Co, USA) and biomass compositional content was determined as per the
NREL laboratory analytical method (NREL/TP-510-42618) [27].

FTIR was used to investigate the structural and chemical changes of the biomass. The
spectrometer (Model Spectrum 400 FT-IR, PerkinElmer Co, USA) recorded spectra in
absorbance mode with the wavenumber ranging from 400 to 4000 cm-1. The detection resolution
was 4 cm-1 in the transmission mode with 16 scans per test. Before the test, torrefied and non-
torrefied pellets were size reduced to less than 0.2 mm on a cyclone mill.

6.2.5 Measurement of pellet hygroscopic properties

The torrefaction process aims to improve biomass hydrophobicity. In water absorption
tests, the torrefied and non-torrefied pellets were immersed in water with a solid to liquid ratio of
1:10 for 20 minutes to simulate severe water damage. Afterwards, water was filtered out using a
500 um nylon mesh and the pellets were dried at 105°C in an oven to eliminate moisture.
Afterwards, pellet integrality was compared. Vapor absorption tests were then performed to
evaluate pellet hydrophobic properties. A desiccator with saturated KCI hydrate (87.5% moisture
content) was used to simulate the highest average humidity reported in the US. Torrefied and
non-torrefied pellets were placed in the desiccator at 250C for 30 days. During this period,

pellets were weighed every 12 hours for the first three days and every 24 hours thereafter.
6.3 Experimental results and discussions

6.3.1 Process feasibility

Pelleting temperature and time required to reach torrefaction temperature were
investigated to study the feasible conditions for STP. As indicated in Figure 6.3, pelleting

temperature rose at a faster rate with a higher ultrasonic power for both biomass materials. The
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ultrasonic power of 20%, 30%, and 40% only elevated the pelleting temperature to a maximum
of 180°C during the 60 seconds of pelleting duration, which was not sufficient to initiate
torrefaction. However, an ultrasonic power of 50% substantially boosted pelleting temperature to
300°C within 50 seconds. This elevated temperature was high enough to produce a biomass
pellet that was mostly torrefied. Subsequently, 50% ultrasonic power with a duration longer than
60 seconds could lead to over- torrefaction that torrefied biomass could burst out of the mold and
failed to form pellets. In order to avoid over-torrefaction, the feasible duration to make torrefied
pellets was investigated by performing STP from 30 to 60 seconds with a 10 second increment.
By evaluating the physical quality and torrefaction completeness of torrefied pellets, a feasible
duration of 50 seconds was selected. Pelleting pressure also contributed to over-torrefaction.
Among pelleting pressure of 20, 30, 40 and 50 psi, pelleting temperature increased at a higher
rate when a lower pelleting pressure was applied. Through extensive temperature acquisition and
torrefaction completeness observation during the feasibility study, 2 mm was identified as the
most feasible particle size. It was believed that there is limited inter-particle space between 1 mm
biomass particles and; consequently, hindering torrefaction due to the inhabitation of ultrasonic
vibration propagation. Also, 4 mm biomass particles resulted in inconsistent torrefaction
completeness, which can be a result of the large variance in particle size distribution of particles
processed by the 4 mm sieve. Non-torrefied pellets made with an aluminum mold were made as

the control group.
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Figure 6.3. Pelleting temperature of corn stover (A) and big bluestem (B) under different

ultrasonic power (%)

6.3.2 Pellet physical properties
6.3.2.1 Density

The pellet densities and durabilities of corn stover and big bluestem are listed in Table
4.2. After STP, torrefied biomass pellets showed a reduction in density compared to that of non-
torrefied pellets due to the loss of volatile matter and thermal degradation of compositional
content. It was found for both biomass materials that the 2 mm particles produced the highest
pellet density after STP. Densities of 891 and 982 Kg/m3 were obtained for corn stover and big
bluestem, respectively. The highest density of big bluestem pellets is comparable to that of
torrefied pine wood pellets (925-1035 Kg/m3 at 275°C) [28].

6.3.2.2 Durability

The durability of torrefied corn stover pellets was 85.42% for 1 mm, 84.76% for 2 mm,
and 76.13% for 4 mm particles. For big bluestem, torrefied pellets made of 1 mm particles had
the highest durability of 79.78%. The durability of torrefied big bluestem pellets dropped to
78.33% and 71.46% for pellets made of 2 and 4 mm particles, respectively. In general, torrefied

pellets had slightly lower durability than that of non-torrefied pellets. A possible reason for this

95



discrepancy is due to the biomass compositional change and microstructure modification during
torrefaction [29]. More inter-particle gaps and voids were formed, which resulted in a more
brittle and weaker fibrous structure of torrefied biomass particles because a portion of
hemicellulose was removed and some cell walls were destroyed. The removal of hydroxyl
groups from lignin during torrefaction resulted in increased non-polar C-C bonds. This alteration
made the torrefied particles harder to bind for both types of torrefied biomass materials [30].

Table 6.2 Pellet density and durability

Corn stover Big bluestem
Property Size (mm) Non-Torrefied Torrefied Non-Torrefied Torrefied
1 1147+29.12  878+24.63  1167+£25.69  967+20.62
Density (Kg/m?) 2 1154+26.38  891+13.37  1231+20.53  982+25.97
4 1080+31.80 843+23.78  1157+13.84  913+23.47
1 90.50 85.42 85.78 79.78
Durability (%) 2 90.36 84.75 84.24 78.33
4 86.81 76.04 80.29 71.46

6.3.2.3 Morphology

Microscopic images in Figure 6.4 show a comparison of non-torrefied and torrefied corn
stover. Figure 6.4A shows the smooth, glassy surface of a non-torrefied particle. The torrefied
particle in Figure 6.4B also shows a smooth surface without any visible cracks at this scale
(200x). This observation indicates that there could be a solid bridge on the particle surface that
could enhance the binding affinity [31]. The surface of torrefied pellets (Figure 6.4D) shows
obvious biomass particle melting and interlocking, which could make the particle-particle
bonding strong. The reason for this is that lignin melts at a high temperature and becomes
softened, acting as a natural binder between biomass particles [11]. It has been known that
pelleting torrefied biomass particles is more difficult than pelleting non-torrefied biomass
particles [29]. Conditioning torrefied biomass, high pelleting pressure and temperature, and

binder materials are required to produce torrefied pellets of a comparable physical quality to non-
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torrefied pellets. This study shows that STP can produce torrefied biomass of acceptable physical

quality without applying critical pelleting conditions or binder in a single material loading

fashion.

Figure 6.4. Microscopic images of (A) non-torrefied corn stover particles, (B) torrefied
corn stover
6.3.3 Pellet thermochemical properties

6.3.3.1 Thermal properties

Cellulose, hemicellulose, and lignin are the three major compositions of biomass. Due to
the different thermal stabilities of these compositions, their thermal decompositions occur at
different temperature ranges. Generally, hemicellulose decomposes from 150 to 350°C and
cellulose starts to decompose within 275 to 350°C. The decomposition of lignin occurs within a

wider range at 250 to 500°C [32]. As biomass compositions change during torrefaction, the mass

loss and mass loss intensity can be qualitatively identified. The TG and DTG curves in Figure
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6.5 provide a comprehensive comparison of mass loss between non-torrefied and torrefied
biomass. Figures 6.5A and 6.5B show a general mass loss trend of corn stover and big bluestem

during thermal decomposition.
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Figure 6.5. Thermogravimetric analysis results (A) corn stover TG profile, (B) big bluestem TG
profile, (C) corn stover DTG profile, and (D) big bluestem DTG profile

Torrefied biomass had a higher percentage of remaining mass than did non-torrefied
biomass at the same temperature. The mass loss intensity is shown in Figures 6.5C and 6.5D and
reflects the thermal stability and composition change of torrefied and non-torrefied biomass. The
first peak on DTG curves of both materials began around 50°C, which was associated with the

liberation of moisture content. The less intensive mass loss rate of torrefied biomass at this peak
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implied its better hydrophobicity than non-torrefied biomass. When the temperature reached
200°C, the mass loss related to hemicellulose and cellulose decomposition became more intense
and reached a much higher peak at around 350°C for non-torrefied biomass. The main reason is
that the decreased cellulose and hemicellulose contents in torrefied biomass (Table 6.3) resulted
in less mass loss in further decomposition at the temperature range from 200 to 350°C.
Additionally, it was observed that the percentage of mass remaining of torrefied biomass was
significantly higher than that of non-torrefied biomass when the temperature reached 500°C.
This observation was attributed to the increase in lignin content by torrefaction (Table 6.3). For
torrefied corn stover, there was only one peak observed around 380°C. The mass loss rate
dropped dramatically and tended to be less intense after 430°C. This different behavior from big
bluestem is due to lignin having a different thermal resistance during decomposition (from 200-
500°C). The behaviors on DTG curves highly depends on the type of linkages between lignin
polymer units [31]. The mass of torrefied corn stover decayed steadily with the increasing
temperature and no peak was observed over 500°C. This indicates that most of the lignin
decomposed at a lower temperature and the lignin peak overlapped with the peaks of cellulose
and hemicellulose. For big bluestem, peaks were observed around 500°C for both non-torrefied
and torrefied biomass. As part of linkages between lignin are more thermostable in the case, the
decomposition of this portion of lignin occurred after 500°C and was reflected by the peak
observed on the DTG curve [33, 34]. Since the percentage of lignin content increased after STP,
a higher peak of torrefied biomass after 500°C can be observed in Figure 6.5D. The study of
severely torrefied bamboo, willow, coconut shell, and woody biomass also observed the

differences among materials on DTG curves over 500°C [35]. Like the corn stover in this study,
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there was no peak observed for bamboo or coconut shell over 500°C, but there was a significant

peak observed for woody biomass.

Table 6.3 Elemental and compositional results

Corn stover sct:(?vrgr Big bluestgm Big blue_stem
(non-torrefied) (torrefied) (non-torrefied) (torrefied)
Cellulose 41.60+0.81 31.45+0.47 48.6+1.07 28.16+0.84
Composition Hemice_llulose 24.50+0.36 16.57+1.02 15.20+0.17 13.98+0.11
(%) Arqblr)an 1.10+0.04 1.86+0.03 0.90+0.03 1.59+0.02
Lignin 17.20+0.22 39.31+0.96 28.0+1.43 38.50+0.04
Ash 2.60+0.01 4.95+0.02 5.20+0.01 8.93+0.02
C 35.34+0.31 47.04+0.16 41.65+0.07 51.24+0.13
H 5.76+0.07 4.74+0.09 6.74+0.09 5.11+0.02
N 0.96+0.06 1.16+0.02 0.72+0.01 0.87+0.08
Element (%0) S 1.21+0.01 1.16+0.01 1.37+0.01 1.18+0.02
O 56.71+0.45 44.91+0.28 49.53+0.01 40.61+0.51
O/C ratio 1.21 0.72 0.89 0.60
H/C ratio 1.94 1.45 1.93 1.42

6.3.3.2 Mass yield and energy yield

Mass loss in torrefaction is due to the decomposition and depolymerization of cellulose,

hemicellulose, and lignin [36]. The results of mass yield and energy yield of biomass pellets are

listed in Table 6.4. Typically, the mass yield of biomass is 50%-90% after torrefaction. A low

mass yield can result in low energy density [29]. The mass yield of torrefied corn stover and big

bluestem pellets were 78.88% and 79.78%, respectively. These yields indicates that corn stover

and big bluestem are suitable biomass for torrefaction to be converted into an upgraded fuel. The

high heating values of torrefied corn stover (17.92 MJ/kg) and big bluestem (18.13 MJ/kg)

pellets increased by 6.03% and 9.81% over non-torrefied biomass and are comparable to the high

heating value of torrefied biomass pellets (18-22 MJ/kg) made by current methods [8, 9, 18]. In

addition, 83.64% and 87.61% energy Yyield were obtained for torrefied corn stover and big

bluestem pellets.



Table 6.4. Mass yield, HHV, and energy yield of corn stover and big bluestem pellets

Corn stover Big bluestem
Mass yield HHV Energy  Mass yield HHV Energy
(%) (MJ/kg)  yield (%) (%) (MJ/kg)  yield (%)
Non- 97.68+0.99 16.90+0.21 N/A 96.82+0.62 16.51+0.14 N/A
torrefied

Torrefied  78.88+2.96 17.92+0.11 83.64 79.78+2.05 18.13+0.58 87.61

6.3.3.3 Compositional, elemental, and FTIR analyses

The compositional analysis results listed in Table 6.3 indicates a biomass composition
change during torrefaction. The degradation of cellulose and hemicellulose resulted in a higher
mass percent of lignin in torrefied corn stover and big bluestem of 39.3% and 38.5%,
respectively. After torrefaction, the carbon content increased by 11.7% for corn stover and
9.59% for big bluestem. This compositional and elemental variation consequently boosted higher
heating value of torrefied biomass. Hydrogen content slightly dropped due to the loss of moisture
and hydroxyl groups. The oxygen content decreased by 11.8% and 8.92% due to the release of
CO2, CO and H20. The H/C and O/C ratios of torrefied corn stover are 1.45 and 0.72 and 1.42
and 0.60 for big bluestem. They are close to the H/C (1.43) and O/C (0.65) ratios of bamboo that
was torrefied at 250-275°C. It was also reported that the H/C and O/C ratios of torrefied bamboo
decreased with elevated torrefaction temperature from 200 to 300 °C [37]. Compared to the H/C
and O/C ratio of non-torrefied corn stover (1.94 and 1.21) and big bluestem (1.93 and 0.89),
torrefied biomass has significantly lower H/C and O/C ratios. These results suggest that
dehydrogenation and deoxygenation of biomass are the primary reactions during torrefaction.

In Figure 6.6, the FTIR spectra of corn stove and big bluestem support the results of
compositional and elemental analyses. The OH-stretching vibration region at 3600-3200 cm-1

indicates the amount of hydroxyl group and bonding site for water. The less intense OH-
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stretching vibration of torrefied corn stover and big bluestem reveals the dehydration of cellulose
and hemicellulose, which explains the reduction of hydrogen and oxygen content during
torrefaction. It is reported that C=C stretching at 1400-1600 cm-1 represents the guaiacyl ring of
lignin; the peaks on spectra of torrefied corn stover and big bluestem indicate high lignin and
carbon contents after torrefaction [38. 39]. Cellulose and hemicellulose related peaks are
between 1150 and 950 cm-1 and are higher for non-torrefied biomass. In addition, a higher peak
representing cellulose can be observed from 650-550 cm-1 for non-torrefied big bluestem [39,
40]. The lower intensity of these signal peaks for torrefied biomass suggest that the C-O-C (1150
cm-1) and C-H stretching (650 cm-1) in cellulose and hemicellulose were broken down and the

H/C and O/C ratios decreased during torrefaction [41, 42].
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Figure 6.6. FTIR spectra of non-torrefied and torrefied corn stover (A) and big bluestem (B)

6.3.4 Pellet hygroscopic properties

6.3.4.1 Water immersion

Non-torrefied (Figures 6.7A and C) and torrefied pellets (Figures 6.7B and D) were
immersed in water. The torrefied corn stover and big bluestem pellets stayed intact, while non-
torrefied pellets broke into particles immediately and sank to the bottom of the beakers due to
excess water absorption. After being soaked for 20 minutes and drained with nylon mesh,
torrefied pellets still maintained a near cylindrical shape, but non-torrefied pellets fell apart
completely. This water intake test visually demonstrated the effects of STP on improving pellet

hydrophobicity.

Figure 6.7. Water intake images of corn stover (A, B, E and F) and big bluestem pellets
(C,D, Gand H)
6.3.4.2 Water vapor absorption
Water vapor absorption experiments were conducted to evaluate pellet moisture
absorption in a high humidity environment. Figure 6.8 demonstrates the 28 day moisture
absorption results of non-torrefied and torrefied pellets. In general, moisture absorption trends
were similar regardless of biomass type or particle sizes. The figures show that moisture content

of pellets increased dramatically at the beginning of the test. The transition point of torrefied

pellets and non-torrefied pellets appeared around day 3. After three days, torrefied pellets
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absorbed less moisture than non-torrefied pellets. The equilibrium moisture content was reached
after 22 days. According to statistical analyses, the equilibrium moisture content of non-torrefied
pellets was significantly higher (P < 0.05) than that of torrefied pellets. This equilibrium
moisture content comparison indicates that STP enhanced pellet hydrophobicity by
approximately 25% and 13% for corn stover and big bluestem, respectively. This is mainly a
consequence of the decrease of water absorption sites and the change of biomass material
structure by removing hydroxyl groups during STP. In addition, the formation of non-polar C-C
bonds also increased torrefied biomass hydrophobicity. In accordance with the FTIR results, a
possible inference is that torrefaction modifies the hygroscopic nature of biomass due to the
removal of hydrophilic O-H bonds during thermal decomposition. In Figure 6.6, the O-H
stretching peak can be observed around 3600-3200 cm-1 and is associated with the rupture of the
hydrogen bond. Torrefied pellets showed a less intensive O-H stretching peak, indicating that
STP partially removed the O-H bond. This assumption can be further supported by the elemental
and compositional changes of biomass pellets after STP. The lower hydrogen content after STP
limits the moisture access into cell walls and formation of the hydroxyl groups as the cell wall
component [38, 39]. A different peak pattern located at around 1705 cm-1 represents the C=0
ester group associated with hemicellulose, indicating the partial degradation of hemicellulose
during STP. As a result, the improved hydrophobicity is mainly caused by the dehydrogenation

and deoxygenation during STP.
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Figure 6.8.Water absorption results of corn stover (A) and big bluestem (B)
6.4 Conclusion

A laboratory scale synchronized torrefaction and pelleting (STP) was developed to
produce torrefied pellets with a single material loading. Two fuel upgrading actions (torrefaction
and pelleting) happened simultaneously with the assistance of ultrasonic vibration. The fuel
upgrading effects were investigated from physical, thermochemical and hygroscopic aspects.
STP was effective at enhancing the density and durability of torrefied biomass pellets. STP
increased the higher heating value of corn stover by 6.03% and big bluestem by 9.81% over raw
biomass. Pellet hydrophobicity was improved by STP as well. Torrefied pellets stayed intact in
water intake test and absorbed approximately 15%-25% less moisture than non-torrefied ones.
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Chapter 7 - Integrating two platforms of cellulosic biomass

utilizations

This work is submitted in the paper “utilizing biomass hydrolyzed residues as a pellet additive
for solid fuels and feedstock commodities” Yang Yang, Jikai Zhao, Meng Zhang, Donghai
Wang, Journal of Fuel 2023

Abstract

Biomass hydrolyzed residue is conventionally used for heat and power generation in the
bioethanol production process. A more economical use of this residue is to utilize it as a platform
chemical for high value-added products such as aromatic and phenolic compounds, cement
additives, bitumen modifiers and battery materials. Making pellets with biomass hydrolyzed
residues provides an opportunity to create an intermediate product that can serve as a renewable
solid fuel or a feedstock commaodity for other biorefinery applications. In this study, the quality
of pellets fully or partially made from hydrolyzed corn stover residues was evaluated from
physical, thermochemical, and hygroscopic perspectives. With 10% residue additive, the
durability of pellets increased from 80.7% to 90.1% and reached 92.8% with further residue
addition. Enhancement on pellet mechanical properties was also observed by adding 50%
hydrolyzed residues. Energy density increased from 13.7 GJ/m3 to as high as 17.6 GJ/m3 with
the amount of additive increased from 0% to 100%. Thermal gravimetric and differential
scanning calorimetry results revealed that hydrolyzed corn stover had strengthened thermal
properties (heating value, thermal stability, and exothermal performance) over raw biomass.
FTIR and NMR spectra were used to explore inner-unit linkages with self-bonding effect in

aromatic and side chain region of lignin structures of in hydrolyzed residues. Pellets also showed
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increased hydrophobicity and better water resistance when a higher percentage of hydrolyzed
residue additive was used.

Key words:

Bioethanol, Densification, Hydrolysis, Lignin, Pelleting, Valorization

7.1 Introduction

Bioethanol produced from agricultural residues, forest residues, and energy corps is one
of the second-generation biofuels [1]. These non-food biomass feedstocks are mainly composed
of cellulose, hemicellulose, and lignin. Extensive research has been done to develop effective
pretreatment technologies and enzymes to overcome biomass recalcitrance in fuel conversion.
Energy-efficient processes are also proposed to make second generation bioethanol production
more economically feasible [2-4]. However, second-generation bioethanol production is yet to be
successful commercially. Stand-alone second-generation bioethanol production is still facing
significant challenges [5-7].

High energy demand and low ethanol yield are the most critical factors leading to the
high ethanol production cost. Due to its recalcitrant characteristic, lignocellulosic biomass needs
to go through pretreatment and hydrolysis before it can be converted into fermentable sugar.
Pretreatment is usually performed between 120-230 C for 15-90 minutes. This process is energy
intensive and constitutes 18-33% of the total production cost [8, 9]. Enzymatic hydrolysis is also
responsible for a significant amount of energy use as the process usually lasts for 48-72 hours at
50C. In bioethanol conversion, the low fermentable sugar concentration in hydrolysis slurry
presents a constraint, because after fermentation a threshold ethanol concentration must be

reached to make distillation profitable [10]. While fermentation of pentose can increase ethanol
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concentration, it also adds cost due to extra microorganism consumptions for five
monosaccharides fermentation [9]. In order to address these issues, several integration
approaches have been proposed and investigated [7, 10].

As summarized in Table 7.1, integration strategies to conserve energy and reduce cost for
second-generation bioethanol productions are divided into two streams. They are (1) integration
with first- generation (1G) bioethanol process (1G2G stream) and (2) integration with existing
combined heat and power plant (CHP stream). These integration concepts are mainly based on
waste valorization, cogeneration, energy sharing, and recycling. In the 1G2G stream, the first and
second generation bioethanol production processes usually run in parallel first and then
combined at the stage of fermentation or distillation. This approach aims to obtain a liquid
solution with an increased fermentable sugar or ethanol concentration. Simultaneous
scarification and fermentation (SSF) process can conserve more energy than performing
enzymatic hydrolysis and fermentation separately. However, the feedstock option is rather
limited to starch-based biomass if the by-product has further use, such as DDGS for animal feed.
Separate hydrolysis and fermentation (SHF) needs be performed to avoid inhibitor formation and
chemical contamination in the by-product. In addition, if the optimal temperatures for
fermentation and hydrolysis are different, SHF should also be considered. Afterward, a high
ethanol yield can still be achieved by performing distillation with a combined liquid fractions of
1G and 2G fermented slurries from separated hydrolysis and fermentation processes. Besides
improving the conversion performance, this 1G2G bioethanol cogeneration path can also save
initial costs by utilizing the existing infrastructure in the first-generation bioethanol plants such
as CHPs, distillation columns, evaporators, and dryers [5]. Another path in the 1G2G stream is

the direct use of 2G feedstocks for heat and steam generations to power bioethanol conversion
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from first-generation feedstocks such as sugarcane and corn. Such configuration not only

improves bioethanol techno-economic performance by saving energy and cost but also has

significant environmental merit by reducing the overall greenhouse gas emissions [6].

Table 7.1 An overview of the main integration strategies of second-generation bioethanol

production
Main
Sub-branches Pros Drawbacks Refs
streams
Cost saving for washing and separating, o
. Limitation of pretreatment method and
Integrate with (SSF)  enzyme and yeast . [5, 7,
) . feedstock if DDGS are used as by-product
o fermentation Overall energy conservation 10-13]
N
9 s Higher fermentable sugar concentration
c
& = . Wider pretreatment and feedstock options [7, 10,
2 B Integrate with (SHF) . o . o L
5 -_g o Easier carry out in existing facilities Extra separation of inhibitor and lignin 11, 14,
) distillation .
IS Overall energy conservation 15]
Mass and energy GHG emissions reduction o . [6, 11,
] ] o . Low efficiency and capacities
integration Hot and cold utilities conservation 16-19]
Energy conservation for heating, drying and
Recycle heat and .
pelleting . o .
power from CHP for Higher cost of facility and equipment [20-23]
& . . Energy recovery
O bioethanol production . .
= Utility generation from by-product
b=
2 Heat and power ) ) )
5 . ) Energy conservation for heating, drying and . N .
= integration for leti Higher cost of facility and equipment [13, 19, 20,
. . pelleting . . .
§ pelleting, torrefaction L Redesign of existing facilities 22, 24-27]
=] Product valorization

and gas production

For the same purpose of saving energy and cost, integrating a 1G2G bioethanol facility
with a combined heat and power plant (CHP) is also proposed. In this stream, residual and
exhaust heat from electricity generation in the CHP is used to power 1G2G ethanol conversion.
Therefore, the 2G feedstock can still be used for ethanol conversion, and the hydrolyzed residues
can be recovered for power generation for the CHP. These hydrolyzed biomass residues from
bioethanol production are mainly composed of lignin with high HHV. Lignin-rich residues are
deemed a high quality solid fuel than raw cellulosic biomass itself [28]. It is also reported that

adding biomass pellet production to the CHP integrated system can further improve the overall
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techno-economic performance of the system [29]. Condensing biomass hydrolyzed residues into
pellets can increase the volumetric energy densities, improve handling and logistic efficiency of
fuel pellets [19, 30, 31]. When utilizing these pellets as platform chemical commodities, the
enriched lignin content of hydrolyzed residues also offers great physical quality to the pellets due
to the natural binding ability of lignin [30, 32]. Considering the strong value adding potentials of
pellets made from hydrolyzed residues, the CHP integration stream can achieve an optimized
combination of biomass valorization, ethanol yield and energy output from the 2G feedstocks
[13, 23]. Several studies have investigated the combustion characteristics of different fuel pellets
made from hydrolyzed residues [28, 33, 34], but the impacts of adding hydrolyzed residues on
pellet properties and inter particle bonding are not reported. This is a much-needed
understanding, especially when pellets are used as platform chemical commodities and other
energy applications such as gasification, co-firing, and lignin valorization [22, 27, 35, 36].

This study investigates how pellets’ thermochemical, physical, and hygroscopic
properties were strengthened by adding hydrolyzed residues to pellet production. Pellets were
fully or partially (50%, 20%, and 10%) made from hydrolyzed residues. Pellet physical
properties were evaluated through measuring its density, durability, and mechanical strength.
Thermogravimetric (TGA) and differential scanning calorimetric (DSC) analyses were carried
out to study biomass material thermal degradation behaviors. The hygroscopic properties of
pellets were assessed by applying sessile drop contact angle and water immersion methods. In
addition, FTIR and 2D-HSQC-NMR spectra were acquired to facilitate investigation into

structural aspects of complex lignin polymers.
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7.2 Experimental procedures and parameter measurements

7.2.1 Materials and preparation

The corn stover used in this study was collected from the East Central Kansas
Experiment Field of Kansas Agricultural Experiment Station. Materials were air dried and had
approximately 8% moisture content. Raw material and hydrolyzed residues were measured by
following the NREL analytical procedure [37]. Biomass particles were prepared on a knife mill
with a 2 mm opening sieve (SM 2000, Retsch, Inc., Germany).

7.2.2 Pretreatment and enzymatic hydrolysis

Dilute sulfuric acid (2%) pretreatment was employed. A 25% solid loading (w/w) slurry
was prepared with 60 g biomass and 240 ml dilute sulfuric acid in a 600 ml glass liner.
Pretreatment was carried out in a pressure reactor (4760A, Parr Instrument Co., Moline, IL) at
160 °C for 30 minutes. Solid-liquid separation was performed on suction filtration units after
pretreatment. The solid fraction was washed with distilled water to remove inhibitors and
residual acids.

Twenty milliliter of 15% solid loading (w/w) slurry was prepared with 1 g pretreated
biomass (dry weight), 1 mL enzyme complex Accellerase 1500TM (DuPont Genencor Science,
Wilmington, DL), and sodium acetate buffer solution (50 mM, pH 4.8, 0.02% sodium azide) in a
125 mL hydrolysis flask. The enzyme complex contains glucanase, 3-glucosidase, xylanase, and
B-xylosidase with an endoglucanase activity of 2200-2800 CMC U/g, a B-glucosidase activity of
450-775 pNPG U/g, a xylanase activity of 660 U/g, and a B-Xxylosidase activity of 60 U/g.
Hydrolysis reaction was incubated at 50 °C in a water bath shaker operated at 110 rpm for 72
hours. After hydrolysis, the solid residues were washed to remove sugar contents and then dried

at 80 °C for 24 hours.
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7.2.3 Pelleting

Pelleting experiment was conducted on a custom made ultrasonic assisted pelleting
system as described in a prior publication [38]. When ultrasonic vibration is applied to the
biomass, heat is generated within very short period of time due to viscoelastic heating. Ultrasonic
vibration and pelleting pressure eliminate gaps among adjacent material particles.
Simultaneously, lignin is softened by the cumulated heat and serves as a natural binder to bond
particles together. For pelleting, parameters were kept unchanged. They were 20 seconds
pelleting time, 50% of ultrasonic power and 20 psi of pelleting pressure. Pellets were made from
corn stover and its hydrolyzed residues. The material mixtures contained by 0, 10%, 20%, 50%
and 100% hydrolyzed residues by weight.
7.2.4 Measurement of material composition and higher heating value

Biomass compositions were determined as per the NREL laboratory analytical method
(NREL/TP-510-42618) [39]. The higher heating value (HHV) of biomass was measured on a
bomb calorimeter (Model C200, IKA Group, Germany).
7.2.5 Measurement of pellet physical properties

Pellets durability was tested on a four-compartment durability tester (Model PDI,
Seedburo Equipment Co, IL,USA). A set of ten pellets were loaded into each compartment of
the specially designed pellet tumbler to simulate the amount of breakage that normally occurs
during pellet transportation for 10 minutes. After each test, remained pellet weight in a good
cylindrical shape were separated from the fines and debris on a sieve and weighed. The ratio of
remained pellets to the initial pellet weight was defined as the durability index and expressed as a

percentage.
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The volumetric density of each pellet was obtained by dividing the weight of a pellet by
its volume. Measurements of pellet dimensions and weight were performed 48 hours after the
pellet was retrieved out of the mold. A caliper and a lab analytical balance were used. Energy
density (ED) is defined as:

ED = HHV of pellet / volume of pellet Eq. (1)

7.2.6 Measurement of pellet mechanical strengths

Pellet mechanical properties were assessed on a universal testing machine (Shimadzu EZ-
LX, Japan) with a crosshead speed of 2 mm/min. As shown in Figure 7.1, diametral and flexure
compression tests were performed. There were five replicates for pellets made under each
condition. Proportional stress, elastic limit, ultimate strength of the pellet were measured.
Young’s modulus of the pellets was calculated from the slope of proportional portion on the

stress-strain curve.

F Compression c .
ompression

a) Diametral b) Flexural

Figure 7.1. Mechanical test configurations

The compressive diametral stress o, was calculated as following:

op = — Eq. (2)

rL
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Where L is the thickness of the pellet, r is the radius of pellet. The compressive diametral strain

&p was calculated as following:

&€p = T Eq. (3)
The flexural stress o was calculated as following:
3FA
Of = 2dL2 Eq (4)

Where A is the distance between the support position, d and L are pellet diameter and thickness

respectively. The flexural strain e was calculated as following:

__6DL

& = 7 Eqg. (5)
Where D is the deflection of the pellets under compression.
7.2.6 Measurement of pellet thermochemical properties
A thermogravimetric analyzer (TGA7, PerkinElmer Co, USA) was used to obtain
biomass thermogravimetric and derived thermogravimetric data. In each test, 20 mg of material
was put in the crucible. Temperature increased from ambient temperature to 700 °C at a rate of
20 °C/min in a nitrogen atmosphere and was maintained at 700 °C for one minute. A differential
scanning calorimeter (DSC 204 F1 Phoenix, NETZSH group, Germany) was also used and the
DSC heating rate was kept the same as that used in TGA.
7.2.6 FTIT and NMR spectra
An FTIR (Model Spectrum 400 FT-IR, PerkinElmer Co, USA) recorded spectra in
transmittance mode with the wavenumber ranging from 400 to 4000 cm-1. The detection
resolution was 4 cm-1 in the transmission mode with 16 scans per test.
2D- HSQC NMR spectra were acquired on a spectrometer (500 MHz Bruker AVIII,
Bruker, USA) equipped with a gradient 5-mm cryogenically-cooled carbon observe probe.

About 40 mg material was dried and dissolved in 0.5 mL of DMSOd6 for 48 hours. 13C-1H
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spectral were measured with a standard pulse sequence “hsqcetgpsisp.2”. All experiments were
carried out at 25 °C with the following parameters: spectral width of 16 ppm in F2 (1H)
dimension with 2048 data points (TD1) and 240 ppm in F1 (13C) dimension with 512 data points
(TD2). Scan number was 128 and increment delay was 2 seconds. Total acquisition time was 20

hours. Data were processed by Bruker Topspin 4.3 software.

7.2.7 Measurement of pellet hygroscopic properties

The contact angle measurement was carried out based on the sessile drop method. A
distilled water droplet of approximately 1uL was laid on the pellet surface. After that, a 30
second video was recorded from the moment when the droplet was laid. By using the Ossila
contact angle software, a tangent line for each side of the droplet was fitted in each frame of the
recorded video. As shown in Figure 7.2, the angle between the tangent line and the flat pellet
surface was defined as the contact angle. This angle was estimated and recorded through the
whole video. Measurements were carried out 5 times for pellets made under each condition.
Considering the variance of pellet surface roughness, the average contact value was then
presented. An optical microscope (Model BX51, Olympus Corp. Japan) was used to observe the
morphological features of pellets surfaces.

To test pellet water resistance, three pellets made under each condition were immersed in
a beaker filled with 300 ml water. The test lasted for 20 minutes and the solid parts were drained

afterward. The integrity of pellets after water immersion was compared.
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Figure 7.2. An illustration of contact angle measurement

7.3 Experimental results and discussions

7.3.1 Material compositions and higher heating value (HHV)

The compositions of corn stover changed significantly after dilute sulfuric acid
pretreatment and enzymatic hydrolysis. As shown in Table 7.2, most of the hemicellulose and
non-compositional components were removed due to the structure disruption of corn stovers
during pretreatment. As a result, cellulose and lignin weight percentages were increased in the
pretreated solids. During enzymatic hydrolysis, cellulose was largely broken down into
fermentable sugar during the scarification process. The percentage of lignin substantially
increased to nearly 34% in hydrolyzed residues. According to the literature, the higher heating
value (HHV) of cellulose and hemicellulose is 17-17.5 MJ/kg and is 24-28 MJ/kg for lignin [40].
Because of the changes of raw corn stover compositions, the HHVs of pretreated corn stover and

hydrolyzed residues increased from 16.76 MJ/kg to 17.91 MJ/kg and 18.12 MJ/Kkg, respectively.
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Table 7.2 Composition results of raw, pretreated, and hydrolyzed corn stover

. L Non-compositional HHV
Material Glucan % Xylan % Lignin % Ash %

component % MJ/kg

Raw 37.85+041 17.05+0.16 14.15+0.02 0.76+0.06 30.04 +0.85 16.76

Pretreated 57.63+0.02 8.12+0.03 2497+045 206+0.12 7.18 £ 0.08 17.91

Hydrolyzed 46.29+0.11 7.62+0.18 33.83+0.6 3.11+0.16 8.15+0.04 18.12

7.3.2 Pellet physical properties

Durability evaluates the resistance of pellets to shock and abrasion conditions during
handling and transportation. After mixing 10% hydrolyzed residues with raw biomass, the
durability of pellets increased from 80.74% to 90.01%, compared to pellets solely made from
raw biomass (Table 7.3). Further increase in pellet durability was observed after adding a higher
percentage of hydrolyzed residues to the material mixtures. However, the improvement is rather
limited. Durability of pellets only increased from 90.1% to 92.83% by adding 20% to 100% of
hydrolyzed residues in material mixtures for pelleting. The same trend was also observed for
pellet density, rising from 864.15 + 28.19 kg/m3 to 972.46 + 31.43 kg/m3. Furthermore, the
HHYV of pellets increased by adding hydrolyzed residues in pelleting, leading to a much higher
energy density. Compared to pellets made from raw materials, 26.12% to 53.2% more energy is
carried with the same volume of pellets by using 100% hydrolyzed residues. Such upgrading
effects made pellets more durable in storage and transportation, and comparable to conventional

wood and torrefied fuel pellets [41, 42].
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Table 7.3 Results of pellet durability, density, and energy density

Sample Durability (%) Density (kg/m?®) Energy density
(GIIm3)
Raw 80.74% 816.98 £ 54.81 13.69 £ 0.92
10% 90.01% 864.15 £ 28.19 14.60 £ 0.47
20% 91.86% 892.03 £86.91 15.19+£0.48
50% 91.43% 917.13 £ 43.47 15.99 £ 0.76
100% 92.83% 972.46 £ 31.43 17.62 £ 0.57

7.3.3 Pellet mechanical strengths

Pellet mechanical strength results are shown in Table 7.4. The stress that a pellets can
take in the axial direction was very high since pellets were made by axially compressing loose
biomass particles into a cylindrical pellet in a mold. Pellets could undertake larger normal force
before fracture than the maximum force the load cell could provide on the tester. As a result,
only diametral and flexure compression were performed. Pellet mechanical strengths were
described by proportional stress, elastic strain, and young’s modulus. Ultimate strength and
ductility represent the maximum resistance to fracture and the ability to be stretched to the
breaking point. Diametral and flexure results show that pellets were strengthened with the
additive of hydrolyzed residues. The increases of proportional stress and ultimate strength were
quite limited. A very low load can be undertaken at the breaking point until the amount of
hydrolyzed residue additive rose to 50%. When 100% hydrolyzed residues were used to make
pellets, proportional stress, ultimate strength, and Young’s modulus of pellets all increased
significantly in both type of compression tests. Due to viscoelastic heating during the ultrasonic-
assisted pelleting process [38], more lignin content was softened and provided a better binding
effect comparing to pellets made with less hydrolyzed residues. This natural binding effect of

lignin consequently improved pellet mechanical properties. Elastic strain and ductility both
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increased by adding more hydrolyzed residues. It indicates that the additive of hydrolyzed
residues strengthened the pellets and prevented the pellets from breaking while being deformed
by a much larger load. However, there was little increase from elastic strain to ductility and from
proportional stress to ultimate strength. It suggests that there was not much load undertaken by
the pellets beyond the elastic limit. Additionally, the initial pelleting compressing direction and
pellet shape (aspect ratio) are also essential factors to pellet mechanical strength. While using
microwaved eucalyptus, and mixed wood to make pellets from axial compression, a study
showed a higher strength in diametral compression with rod shape pellets [43] On the contrary,
the results were higher by flexure compression in this study. The load from the axial direction
created a very condensed plate shape structure. A relatively good thickness of pellets also
contributed to the higher proportional stress and ultimate strength that were taken in flexure
compression.

Table 7.4 Results of pellet mechanical properties

Proportional Elastic strain ~ Young's Modulus Ultimate Ductility
stress % Mpa strength %
Mpa Mpa
Diametral
Mean SD Mean SD Mean SD Mean SD Mean SD
Raw 0.38 0.04 1.20 0.01 35.06 3.71 0.49 012 143 0.01
10% 0.43 0.03 3.00 0.20 39.34 2.98 1.15 075 376 0.30
20% 0.96 0.27 145 0.02 88.92 20.78 1.01 030 227 0.01
50% 2.60 0.94 1.70 050 223.01 48.49 3.25 063 236 0.73
100% 7.89 0.47 435 120 316.26 34.95 7.92 096 6.78 0.88
Flexure
raw 3.92 1.02 4146 6.35
10% 3.98 021 4230 9.93
20% 5.27 0.03 2719 0.13 25.59 1.56 5.63 0.04 25.19 4.77
50% 1054 123 2419 364 79.98 6.81 10.97 099 26.14 3.33
100% 1710 132 31.27 8.08 103.19 7.33 17.73 1.30 33.34 8.49

Notes: In some flexural tests, pellets made from raw material and 10% residue mixture yielded prematurely without
undertaking a stabilized load. There were no proportional, elastic strain and young’s modulus data presented.
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7.3.4 Pellet thermochemical properties

Cellulose, hemicellulose, and lignin have different thermal stabilities [44]. The
alternation of material compositions can be reflected in thermal gravimetric (TG, DTG) and
differential scanning calorimetric (DSC) analyses. After dilute acid pretreatment and enzymatic
hydrolysis, major weight loss of hydrolyzed residues showed a notable change in the TG analysis
due to the increased overall lignin content. The curve of hydrolyzed residues slightly shifted to a
higher temperature than raw materials (Figure 7.3A). Cellulose and hemicellulose decompose at
275-350 °C and 150-350 °C, respectively. Lignin decomposes between 350-450 °C and, the
decomposition completes at around 500 °C [44]. At the end of this TG analysis, raw materials
had much more mass remained than hydrolyzed residues. It indicates that there was higher non-
structural composition within raw materials.

The DTG results (Figure 7.3B) show raw materials posed a much higher weight loss rate
in the temperature ranging from 150-350 °C. On the contrary, the removal of amorphous
cellulose 11 and hemicellulose attributed to a slower decomposition of hydrolyzed residues. After
temperature reaching 350 °C, the decomposition rate of raw materials slowed down. This
reflected that at this moment, the amorphous cellulose and hemicellulose were completely
decomposed. However, the trend of slowing down around 350 °C was not observed for
hydrolyzed residues due to its much lower cellulose 11 and hemicellulose content. As temperature
approached 400 °C and above, hydrolyzed residues decomposed more severely than raw
materials. This trend continued with further temperature increase to 500 °C. It is related to the
better thermal stability of lignin and its higher content in hydrolyzed residues [45]. With further

heating, remained hydrolyzed residues kept decomposing until the temperature reached over 700
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°C. However, there were much fewer raw materials decomposed after 500 °C because of the
higher non-compositional content.

The DSC analysis provides more insight on the exothermal performance of raw materials
and hydrolyzed residues as shown in Figure 7.3C. When the temperature was lower than 250 °C,
the two materials showed very similar heat flow patterns and trends. The first peak observed at
275 °C indicated the complete decomposition of hemicellulose. Afterward, the heat flow rate of
raw material dropped dramatically when the temperature reached over 300 °C. Due to the higher
concentration of crystalline cellulose in hydrolyzed residues, a second peak around 350 °C was
observed with the complete decomposition of cellulose. However, the reduction of raw material
heat flow rate slowed down at this temperature range. The lower total cellulose content in raw
material might attribute to the less intensive exothermal activity. After that, the heat flow rate of
hydrolyzed residues kept rising to the range of 400-600 °C. This observation agreed with TG and
DTG results that more than 10% total mass of hydrolyzed residues was still under decomposition
after reaching 550 °C. According to Asadieraghi et al., the generation of char, condensable gases,
and inorganic carbonates can be related to this further decomposition [46]. The formations of
CO, C0O2, and H2 were caused by thermal cracking and dehydrogenation of high molecular
weight compounds (aromatic and aliphatics). The breakage of the C-C bond then resulted in a

higher degree of exothermal activity.
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Figure 7.3. Thermal analyses results of raw and hydrolyzed biomass: (A) TG, (B) DTG
and (C) DSC

7.3.5 FTIR and NMR results
FTIR spectra (Figure 7.4) were used to reveal organic and inorganic compounds in the
samples. The focus was on lignin-related chemical bonds. As reported, the C=C stretching from
lignin located between 1400-1600 cm-1 [47, 48]. The negative peak at 1508 cm-1 was related to
the aromatic ring of lignin. The positive peak at 1550 cm-1 indicated a mixed signal from
aromatic skeleton vibration and C=0 stretching of lignin [49]. The negative peak at 1456 cm-1 is
attributed to C-H bending and vibrations of aromatic groups that are also related to lignin [50].

These signals became stronger or produced after pretreatment and enzymatic hydrolysis. The
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variations on FTIR spectra reflected the increased lignin content in hydrolyzed residues. It was
also reported the signals around 1000 to 1250 cm-1 are related to hydroxyl groups in
polysaccharides [51]. The negative peak at 1060 cm-1 can be originated from cellulose.
Similarly, the stronger signals at 1160 cm-1 and appearance at 1110 cm-1 indicated the presence
of higher amount of cellulose. The increased cellulose and lignin content consequently provided
better bonding between particles since the binding effects of three components followed the
order: lignin>cellulose>hemicellulose [52].

It was reported that corn stover contains all three types of monolignol units with $-0-4’ as
major inter-unit linkages[53, 54]. On NMR spectra, lignin structures in hydrolyzed residues were
revealed with special focus. The main cross-signals in the aromatic region (6H 6.0-8.0 ppm, 6C
100-150 ppm) and the side chain region (6H 2.5-6 ppm, 3C 50-90 ppm) of lignin contents are
shown in Figure 7.5 A & B. The results indicated that lignin content in aromatic region is
composed of syringyl (S), guaiacyl (G), p-coumarate (pCA). Based on the spectra, G-type and S-
type were the major lignin units in the aromatic region. G-type has a free C-5 position in the
rings that is easy to link with phenolic hydroxyl that can activate the free ring positions and make
them susceptible to react with other lignin units [55, 56]. While S-type units can transform into
H-units by the demethoxylation process under high temperature. With freed C-3 and C-5
positions, H-unit can provide additional formation of self-bonding [57]. The heat generated
during ultrasonic-assisted pelleting could further improve this binding effect. In the side chain
region, four types of lignin B-aryl ether units (A), phenylcoumaran units (B), resinol units (C),
and dibenzodioxocin units (D) were observed. Satoshi Kubo et al. reported that the dehydration
of the Cy-hydroxyl group would enhance the thermal mobility of lignin molecules through

plasticization [58]. A significant amount of peak signals appeared at Cy position in hydrolyzed
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residues indicating the increase of lignin resinol units. With the increase of this type of lignin,
hydrolyzed residues achieved a better binding effect under the rapid viscoelastic heating process

in ultrasonic-assisted pelleting.
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Figure 7.4. FTIR spectra of raw, pretreated and hydrolyzed biomass
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Figure 7.5. NMR spectra of hydrolyzed biomass
7.3.6 Pellet hygroscopic properties
Contact angle results (Figure 7.6A) showed that water droplets penetrated the pellet
surface quickly for pellets made from material mixtures with adding 10% hydrolyzed residue.

After adding hydrolyzed residues to 20%, water droplets stayed on the pellet surface for a
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slightly longer time but were eventually absorbed. Further improvement of surface
hydrophobicity was observed with a 50% hydrolyzed residue additive. The contact angle stayed
at around 30° and the droplets were partially absorbed in the end of each test. At last, 100%
hydrolyzed residues made pellets’ contact angle stay around 60° constantly for even hours after
droplets were put on pellet surface. Generally, the improvement of hydrophobic characteristic for
pellet surface increased with raising hydrolyzed residue content. This trend can be further
explained with surface morphology results in Figure 7.6 B-E. Microscopy images showed that
particles were not completely consolidated and bonded together on pellet surfaces of raw
material (B) and 10% additive (C) groups. The contour of material particles was still very clear,
and there were significant amount of gaps in-between particles. This loosened structure resulted
in the quick drop of contact angle and absorptions. With increased hydrolyzed residue content,
pellets of 50% and 100% groups showed more compact structures. As a result, pellet surfaces
became flatter. The shape of particles was no longer clear, and interlocking was formed. Due to
the plasticization of lignin, a better bonding effect led to a hydrophobic pellet surface. It
prevented water penetrations and absorptions. Further evaluations of pellet water resistance were

performed with water immersion.
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Figure 7.6. Contact angle (A) and Surface morphology (B-E)
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Pellets made under each condition were also immersed in water to simulate an extreme
wet condition. As shown in Figure 7.7, pellets made from raw material, 10% and 20%
hydrolyzed residue mixtures were generally separated into particles after 5 minutes. While
pellets made by 50% and 100% hydrolyzed residue maintained their integrity. No particles fell
apart. After 20 minutes immersion, pellets were moved into nylon mesh to drain water. Raw and
10% mixture pellet groups completely fell apart, and 20% mixture group could barely hold the
cylindrical shape. 50% mixture and 100% groups still held good cylindrical shapes with no
particles separated. However, pellets in the 50% mixture group were clearly swelled and became
softened. Pellets made by 100% hydrolyzed residues stayed compact, and there was no obvious
swell. Particles were still completely bonded and the surface looked nearly identical compared to
the original pellets. It can conclude that the additive of hydrolysis residues provided better pellet
quality on the water resistance. A Clear impact can be observed with hydrolyzed residue
increasing from 20% to 50%. Pellets that were fully made from hydrolysis residues provided the

best pellet integrity after water immersion.
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Figure 7.7 Water immersion images of pellets made from different percentage of hydrolyzed
residues mixtures
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7.4 Conclusions

This study evaluated the characteristics of pellets made from corn stover and its
hydrolyzed residue mixtures. It showed that the addition of hydrolyzed residue enhanced the
physical, thermochemical, and hygroscopic properties of pellets. These findings provide a
potential path to utilizing hydrolyzed residues as solid fuels and platform chemical commodities
for other applications. Detailed pellet property improvements are summarized as the following:

1. The addition of hydrolyzed residues is effective on improving physical characteristics.
Pellet durability increased from 80.74% to 90.1% with just 10% hydrolyzed residue added to the
material mixture. Further addition of hydrolyzed residues to 100% can increase the durability up
to 92.83%. However, there was no apparent strengthening effect on pellet mechanical properties
until 50% or more hydrolyzed residues were added.

2. The addition of hydrolyzed residue also attributes to the increase of pellet density (816
kg/m3 to 972 kg/m3) when the additive amount increased from 10% to 100%. Due to higher
HHV of lignin content, making pellets from lignin-rich hydrolyzed residues also provided a
higher energy density (17.62 GJ/m3) than using raw materials (13.69 GJ/m3)

3. The addition of hydrolyzed residue provides pellets with better thermochemical
characteristics. Due to high thermal stability of lignin, pellet made from lignin-rich hydrolyzed
residues are more thermal stable when temperature is above 350 °C and had continued
exothermal activity after 400 °C.

4. The addition of hydrolysis residues contributes to the improvement of hygroscopic
characteristics. The higher surface hydrophobicity, higher water resistance can be achieved
because of the more compact pellet structure when 50% or more hydrolyzed residues were used

in pelleting.
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Chapter 8 - Conclusion and Contributions

8.1 Conclusions

In this dissertation, effects of particle size of cellulosic biomass materials for bioethanol
productions are investigated. The effects to size reduction energy consumption, pelleting energy
consumption, pellet density and pellet durability in pre-processing are studied. In bio-conversion
processes, effect of particle size on the modifications of biomass physical and chemical features
such as enzyme-accessible surface area, crystallinity, surface morphology and total sugar
recovery are investigated. Furthermore, feasible conditions to produce torrefied pellets with STP
systems are studied. The fuel upgrading effects of STP are evaluated from physical,
thermochemical and hygroscopic perspectives. Additionally, how these properties strengthened
by adding biomass hydrolyzed residues for pellet productions are also studied for integration and
valorization purposes.

Main conclusions drawn from this dissertation are:

1. Insize reduction of cellulosic biomass using knife mill, energy consumption
increased significantly as size became smaller. Afterward, particle size did not
significantly affect energy consumption during pelleting. For the resulted pellets,
smaller particles tended to have better durability but have no significant impact on
pellet density.

2. In bioconversion process, solely rely on size reduction was insufficient to achieve
economically feasible sugar yield. Reducing particle size to submillimeter
particles increased enzyme accessible surface area and showed slight advantage
(<10%) over millimeter particles in enzymatic hydrolysis efficiency. However,

crystallinity index was rather a weak indicator of substrate’s susceptibility to
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enzymes. Drying showed negative impact to biomass enzymatic digestibility as it
reduced enzyme-accessible surface area of dried biomass by collapsing its
inherent pore structures.

Reducing particle size resulted in lower solid and cellulose recoveries.
Submillimeter particles’ advantage in enzymatic hydrolysis efficiency was
outweighed by their low solid and sugar recoveries in pretreatment. As a result,
when using total sugar yields as sugar definition there was no significant
difference between particles size. Considering this trade off, there is no necessary
to perform finer (submillimeter) size reduction.

. Synchronized torrefaction and pelleting process was effective at enhancing pellet
physical, thermochemical and hygroscopic properties. Torrefied biomass pellets
showed comparable density and durability to commercial pellets. Corn stover and
big bluestem pellets increased 6.03% and 9.81% of higher heating value.
Furthermore, torrefied pellets performed better in water intake and absorbed
approximately 15%-25% less moisture than non-torrefied pellets.

Using hydrolyzed biomass residue as additive in pelleting is effective on
improving physical characteristics. Pellet durability increased from 80.74% to
90.1% with just 10% hydrolyzed residue added to the material mixture. Further
addition of hydrolyzed residues to 100% can increase the durability up to 92.83%.
pellet density also increased (816 kg/m3 to 972 kg/m3) when the additive amount
increased from 10% to 100%. However, there was no apparent strengthening
effect on pellet mechanical properties until 50% or more hydrolyzed residues

were added.
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6. Due to higher HHV and thermal stability of lignin content, making pellets from
lignin-rich hydrolyzed residues provided a higher energy density (17.62 GJ/m3)
than using raw materials (13.69 GJ/m3) and continued exothermal activity at
higher temperatures.

7. Due to viscoelastic heating effect of lignin content, making pellets from lignin-
rich hydrolyzed residues resulted in better inter-particle bonding. It provided

higher surface hydrophobicity, higher water resistance to the pellets.

8.2 Contributions

Major contributions of this dissertation are:

1. This dissertation, for the first time, presents a comprehensive study on effects of
particle size in both pre-processing and bio-conversion process. The impact of
particle size to the modifications of biomass physical and chemical features are
detailly revealed and ultimately explained the relationship with sugar yield.
Results provides a resource-efficient guidance for particle size selection in larger
scale applications.

2. This research is the first one to conduct two fuel upgrading actions (densification
and torrefaction) simultaneously. Input parameters include material type, particle
size, pressure, power level and pelleting time are systematically investigated.

3. This research is the first to evaluate torrefied pellets from physical,
thermochemical and hygroscopic perspectives and make comparison with non-
torrefied pellet produced by same pelleting system. More insight about pellet
bonding mechanisms, hydrophobicity alternations are revealed for this

unconventional process.
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4. This research is the first to investigate the impacts of adding hydrolyzed residues
on pellet major properties and bonding mechanisms when pellets are used as
platform chemical commodities for applications other than sold fuel. The results
will broaden the potential applications of hydrolyzed residues. It also fills gaps in
the literature on the behaviors of lignin materials under heating and compression

conditions.
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