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This project is primarily focused on improving the storage stability of bio-oils or
pyrolysis oils by varying feedstock, reactor, and storage conditions. Pyrolysis oil is a
complex medley of oxygenated chemicals (aliphatic and aromatic) that are well known to
undergo unstable polymeric reactions (auto-catalyzed) if suitable additives are not
utilized. These reactions can be severely detrimental to the long-term storage stability of
pyrolysis oils. Hence, a detailed investigation was conducted in four phases namely: 1)
pyrolysis oil production 2) additive prescreening 3) concentration optimization and 4)
stability testing. During the first phase a lab-scale semi-continuous auger reactor is
utilized to produce 16 pyrolysis oils. The reactor variables include pyrolysis temperature
and vapor residence time. The feed stocks include pine wood, pine bark, oak wood, and
oak bark. During the second phase a range of chemical additives (26) are prescreened to
obtain three best performing additives. Anisole, glycerol, and methanol are consequently

utilized to perform concentration optimization studies during the third phase. Viscosity,



water content, and pH of pyrolysis oils are timely measured to assess the accelerated
storage stability of pyrolysis oils during the phases 2-3. During the fourth phase,
pyrolysis oils produced from three different reactor systems (lab-scale auger, large-scale
auger, and entrained flow) were tested for their storage stability. Viscosity, water content,
pH, density, and acid value are timely measured to assess the ambient and accelerated
storage stability of pyrolysis oils during phase 4. Extrinsic variables such as light and
filtration are utilized during the experimental testing of phase 4. The rheological data
(Newtonian/non-Newtonian) enhanced the understanding of pyrolysis oil storage stability
both qualitatively and quantitatively. The stability performance of a chemical additive is
very much dependent on the concentration and its organic functional group.
Consequently, alcohols fared above all the other functional groups in stabilizing the
pyrolysis oils. Glycerol is observed to have special blending and homogenizing properties
compared to all other additives. Feedstock seems to be the single most important factor
affecting storage stability of pyrolysis oils. Consequently, pine wood resulted in the most

stable pyrolysis oil whereas pine bark resulted in the least stable pyrolysis oil.

Key words: lignocellulosic pyrolysis, auger, fluidized/entrained flow, bio-oil, storage
stability, rheology, Karl Fisher, additive prescreening, concentration

optimization, modeling.
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CHAPTER I

INTRODUCTION

Introduction

The increasing consumption of the depleting fossil fuels and their environmental
impact has propelled several researchers towards developing alternative and renewable
fuels. One such alternative and renewable fuel is pyrolysis oil also known as bio-oil.
Pyrolysis oil currently has a tremendous potential to be utilized as a substitute for heavy
fuel oil (ASTM No. 4) meeting the 21% century energy demand at least partially.
Pyrolysis oil in its crude form is difficult to use as an engine fuel. However, with certain
quality upgrading techniques including catalytic hydrodeoxygenation, hot gas filtration,
and solvent addition; pyrolysis oil can be used as a potential carbon neutral light fuel oil
(ASTM No. 2). Being a novel liquid fuel in the today’s market, both chemical and
physical properties of the pyrolysis oil need to be studied extensively before its engine
application.

Due to the rapid condensation process that is employed during the pyrolysis,
complex pyrolysis oil vapor can undergo secondary reactions in the form of cracking and
polymerization. During the condensation process many char fines are collected in the
pyrolysis oil that is difficult to remove from the pyrolysis oil even after cold filtration.
The char fines act as autocatalytic sites for the polymerization reactions to continue until;

the pyrolysis oil becomes completely polymerized and phase-separated. Pyrolysis oil
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even when stored at room temperature is known to undergo polymerization reactions in
the form of condensation and polycondensation that decrease its stability with aging.
Consequently, pyrolysis oil viscosity and water content increase as a function of time
depending much upon the feedstocks used to produce the oil and its storage conditions.
As such, American Society for Testing and Materials (ASTM), Deutsches Institut fiir
Normung (DIN), and other standard testing methods for pyrolysis oil are still in the early
stages of development. Therefore, most researchers have resorted to the indirect
assessment of pyrolysis oil stability by monitoring its’ key physico-chemical properties
as a function of storage time (Czernik et al., 1994; Diebold, 2000; Perez et al., 2006; and
others).

Pyrolysis oils are prone to polymerization with time and consequently destabilize
if proper additives (solvents) are not utilized. Solvent addition has been reported to be the
most practical approach for pyrolysis oil quality upgrading (Oasmaa and Czernik, 1999).
The addition of solvents to the pyrolysis oils decreases the most essential fuel property
(viscosity) with aging. Furthermore, solvents are capable of reducing oil acidity and
improving heating value. Extensive testing of the pyrolysis oils is indicated as a must for
the better understanding of their chemical and physical properties. The degree or extent
of polymerization in the pyrolysis oils can be best measured by its viscosity (Diebold and
Czernik, 1997). The resulting information can benefit in the successful commercialization
of pyrolysis oils. At present, only limited research is reported on the use of solvents to
improve the pyrolysis oil stability. Among the results reported most researchers used
methanol as a low-cost solvent. However, its price is projected to increase significantly

over the coming years as shown in Figure 1.1. Therefore, the development of a database
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of solvents that are effective in the oil stabilization might be useful for both pyrolysis oil

producers and end-users.

Pyrolysis Background

Development and utilization of alternative fuel is a direct consequence of
increasing energy consumption, rising fuel costs, stricter environmental regulations, and
depletion of conventional fuels (Zabaniotou, 1999; Gullu et al., 2001; Huber et al., 2006).
One such alternative energy technology is pyrolysis, which utilizes thermo-chemical
conversion or thermolysis (thermal degradation) reaction in the absence of oxygen to
produce thermal breakdown products (Demirbas, 2002). The use of pyrolysis for the
production of liquid fuels started as early as 1980’s in the United States. Historically, the
use of pyrolysis existed for many centuries primarily for the production of charcoal and
coke (Farag et al., 2002). The main advantage of pyrolysis is its feedstock adaptability
that can also be its limitation due to the wide variation in oil properties. Hence, the
pyrolysis process improvements are absolutely essential.

Lignocellulosic biomass generally refers to the mixture of cellulose,
hemicellulose, and lignin polymers. The structural components of wood are cellulose,
hemi-cellulose, lignin and a small quantity of extraneous compounds (ash and
extractives). Generally, depending on the type of wood (soft or hard) these components
differ in their percentage composition (Schultz and Taylor, 1989; McGinnis and
Shafizadeh, 1991). Thermal breakdown products of the lignocellulosic biomass constitute
a mixture of organic and aqueous rich fractions of pyrolysis oil, char, and off-gas.

Pyrolysis oil fractions prior to condensation are known to result from the thermal



fragmentation and defragmentation of polymeric constituents (cellulose, hemicellulose,
and lignin) of biomass during the pyrolysis reaction (Bridgwater and Peacocke, 2000).

Pyrolysis oil is a medley of oxygenated hydrocarbons (OHCs) and over 300
chemicals have been identified comprising the pyrolysis oil and more are continuously
being identified. However, these compounds are present in negligible quantities in the
pyrolysis oil. The resulting oxygenated hydrocarbon fuel (pyrolysis oil) is known to
recover 80% of the energy content (maximum yield) from the feedstocks on a dry basis
assuming that the char and gas are utilized in the pyrolysis process for heat generation.
Pyrolysis oil has been reported to have almost half the high heating value (HHV) of
hydrocarbon fuels (petroleum 42-44 MJ/kg) because of its high oxygen and water
content. Solid byproduct bio-char/char and non-condensable gases (H,, CO, CO,, CHy,
C,Hy4, and C,Hg) are also produced from the pyrolysis process. Char being rich in carbon
has the potential to be used as a fuel or an adsorbent commercially. Char can also be used
as a slow release fertilizer as it is known to contain alkali (Li, Na, and K) and alkaline
(Ca, Mg, and Ba) earth metals. The non-condensable gases could be recycled for heat
recovery during the pyrolysis process. The organic vapor resulting from pyrolysis could
very well be a complex mixture of aerosols, mist, particulate matter and non-condensable
gases. Consequently, material balance closures are difficult to obtain during the pyrolysis
process (Bridgwater and Peacocke, 2000; Mohan et al., 2006; Mohan et al., 2007; Huber
et al., 2000).

Pyrolysis, if operated correctly can produce negligible waste, which makes it a
very appealing technology. Common reactor types currently available in the market are

shown in Table 1.1 (Bridgwater, 1999). Fluid and circulating beds are frequently used
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because of their operational flexibility and ease in scale-up (Bridgwater and Peacocke,
2000). Pyrolysis processes and their associated reactor conditions are presented in Table
1.2. Conventional pyrolysis is traditionally used for making char where as fast and flash

pyrolyses are currently targeted for making liquid fuels (Maschio et al., 1992).

Pyrolysis Technologies

The most commonly utilized process these days to produce pyrolysis oil is fast
pyrolysis, which utilizes high heat transfer rate followed by rapid quenching
(condensation) of the thermal breakdown products of the biomass. Typical fast pyrolysis
treatment conditions include small particle size (~2-6 mm), short residence time (0.03-1.5
s), and lower temperature (435-520 °C) in comparison with gasification process (>700
°C). By selectively varying ‘pyrolysis temperature and vapor residence time’ the yields of
the pyrolysis oil can be maximized. Further pyrolysis oil recovery efficiencies have been
reported to vary as a direct function of process conditions and feed stock types utilized
(Bridgwater, 1999).

Many reactor technologies currently exist in the market: circulating fluid bed,
ablative reactor, rotating cone, transported bed, and vacuum moving bed to name a few.
However, fluidized bed and circulating bed reactor systems are more commonly used and
these are reported to produce significantly higher pyrolysis oil yields than most other
reactor systems currently available. Minimal time lag during the heat transfer seems to be
primarily responsible for higher yields of pyrolysis oil as produced from fluidized bed

and circulating bed pyrolysis. Typically, high pyrolysis temperature and fast (or low)



residence time in combination seems to produce the highest yields of pyrolysis oil and
lowest yields of char (Bridgwater and Peacocke, 2000).

An auger reactor has been utilized in this research to study biomass pyrolysis.
Very few studies were available in the literature pertaining to the use of auger reactors
when this research was undertaken. Pyrolysis oil yields as high as 80% are reported in the
literature using different reactor systems. However, pyrolysis oil yields of most reactor
systems seem to range from 65-75% (Bridgwater and Peacocke, 2000). In the past,
different pyrolysis reactor technologies have been utilized to produce pyrolysis oil from
forest thinning, sawdust, animal husbandry waste, sewage sludge, black liquor, and other
biomass wastes resulting from natural disasters. Consequently, successful production of
pyrolysis oil from diverse feedstocks makes pyrolysis technology is a very attractive fuel

option (Mohan et al., 2006; Doshi et al., 2005; Johnson and Maclean, 1993).

Pyrolysis Oil Applications

Pyrolysis oil offers several advantages over hydrocarbon fuels to the producers
and consumers (Luo et al., 2004; Johnson and Maclean, 1993) namely:
1. Potential alternative to the petroleum-derived fuels
2. Reduces the rate of depletion of fossil fuels from nature
3. Lowers greenhouse gas (GHG) emissions compared to fossil fuels
4. Increased fuel energy density compared to the raw biomass
5. Completely renewable and

6. Extraction and recovery of specialty chemicals for other than fuel
applications



One such specialty application includes the utilization of phenolic rich fraction for
replacing United State-Environmental Protection Agency (US-EPA) regulated chromated
copper arsenate (CCA) wood preservative. Currently, the Forest Products Department at
Mississippi State University is working in this area of research. Results indicated that
phenolic fractions of the wood and bark derived pyrolysis oils when used in 10%
concentration had a greater fungicidal inhibition effect than the whole pyrolysis oils
(Mohan et al., 2008). Traditionally, pyrolysis oil also known as ‘liquid-smoke’ has been
used as a food flavoring chemical. Pyrolysis oil is currently produced by DynaMotive,
Ensyn, Red Arrow Products, Renewable Oil International, VIT and other companies for
testing heavy equipment and machinery (Ex: boilers, turbines, diesel engines etc.).
Dynamotive in collaboration with Orenda Corporation has been able to lower NOx and
SOx emissions significantly by the use of pyrolysis oil in comparison with traditional
hydrocarbon/diesel fuel (DynaMotive, 2001). Contrary to the petroleum based fuels and
their byproducts; numerous applications of pyrolysis oil can be envisioned in the form of
resin chemicals, agri-chemicals, emission control agents, and many other specialty
byproducts (Bridgwater and Peacocke, 2000). Ensyn is currently involved in the research

and development of specialty chemicals as derived from the pyrolysis oil.

Pyrolysis Oil Stability

Several ‘engineering and chemistry’ problems associated with the pyrolysis oil
production, storage, and transportation have motivated ‘engineers and scientists’ to
develop better technologies in increasing the long-term stability (> 1yr) of pyrolysis oil.

Pyrolysis oils when stored for long time periods are known to undergo several



polymerization reactions altering their chemical and physical stability (Diebold, 2000).
Consequently, during storage the stability of pyrolysis oils decreases significantly with
time if proper additives are not utilized. The measurement of viscosity and water content
as a function of time has been a decisive factor in establishing the storage stability trends
in pyrolysis oils. Previously, long-term stability of pyrolysis oil has been conducted at
both accelerated and ambient temperatures by selectively varying the storage time
periods on the order of few days to several months. Ambient and accelerated storage
temperatures utilized in the previous studies are reported at 25, 37, 40, 50, 60, 80 and
90 °C (Czernik et al., 1994; Boucher et al., 2000; Oasmaa and Kuoppala, 2003; Chaala et
al., 2004; and others). Recently methanol, ethanol, acetone, ethyl acetate, methyl isobutyl
ketone and a few other additives were utilized to stabilize the pyrolysis oil. Methanol in
10% concentration level is reported to be effective in stabilizing the pyrolysis oils
produced from poplar wood, pine wood, oak wood and other wooden feed stocks
(Diebold and Czernik, 1997). However, recent increase in the methanol prices has
motivated us to perform extensive studies by utilizing different chemical additives. The
average price of methanol for a period of 12 months for the past 8 years has been shown

in Figure 1.1. Over the past four years methanol prices have almost doubled.

Pyrolysis Oil Properties

Higher density of pyrolysis oil compared to the green biomass increases the cost-
efficiency of fuel handling and transportation significantly (Mohan et al., 2006). Density
of pyrolysis oils is reported to range from 1.1 to 1.3 g/ml (Oasmaa and Czernik, 1999)

which is roughly 2-3 times that of the dry wood depending on the feed source. At 20 °C,



the kinematic viscosity of the pyrolysis oil from forest residues has been reported to be
80 centi Poise (cP) for fresh pyrolysis oil and 120 cP for 6 month old pyrolysis oil
(Oasmaa and Kuoppala, 2003). Dynamic viscosity of fresh oak wood pyrolysis oil has
been reported to be 152 cP at 37 °C and 144 cP at 90 °C. However, dynamic viscosity of
oak wood pyrolysis oil has been reported to be 258 cP at 37 °C stored for a period of 84
days and 309 cP at 90 °C stored for a period of 15 hours (Czernik et al., 1994). Most
cases studied reveal that pyrolysis oil viscosity was not only specific to the feedstock and
reaction parameters but also to the measurement conditions. Dynamic viscosity of the
pyrolysis oils was measured in the past using rotational viscometers from Brookfield
(Czernik, 1994; Diebold and Czernik, 1997, Doshi et al., 2005, Perez et al., 2006), falling
ball viscometer from Haake (Radovanovic, 2000), and Bohlin Rheometer (Boucher et al.,
2000) and various other methods. Kinematic viscosity of the pyrolysis oils was measured
in the past (ASTM D 445) using Cannon-Fenske and Ubbelohde capillary viscometers
(Boucher et al., 2000; Oasmaa and Kuoppala, 2003; Scholze, 2002; Das et al., 2004; and
others). The use of capillary viscometers is a function of both efflux time, instrument
constant, and temperature of the bath. Due to the high opacity and viscosity of pyrolysis
oils the use of capillary viscometers presents a significant challenge especially at room
temperatures. Hence, dynamic viscosity as a function of shear rate has been studied in
this research utilizing a rotational rheometer. A few papers have reported the dynamic or
kinematic viscosity of pyrolysis oils at 25 oC. Depending upon the pyrolysis oil type,
whether it is Newtonian or non-Newtonian, the shear rate or shear stress becomes
important during viscosity measurements. Consequently, if the pyrolysis oil is non-

Newtonian then its’ viscosity is primarily a function of the shearing factor.
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The water content of various pyrolysis oils has been reported to range from 15 to
30%. The pH of pyrolysis oils has been reported to range from 2.00 to 3.70 (Oasmaa and
Czernik, 1999). Low pH of the pyrolysis oil makes it very corrosive for long-term
storage, transportation, and engine related applications. However, corrosive impact of
pyrolysis oil could be minimized by the proper selection of materials like stainless steel,
and polyethylene and also by utilizing alcoholic additives (Czernik, 1994). Methanol has
been used as an additive to stabilize and lower the viscosity of softwood bark pyrolysis
oil obtained from vacuum pyrolysis (Boucher et al. 2000). Water produced during the
pyrolysis reaction aids in lowering the viscosity of pyrolysis oil by existing as a well
dispersed polar phase in the fresh pyrolysis oil. Density and viscosity are the two
fundamental physical properties of pyrolysis oil that would dictate the design of pumps
and piping for flow equipment, injectors, nozzles and other engine related equipment.
Hence, the proper assessment of physico-chemical properties of the pyrolysis oils is
essential to study their long-term storage and thermal stability.

Polymerization and phase separation are commonly reported to occur in pyrolysis
oils that become unstable during storage. Once the pyrolysis oil becomes unstable
(significantly polymerized and phase-separated) the measurement of its chemical and
physical properties becomes difficult. Consequently, consistency in the test results cannot
be obtained easily. Several polymerization reactions could occur simultaneously
increasing the viscosity and water content of pyrolysis oils. Pyrolysis oil being a very
complex mixture of chemicals, kinetic studies of the multiple reactions responsible for
instability is beyond the scope of this study. During accelerated stability testing the
unstable polymeric reactions take place more severely giving rise to significant
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increments in viscosity and water content of pyrolysis oils. By measuring these two
properties as a function of storage time the stability of pyrolysis oils can be monitored.
As a general trend once the water content exceeds 30-35% the pyrolysis oils are known to
become highly unstable and phase-separated. By utilizing proper additives, drastic
increases in both the viscosity and water concentration of pyrolysis oils could be
minimized during their potential long-term storage (Oasmaa and Kuoppala, 2003; Chaala

et al., 2004).

Research Objectives

The primary objective of this research is to investigate the storage stability of
wood and bark derived pyrolysis oils that are produced from different reactor systems.
These systems included small-scale auger, large-scale auger, and pilot-scale entrained
flow reactors. While there are several secondary objectives of this research the most
important among them are listed below.

1. To investigate the effects of feedstock composition and reactor operating
conditions on pyrolysis oil yields using a small-scale auger reactor

2. To investigate the use of chemical additives to increase the shelf-life stability of
freshly produced pyrolysis oils

3. To determine if the rheological, pH, water content, and acid value properties can
be used as a measure of pyrolysis oil stability

4. To determine if the chemical additives with different functional groups are
successful in stabilizing pyrolysis oils

5. To identify the most effective chemical additives and their optimal concentrations

6. To identify the most stable pyrolysis oils and their associated feedstock,
production, and storage conditions

11



10.

To add to the existing body of knowledge regarding the rheological properties of
pyrolysis oils

To investigate the photo-oxidative effects of light on the pyrolysis oil storage
stability

To broadly understand the effects of particulate matter on the storage stability of
pyrolysis oils

To investigate the feedstock, storage temperature, storage time, and additive
concentration effects on the storage stability of pyrolysis oils

12



Table 1.1

Most Common Reactor Types (Bridgwater, 1999)

R;;;tgr Hei;feﬁoﬁfigx()de Advantages Disadvantages
Compact Design
Heat Supply Problematical
Accepts Large Size
Ablative Conduction Feed Stock Very High Mechanical Char
Abrasion From Biomass
Heat Transfer Gas
Not Required
Solids Recycle Required
High Char Abrasion From
Biomass
High Heat Transfer
Circulatin, . Rate Possible Liquids Crackin
Fluid Bed Conduction by Hot Solids ¢
Maximum Particle
Size of 6mm Greater Reactor Wear
Possible
Complex System
High Heat Transfer
Rate
Limited Char
Abrasion
Fluid Bed Conduction Particle Size Limit (<2 mm)
Very Good Solids
Mixing
Simple Reactor
Configuration
Low Heat Transfer Rate
IEE: f;uned Convection Not Available Particle Size Limit (<2 mm)

Limited Gas/Solid Mixing
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Table 1.2

Pyrolysis Types and Associated Reactor Conditions (Maschio et al., 1992)

Reactor Condition Very Slo.w or Fast Flash
Conventional
Operating Temperature (°C) 300-700 600-1000 800-1000
Heating Rate (°C/s) 0.1-1 10-200 >1000
Solid Residence Time (s) 600-6000 0.5-5 <0.5
Particle Size (mm) 5-50 <1 Negligible (Dust)
2
1.6 1
T—; 1.2 4
K
e
g
T 0.8
0.4 1
0 T T T T T T T T
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Year

Figure 1.1 Methanol Pricing History in the Past Decade

(Source: http://www.methanex.com/products/documents/MxAvgPrice Sept292008 000.pdf)
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CHAPTER II

LITERATURE REVIEW

Energy Demand and Supply

During the 21* century global energy demand has skyrocketed largely because of
the rapid population growth and hectic industrialization. The extinction of fossil fuels is
near if this trend continues to occur (Demirbas, 2002). Major forms of energy as
consumed by the United States (U.S) in the recent past and the years to come have been
provided in Figure 2.1. The industrial consumption of biomass is projected to increase
significantly in the coming years. Biomass has the potential to meet 14% of the current
energy demand worldwide (Demirbas, 2002; Sensoz, 2003). The United States has a
tremendous potential to grow energy crops by more than 450 million tonnes per year.
Along with that the U.S generates large quantities of biomass waste weighing at least 170
million tonnes per year. The waste biomass comprises of forestry residues, agricultural
residues, yard waste, construction and demolition wood. Valuable energy products in the
form of bio-crude oil and charcoal could be obtained from these huge quantities of
biomass with a recovery efficiency of greater than 85% (Johnson and Maclean, 1993).
With the ever increasing demand for energy mainly in the form of fossil fuels like coal
and petroleum; thermochemical conversion technologies (pyrolysis and gasification) for

the successful utilization of biomass are becoming essential. Pyrolysis and gasification
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have a great potential to provide the future energy supply to the globe in a self-
sustainable, renewable, and environmentally benign fashion (Luo et al., 2004).

Major efforts are underway in the Zhejiang province of China to utilize fast
pyrolysis for the production of liquid fuels. As this province is rich in forestry and other
forms of biomass while deficient in fossil fuels, biomass pyrolysis is expected to meet the
growing energy demand in the region. The use of bio-fuels in power generation using
diesel engines and boilers is one possible potential energy application. Preliminary testing
of pyrolysis oil produced from a small-scale fluidized bed reactor at low pyrolysis
temperature resulted in low quality pyrolysis oil because of higher ash content. Among
the four feedstocks tested (F.mandshurica, C.lanceolata, P.indicus, and Rice Straw) the
highest yields of pyrolysis oil (55.7%) and water (24.6%) were obtained for P.indicus at
500 °C. Reactor optimization and pyrolysis oil upgrading were eventually considered for
the large-scale production and utilization of bio-fuels (Luo et al., 2004). The use of
agricultural waste, olive pits, olive wood, cotton plantation residues, fruit waste, and
other forms of waste biomass as feed stocks has been suggested for pyrolysis from one of
the first pyrolysis oil pilot plants built and located in Greece (Zabaniotou, 1999). Drying
of feed stocks ensures that lower energy is spent during pyrolysis along with lower water
content in the pyrolysis oil. The available moisture content of dried biomass has been
reported to range from 5 to 10% (Diebold et al., 1995). The use of bark during pyrolysis
presents significant challenges owing to its complex chemical structures. Furthermore the
use of bark in industrial applications is also limited. Hence, minimal work pertaining to

bark pyrolysis is available in the literature (Sensoz, 2003).
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Wood Chemistry

Wood is composed of cellulose (40-45%), hemicellulose (20-30%), lignin (20-
40%), and extractives (<10%). Extractives are regarded as non-structural wood
components that are soluble in neutral organic solvents or water. Extractives comprise of
terpenoids, steroids, resin acids, fats, waxes, ash, and phenolic constituents in the form of
stilbenes, flavanoids, lignans, and tannins. Wood primarily exists in softwood and
hardwood forms. Generally, softwoods are reported to have a higher content of lignin
than the other components. Contrarily, hardwoods are reported to have a higher content
of cellulose, hemicellulose, and extractives than lignin. The general chemical
composition of softwood and hardwood has been provided in Table 2.1 (Demirbas, 2006;
Sjostrom, 1993; Schultz and Taylor, 1989).

Bark is known to have a complicated cellular type structure as compared to wood.
Typically, bark has been known to possess higher content of extractives and minerals
than wood. Otherwise, many of the primary constituents that are present in the wood are
also present in the bark (Sjostrom, 1993). Softwood bark derived pyrolysis oils were
reported to have higher content of lignin and extractives compared to the hardwood bark
derived pyrolysis oils (Ba et al., 2004).

Cellulose is a straight chain polymer derived from the dehydration of glucose
(CeH1206) molecules. The repeat unit ‘n’ as shown in Figure 2.2 is termed as cellobiose
and is approximately 30000. The exact molecular weight and polydispersity of cellulose
are unknown. Cellulose has also been described as a homopolysaccharide composed of -
D-glucopyranose units linked together by (1—4) glycosidic bonds. Because of the linear

nature of cellulose molecules they have a strong tendency to form both intra and inter
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molecular hydrogen bonding. Cellulose contains both amorphous and crystalline regions
alternating with each other in the form of micro fibrils. Because of the fibrous nature and
strong hydrogen bonding cellulose is found to be insoluble in majority of the solvents
(Sjostrom, 1993; Brady, 2002).

Hemicellulose is described as a branched chain polymer comprised of both five
and six sugar carbons. Individual sugar molecules polymerize to form hemicellulose. The
degree of polymerization (or number of repeat units) of hemicellulose is predicted to be
close to 200. Consequently, molecular weight of a hemicellulose molecule is much lower
than a cellulose molecule. The chemical structures of main components present in
hemicellulose are shown in Figure 2.3. They are glucose, galactose, manose, xylose,
arabinose, and glucuronic acid. Hemicelluloses support the cell walls and are known to
range from 20 to 30% based on the dry weight of wood. Hemicellulose is also considered
as a heterogeneous polysaccharide, which can be easily hydrolyzed by acids to the
monomeric components. Monomeric components include D-glucose, D-mannose, D-
galactose, D-xylose, L-arabinose, L-rhamnose, D-glucuronic acid, and D-galacturonic
acid (Sjostrom, 1993; Brady, 2002).

Lignin is a macromolecular polymer as shown in Figure 2.4. It is also referred to
as a glue or binding agent in wood. The basic chemical unit of lignin is phenyl propane.
The phenyl propane units in lignin are joined by ether (C-O-C) and carbon-to-carbon (C-
C) linkages. C-O-C linkages are higher in number than the C-C linkages. Lignin is also
known to contain methoxyl, phenolic, hydroxyl, and terminal aldehyde groups in the side
chain with limited solubility in most solvents. The weight average molecular weight of
softwood lignin has been reported to be in the order of 20000. The polydispersity index
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(My/M,) or the ratio of weight average molecular weight (M,,) to number average
molecular weight (M,) of lignin has been reported to be higher than that of cellulose. The
chemical structures of main components present in lignin are shown in Figure 2.5
(Sjostrom, 1993; Brady, 2002). They are p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol. Further, it has been reported that softwood lignin contains guaiacyl units
but hardwood lignin contains both guaiacyl and syringyl units. Guaiacyl or 2-methoxy
phenol is a phenolic group with one methoxy group for example coniferyl alcohol.
Syringyl or 1,3-Dimethoxy-2-hydroxybenzene is a phenolic group with two methoxyl

groups for example sinapyl alcohol (Shafizadeh, 1982).

Thermo-chemical Conversion (Pyrolysis)

Pyrolysis can be defined as the degradation of macromolecular materials with
heat in the absence of oxygen (Meier and Faix, 1999). Pyrolysis has been quoted as an
emerging thermo-chemical technology with a great potential for a fuel oil substitute in
the form of pyrolysis oil (Oasmaa and Czernik, 1999). Evidence suggests that pyrolysis
was initiated in North America and Europe as early as 1970 (Scott et al., 1999). However,
not until 1980 pyrolysis was recognized to be a cost feasible alternative to the expensive
hydrocracking technology (Meier and Faix, 1999).

Pyrolysis of biomass can lead to both primary and secondary reactions during the
vapor releasing process. Primary reactions lead to the gas evolution from the biomass
solid surface, which is quickly quenched during the condensation process. High vapor
condensation efficiency at a fast rate is essential. Otherwise secondary reactions will

occur resulting in lower pyrolysis oil yields due to the release of non condensable gases
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and water vapor. Secondary reactions usually lead to the formation of higher molecular
weight compounds like tar. Tarry compounds plug the condenser lines and hence increase
the shut down frequency of the reactor (Meier and Faix, 1999).

Pyrolyis is a thermo-chemical conversion process resulting in three fractions as
shown in Figure 2.6. A wide variety of biomass feed stocks can be utilized namely wood,
bark, bagasse, animal waste, forestry residues, saw dust, sewage sludge, and others for
the pyrolysis oil production (Demirbas, 2002). However, feedstock adaptability of
pyrolysis process does not always result in a consistent fuel oil quality. Rather the quality
of pyrolysis oil is strongly dependant upon the type of feedstock utilized and the oil
production conditions. Fraction I (pyrolysis oil) as shown in Figure 2.6 is usually the
predominant fraction if fast pyrolysis is conducted. Otherwise fraction II (char) is the
predominant fraction when slow pyrolysis is conducted. A significant fraction in the form
of non-condensables (III) has been reported in many pyrolysis processes slow or fast.
This is due to the secondary reactions that occur during the mass transport process
catalyzed by char fines and other forms of particulate matter (Johnson and Maclean,
1993).

Pyrolysis oil recovery efficiencies are not very high because of heat transfer
limitations during the vapor condensation process. Since the pyrolysis vapor is a complex
stream of organic vapor, water droplets, mist, particulates, and aerosols the condensation
efficiencies are typically not very high. The rapid quenching of complex pyrolysis vapor
is essential to offset process equipment blockage and liquid fractionation (Bridgwater,
1999). Evidence suggests that fraction III (non-condensables) can be burned to generate

process heat preventing adverse effects on the environment. Prior studies indicate that a
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furnace was used to burn the non-condensable gases during ablative fast pyrolysis.
During this process non-condensable gases were mixed with natural gas/char to supply
heat to the vortex reactor tube (Johnson and Maclean, 1993).

As mentioned previously pyrolysis has been divided into three types’ namely
conventional/slow pyrolysis, fast pyrolysis, and flash pyrolysis. These types of pyrolysis
are performed by selectively varying the reactor conditions namely operating
temperature, heating rate, particle size, and solid residence time. Traditionally,
conventional pyrolysis with low to medium heating rates has been used for making
charcoal targeted for adsorbent and solid fuel applications. Ash content of the fast
pyrolysis char has been reported to be higher than that of conventional pyrolysis char
making it less valuable. Ash content obtained during fast pyrolyis is higher than the
conventional pyrolyis probably because of higher reactor temperature and smaller particle
size requirements. Currently, fast pyrolysis has been the major type geared towards
producing bio-fuels ultimately providing an alternative to the dwindling fossil fuel
reserves. Flash pyrolysis is performed using very small sized biomass particles along
with shortest possible residence times. High heating rates are utilized during flash
pyrolysis (Maschio et al., 1992; Huber et al., 2006).

Pyrolysis presents great benefits in the form of bio-char and high energy density
oil. Bio-char has been used as a fuel, controlled release biodegradable fertilizer, and also
in producing activated carbon for environmental applications. Pyrolysis units are
relatively inexpensive, easy to construct, and can be easily located near a biomass source.
However, the reactor conditions have to be tuned properly with the type of feedstock
utilized to increase the pyrolysis oil productivity (Sensoz, 2003; Czernik and Bridgwater,
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2004). Generally, high oil yields were reported at low pyrolysis temperature and fast
residence time. Contrarily, high non-condensable gas yields were observed at high
pyrolysis temperature and slow residence time. The thermal breakdown of biomass
constituents has been reported to occur in the following temperature (°C) range
(Demirbas, 2002; Demirbas, 2000; Demirbas and Kiictik, 1993):

1. Cellulose: 196.9-256.9 °C

2. Hemicellulose: 236.9-346.9 °C

3. Lignin: 276.9-496.9 °C

Primary and secondary reactions occur during the pyrolysis process as mentioned
earlier. Secondary reactions alter the chemistry of bio-formation products by increasing
the volatile content from sugars and carbohydrates of the biomass utilized. Shafizadeh
[1982] has proposed a lumped 3-step kinetic model as shown in Figure 2.7 by eliminating
the constraints of secondary char catalyzed reactions. This model has been
experimentally verified under vacuum conditions at a lower temperature range of 260-
340 °C. Vacuum was employed as it was easier to remove the products after formation
with less time for secondary cracking reactions. All the rate constants (K, K, and K3) of

the Shafizadeh model are strongly dependent upon the temperature of pyrolysis. The rate

() equations of all the components (5) taking part in the kinetic model are provided

below.
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Iw =d[W}/dt =-k[W]=-kC, (2-1)

Tws =d[W/dt = ki [W]-(kotks)[W'] = kiCy-(kotk3)Coy (2-2)
I'v =d[V)/dt =k[W']=koCys (2-3)
Ic =d[C)/dt =ks[W']=k;Cys (2-4)
I'c =d[G)/dt =ki[W']=k;Cyr (2-5)

The step 1 of Shafizadeh kinetic model is the conversion of a wood component
(W) to an active wood component (W*) from the initiation reactions. Then the active
wood component (Ex: cellulose) would decompose by two competing first-order
reactions (step 2 and step 3). The formation of volatiles (V) from the step 2 takes place in
the form of transglycosylation reactions yielding anhydrosugars. The pathway for the
formation of anhydrosugars has been shown in Figure 2.8. Another set of reactions that
occur during volatile formation is the degradation of a tarry pyrolyzate levoglucosan (1,
6-anhydro-B-D-glucopyranose) occurring during the pyrolysis. The degradation pathway
of levoglucosan has been shown in Figure 2.9. The formation of the volatile products is
considered to be highly endothermic or energy consuming reaction. The formation of
char (C) and gases (G) takes place as shown in the step 3 of Figure 2.7. The formation of
char can be thermodynamically classified as an exothermic or energy releasing reaction.
At a lower pyrolysis temperature (<300 °C) the formation of char, water, CO, and CO, is
favored. At a higher pyrolysis temperature (300-500 °C) the formation of tar,

anhydrosugars, oligosaccharides, and pyran and furan dehydration compounds are
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favored. At a much higher pyrolysis temperature (>500 °C), low-molecular weight
gaseous or volatile products are formed. Major reactions occurring during the product
formation are fission, dehydration, disproportionation, decarboxylation, and
decarbonylation. Dehydration pathways of the major wood component cellulose have

been shown in Figure 2.10.

Reactors and Operating Conditions

During the pyrolysis process heat transfer to the biomass particles can be achieved
in three ways. They are: 1) external/indirect heating 2) internal/direct heating using a heat
transfer medium and 3) energy supplied by partial combustion (Maschio et al., 1992;
Zaror and Pyle, 1982). Currently, pyrolysis systems with direct heating are more common
in the market. Pyrolysis systems in general have been known to operate in any of the
batch, continuous, and semi-continuous modes. Most large-scale pyrolysis systems are
operated in a continuous mode to reduce the operating costs (Zaror and Pyle, 1982). The
use of a very small particle size is expected to provide higher pyrolysis yields because of
increased heat transfer rates and mass transfer efficiencies. However, size reduction
significantly increases the overall cost of feedstock preparation. Higher holocellulosic
content (sum of cellulose and hemicellulose) in the feed stocks is beneficial in increasing
the yields of oils during fast pyrolysis (Scott et al., 1999). Typical reactor yields
(normalized) obtained during fast pyrolysis for different kinds of biomass have been
shown in Table 2.2 (Graham et al., 1994). The major pyrolysis reactor units with different

operating capacities located in the North American region are shown in Table 2.3.
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Pyrolysis oil yields as high as 75% have been reported in the literature using
bubbling fluidized bed, circulating fluidized bed, ablative, rotating cone, vortex, vacuum,
and few others. The general process overview of some of these reactors has been shown
in Figures 2.11-2.16. The most common and widely used reactors have been bubbling
fluidized and circulating fluidized beds mainly because they provide a higher tolerance
for the feed size (2-6 mm). Size reduction is an expensive step during the feed stock
preparation. In each of the above reactor systems an electrostatic separator is preferably
installed after the condensation unit to separate condensables and non-condensables from
a complex stream of aerosol, mist, particulates, organics, and water vapor (Meier and
Faix, 1999).

Bubbling fluidized bed or fluidized bed was developed by the University of
Waterloo, Canada as shown in Figure 2.11. The process was named as Waterloo Flash
Pyrolysis Process (WFPP). Throughputs for this process vary from 100 g/h to 250 kg/h.
Different liquid fractions are collected from the condensation process while the non-
condensable gases are recycled to the reactor. The heat captured during the gas burning is
used to dry the feedstocks (Meier and Faix, 1999). Shallow bed depth and high gas flow
rate are usually employed to achieve short residence times in the bubbling fluidized bed
pyrolysis. But there can be some processing problems (transverse temperature and
concentration gradients) associated with the low bed height to diameter ratio. To counter
this problem special design methods are employed. In spite of such technical challenges
the thermal efficiency is still observed to range from 60 to 70% for most fluidized bed
systems. Char attrition is unlikely to occur during fluidized bed pyrolysis but vapor

cracking can occur because of the catalytic effects of char (Scott et al., 1999).
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Rapid thermal process (RTP) developed by Ensyn, Canada is based on the
principle of circulating fluidized bed as shown in Figure 2.12. Feed rates as high as 650
kg/hr have been reported using this reactor. Presently RTP technology is used for making
flavoring and other chemicals (Meier and Faix, 1999). Heat transfer rates are not very
high because circulating beds are highly dependent upon gas-convective transfer. Char
attrition can be observed in this process along with some carryover into pyrolysis oil.
Hence, an additional step might be needed to remove the char from the pyrolysis oil
(Scott et al., 1999).

Ablative pyrolysis process as shown in Figure 2.13 was developed by Aston
University, United Kingdom. According to this process the biomass particles are pressed
against the heated surface of a rotating blade. Consequently, the resulting friction
separates the liquid film that is formed in layers from the biomass particle. Ablative
pyrolysis has been indicated to provide high heat and mass transfer rates. Industrially this
technology sounds very promising with few exceptions (Meier and Faix, 1999). Ablative
pyrolysis can be performed using cone or plate type reactor geometry by largely relying
on heat conduction. The unreacted solids need to be recycled to achieve a better degree of
conversion in this process. The disadvantages of ablative pyrolysis system are char
attrition, mechanical complexity, and operational heat loss (Scott et al., 1999).

Rotating cone reactor was developed at Twente University, Netherlands. Sand or
a catalytically active material is used in this reactor to increase heat transfer efficiency to
the biomass particles. Small sized biomass particles are used during the rotating cone
pyrolysis, which can be a disadvantage to this system. Otherwise the throughput capacity

of this system is indicated to be very high. There are two beds in this reactor system

26



along with a small riser system in the inside bed as shown in Figure 2.14. Pyrolysis of the
biomass particles takes place in the inside bed during multiple passes while moving
spirally from downward direction to the upward direction. The outside bed containing
both sand and char is also known as the combustion chamber. Char particles are utilized
in the process to provide the necessary heat to the cone reactor (Meier and Faix, 1999).
Vortex reactor system developed at National Renewable Energy Laboratory
(NREL, USA) was utilized to conduct oak wood pyrolysis. The principle of heat transfer
in this system is same as that of ablative pyrolysis. Small biomass particles are fed
through a preheated (625 °C) vortex reactor system in a radial direction at a very high
speed of 1200 m/s (Meier and Faix, 1999). Carrier gas nitrogen was used to feed the
biomass particles at a very high temperature of 700 °C. The reactor itself was maintained
at 625 °C (Czernik et al., 1994). The particles thus fed into the reactor continue to move
in a helical pathway along the walls of the reactor. During the movement biomass
particles conduct heat from the reactor wall inside and become pyrolyzed. Biomass that is
not pyrolyzed will be recycled back to the reactor as shown in Figure 2.15. A cyclone is
used to collect the char from the reactor (Meier and Faix, 1999). The recycling of
unreacted solid biomass particles through a hot loop increased pyrolysis efficiency. High
heat transfer rates coupled with short residences times seem to be responsible for
increasing the overall reactor yields. Excessive cracking of the vapor seems to
significantly affect the overall yields of pyrolysis oil. Incomplete reactor mass balance
closures were also reported due to inefficient condensation (Czernik et al., 1994).
Procycling vacuum pyrolysis process was developed by Pyrovac Incorporated.

Accordingly, pyrolysis is conducted in a vacuum chamber, which utilizes a special
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agitation system as shown in Figure 2.16. Biomass is heated through contact with hot
plates and the heating medium used is molten salt. The main advantage of vacuum
pyrolysis is the rapid removal of the volatiles from the reactor. The main challenge for
this system though is its design especially the vacuum locks for inlets and outlets (Meier
and Faix, 1999).

Among other small-scale reactor systems fixed bed and auger type are under
investigation currently. Slow pyrolysis was conducted using a fixed bed reactor by
varying heating rate and pyrolysis temperature. The use of bark derived from Turkish red
pine produced low yields of pyrolysis oil and high yields of char. Char yields decreased
as the pyrolysis temperature was increased. However, oil yields were observed to
increase as the pyrolysis temperature was increased from 300 to 450 °C. This trend
reversed as the pyrolysis temperature was further increased from 450 to 500 °C. A
maximum Yyield (33.25%) of the bark-derived pyrolysis oil was reported to occur at a
heating rate of 7 °C/min and a pyrolysis temperature of 450 °C (Sensoz, 2003). At
Mississippi State University a semi-continuous auger reactor system first of its kind has
been used for wood and bark pyrolysis. More details of this system are provided in
Chapter III of this document. Literature pertaining to the use of auger reactor has been
limited in the past. However, recently its use in biomass pyrolysis has been studied by

few other researchers (Perez et al., 2007, and Ingram et al., 2008).
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Rheology

Introduction

Rheology is defined as the branch of science dealing with the flow and
deformation of materials (Colo et al., 2004). A wide range of materials can be examined
using this tool namely low-viscosity fluids, semisolids, gelly substances, and solid-like
materials. The resulting rheological information can be utilized in the design of flow
processes (production and quality control), prediction of storage stability, understanding
and controlling texture of the materials. Semisolid materials have been termed as the
most difficult materials to characterize as these materials possess both liquid like and
solid like properties. Pharmaceutical and cosmetic industries are some that rely heavily
on the rheological flow properties (to determine shelf-lives) of formulations, pastes,

creams, and other materials.

Classification of Liquids

Dynamic viscosity (p) of a liquid can be defined as a measure of its internal
resistance when the liquid is subjected to certain flow conditions. Shear stress and shear
rate are the most common variables that are applied to the liquid to measure its dynamic
viscosity. Generally, all liquids are classified as either Newtonian or non-Newtonian. The
liquid which obeys the Newton’s law of viscosity is termed Newtonian and the one that
does not obey the law is termed as non-Newtonian. Newton’s law of viscosity has been
provided in Equation 6. It is derived from the original mathematical Equation 7, which
represents the flow behavior of liquids as depicted in Figure 2.17. When the slope of the

shear stress versus shear rate curve becomes unity with a zero intercept (A=0) the
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mathematical Equation 7 reduces to Newton’s law of viscosity (Equation 6). For all other
cases, when the slopes and intercepts are not 1 and 0 respectively, Equation 7 changes
based on the values of intercept A, power n, and coefficient B. A liquid which obeys
power law as shown in Equation 8 is considered as a power law or Ostwald-de Waele
liquid. Accordingly, if n<I the liquid is considered a pseudoplastic liquid. For this liquid
viscosity decreases with the rate of shear. Contrarily, If n>1 the liquid is considered as a
dilatant liquid. For this liquid viscosity increases with the rate of shear. Among the non-
Newtonian liquids, time-dependent and time-independent liquids exist as well. Here the
liquid is subjected to a constant shear rate while the viscosity is measured as a function of
time. The liquid is classified as a thixotropic liquid if the viscosity decreases as a function
of time. However, the liquid is classified as a rheopectic liquid if the viscosity increases
as a function of time. The liquid that has certain yield stress value before it begins to flow
is termed as a plastic or a Bingham plastic. Ideal liquid is assumed to have zero viscosity

but it does not exist practically. However, it is considered for theoretical purposes only.

T = —u(du/dy) (2-6)
1= —u(du/dy)" + 1o (2-7)
7 = —u(du/dy)" (2-8)
Where,

t© = Shear stress = dyne/cm’
1o = Yield Stress = dyne/cm®
pn = Viscosity = cP

du/dy = Velocity gradient or shear rate (1 ) =s"
n = Power law exponent

(Source: Transport Phenomena, Bird et al., 1994)
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All fluids namely liquids, gels, colloids, emulsions, and suspensions are generally
classified as either Newtonian or non-Newtonian. If the viscosity of a fluid is independent
of shear rate then it is considered to be Newtonian otherwise it is considered as non-
Newtonian. In practice Newtonian fluids can be pumped at any shear rate whereas non-
Newtonian fluids need to be pumped at a shear rate which corresponds to the infinite rate
viscosity. Infinite rate corresponds to the state of a fluid in which all its molecules,
structural alignments, networks, and chains are aligned in an organized fashion (or
complete flow situation) as opposed to the completely randomized state (or initial flow
situation). Pyrolysis oil has been reported to behave as a Bingham plastic with a minimal
yield stress (Perez et al., 2006). Typically, the non-Newtonian fluids (shear thinning or
pseudoplastic) exhibit three regimes of flow as depicted in Figure 2.18. Most research
papers have reported viscosity of the pyrolysis oils as a function of single shear rate
instead of multiple shear rates. If the pyrolysis oil is Newtonian then the viscosity value
for any given shear rate is sufficient. Otherwise viscosity as a function of multiple shear
rates or a range is necessary to understand the complete flow behavior of pyrolysis oils.
Limited work has been conducted to investigate the rheological properties of pyrolysis oil
which is the focus of this study.

First phase of flow as shown in regime 1 is ideally Newtonian but only for a very
small range of shear rates that typically a rheometer can produce. During regime 1 the
random molecular chains and structural networks present in the fluid start to align with
each other. After regime 1 is completed the onset of regime 2 initiates which is the
pseudoplastic or shear thinning region but it does not depict a complete flow situation.

Regime 2 is usually a broader shear rate region when compared to regime 1 or regime 3.
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After the complete rearrangement of molecular chains and random networks during
regime 2 the onset of regime 3 begins. Regime 3 is also Newtonian but it indicates the
complete flow of a fluid. Regime 3 is initiated once the applied shear rate is high enough
such that all the molecular chains, structural alignments, and networks have changed
from a random state (regime 1) to the structured flow. Viscosity corresponding to the
regime 3 is often referred to as infinite rate viscosity (n.). Likewise viscosity
corresponding to the shear rate in regime 1 is often referred to as zero rate viscosity (no).
For practical purposes one would assume that the complete flow situation is desired
especially when the pyrolysis oil is non-Newtonian. Hence, the shear rate for pumping
(SRp) corresponding to the infinite rate viscosity should be utilized in most engineering

design calculations.

Viscosity Measurement

Viscosity as a function of shear rate/shear stress is widely used to understand the
flow behavior of liquids. Information such as yield stress, pseudoplastic or dilatant
behavior, thixotropic or rheopectic behavior, and steady state flow characteristics are
essential in characterizing the liquid properties. Viscosity of a liquid could be measured
by either a viscometer or a rheometer and for a viscometer the measurement values are
dependent upon the combination of spindle geometry and shear rate. In the case of a
rheometer complete analysis of the liquid flow properties independent of the shear rate
can be achieved. Practically, two types of rheometers are available for the viscosity
measurement. They are capillary and rotational rheometers. Capillary type geometry is

presented in Figure 2.19. In the case of a rotational rheometer, the measurement geometry
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can be changed to any of the parallel plate, cone-plate, and Couette type geometries.
These three geometries are shown in Figures 2.20-2.22. Generally, the use of a rheometer
provides sophistication and precision to the analysis of fluid flow properties with out
replacing the geometry for each test condition desired. That said, the use or selection of a
rheometer is dependent mainly upon the sample viscosity (how thick or how thin),
sample size constraints, torque measurement capabilities, desired shear rate range, and
sample loading issues. Some of the rationales in the selection of measurement geometry
are provided in Table 2.4 (Morrison, 2001). Parallel plate seems to provide the much-
needed convenience of using a small sample size (< 1g) for varying viscous samples
(low, medium, and thick). Mathematical equations used for the calculation of liquid
viscosities (steady-state conditions) for each type of geometry are provided in Table 2.5
(Morrison, 2001). By the careful selection of geometry, shear rate range, and
measurement temperature problems such as sample volatility and slipping can be

avoided.

Moduli or Oscillatory Testing

Moduli or dynamic oscillatory testing is known to provide a better understanding
of the material microstructure and its visco-elastic behavior. Experimentally, the fluid is
subjected to a sinusoidal shear stress (or strain) smaller than the critical value. Then the
amplitude of the resulting strain (or stress) and the phase angle between the imposed
stress and the output strain are measured as depicted in Figure 2.23. Consequently, the
deformation of the material can be expressed as a complex mathematical function

(G*=G’+iG”) of two components where real part G’ is storage modulus and the
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imaginary part G” is loss modulus. Storage modulus or elastic component represents the
elastic energy stored per unit volume. Loss modulus or viscous component represents the
energy dissipated per unit deformation rate per unit volume (Colo et al., 2004). During
the oscillatory experiments linear visco-elastic range of different materials is determined
by the strain sweep test [storage modulus (y) vs. % strain (x)]. Linear visco-elastic range
of different materials is dependent upon the critical strain or the minimum energy needed
to disrupt the structure. Hence, materials with larger visco-elastic range would be
considered more stable materials. In a frequency sweep test [storage modulus (y) versus
angular frequency (x)] particle size distribution and concentration is known to affect the
storage modulus. Hence, a material whose storage modulus is strongly dependent on

angular frequency indicates weaker storage stability.

Pyrolysis Oil

Pyrolysis Oil vs. Conventional Fuel

Pyrolysis oil or bio-oil can be defined as a complex mixture of oxygenated
aliphatic and aromatic compounds (Meier and Faix, 1999). Bio-oil term seems to be a
misnomer as it is commonly misunderstood as oil. Bio-oil has many synonyms in the
form of pyrolysis liquid, pyrolysis oil, bio-crude oil, wood oil, wood liquid, wood
distillate, pyroligneous acid, pyroligenous tar, liquid wood, and liquid smoke (Mohan et
al., 2006). Pyrolysis oil compared to petroleum derived oil is largely composed of
oxygenated compounds with negligible quantities of hydrocarbons. Petroleum derived oil
on the contrary is predominantly a hydrocarbon based liquid fuel (Sensoz, 2003).

Aqueous-rich and organic-rich fractions are usually produced from the condensation
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process during biomass pyrolysis. Aqueous rich fraction is termed as an acid phase where
as the organic rich fraction is termed as a tar phase. Acid phase is reported to contain
mainly acetic acid, methanol, and acetone. Tar phase however is reported to be a mixture
of phenolic, carbonyl, and other compounds (Zaror and Pyle, 1982). Yield numbers for
pyrolysis oil product generally included both the aqueous-rich and organic-rich fractions.
The viscosity of pyrolysis oils at 40 °C has been reported to range from 35-1000
cP. Such a wide variation is indicative of the fact that pyrolysis oil viscosity is a strong
function of feedstock and process conditions. High heating value (HHV) of pyrolysis oil
has been reported to be 16-19 MJ/kg, which is almost half of the HHV of heavy fuel oil.
Lower HHV and lower stability of pyrolysis oil as compared to the conventional fuels is
due to the fact that pyrolysis oil is highly oxygenated along with a high water content of
15-30% (Czernik and Bridgwater, 2004). Typical properties and elemental composition
of pyrolysis oils as compared to the conventional fuels are shown in Tables 2.6-2.7

(Czernik and Bridgwater, 2004).

Engineering Challenges
Among many pyrolysis oil challenges that we face today most significant of them
are summarized below (Czernik and Bridgwater, 2004).
1. High acidity or low pH causes corrosion of storage and engine equipment
2. High viscosity limits the combustion applications
3. Feedstock variability affects the oil composition
4. Stability decreases with time unless proper additives are used

5. Upgrading is necessary to improve overall oil quality
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6. High concentration of oxygenated compounds cause strong odor

7. Marketability concerns exist because of all the above challenges

Quality Upgrading

Pyrolysis oil upgrading to transport fuels could be conducted by a variety of
different techniques. Such techniques could include catalytic hydrodeoxygenation, hot
vapor filtration, and stabilization by adding suitable solvents. Catalytic
hydrodeoxygenation involves two steps that are hydrotreating and catalytic vapor
cracking. By using a combination of high temperature, high hydrogen pressure, and
suitable catalysts the oxygen present in the pyrolysis oil can be removed as water. This
process provides additional benefit of lowering pyrolysis oil viscosity by cracking the
large sized polyaromatic molecules. However, the above steps can significantly increase
the overall pyrolysis oil production costs (Oasmaa and Czernik, 1999; Czernik and
Bridgwater, 2004; Elliott and Baker, 1987). Viscosity and ash content of the pyrolysis oil
are generally high for the raw pyrolysis oils. By successfully upgrading the pyrolysis oils
most of the previously stated challenges could be addressed. Removal of high molecular
weight compounds is essential to increase the fuel atomization efficiencies. Otherwise
they adversely plug the fuel injectors, spray nozzles, and other engine equipment
(Czernik et al., 1994).

During the pyrolysis process alkali metals are trapped in the sub-micron char
particles that are almost impossible to remove from the pyrolysis oil. The sub-micron
char particles along with the alkali metals lower significantly the combustion efficiencies

of the oil. An effort was made to upgrade the pyrolysis oil quality for its successful
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utilization as a fuel in turbines, diesel engines, and boilers. Hence, hot gas filtration was
performed during pyrolysis. Consequently, lower ash content and alkali metals (<10
ppm) were seen in the switch grass derived pyrolysis oil. Contrarily, cold filtration was
ineffective in removing the alkali metals from the pyrolysis oil. Although leaching of
metals was not observed during the pyrolysis oil storage, the agglomeration of sub-
micron char particles can significantly affect the storage stability of pyrolysis oil
(Agblevor and Besler, 1996). Proper control of pyrolysis reaction and vapor cracking
conditions increased the pyrolysis oil yields with less ash and alkali content. Thus,
pyrolysis oil produced from poplar wood can be modified to meet the ASTM No. 4 fuel
oil standard. Study indicates that higher ash, alkali, and char content have a significant
effect on increasing the viscosity of poplar wood pyrolysis oil when stored at accelerated
test conditions. Hot gas filtration has a great potential to reduce the char and alkali metal
content at the expense of lower pyrolysis oil yields. Improvement in the storage stability
and properties of pyrolysis oils has been observed by performing hot-gas filtration.
Consequently, medium to light fuel oil was produced with low sulfur content as opposed
to a heavy fuel oil substitute. Ceramic filters made by 3M were used to conduct hot gas
filtration (Diebold et al., 1995).

Addition of solvents has been postulated to positively affect the stability of
pyrolysis oils in three ways. They are: 1) physical dilution 2) reaction rate control and 3)
inhibit network polymerization and repolymerization. Phase separation in pyrolysis oils
can be minimized by the addition of solvents like methanol, ethanol, ethylene glycol, and
acetone. These solvents help maintain the homogeneity of pyrolysis oil by dispersing the

aqueous rich and organic rich phases. Further, they are known to regulate the untoward
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viscosity increase in pyrolysis oils during their storage (Oasmaa and Czernik, 1999).
Addition of solvents has been predicted to chain terminate or even reverse the higher
order polymerization reactions, physically dilute the high molecular weight compounds,
and produce a change in the oil microstructure. Chain termination reactions could prevent
the monomers from becoming polymers. Rather the monomers present in the pyrolysis
oil could be chain terminated as dimers and oligomers. Consequently, the viscosity of the
pyrolysis oil may be significantly reduced by the addition of low molecular weight
solvents especially methanol (5-10%). Among the additives utilized (10% ethanol, 10%
acetone, 10% methanol, 10% ethyl acetate, 5% methanol + 5% acetone, 5% methanol +
5% methyl isobutyl ketone); methanol (10%) is reported to provide the least viscosity
increase as a function of aging time (Diebold and Czernik, 1997). Addition of solvents
methanol, ethanol, and butanol have been reported to increase the stability and decrease
the odor of pyrolysis oil derived from sewage sludge. Esters formed from the alcohols
have been reported to mask the pungent odor of pyrolysis oil by their fruity smell.
Ethanol was concluded as the best choice of solvents by Doshi et al. [2005].

Hansen solubility parameters of potential solvents for pyrolysis oil are shown in
Table 2.8 (Barton, 1983; Diebold, 2000). The components listed in Table 2.8 are most
commonly found in the pyrolysis oil. By considering the principle ‘like dissolves like’
solvents with higher solubility parameters among each group of additives (alcohols,
aldehydes, esters, ethers, ketones, and phenolics) were chosen in this study. Co-solvency
of a component in pyrolysis oil is affected by its molecular weight, relative polarity, and
hydrogen bonding interactions. Low molecular weight compounds are predicted to be

generally more soluble than the high molecular weight compounds. Compounds that
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possess polar and non-polar groups in their structure for example n-butanol seem to favor
the mutual solubility especially since pyrolysis oil is known to have both the groups. The
ability of a compound like alcohol or a carboxylic acid is that it would favorably increase
the heat of vaporization and hence the solubility parameter by forming hydrogen bonding
with pyrolysis oil. Accordingly, total solubility parameter of a solvent (&;) in pyrolysis oil
is an additive function of its dispersivity (84), polarity (8,), and hydrogen bonding (61) as
shown in Equation 9. These parameters are determined usually by using thermodynamic
modeling techniques as well as empirically from the literature. Generally, higher the
solubility parameters greater the solubility power of a given compound in the pyrolysis
oil.

8 =84 +8, +8" (2-9)

Apart from the techniques discussed previously, few researchers have found other
ways of improving overall quality of the pyrolysis oil. Removal of low molecular
compounds that cause unpleasant odor and a flash point decrease is predicted to improve
the stability of pyrolysis oil. Low molecular weight or light compounds causing
unpleasant odor were reported to be mainly acids, aldehydes, and ketones. Light
compounds and excess water from the pyrolysis oil were eventually replaced by methanol
using concentration method. Accordingly, the light compounds were removed using a
rotavapor operated at low temperature and low vacuum. Concentration method was
employed for improving overall pyrolysis oil quality that resulted in high quality
pyrolysis oil with out unpleasant odor. Also, the pyrolysis oil heating value was increased
by lowering its water content and viscosity (Oasmaa et al., 2005; Sipila and Oasmaa,

1999). Attempts were made to separate the aqueous and non-aqueous phases of pyrolysis
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oil using high-speed centrifugation but to no avail (Elliott, 1994). However, high amounts
of char removal from the pyrolysis oil can be achieved by the use of high-speed
centrifugation. Char recovery efficiencies of 29% and 36% were reported for oak wood

and pine wood respectively.

Chemical Composition and Analysis

Pyrolysis oil being a very complex assortment of chemical compounds analysis of
each of them presents a major analytical challenge. Hence, hyphenated multiple
analytical tools are needed to identify all the compounds present in pyrolysis oil. In spite
of this difficulty researchers (Oasmaa et al., 2003; Bridgwater et al., 1999) have provided
a broader classification of major organic groups that are known to exist in the pyrolysis
oil. The composition range of pyrolysis oil chemicals as derived from organic fraction of
bark free wood has been shown in Table 2.9. Water (~25%) has been reported to be the
single largest group present in the pyrolysis oil. The other major compounds reported
elsewhere in pyrolysis oil are hydroxyacetaldehydes, hydroxyketones, sugars, carboxylic
a