We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



13

Rheological Characterization of Bio-Oils from
Pilot Scale Microwave Assisted Pyrolysis

Chinnadurai Karunanithy and Kasiviswanathan Muthukumarappan

Agricultural and Biosystems Engineering, South Dakota State South Dakota
USA

1. Introduction

Renewable energy is gaining importance in satisfying environmental concerns and
addressing economical concerns over fossil fuel usage. Lignocellulosic materials are the
most abundant renewable resources on earth (Lynd et al., 2005). Energy can be obtained
from biomass either biochemically or thermochemically. In the biochemical process,
pretreatment of biomass is a necessary and the first step in opening up structure of the
biomass cell wall to permit the access of enzymes to cellulose and hemicellulose. Pyrolysis,
gasification, and combustion are the three main thermochemical processes to get energy
from biomass. Combustion has a maximum efficiency of more than 30% (Yu et al., 2007).
Because gasification offers higher efficiency compared to combustion, it has attracted a high
level of interest (Bridgwater, 2004). According to Wornat et al (1994), the burning of bio-oils
produced through the pyrolysis of biomass is more efficient. Bio-oil also offers advantages
in storage and transport and in its versatility as an energy carrier and as a source of
chemicals (Bridgwater, 2004).

The thermochemical process can convert a low-carbohydrate or non-fermentable biomass to
alcohol fuels, thus adding technological robustness to efforts to achieve the 30 x 30 goal.
Pyrolysis is an endothermic reaction wherein thermal decomposition occurs in the absence
of oxygen. It is always the first step in gasification and combustion, wherein partial or total
oxidation of the substrate occurs. Gas is the main product (85%) in gasification, whereas bio-
oil (70-80%) is the main product in most types of pyrolysis. The yield of pyrolysis products
such as syngas/ producer gas (mixture of CO and H)), bio-oil, and bio-char (charcoal)
would vary depending upon the pyrolysis methods (conventional, fast, vacuum, flash, and
ultra), biomass characteristics (feedstock type, moisture content, particle size), and reaction
parameters (rate of heating, temperature, and residence time). Bridgwater (2003) listed four
essential features to get bio-oil from fast pyrolysis: very high heating rates (1000°C/s), high
heat transfer rates (600-1000 W/cm?2), short vapor residence times (typically <2 s), and rapid
cooling of pyrolysis vapors and aerosols. Because the heart of a fast pyrolysis process is the
reactor, during the last two decades several different reactor designs to meet the rapid heat-
transfer requirements have been explored. Achieving very high heating and heat transfer
rates during pyrolysis usually require a finely ground biomass feed.

Pyrolysis using microwave irradiation is one of the many ways of converting biomass into
high value products and chemicals. Not only does microwave assisted pyrolysis (MAP) not
require a high degree of grinding (e.g., large chunk of wood logs can be used) as required in
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other fast pyrolysis, it also can handle mixed feedstocks (e.g., municipal solid wastes). Fast
internal heating by microwave irradiation has an advantage over conventional heating.
Moreover, microwave energy deposition in the dielectric loss mode of heating can cause
spatially uniform heating (Miura et al., 2000) and is easy to control. The other technical
advantages of MAP over conventional pyrolysis include the lack of necessity of size
reduction (powder form) and the absence of need for agitation and fluidization; thus the
resulting pyrolytic gas and bio-oils that are cleaner than those from gasification and
conventional pyrolysis. The absence of a carrier gas for fluidization results in a higher
heating value of the syngas produced. Because microwave heating is a mature technology,
developing a microwave heating system for biomass pyrolysis would have a low cost.

Both Bioenergy (International Energy Agency) studies and work performed in Finland have
estimated bio-oil to be the lowest-cost liquid biomass-based fuel. The targeted final
application would dictate the desirable quality of bio-oils. For example, the calorific value,
viscosity, density, surface tension, and distillation characteristics are of critical importance
for fuel applications (Garcia-Perez et al., 2006a). The above characteristics can be achieved if
bio-oil has (i) a low solid content, (ii) good homogeneity and stability, and (iii) a reasonably
high flash point. Solantausta et al (1994) concluded that the use of bio-oil in gas turbines can
be increased by optimizing their physical and chemical properties (ash content, alkali
content, heating value, and viscosity). The viscosity of bio-oil affects the spray pattern and
droplet size. A high viscosity of bio-oil results in high line pressure drops, thereby requiring
the fuel pump to work harder in order to maintain a constant flow rate. Doll et al (2008)
derived an equation describing automation characteristics of the fuel consisting of terms like
characteristic number (K), density (p), Weber number (We), Reynolds number (Re), surface
tension (y), and kinematic viscosity (v). In order to get the desired low characteristic number
(K), two physical parameters of the fuel that must be governed are the kinematic viscosity
(v) and surface tension (y). Moreover, viscosity is considered as the more important of these
two factors. The viscosity of bio-oils can vary over a wide range (35-1000 cP at 40 °C)
depending on the feedstock and process conditions (Bridgwater, 2004; Czernik &
Bridgwater, 2004). According to Diebold (2002), an efficient collection of volatile
components during bio-oil production results in a bio-oil with more low-molecular weight
components with lower viscosity, better solvency properties, and possibly better storage
properties.

In general, the production of bio-oil through pyrolysis is a thermodynamically non-
equilibrium process. This process requires only a short residence time in a high temperature
zone followed by rapid thermal quenching to produce a bio-oil that is also not at equilibrium
(Ringer et al., 2006). The presences of many reactive organic compounds in the bio-oil interact
to achieve equilibrium during storage. The reactions result in the formation of larger molecules
and consequently increase the viscosity of the bio-oil (Diebold & Czernik, 1997; Ringer et al.,
2006). Because of the high oxygen (40-50 wt %) and water content (15-30 wt %) and the low
H/C ratios, bio-oils cannot be used as transportation fuels directly without prior upgrading.
As mentioned earlier additional obstacles are the limited stability of the bio-oils under storage
conditions due to the presence of unsaturated compounds and their minor miscibility with
conventional liquid fuels (Samolada et al., 2000). Catalytic biomass pyrolysis is a promising
approach due to the elimination of costly condensation and re-evaporation procedures prior to
bio-o0il upgrading (Samolada et al., 2000; Lu et al., 2009a).

Several studies have indicated that the viscosity of bio-oil depends on the type of feedstocks,
type of pyrolyzer, and pyrolysis conditions. The type of feedstock is the main variable that
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affects the quality of the bio-oil apart from the postproduction processing techniques. In
order to gain a better understanding of the effect of feedstock on product quality, a
comparison of feedstocks is needed (Oasmaa et al., 2005a). Accordingly, the current study
was undertaken to compare the viscosity of bio-oils produced from different feedstocks
through microwave pyrolysis and to characterize them using storage and loss moduli.

1.1 Significance of bio-oil viscosity

Viscosity of a bio-oil is the measure of its internal friction which resists the flow of it.
Viscosity is an important fuel property that should be considered when attempting to
design and select handling, processing and transportation equipment. Viscosity of bio-oil
affects the operation of fuel injection equipment, particularly when the increase in the
viscosity affects the fluidity of fuel at low temperatures. Again, the quality and practical
application of bio-oil as fuel is closely dependent on its viscosity and the elemental
compositions i.e., the lower viscosity and oxygen content is desirable (Ertas & Alma, 2010).
In general, bio-oil has high viscosity as compared to crude oil and diesel fuel (Onay &
Kockar, 2006; Parihar et al., 2007; Pootakham & Kumar, 2010a,b). Pootakham and Kumar
(2010a) reported that the loading equipment of the petroleum product such as gasoline and
diesel fuels operates between 0.9 and 1.3 m3/min, whereas they can be operated for bio-oil
at a volume flow rate of 0.6 m3/min and an operating pressure of 205 kPa (or 30 psi) for
safety (Jones & Pujadd, 2006). Bio-oil is more viscous than crude oil at room temperature;
however its viscosity is very similar to that of crude oil in a temperature range of 35-45°C,
(Bridgewater, 1999; Thamburaj, 2000; Pootakham & Kumar, 2010a,b). In order to transport
the bio-oil in pipeline, the temperature of the pipeline should be maintained in the range of
35-45°C to keep the viscosity similar to that of crude oil (Pootakham & Kumar, 2010a, b).
According to Thangalazhy-Gopakumar et al (2010), viscosity of bio-oil is relatively higher
than that of diesel (0.011 Pa.s) and gasoline (0.006 Pa.s). In general, high viscosity fuel results
in poor atomization and incomplete combustion, formation of excessive carbon deposits on
the injection nozzles and the combustion chamber, and contamination of the lubricating oil
with unburnt residues. The viscosity of the fuel directly influences atomization and mixing
in the combustion chamber. In fuel application, the lower the viscosity, the easier it is to
pump and to atomize and achieve finer droplets (Ji-Lu, 2008). Hence bio-oils in their original
form are not suitable for use in modern diesel engines (Ozaktas et al., 1997). Because of their
high acidity, low thermal stability, low calorific value, high viscosity, and poor lubrication
characteristics limit their use as transportation fuel (Garcia-Perez et al., 2006b). Oasmaa et al
(2005) stated that for engine application, the viscosity should be in the range of 10-20 cSt
with a solids content of less than 0.1 wt%. As is known, bio-oils are entirely different from
petroleum fuels. There is a necessity to establish fuel specifications for commercial
application of bio-oils as liquid fuels. The specifications should include the most critical
properties such as viscosity, lubricity, homogeneity, stability, heating value, pH, water, flash
point, solids, and ash (Qiang et al., 2008).

The viscosity of bio-oil varies depending on the temperature, feedstock, water content of the
oil, amount of light ends that have been collected and the extent to which the pyrolysis oil
has aged (Ji-Lu, 2008). For example, bio-oil produced from P. indicus and F. mandshurica had
a kinetic viscosity of 70-350 mPa s and 10-70 mPa s separately, and bio-oil produced from
rice straw had a minimum kinetic viscosity about 5-10 mPa s, which is mainly due to high
water content in bio-oil from rice straw (Luo et al., 2004). The presence of water has both
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negative and positive effects on the storage and utilization of bio-oils. The negative effects
are, it lowers heating values, causes phase separation, increases ignition delay, and reduces
combustion rates and adiabatic flame temperatures during the combustion process. Further,
it leads to premature evaporation and subsequent injection difficulties during the
preheating process. The positive effects are, it reduces viscosity, facilitates atomization, and
reduces pollutant emissions during combustion (Calabria et al.,, 2007). Moreover, OH
radicals from water can inhibit the formation of soot and can also accelerate its oxidation.
According to Sensoz and Kaynar (2006), viscosity of the bio-oils is related to fatty acid chain
length and number of saturated bonds. In general, the density of bio-oil is higher than that
of water confirms that it contains heavy fractions (Sensoz et al., 2006). The lignin content of
original feedstock has a positive influence on molecular weight and viscosity of bio-oil
(Fahmi et al., 2008). Recently, Ertas and Alma (2010) compared the average molecular
weight and molecular weight distribution of laurel extraction residues bio-oil (664 g mol/1
and 1.52) and found they were very close to those of switchgrass bio-oil of 658 g mol/I and
1.49, respectively (He et al., 2009a). Viscosity of bio- oil increases during storage, due to slow
polymerization and condensation reactions, the increase in viscosity is enhanced by higher
temperature. The presence of inhibitors (hydroquinone) can dramatically reduce the rate of
increase in bio-oil viscosity, due to the suppression of thermal polymerization reactions by
the inhibitors (Ji-Lu, 2008). Garcia-Perez et al (2010) observed that the increase in viscosity of
bio-oils is due to the solubilization of lignin derived oligomers. The condensation reactions
occur ageing increases the water content in bio-oil with time (Garcia-Perez et al., 2002). The
instability may be attributed to the presence of alkali metals in the ash, which are being
carried over/entrained by the char particles with the vapors. These alkali metals catalyse the
polymerization reactions and thereby increase the viscosity (Diebold, 2002).

Simple methods such as addition of polar solvents, diesel or other fuels can address some of
the undesired bio-oil characteristics. Polar solvents, such as methanol or ethanol, can
improve the volatility and heating value and decrease the viscosity and acidity. The
addition of ethanol improves the volatility, stability and heating value and decreases the
viscosity, acidity and corrosivity (Ji-Lu & Yong-Ping, 2010). The blending of diesel or other
fuels can rearrange the viscosity of bio-oil (Onay & Kockar, 2006). In order to improve fuel
properties of bio-oils, many methods are under investigation such as emulsification,
hydrotreating, and catalytic cracking, which is beyond the scope of this chapter.

2. Materials and methods

2.1 Biomass selection

The low density, strength, and stiffness of aspen make it unsuitable for many structural
applications (Mackes & Lynch, 2001). However, aspen has an alternative use as bedding
material or feedstock for biofuel or bio-oil.The amount of biomass produced per unit area by
canola depends on irrigation and varies from 5 to 10 tons/ha (Enayati et al., 2009).
According to the US Canola Association, canola was cultivated on 3.2 million ha during
2009, resulting in 16-32 million tons of canola straw. Early in the US history corn cobs were
an important feedstock for heating houses, farm buildings, and small businesses. Now, corn
cobs are reemerging as a potential feedstock for direct combustion, gasification, and
cellulosic ethanol due to numerous advantages (dense and relatively uniform size, high heat
value, and low N and S contents) over many competing feedstocks. The average cob yield is
about 14 % of the grain yield and represents about 16 % of the corn stover biomass in a field
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on a dry matter basis (Roth & Gustafson, 2010). According to Blaschek and Ezeji (2010), 15%
of corn stover is corn cob. Various sources have independently estimated that anywhere
from 200 to 250 million dry tons of corn stover are produced per year (Sokhansanj et al.,
2002; Kadam & McMillan, 2003). Based on the 15-16% of stover as cobs, the US annual
production of corn cob is estimated at 30-40 million metric tons.

2.2 Bio-oil production

All the bio-oils were produced either in batch or continuous microwave assisted pyrolysis
(MAP) processes at the University of Minnesota (Figure 1). About 250 g samples were put in
a 1000 mL quartz flask, which in turn was placed inside the microwave cavity (Panasonic
NN-SD797S). The power level was set at 8 (the output power is about 1000 W). After the
sample was microwaved for around 12 minutes, the volatile pyrolyzates were condensed
with cool water at temperature of around 4-5 °C. The fraction collected from bottles
connected to the bottom of the condensers was termed as the bio-oil. The condensates
adhering to the interior wall of the tubes were then washed with ethanol and concentrated
at 80°C using a vacuum rotovap (Buchi R-141, Flawil, Switzerland) to a near constant
weight, and the concentrate was added to the bio-oil.

Fig. 1. Batch and continuous microwave assisted pyrolysis (Courtesy: Dr. R. Ruan,
University of Minnesota, MN, USA)

As mentioned earlier aspen, canola, and corn cob were the feedstocks selected for the bio-oil
production. Aspen pellets were used for the production of bio-oil in a batch MAP process.
Canola compost pellets were also used in a batch MAP process. All corn cobs were ground
to less than 1 cm in size before MAP. Corn cob 1 and corn cob 2 bio-oils were produced
using a continuous MAP, where heavy fractions of the bio-oil were not collected. Corn cob 3
bio-oil was produced using a batch MAP, where heavy fractions of the bio-oil were
collected. Corn cob 4 was the bio-oil produced in a batch MAP of corn cob pretreated with
4% sulfuric acid; the bio-oil contained more water and furfural than other bio-oil samples.
Fig. 2 shows bio-oils from different feedstocks produced through MAP. Heavy fractions of
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Aspen Canola

Corn cob2 Corn cob3 Corn cob4
Fig. 2. Samples of bio-o0il produced through MAP from different feedstocks

the bio-oils were collected for all batch processes. The bio-oil separated into two phases:
about top one-third of the bio-oil was in oily phase and the bottom two-thirds were in
aqueous phase. The oily phase is a relatively stable, light emulsion containing water soluble
chemicals and light oily components; whereas the aqueous phase is a large molecule oily
mixture characterized by high viscosity and water insolubles (Yang et al., 2010). The
aqueous phase yield varied between batch (aspen and canola >60%) and continuous (corn
cobs 10-20%) production. The aqueous phase yield of corn cobs were in agreement with corn
stover (Yang et al., 2010).

2.3 Bio-oil characterization

The viscosity measurement and dynamic rheology were performed on Rheometer (ATS
Rheosystems, Rheologica Instruments Inc, NJ) using cup and bob assembly. Approximately 15
mL of sample was filled in cup and shear rate was applied through the bob. The viscosity of
bio-oils was tested in rheometer at 20°C with shear rate up to 1 to 200/s. The stress and
viscosity was calculated for the shear rate applied using the software. In order to identify the
linear viscoelastic region, stress sweep was performed at a constant frequency. For frequency
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sweep (1 to 100 Hz), stress was selected from the linear region identified in the stress sweep
test. Temperature sweep (20-100°C) was then performed by employing constant stress and
frequency identified in the previous steps. The viscoelastic modulii (G” - storage modulus and
G” - loss modulus) were measured as a function of frequency for all the samples. A graph was
plotted on logarithmic scales to identify the linear viscoelastic region.

3. Results and discussion

3.1 Effect oftemperature on viscosity of bio-oils from different feedstocks

The viscosities of bio-oils produced from different feedstocks were measured at 20, 40, 50,
60, 80, and 100°C and are shown in Fig. 3. In general, the viscosity of bio-oil at 20°C was
higher than that of 100°C, irrespective of the feedstocks and with or without catalyst. This
observation was in agreement with viscosity of bio-oil from pine wood chips (Thangalazhy-
Gopakumar et al., 2010). Bio-oils used in this study had a higher viscosity at lower shear
rate and the viscosity decreased exponentially at higher shear rate (>10/s) and similar result
was reported for bio-oil from pine wood chips (Thangalazhy-Gopakumar et al., 2010). All
the bio-oils used in this study showed non-Newtonian behavior as evident from Fig. 1. As
mentioned in the introduction section, viscosity plays an important role in atomization
through influencing inertial and aerodynamic instabilities. The Sauter mean diameter (SMD)
of spray increases with viscosity for Newtonian fluid, whereas elasticity or shear thinning
behavior of non-Newtonian fluid would affect the SMD. Thus, it is important to examine the
non-Newtonian or viscoelastic nature of bio-oil since it may exhibit these effects during the
application. According to Lu et al (2009b), most of the bio-oils behave as Newtonian fluids at
temperatures lower than 80°C, whereas all the bio-oils used in this study even at high
temperature (100°C) behaved as non-Newtonian fluid. A prevalent shear thinning behavior
was observed at 50 and 80°C by Tzanetakis et al (2008) and similar behaviors were observed
for all the bio-oils irrespective of the type of process (batch or continuous),with or without
catalyst and kinds of feedstocks.

The viscosity of bio-oil between 20, 40, and 80°C were statistically different for all the
feedstocks. Although the viscosities of bio-oil from corn cob were different at 20°C, the
differences vanished at 80°C. In general, the viscosity of bio-oils produced from different
feedstocks decreased with an increase in temperature. Similar trends were reported for bio-
oils produced from different feedstocks such as softwood bark (Boucher et al., 2000a, b),
sugarcane bagasse (Garcia-Perez et al., 2002), rice husk (Zhang et al., 2006), switchgrass
(Boateng et al., 2007), corn stover (Yu et al., 2007), hardwood (Tzanetakis et al., 2008), pine
and oak wood and bark (Ingram et al., 2008), pine wood chips (Thangalazhy-Gopakumar et
al., 2010), and rice husk (Ji-Lu & Yong-Pong, 2010). When temperature was increased from
20 to 40°C, viscosity of bio-oil from canola showed a minimum decrease of 9% and bio-oil
from corn cob 1 showed a maximum decrease of 25%. A further increase in temperature to
80°C resulted in viscosity decrease of 26 and 52%, respectively, for the bio-oil produced from
canola and corn cob 1. Bio-oil derived from hardwood showed a similar behavior; however,
the decrease was seven fold (Tzanetakis et al., 2008). The bio-oil viscosity measured at 40°C
in this study was ten-fold lower than the viscosity (0.02 Pa.s) of the bio-oil produced from
(heterotrophic) microalgae (Miao & Wu, 2004). The viscosity of bio-oils produced from
different feedstocks though MAP was lower than the light fuel viscosity of 4 ¢St (Mohan et
al., 2006), the heavy fuel oil viscosity of 50 cSt (Czernik and Bridgwater, 2004), the US #4 fuel
oil viscosity of 5.5-24 cSt (Oasmaa et al., 2009), commercial automotive #2 diesel viscosity of
2-4.5 cSt (Islam et al., 2010), diesel viscosity of 0.011 Pa s (Thangalazhy-Gopakumar et al.,
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Fig. 3. Viscosity of bio-oils produced from different feedstocks at indicated temperatures
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2010), and was higher than JP4 viscosity of 0.88 ¢St (Chiaramonti et al., 2007) and gasoline
viscosity of 0.006 Pa s (Thangalazhy-Gopakumar et al., 2010) at a temperature of 40°C.
Considering the viscosity criteria (15 cSt at 35-45°C and 21.5 ¢St at 30°C) presented by
researchers (Pootakham & Kumar 2010a; Islam et al., 2010) for loading/handling and pipe
transportation, the bio-oils from different feedstocks produced through MAP can be easy to
load using existing petroleum loading equipments and easy to transport through pipe also.
According to ASTM burner fuel standard, the bio-oil can have a maximum viscosity of 125
cSt at 40°C without filtering (Oasmaa et al., 2009). Considering this limit, the viscosity of the
bio-oils used in this study had a much low viscosity and these bio-oils can be used as burner
fuel.

Czernik and Bridgwater (2004) reported that the viscosity of bio-oil produced from wood
would vary between 40 and 100 cP at 50°C, whereas the viscosity of the heavy fuel oil is 180
cP. As evident from Fig. 3, the viscosity of bio-oils produced from different feedstocks
through batch or continuous MAP with or without catalyst had a significantly lower
viscosity (1.5-2.2 cP) than the viscosity values reported by Czernik and Bridgwater (2004)
and the viscosity of bio-oil (33 cP) from hardwood at 50°C (Tzanetakis et al., 2008). The
viscosity of bio-oils used in this study was lower than that of bio-oil from sugarcane bagasse
(12.1-28 cSt) measured at 60 and 80°C (Das et al., 2004). This result indicates that the bio-oils
produced through MAP can be easily atomized. One possible reason for low viscosity of the
bio-oils in this study was the absence of agitation and fluidization in MAP resulted in a
clearer bio-oil (free from fine char/particles) than that of conventional pyrolysis.

3.2 Comparison of viscosity from different feedstocks

As noted in Fig. 3, bio-oil from canola had lower viscosity than that of aspen. Among the
bio-oils produced from corn cob, the viscosity of bio-oil with catalyst (corn cob 4) was lower
than other bio-oils due to more water content. The viscosity of bio-oil produced from corn
cob without catalyst was similar to that of liquid phase of canola and it was lower than that
of liquid phase of aspen.

All the bio-oils from different feedstocks were behaved as a non-Newtonian fluid. Similar
behaviors have been reported for bio-oils (upper layer) obtained from forest residues
(Garcia-Perez et al., 2006a) and pine and oak bark (Ingram et al., 2008). However, Ingram et
al (2008) reported Newtonian behavior at 25°C for the bio-oils produced from pine and oak
wood through auger reactor but at higher temperatures (50 and 80°C) they showed mild
shear thinning behaviors. Rheological data of shear rate and shear stress of the bio-oils were
fitted according to the Power-Law model

u=ky" 1)

where, i is the viscosity (Pa-s), k is the consistency coefficient (Pa.s), y is the shear rate, 1/s
and n is the flow behavior index of the fluid (dimensionless). The power law conststants for
different bio-oils are presented in Table 1. The flow behavior indexes n less than 1 suggests
that presence of the pseudoplastic behavior (shear thinning). A possible reason might be
breakdown of (waxy) structure would result in low viscosity at high shear rate. In general,
the values of flow behavior index are more reliable than that of consistency coefficient
(Johnson, 1999).The deviation of flow behavior index from ‘unity” indicates the degree of
deviation from Newtonian behavior. For shear thinning, the index value can be anywhere
between 0 and 1. The smaller the value of n, the greater is the degree of shear thinning
(Chhabra & Richardson, 1999). Considering the above points, canola aqueous phase
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exhibited strong shear thinning behavior than that of the rest. In general, the bio-oils from
corn cob approaches Newtonian behavior as the n values were close to unity.

Temperature, °C

Power law

Bio-oil 20 40 50 60 80 100

constants

k 0.019 0.030 0.040 0.071 0.063 0.153
Aspen

n 0.456 0.229 0.126 0.003 0.031 0.298

k 0.065 0.105 0.094 0.093 0.128 0.223
Canola

n 0.132 0.077 0.085 0.056 0.179 0.058

k 0.030 0.047 0.040 0.058 0.123 0.103
Corn cob 1

n 0.289 0.107 0.144 0.034 0.165 0.175

k 0.061 0.097 0.039 0.046 0.067 0.103
Corn cob 2

n 0.084 0.074 0.143 0.056 0.083 0.173

k 0.040 0.070 0.048 0.05 0.107 0.070
Corn cob 3

n 0.250 0.010 0.095 0.08 0.131 0.093

k 0.059 0.066 0.089 0.091 0.046 0.048
Corn cob 4

n 0.043 0.044 0.063 0.146 0.008 0.001

Table 1. Power law constants of the bio-oils at different temperatures

3.3 Comparison of viscosity viscosity measurements and bio-oil viscosities

Accurate measurement of the viscosity of bio-oil/fuel is essential for the proper operation of
fuel supply systems and atomisers. The viscosity of bio-oil can be measured according to the
ASTM D 445 using the following equation

n=xPr*t/8lv=rhpgr't /8lv (2)

where 1) is the viscosity (dynes/cm? or poise), v is the volume of liquid (c.c.), t is the liquid
flowing time (s), r is the radius of narrow tube (cm), I is the length of narrow tube (cm). This
is most widely followed method, as evident from table 2. The viscosity of bio-oil can be
measured using capillary or rotational viscometers and they are reported as kinematic (cSt)
or dynamic viscosity (mPa.s). The kinematic viscosity of the bio-oil can be converted into
dynamic viscosity if the density (kg/dm3) of bio-oil is known at a given temperature using
the following formula

n(mPas)= n (cSt)*p (kg /dm?’) (3)

www.intechopen.com



303

Rheological Characterization of Bio-Oils from Pilot Scale Microwave Assisted Pyrolysis

ST Jaligs
g6l “1e 12 eydig 18, p /iy ag) | e0F A NISY I ne CHAO INLSY menseagy  sisdaadd ysey pag paziping4
0g oF -op-
£00Z "ereddonyy sz
¥} ERlse) 001 0z SPPa WISV anpisarisaeg -] D026 (LLA stsf(osdd ey
qa00z 57
“[e 13 RewseQ) g1 of anpisal isaiod - D076 'LLA SISA[0sAd Jsey
0L LT
e 9 eewseQ) OOET-001T [ O0z-001 0z aulg -1 0TS LLA s188j0aid 15t
i} ¥ |1y Appaeg
0Lz IAJAWIODE ADII s " sisAwaAd
“e ja uaf oy ooy oF INEWOINE JISTA U] Jaqern) mens Aapieg j5e pag paziping Suigang
Ba0iE
“eja uesse ut /2810 pIS 768 g DOT-EACL (AP0 jooag Auoig pOoGAL L] DG noear safny
600T Jalse-ck HazAjoidd
“Ie 12 Suajeng T /8 zger T LT 0 andenn paq paziping furgqng
q600Z"1F 1@ 2BH ST 1E ALt TSUFA INISY oL oF SHAO WISV sserdppms ssAjoudd ise) pag pazipinig
dajawroasoa Aeqpdea 0ES-0CE
UH00Z 1€ 12 3H LI ZIT1a WISV TEE-LI OF  9pYoRaan HoYRs ShHa INISY sseifypiimg  sisAjoadd isey pag pazipmyy
{g0ng) (e AIWONE [1 STY DLl
18 Zadaj-enaen J2 g6-0F Fir Amawoapads spin(y POOM 3B][EA -{1CE 1010881 Pag PAZIpIN|
2hoq
00T TUDLUAINS 2ALY 0908
Megm yenpisy Du0p 3E Bt Apsuag] JFET e qoysAin| LOPES pag pRzIpIng |
alFS-0Tr
200z ‘- Oall qel 0z S8-CHR0 WISY Hsny 201y ‘sisAjoadd ssuy pazipingg
ez ot -0p-
ITET 0s -op-
Z00T T
“1¢ 12 Suajeog PIze 0F CFHa NLSY ssexdynmg  ‘sisajoudd isey paq pazipiniy
o /8y 18 o
Jay dway e Ansuag) poyaw Ayisuag] AJIS0DSTA ‘duwa) poLaur Apsos1 spojspaad  suonipuod pue adA) s1SAj0IA]

www.intechopen.com



Biofuel's Engineering Process Technology

304

L661 §IU1Z)
Fplogaiq

FOOT 1212 Bg

g000z
e 33 aaanog

BO00T
e §a Jatonog

AO0T "' 12 3oy
s00T

e jo ndonam’y
toel

"B 1@ JIIaZED)
60T

e e uejpnsy
A00T

‘SPLUOL | T Ojuy
800T “1B 13 ]

T 2 FOsT

RAr Al

HELT

LS S 1
U /8 el
u A gy

20T
e /3 09011

qud /3 1]

0ile

U Tal
duway woos

B OETT-00CT

2911

Dt By
qup Y g1
i 8y 9oz |

H9C0 LSV

690 LSV

NLISY

Pl IALLSY

AMEA 1M

awnos M
Jmaasuag)

4
of
gL
€L
T
i

8Cl

Ll

azr

42 65l

d? 6'9-0E

d? T°L

oel

8
of

09
o
(11

s
08
(S
ug
08
09
0=
0

T4

0

oF

or

or

s [/ el aeals appuids

g1 2 dalauodsia plag ooy
~0p-

1 AQAT

[APOLU 12)U0DSIA playyoolg
8E-SFF0 INLSY

~0p=

~0p-

rapauonsia sopdn

aysuag BouuED S0 WISV
A..._ﬁ:

-0p-

|°Ul

-op-

{8, ©'D} Jauoays uijyog
(pauipow) aaluoasiA
mojpdn sysuRg uouue)
SH-SFFA NS

WISV

B8R0 WISV
CLLAT 1apoiu
Ja1aW0stA [EEp playoolg

s jo aer avays (00
HS) IPIBIOALT SSA1IS dRUEUA

Iajawoasta Leppdesy
1ajawosia Arejdes ssepny
Iohul

l-.uvl

assedeg

aejdod poigdp

HIEq PoOMog

348 POOMIIOS

318q poomyog
AL 1y
Adwa wied 10

e paas adey

PooM YED

sdiys poom \peag
assedeq

auexedng
Hsny aang
POOM pIRE]
POOM ALl

TIAN-0IILAE X330 A4

ey
OF "a0gs sisAjorAd winnaep

By
FLOn00S SsAjosdd wnnoe g

By

#1005 SisAjoadd wnnoe p
T U (g

109 s1sAfoadd mopg

LI () “UIW /261

pgn ssdjoadd mogg

5 fut

0ET "D529 .mﬁh_e.mr._ aAIe[qy
SO06-00E “Da0FS-0FE
‘sisApoadd aaay uonuy

Dn009-00€ "st5Aj01kd y5ey
0FE-0TE StsAfouid gsey

www.intechopen.com



305

Rheological Characterization of Bio-Oils from Pilot Scale Microwave Assisted Pyrolysis

HNET

‘uEuy § 2gsuag
0T

“le 19 zgsuag
002

“le 12 Z0suag

Z00% “1e
19 ZRIAJRIDIET)

LO0T "I TA

qa00z

1€ 19 upsseH
a0z e

18 pArEE gy

H00T
“1e 2 weadug

200z “1e
18 Zaa, [-eInm

o 11 LY. PN |
DuEAEKTA

EL A DL01
9Ll
0511
shll

EIZL

T B g7

Ju 2 A1
RAER | Al
RN A
ERET Al

ERNER
BET'T

eB1l

ZE0PO NASY

HATLA ALLSY

S6CZLC NASY

ASDLLOLIO0 |
BYE INLSY

CEd INLLSY

CerQa INLSY
RS ITA L

2B ISUAC]

T4
tF
49

ta
21
L9

Sart

dI ¥E

304
d2ER1

d2 LT
LELF

GLEL
(13
P
7 1€1

2 0L
J2O°1F

d2 5109
IR R

dP9ETL

0s

o9
0F

0z
08
1]
OF

or

HE-SFPA WISV
BR-SPRA INISY

SR-GFFA INLSY

1awosia mopdn

AYSUR] UOUUED) §E-GFRA NISY
=0

Iaﬂvl

IH—.UI

F-AC] PIAUYO0E] 13]AM03SIA
[PUOREIOY SFFd NLSY

-0p-

|Dv|

noﬂui

OOT-FAC

[PPOLE IJALIOISIA Jo01g AUoIg

JAMLOOSIA G (07 00 Au0lg
-ap-
|Dﬂvl
IDﬂul

NOODT [PPON SIS

V1 ssawean] +HAQ

=A] S2WOIEIA prRaGiooly
-ap-

REIEITITEREINY

AT OHIWGILDUAS Pla{ootg

ayed ssaud
Paas IaMopjieg

paasadey]

DISEM IALD)

assedeg
Aauenedng

TAAMS U100

saeg poosUaoTy
poOMUON0D
1eq auid

POOM AL

POM L]
yieq o0
Naeq L]

POosM ED)

PROOM UL
syappad aug

sdnp aur

LT f Wi 1 40 el
MORIEN LW (08 Dalie
U g "I /2,0

NS JODEAT PAG PANT]

Wit (301
ANE s1sAjosAd mopg

2 T1 D DG stsdpoadd jse g

U
OF FHOSHT "MO09 Aagmoaty

et amaear ey

1S “tojaeas 1adny

S 0F “Du05F amaeat 8oy

U G Y008 “1otovar adny

www.intechopen.com



Biofuel's Engineering Process Technology

306

da-fisensia armode] 180 -ANS00SIA MTELRITY

a0z aruley

2 ROSUDG

BT

mjaoy J Aeugy
LIKIE
BLRGEUEIEEN|

010z

‘B 5B
HO0Z

e 1o Sueny

L4002
“1e 12 Ye|npesyy

OLOT "1& 3 weps)

el 1R LT
WL I8 FE6

20T 1*THTT

OeslEEELL

D0 1w B

DA QL0501

el

TEOFC LSV
S6CI0 NESY

005 WISV

e NLLSY

JAEUOJISUE]
aeq
JUAUANSEA
Ansuac]

AHIC RISV

Tl

A OEEST T

7

001
2_

[

0

S5-SFRa INLSY
99-CFR0 INISY
FNUOISIA

LES UOUUED 06t OSI

HR-SFRC IALLSY

dogetunasia Adepdes ssepoy

SPRQLIALLSY

SR NISY

AED (10 UBIADG
paasadey

assedeg

[aarie]

51} 01y

assrdeg

assedeg

urun [y

‘a0 J00Eal pag paxiy

a0

Ipg Japum sisAfoadd ysery
U JUE3 4] JO A1 MOy
EN "DufISE 1017ea3 pag Pt

LTIV 111}

Q0] JO FRLMOY N U 201
“I0E J0)IE pag paxty
DiELF Y [ (TL ssjokd
IS0 [RUUaLe) N STONUTIe Y

LI W (0Z JO Mt Moy
TN a0 sisdjosdg pag paxyy

2621 ‘SisAToaAd

duneai) aqny Aa pog paxig

Table 2. Comparison of viscosity measurement and bio-oil viscosity produced from various

feedstocks through different pyrolysis
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According to ASTM D445, the viscosity of standard fuels, which are Newtonian fluids, is
typically measured as kinematic viscosity. Leroy et al (1988) conducted extensive studies on
rheological characterization of several bio-oils from wood and concluded that those bio-oils
exhibited an essentially Newtonian behavior at the shear rate range of 1 to 1000/s. In
contrary, bio-oils used in this study showed shear thinning behavior. For Newtonian fluid,
the viscosity remains constant with increasing shear rate. Radovanovic et al (2000) reported
a procedure to measure bio-oil viscosity using falling ball viscometer. Recently, Osamaa et al
(2009) recommended using Cannon-Fenske viscometer tubes because the flow direction in
these tubes compared to Ubbelohde tubes ensured more accurate results with dark coloured
liquids. No prefiltration of the sample is required if the bio-oil is visually homogenous.
Elimination of air bubbles before sampling and an equilibration time of 15 min are essential
for viscosity measurement at a given temperature. Comparison of viscosity measurement
and viscosity of bio-oils from produced different feedstocks through different pyrolysis
reactors are presented in Table 2. Bio-oil density measurement and density values are also
included for converting the viscosity from kinematic to dynamic units. According to ASTM
D445-88, viscosity should be measured at 20 and 40°C, as seen from the table the viscosity
was reported at different temperatures ranging from 20 to 100°C. The viscosity of bio-oils
used in this study had lower viscosity than the viscosities listed in the table irrespective of
temperatures.

3.4 Stress and frequency sweep

In general, the linear limits of viscoelastic behavior are determined by identifying the range
of stress values over which G and G” are constant and thus independent of stress. Storage
and loss modulii of bio-oil from different feedstocks as a function of shear stress are
depicted in Fig. 4. Shear stress from 10-100 Pa exhibited the linear regions for all the bio-oils
as noted in Fig. 4. A shear stress of 55 Pa was selected for frequency and temperature sweep.
As evident from the figure, the storage modulus (G’) was predominant than that of loss
modulus irrespective of the feedstocks, whereas Ba et al (2004) observed the loss-modulus as
dominant behavior of the bio-oil produced from softwood bark through vacuum pyrolysis.
In another study, Garcia-Perez et al (2008) reported that the storage modulus was lower
than that of loss modulus for the bio-oil produced from mallee woody biomass. Ba et al
(2004) identified four different regions including two plateaus for G’, which was not
observed in this study. The bio-oils from corn cob (3 and 4) produced in a batch MAP had a
high storage modulus than that of bio-oils from corn cob produced in continuous MAP as
evident from Fig. 5. The bio-oil produced from batch MAP (corn cob 3 and 4) had lower loss
modulus than the bio-oil from continuous MAP of corn cobs and batch MAP of other
feedstocks. The storage and loss moduli were similar for the bio-oils produced from corn
cob in a batch MAP with or without catalyst (Fig. 5).

The frequency sweep was conducted in the range of 0.1-100 Hz and found the linear region
between 1 and 100 Hz. Accordingly, the frequency sweep experiments were repeated and
identified the linear region between 10 and 100 Hz as shown in Fig. 3. As G’ approaches a
slope of more than 2, which confirms the existence of linear viscoelastic region (Tzanetakis
et al., 2008). Similarly, G” approaches a slope of more than 2 (less than slope of G”), which is
also consistent with linear viscoelastic behavior. A frequency of 50 Hz was selected from the
linear range depicted in Fig. 4 for temperature sweep. The frequency sweep was also
confirmed that the storage modulus was predominant than that of respective loss modulus
of each bio-oil. Tzanetakis et al (2008) reported that the loss modulus was ten times higher
than that of storage modulus for the bio-oil produced from hardwood, and it was an
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opposite observation. Similar to stress sweep, the bio-oil produced from corn cob 3 and 4 in
a batch MAP had lower loss modulus than the bio-oil from other feedstocks including corn
cob. The storage and loss moduli were overlapping between the bio-oils at a low frequency
(10Hz) and a clear difference was observed as frequency increases. The bio-oil from aspen
and canola had a higher storage and loss moduli than that of bio-oils from corn cob.
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Fig. 4. Stress sweep of bio-oils from produced from different feedstocks

3.5 Temperature sweep
Temperature sweep of the bio-oils were conducted with a shear stress of 55 Pa and a

frequency of 50 Hz. The rate of temperature increase was maintained at 10°C/min. The
storage and loss modulii trend for all the bio-oils are shown in Fig. 6. The moduli of bio-oil
from canola showed a decreasing trend once the temperature reached 80°C. Again, the
temperature sweep also confirmed that the storage modulus was more predominant as
compared to loss modulus of the bio-oils from different feedstocks. Typically bio-oils are
Newtonian fluids (Oasmaa & Peacocke, 2001; Oasmaa et al., 2003); however, in Fig. 6 storage
and loss moduli lines confirm that the behavior of bio-oils as non-Newtonian fluids
irrespective of the feedstocks.
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Fig. 5. Frequency sweep of bio-oils from produced from different feedstocks
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Fig. 6. Temperature sweep of bio-oils produced from different feedstocks

4. Conclusions

When handling bio-oils, viscosity is an important parameter. A thorough rheological
characterization was performed on bio-oils produced from aspen, canola, and corn cobs
through MAP. Results from simple viscosity and dynamic rheology indicated that the bio-
oils tested in this study behaved as non-Newtonian fluids. The viscosities of the bio-oils
were in the range of 0.00272 - 0.00196 Pa.s at 20°C and 0.00236 - 0.00163 Pa.s at 40°C. These
viscosities are much less than the viscosities of bio-oils derived from different feedstocks
reported in the previous literature. Moreover, the bio-oils used in this study had a lower
viscosity than that of light and heavy fuel oil, the US #4 fuel oil, and ASTM burner fuel
standard indicating varieties of potential application. The viscosity range of the bio-oils
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indicates that they are easy to handle and processing; however, viscosity is not the only
factor deciding the application of bio-oil. Therefore, other factors should be investigated to
assess the suitability of these bio-oils.
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