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Abstract

The focus of this work is a radiatively heated, free-fall, fast pyrolysis reactor. The
reactor was designed and constructed for the production of bio-oil from the fast pyrolysis of
biomass. A central composite design of experiments was performed to evaluate the novel
reactor by varying four operating conditions: reactor temperature, biomass particle size,
carrier gas flow rate and biomass feed rate. Maximum bio-oil yields of 72 wt % were
achieved at a heater set point temperature of 600 °C, using particle sizes of 300 micron,
carrier gas flow rates of 4 sL./min and Red oak biomass feed rates of 1.75 kg/hr. Optimal
operating conditions were identified for maximum bio-oil yields at a heater set point
temperature of 572 °C, feeding 240 micron sized Red oak biomass particles at 2 kg/hr.

Carrier gas flow rates were not found to be significant over the 1 — 5 sL/min range tested.



CHAPTER 1: Introduction

The goal of this work is to develop a new biomass fast pyrolysis reactor that improves
upon inefficiencies in traditional reactors while maintaining high bio-oil yields. Biomass is
an abundant organic material composed of cellulose, hemicellulose and lignin. Biomass may
be converted into useful products to offset petroleum based products. Fast pyrolysis of
biomass is a thermochemical conversion process that produces a liquid bio-oil, a solid char
and non-condensable gases. Bio-oil is a complex oxygenated liquid that has applications in
heat and power, transportation fuels and specialty chemicals [1].

Many fast pyrolysis reactors exist but the most suitable reactor has not been identified
[2]. Reactors like the bubbling fluid bed and circulating fluid bed require large amounts of
carrier gas to mix a heat carrier with biomass while the spinning disk, rotating cone and
auger reactors have many hot moving parts. These factors may increase the complexity of
the reactor and make them expensive to operate or repair. More work is needed to
investigate novel reactor types that overcome these disadvantages without compromising
high bio-oil yield.

Additional motivation for studying the fast pyrolysis of biomass stems from a number
of reasons. First, as stewards of Creation, humankind has the responsibility to effectively
cultivate, develop and mold the resources at hand into beneficial products for the health and
betterment of society and in so doing bring honor to the Creator. Second, advances and
commercialization of biomass conversion technology producing renewable and sustainable
bioproducts will ease reliance on imported fossil sources while simultaneously enhancing
national security. Third, increased biomass usage will spur rural economic development.
The thermochemical conversion of biomass can play an important role in making this
transformation. Elaboration on the motivation for increased biorenewable resource usage are
found in Reference [3].

A free-fall fast pyrolysis reactor was selected for this work because of its simple
design and lack of moving parts. The reactor was optimized and evaluated for the
production of bio-oil using a central composite design of experiments. Operating conditions
including the reactor temperature, biomass particle size, carrier gas flow rate and biomass

feed rate were varied.



CHAPTER 2: Background
2.1. Thermochemical Conversion of Biomass
A number of possibilities exist for thermochemical conversion of biomass including
hydrothermal processing (HTP), combustion, gasification and pyrolysis. The

thermochemical pathways are described in Table 1.

Table 1. Thermochemical process, products and applications

Oxidation Process Primary products Application
None Hy drothe'r mal — Bio-crude, aqueous organics, H,O, CO, Fuels, fertilizers
Processing
Complete Combustion ——» H,0, CO,, ash Heat, power
. . . . . Heat, power,

Partial Gasification —» CO, H, (synthesis gas), bio-char synthesis into fuels
Heat, power, upgrading

None Pyrolysis =~ ——» Bio-oil, char, non-condensable gas into fuels, chemicals and
products

Hydrothermal processing of biomass occurs at high pressure (5-40 MPa) and
moderate to high temperature (200-600 °C) in an aqueous environment. A liquid bio-crude is
the primary product. Peterson et al. have written extensively about hydrothermal processing
[4]. Combustion of biomass occurs predominantly under atmospheric conditions. Provided
an ample amount of oxygen is present, the reaction will completely oxidize the carbon source
and produce water (H,O) and carbon dioxide (CO,) leaving only inorganic ash behind.
Biomass may be fed into a boiler or other combustor for heat and power generation.
Gasification of biomass may be performed at atmospheric or pressurized conditions with less
than stoichiometric amounts of oxygen present. The primary reaction products are a
combustible mixture of carbon monoxide (CO) and hydrogen (H;) gas and char. With
sufficient cleaning, the gas can be combusted for power generation or process heat.
Alternatively, synthesis gas combined in the correct CO:H, ratio may be fed into a catalytic

reactor to create Fischer Tropsch fuels or an enzymatic fermentor for ethanol or renewable



plastic production. Of particular interest for this research is pyrolysis. Pyrolysis occurs at
atmospheric conditions in the absence of oxygen. Three main types of pyrolysis exist: fast,

intermediate and slow pyrolysis. Table 2 describes the three modes.

Table 2. Pyrolysis mode, conditions and products (dry basis)®

Liquid Solid Gas

Mode Conditions Wt %) (Wt %) (wt %)

Fast -fast heating rate (1000 °C/s)
-short vapor residence time (<2 s)
-small particle sizes (<2 mm)
-moderate temperature (450 °C - 500 °C)

75 12 13

Intermediate  -moderate temperature (500 °C)

-moderate vapor residence time (10 - 20 s) >0 20 30

Slow -slow heating rate
-long solids residence time (hrs)
-large particle sizes
-low temperature (400 °C)

* Adapted from Bridgwater [5]

30 35 35

Operating conditions and modes for pyrolysis are selected according to the desired
product distribution. Fast pyrolysis primarily produces a liquid product while slow pyrolysis

will produce nearly equal amounts of liquid, solid and gaseous product.

2.2. Fast Pyrolysis of Biomass

Pyrolysis is an ancient technology dating back to the time of the Egyptians where tars
and embalming agents were made. In the 1980’s major efforts were put forth in the
development of fast pyrolysis for the production of its liquid product [6-8]. Fast pyrolysis is
the rapid thermal decomposition of a feedstock at moderate temperatures and atmospheric
pressures in the absence of oxygen [9]. Products include a dark brown liquid called bio-oil, a
solid charcoal like material named char or bio-char and a non-condensable gas. Traditional
fast pyrolysis requires that a number of parameters be satisfied including:

¢ rapid heating rate of the biomass particle on the order of 1000 °C/s

e vapor temperatures between 450 °C and 500 °C



e particle sizes less than 2 mm in critical dimension

e vapor residence times less than 2 s

¢ rapid cooling of the pyrolysis vapors into bio-oil

e feedstock moisture content less than 10 wt %
Rapid heating of small particles vaporizes the feedstock into vapors and aerosols as well as
char. Quickly removing the vapors from the hot reaction vessel and quenching them
minimizes secondary reactions producing gas and char (further decomposition of the vapors)
and optimizes bio-oil liquid yield [10]. Adding a sweep or carrier gas and increasing the feed
rate will decrease the vapor residence time. A low feedstock moisture content will minimize
the amount of water resulting in the bio-oil [9].

Fast pyrolysis product yields are typically reported between 60 —75 wt % bio-oil, 15 —

25 wt % bio-char and 10 — 20 wt % non-condensable gases[11]. Product yields and
distribution are strongly determined by process operating conditions but are also influenced

by biomass feedstock and its inherent ash content as indicated in Table 3 below.

Table 3. Biomass type and product yield®

Ash Liquid Char Gas Closure
Feedstock (mf wt %)*  (mf . %) (mfwt%) (mfwt%) (%)
Willow 1.34 68.9 20.9 9.3 99.0
Switch grass 4.3 63.8 24.7 7.9 96.5
Reed canary grass 5.1 60.2 22.0 11.1 934
Straw 6.3 50.5 31.9 15.6 98.3

* Adapted from Fahmi [12]
® Moisture free weight percent

Biomass with low ash content, such as woody biomass increase quantities of bio-oil.
Ash present in the biomass largely remains within the char during pyrolysis [9, 13] and is
known to catalyze char forming reactions [14]. Successful removal of the char from the
product stream will therefore decrease catalytic and secondary reactions which shift towards
char and non-condensable gas production [2, 15, 16]. Simultaneously, the removal of char
provides increased bio-oil stability and quality [13]. This is essential for long term storage.

Although char is generally removed from the bio-oil, in some instances char is mixed back



into the bio-oil to increase its heating value and specific gravity for use as a boiler fuel or
pressurized gasification feedstock [17, 18].

Fast pyrolysis is feedstock-flexible and can produce biorenewable products from non-
food sources. Unlike other biorenewable energy platforms, it does not require expensive
catalysts or enzymes but rather uses heat to break down lignocellulosic biomass. An
advantage of fast pyrolysis over other renewable energy platforms (wind and solar for

example) is the fact that a liquid energy carrier is produced.

2.3. Bio-oil Characteristics
Bio-oil produced from fast pyrolysis is a complex mixture which may contain over
400 organic compounds. Species including acids, alcohols, aldehydes, esters, ketones, and
aromatic compounds have been identified [19]. Pyrolysis oils are a direct result of the
thermal decomposition of biomass and therefore the elemental composition closely resembles

that of biomass rather than fossil based oils as shown in Table 4 [1].

Table 4. Typical properties of Pine, wood pyrolysis bio-oil and heavy fuel oil®

Physical Property Ponderosa Pine” Bio-oil Heavy Fuel Qil
moisture content, wt % - 15-30 0.1
pH - 2.5 -
specific gravity - 1.2 0.94
elemental composition, wt %
C 49 54 -58 85
H 6 55-7.0 11
0] 44 35-40 1
N 0.06 0-02 0.3
ash 0.3 0-02 0.1
Higher heating value, MJ/kg 20 16-19 40
viscosity (at 50 °C), cP - 40 - 100 180
solids, wt % - 02-1 1
distillation residue, wt % - up to 50 1

* Adapted from Czernik [1]
® From Brown [3]

It is noteworthy that a number of other differences exist between bio-oil and heavy

fuel oil specifically the moisture content, pH, oxygen content, higher heating value and



distillation residue. The high moisture and oxygen content within bio-oil contributes to a
lower energy content compared to petroleum. On a mass basis, bio-oil contains roughly 42%
of the energy of fuel oil, but since the density of bio-oil is much greater than fuel oil on a
volumetric basis it improves to 61% [9]. Additionally, the low pH, high distillation residue
and oxygen content make bio-oil is immiscible with petroleum derived fuels and prevent it
from being co-processed with petroleum. Not shown in Table 4 is the difference in sulfur
content between bio-oil and heavy fuel oil. Since very little sulfur is present in biomass, bio-
oil has only trace amounts of sulfur while heavy fuel oil may have up to 3% by weight [6].
Thus bio-oil combustion releases little to no SOx emissions. Further exploration of these

differences are addressed by Czernik and Bridgwater[1].

2.4. Bio-oil Applications
The dissimilarity between bio-oil and mineral oils is well known and its properties
realistically limit the widespread use of bio-oil in standard petroleum based applications.
Nonetheless, bio-oil is produced from a renewable carbon source and much research and
demonstration has been performed in an effort to offset and in some cases replace fossil fuel
usage. Bio-oil being an energy densified, liquid form of biomass allows for easy
transportation, storage and handling. Many applications take advantage of bio-oil for these

reasons.

2.4.1. Bio-oil Combustion

Bio-o0il combustion for heat and power applications is a predominant and obvious end
use for bio-oil. Bio-oil combustion may be considered carbon neutral and emits very low
sulfur emissions compared to fossil fuels [1]. Direct combustion in boilers, engines and
turbines has been tested with various results. Due to its heterogeneity, viscosity and
corrosive nature, most equipment requires some modification in order to efficiently process
bio-oil including a preheating section [10]. Red Arrow Products, a company producing
liquid smoke food flavorings in Wisconsin, is likely the most reliable commercial scale
facility that uses bio-oil combustion to heat the plant. A 5 MWy, swirl burner combusts a

bio-oil mixture from a stainless steel, air atomized nozzle to provide heat to the facility [1].



Bio-o0il combustion emissions are consistently lower than that of fuel oil, but particulate in
the flue gas is higher. Mullany et al. [6] performed a technical, environmental and economic
study determining the practicality of substituting bio-oil for home heating oil. He concludes
that if home heating oil is sold for $0.90/gal it is not economical to use bio-oil as a substitute.
At the same time, if taxes are imposed on nitrogen oxides (NOy), sulphur oxides (SOx) and

CO, emissions, bio-oil may become feasible.

2.4.2. Bio-oil for Upgrading to Transportation Fuels

Though bio-oil is immiscible with fossil fuels, efforts have been made to upgrade bio-
oil into transportation fuels [19]. As discussed earlier, the low heating value of bio-oil due to
its high water and oxygen content as well the low pH prevent bio-oil from being used directly
as a liquid fuel. A number of pathways exist for catalytic upgrading of bio-oil. Two
approaches are 1) hydrodeoxygenation via hydrotreating catalysts and, 2) Zeolite upgrading.
Hydrodeoxygenation of bio-oil is similar to hydrotreating of crude oil. It is a hydrogenation
process that removes oxygen by combining a hydrogen stream with the bio-oil in the
presence of a catalyst thereby producing water. Temperatures between 300 — 600 °C and
high pressures (14 MPa) of hydrogen are required [19]. A two-staged process may be
performed, the first to stabilize the bio-oil and preventing further decomposition, followed by
a second more severe form of hydrotreating. Elliott et al. report hydrocarbon yields of 0.4
L/L bio-oil containing less than 1 % oxygen [20]. Typical catalysts include sulphided cobalt-
molybdenum (CoMo) or nickel-molybdenum (NiMo) supported on alumina [9].

Upgrading via Zeolite catalysts involves passing the bio-oil through a microporous
structure at moderate temperatures (450 °C). The advantage of Zeolite upgrading is that high
pressure hydrogen is not required and it is often used in the petroleum industry [19]. Catalyst
deactivation remains a concern and low carbon conversion efficiencies are seen since oxygen
is rejected as CO; rather than water [9].

Additional non-catalytic methods have been suggested including bio-oil gasification
to produce liquid fuels. This approach and others are discussed in more depth elsewhere [1,

11, 19].



2.4.3. Bio-oil for Chemicals
The production of renewable chemicals via biomass fast pyrolysis is another
application of bio-oil. A number of chemicals that have been produced from fast pyrolysis

are listed in Table 5 below.

Table 5. Chemicals from fast pyrolysis®

Acetic acid Calcium enriched bio-oil
Hydrogen Levoglucosan
Preservatives Slow release fertilizers
Adhesives Food flavorings
Hydroxyacealdehyde Levoglucosenone

Resins Sugars

* Adapted from Bridgwater [21]

While a large number of naturally occurring compounds have been identified in bio-oil, the
relative concentration of each is small and separation processes are complex making some
separation efforts uneconomical. For this reason, simple fractionation of bio-oil by water
addition creating a water soluble and a water insoluble fraction is advantageous [1]. The
water soluble fraction contains low molecular weight aldehydes and phenolic compounds.
These compounds are being used commercially as meat browning agents and food
flavorings. Specifically, Red Arrow Products in Wisconsin produces liquid smoke from bio-
oil. This aqueous fraction also can be used in the production of calcium salts to be used as
road de-icers [1]. The water insoluble fraction, often called pyrolytic lignin in literature, may
best be applied as a resin or adhesive [8, 11, 22]. Other commodity chemicals and specialty
products are being used and tested including BioLime™ for capturing SO emissions and a
bio-binder for use as an asphalt binder. These and other applications are described in more

depth elsewhere [1, 6, 22].

2.5. Reactor Technology
The reactor is the central component when considering an entire fast pyrolysis
system. Since it is the key component many reactors have been developed in order to

improve upon old methods and create proprietary technology.



The oldest and most well-understood is the bubbling fluidized bed or simply the fluid
bed reactor as shown in Figure 1 [9]. The bed media is often sand supported by a perforated
distributor plate within a cylinder. An inert fluidizing gas is forced through the plate causing
the bed media to fluidize. The high gas flow rate also shortens the vapor residence time and
allows for efficient char/vapor separation by means of a cyclone. The fluid bed has high heat
transfer rates and is simple to construct and operate [11]. Bio-oil yields between 70 —75 wt
% are often achieved with woody biomass. Scaling up the fluidized bed is well understood.
Heat transfer limitations due to low bed height-to-diameter ratios cause temperature gradients
and prevent scale-up past a point. Low thermal efficiencies in the fluid bed reactor are due to
the cooling and reheating of the re-circulated gas stream [23]. Canadian based Dynamotive,

Inc. uses this technology on a commercial scale for the production of bio-oil [2].

Vapors and char

Biomass Sand bed
—>:
Fluidizing gas

Figure 1. Fluidized bed reactor

The circulating fluidized bed reactor is closely related to the fluidized bed reactor.
Higher gas flow rates are used to entrain the bed material and char out of the reactor into a
cyclone separator. The sand and char mixture is combusted to heat the sand which is then re-
circulated into the reactor as shown in Figure 2. The vapors exit the cyclone and enter a

condenser system. Bio-oil yields comparable to the fluidized bed have been reported [11].
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The circulating fluid bed though complex is capable of large biomass throughputs and has

been commercially developed by another Canadian company, Ensyn, Inc. [2, 9].

—
Vapors
Flue gas
Sand and
char
Biomass i Combustor
Hot sand
Fluidizing gas Air

Figure 2. Circulating fluidized bed reactor

Another method is known as ablative fast pyrolysis. The premise is based on forcing
biomass particles against a heated plate or wall to perform pyrolysis as Figure 3 indicates. A
few reactors have been developed using this principle. The National Renewable Energy
Laboratory’s (NREL) Vortex reactor uses high gas flow rates to force small biomass particles
into a heated cylindrical wall. The particles enter tangentially and travel at speeds over 200
m/s. Larger particles are re-circulated until completely pyrolyzed [24, 25]. Bio-oil yields up
to 72 wt % are reported [26]. Another ablative reactor, the cyclone reactor was developed by
Léde in France. Like the Vortex reactor, biomass enters the heated cyclone reactor
tangentially. Bio-oil yields less than 20 wt % were reported for this bench scale reactor [27].
Short particle residence times lead to incomplete conversion of the particles and may require
a re-circulating loop [23]. Aston University has developed an ablative technique whereby
biomass particles are scraped along a heated plate by rotating blades. Yields between 70 —75
wt % have been reported. PyTec, a German company, hydraulically feeds wood particles

into a heated spinning disk as shown in Figure 3a providing the advantage of using larger
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biomass particles [8, 9]. This reactor involves moving parts operating at high temperatures

[23].

Heat

Vapors and
char

Biomass

a) | b)

Figure 3. Ablative reactor types a) spinning disk and b) vortex reactor

The rotating cone reactor is a relatively new approach to fast pyrolysis. The concept
was developed by Prins and Wagenaar at the University of Twente, The Netherlands [8].
The reactor is being commercialized by the Biomass Technology Group —Biomass to Liquid
(BTG-BTL) [28]. Biomass and hot sand are fed into the bottom of a rotating cone. The
centrifugal force pushes the hot sand and char out over top of the cone as shown in Figure 4.
The mixture is combusted and the sand is re-circulated. No carrier gas is needed preventing
product dilution [11, 29]. Liquid yields between 60 —70 wt % are reported. A 50 tpd reactor
was built and operated in Malaysia [9, 30].

A continuous screw reactor was developed at the University of Tiibingen, Germany
for the conversion of sewage sludge into chemicals. Lower temperatures and longer
residence times than traditional fast pyrolysis yield bio-oil between 18 —27 wt % and char
from 50 —60 wt %. The liquid product reportedly has less than 5 wt % oxygen [2]. A twin-
screw auger reactor developed by the Forschungszentrum Karlsruhe GmbH (FZK) research
institute in Germany was designed for 10 kg/hr of biomass throughput. The char is mixed
back into the bio-oil forming a pumpable slurry which is later gasified in a pressurized

entrained flow reactor. Up to 50 wt % bio-oil yields have been achieved [31].
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Biomassl lHot sand

Vapors

/ / Sand and
/ char

w
Figure 4. Rotating cone reactor

A 1 kg/hr externally heated auger reactor developed at the Mississippi State
University does not use carrier gas or heat carrier to perform fast pyrolysis. Bio-oil yields up
to 56 wt % are reported for oak wood [32]. Renewable Oil International, a company located
in Alabama seeks to produce small and portable reactors for the localized production of bio-
oil using an auger type reactor [33]. Similarly, Advanced BioRefinery, Inc. (ABRI) out of
Canada has developed a skid mounted auger reactor. The reactor unit is self-contained and

combusts some of the char for feedstock drying and process heat [34].

Biomass l lHot sand Vapors
[

(N N N N N

o U U O U U

Sand and
char
Figure 5. Auger reactor
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2.6. Free-fall Reactors

Free-fall reactors are also referred to as a drop-tube reactors. Free-fall reactors have
been used for many applications including gasification of coal [35-38], the pyrolysis of
polystyrene and polyethelyne [39, 40], kinetic studies [41, 42] as well as various biomass
pyrolysis studies [43-47]. A few studies performed the fast pyrolysis of biomass in a free-fall
reactor and report notable bio-oil yields though bio-oil production was not necessarily the
purpose of study [48, 49]. Typically, very little carrier gas is required for free-fall reactors as
the feedstock is fed from the top of the reactor. Heating rates between 500 — 1000 °C/s have
been reported for free-fall reactors but are still a degree of magnitude lower than some
reported heating rates of 10,000 °C/s [11, 41, 47, 50].

A pilot scale entrained flow reactor, known as the Georgia Tech Entrained Flow
Pyrolysis Process, is the largest free-fall reactor related system to be used for the production
of bio-oil. The reactor was a bottom fed with roughly 1.5 ton/day hardwood biomass and
achieved bio-oil yields up to 60 wt % on a dry basis. Georgia Tech Research Institute
operated the reactor from 1982 until 1989 [51]. Even though entrained flow reactors may be
fed from the bottom which requires large amounts of carrier gas to entrain the feedstock, the
reactor shares a tubular shape and may be heated in a similar fashion as a free-fall reactor
[43]. Most of the free-fall, drop-tube or entrained flow reactors reported are constructed for
lab scale experimentation.

Zhang et al. used a free-fall reactor to determine if any synergetic relationships
existed in the pyrolysis of coal and biomass, particularly Dayan lignite coal and legume straw
biomass. The reactor, a 0.02 m inner diameter and 1.8 m long heated tube is shown in Figure
6. Three electrical heaters were used to heat the process and two screw feeders located on
top fed each feedstock. A churn dasher or plunger mechanisim was used to promote uniform
falling of the biomass. A nitrogen flow rate of 35 mL/min, particle sizes between 0.3 and
0.45 mm and temperatures of 500 °C, 600 °C and 700 °C were the parameters tested. The
particles were first dried at 105 °C for 2 hours. Zhang proposed that the temperature of the
falling particle depends on its adsoptivity. He suggested that coal and biomass will
decompose simultaneously thus creating synergetic effects. Increasing liquid yields and

decreasing char yields were observed below 600 °C at mixing ratios of 73 wt % legume
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straw when compared to individually pyrolyzed feedstock’s suggesting a synergetic

relationship [46].
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Figure 6. Schematic of free-fall reactor; used with permission from Zhang [46]

Li et al. experimented with two types of biomass for the production of hydrogen gas.
The reactor is the same as described by Zhang et al. except it only one feeder was used.
Three separately controlled heaters were used to heat the reactor. Legume straw and apricot
stone were fed using a screw feeder on top of the reactor. Nitrogen carrier gas was pulled
through the system by a vacuum pump downstream. A char collector was located at the
bottom of the reactor. The vapors exited above the char catch and passed through a metallic
filter or cyclone where solids were separated and then were condensed in ice-cooled
condensers. The aerosols were removed with a glass wool filter. Decreasing the particle size
from 0.90-2.00 mm to 0.20-0.30 mm lowered bio-oil production from 48.3% to 17.8%, but
increased gas production at 800 °C. Using legume straw particles between 0.45-0.90 mm,
liquid yields decreased above 500 °C. Liquid yields reached a maximum of 66 wt % at 600

°C for the same sized apricot stone particles [49].
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Lee et al. experimented with coal gasification using a drop tube reactor. Pulverized
coal ranging from 11 to 20 um was fed via screw feeder at a rate between 18 and 60 g/min
using 1-2 L/min of Argon carrier gas. A reactor with a diameter of 0.05 m and 1 m long was
used at the Korea Advanced Institute of Science and Technology. Four silicon carbide (SiC)
heaters capable of temperatures up to 1550 °C heated the reactor tube. The coal particles
attained terminal velocities of 0.17 m/s in 5-10 ms and the residences time was calculated by
dividing the reactor length of the average particle velocity. Hydrogen and carbon monoxide
production increased with higher reaction temperature [35].

Xu et al. performed high pressure hydropyrolysis of coal in a free-fall reactor at
Tohoku University, Japan. The 1 cm inner diameter reactor was selectively heated between
0.3,0.7 and 1.0 m in length. Coal was fed with a screw feeder positioned on top of the
stainless steel reactor a rate of 6 —9 g/hr. A char collector located at the bottom was
maintained at 400 °C to prevent premature condensation. Two dry ice cooled condensers in
series were used to collect the liquid product. The gaseous products were analyzed using a
gas chromatograph. Higher temperatures and pressures led to increased coal conversion. For
a pressure of 1 MPa and temperature of 600 °C, 50, 26 and 15 C% is found in the char, tar
and gas, respectively [38].

Zanzi et al. focused on the production and reactivity of char obtained in pyrolysis of
biomass using a free-fall reactor. The authors found the reactivity of char increased when
higher heating rates and smaller particles are used. The 0.04 m inner diameter reactor was
selectively heated up to 2.9 m in length. Eight independently controlled heaters were used to
heat the reactor. The carrier gas was preheated. The reactor can operate at a maximum
pressure and temperature of 5.0 MPa and 1100 °C, respectively. Birch wood, white
quebracho wood, straw pellets, bagasse and sugar cane agricultural residue (SCAR)
biomasses were tested. A 1 kg/hr screw feeder metered the biomass into the top of the
reactor as illustrated in Figure 7. Particle sizes were pneumatically classified and ranged
from 0.5 mm to 1.0 mm. The heated length was selected so that the residence time was long
enough for complete pyrolysis. The volatiles passed through a heated metallic filter after
which they were condensed in a water cooled condenser. The minimum reactor temperature

reported in the study is 750 °C. Bio-oil yields less than 5 wt % are reported [45].
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Figure 7. Schematic of free-fall reactor; used with permission from Zanzi [50]

Yu et al. performed pyrolysis of birch wood in a free-fall reactor to determine the
effect of temperature on tar production. Bio-oil was defined as volatiles, other than water,
which condense at room temperature. The reactor used is previously described by Zanzi et
al. [45]. The wood was sieved and classified between 0.5 —0.75 mm and fed using a 1 kg/hr
screw feeder. Experiments were performed at temperatures of 700, 800 and 900 °C.
Maximum bio-oil yields of 8 wt % were produced at 700 °C. Temperature was found to
have a significant effect on bio-oil production [52].

Onay and Kockar used a free fall reactor for the production of bio-oil from rapeseed.
Experiments were performed to determine the effects of varying temperature, particle size
and sweep gas flow rate. Particle sizes between 0.224 mm and 1.8 mm in size and were fed
at 120 g/hr. The temperature range tested was between 400 °C to 700 °C and the nitrogen

purge rate was varied between 50 and 400 cm®/min.



17

The 1.2 cm in diameter, 70 cm long electrically heated reactor is shown in Figure 8.
To prevent the feedstock from pyrolyzing prior to the reactor entry cool, water was pumped
through a cooling jacket around the feeder inlet. Two main experiment groups were carried
out; the first measuring yields while changing the particle size and temperature, and the
second examining the sweep gas velocity on oil yields. The first group revealed that
maximum bio-oil yields of 75 wt % are possible feeding particles smaller than 0.224 mm
while operating at 600 °C. Bio-oil yields between 68-75 wt % were recorded for particles
greater than 1.8 mm down to 0.224 mm and temperatures from 500 °C and 600 °C. The first
group of experiments was performed using a 100 mL/min nitrogen flow rates. The second
group used particles between 0.425 mm and 0.6 mm and an operating temperature of 600 °C
while testing the effects of varying flow rates. Onay and Kockar showed relatively little gain
in bio-oil yields for sweep gas flow rates greater than 50 mL/min. For adequate sweeping to
occur, the minimum flow rate must be over 100 mL/min.

Bio-oil with 13 wt % oxygen content compared to the 25 wt % of the feedstock was
reported. Bio-oil and diesel are compared as transportation fuels. Bio-oil was found to have
a pH of 3.2 due to the high amounts of acetic and formic acids present. Both bio-oil and
diesel were said to have less than 0.05 wt % water content. The higher heating value was
reported to be 37.9 MJ/kg compared to 45.5 MJ/kg in diesel. Both the density and viscosity
of the bio-oil were higher than that of diesel [48].
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Figure 8. Schematic of free-fall reactor; used with permission from Onay [48]
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Karaduman et al. performed flash pyrolysis in a free-fall reactor at Ankara University,
Turkey. Interest focused on the pyrolysis of plastics in an effort to reduce plastic waste and
recover valuable products. A char collector was located at the bottom of the free-fall reactor.
Two salt-ice bath condensers collected liquid products further downstream. A jacketed
furnace heated the 50 mm diameter, 1.2 m long quartz reactor. A funnel located at the
bottom of the feeder prevented the feedstock from sticking to the walls. The vapors were
pulled out of the reactor using a vacuum pump. The temperature along the heated portion of
the reactor varied as much as 300 °C due to uneven heating. The solid, liquid and gas yields
at 750 °C are 47 wt %, 32 wt % and 21 wt % respectively [39].

Yorgun et al. performed flash pyrolysis of sun flower oil cake using a tubular reactor
to determine the effect of temperature, particle size and gas flow rate. A 60 cm long, 3.5 cm
diameter reactor was electrically heated. Two set of experiments were performed. The first
varied the reactor temperature between 450, 550 and 700 °C, while keeping gas flow rate at
100 mL/min and feeding 0.224 —0.425 mm particles at 120 g/hr. The second set of
experiments maintained a 550 °C temperature and varied the particle size from <0.224, 0.224
—0.425 and 0.425 —0.850 mm and gas flow rates from 25, 100, 300 and 600 mL/min. The
maximum liquid yield was 45 wt % occurring at 550 °C using 0.425 —0.850 mm particles and
a nitrogen flow rate of 300 mL/min [53].

Shuangning et al. used a plasma heated laminar entrained flow reactor at China
Agricultural University to study and characterize the volatilization of biomass particles. The
reactor employs a plasma torch to heat the biomass providing heating rates on the order of
10* °C/s. Particles of cornstalk and wheat straw between 117-173 um were used for each
experiment. Carrier gas flow rates were varied between 0.5 and 1.5 L/min. Volatile material
yields for corn stalk and wheat straw are reportedly 69 wt % and 75 wt % respectively.
Difficulties in providing a consistent feed rate caused the particles feed in clumps resulting in
a mass too large to undergo complete pyrolysis [43].

Bohn and Benham reported on research examining important variables pertaining to
an entrained-flow reactor. The reactor was fed at the bottom while a carrier gas lifted the
feedstock up its 4.9 m length. Its purpose was to produce charcoal. Another reactor was

operated at 500 °C, atmospheric pressure and fed wood waste at 2 kg/hr. The respective
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yields for oil, char, gas and water are 40, 20, 27 and 13 wt %. Another reactor injected
carrier gas from either top or bottom to control the particle residence time. Bohn and
Benham commented that the entrained flow reactor is the optimum reactor configuration for
maximizing gas yield.

Two main reactor tube types were used during experimentation, one a straight tube
either 60 or 120 cm long the other a helical tube 645 cm long. The tubes were oriented
horizontally and steam was used as a carrier gas to enable particle entrainment. Pyrolysis gas
volumetric flow rate was converted into a mass flow based on the gas composition; any
purge gas was subtracted off. Wheat straw was the feedstock of choice because of an interest
in liquid hydrocarbon production.

It was observed that gas yields did not vary significantly due to the Reynolds number
suggesting that the primary method of heat transfer is due to radiation. For high steam-to-
biomass ratios the view factor is near one but larger feedstock flow rates reduce the view
factor. Bohn and Benham go on to say that since particle conversion is independent from
convection as shown by the Reynolds number, the reaction is not significantly tied to the
fluid mechanics unlike a fluidized bed. The authors conclude that the primary method to
increase total conversion is to increase the reactor temperature [54].

Matsuoka et al. performed experiments that simulate pyrolysis at the early stages in
gasification using a drop tube reactor. The goal was to determine the reliability of the data
and compare it with similar research particularly examining weight loss data. Coal particles
between 75 and 150 um were fed into the drop tube furnace at a rate of 0.1 g/min. Helium is
used as the carrier gas flowing at a rate of 3.5 sL/min. The operating pressure in the reactor
was varied between 0.3, 1.0 and 3.0 MPa. The 0.76 cm inner diameter, 1.83 m long reactor
was heated using three furnaces. Experiments were performed at 600, 700, 800 and 850 °C.
Typical yields for char, tar, gas and liquid are 58, 22, 17 and 5 wt % (daf) respectively [37].

Probstein and Hicks performed occidental flash pyrolysis of coal. Essentially this is
the pyrolysis of coal using the hot char produced to provide heat for the reactor. An
entrained flow reactor was used through which pulverized coal particles (<250 pm) were fed.
At the entrance of the reactor, the top, the particles were mixed with preheated and recycled

char to temperatures between 650 °C and 980 °C. The hot char heated the coal between 510
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°C and 730 °C. One to three second residence times were reported. The vapors exited the
reactor to a cyclone. Up to 35 wt % tar yields were achieved with feed rates of 1.7 ton/day
and reactor temperatures ranging from 590-650 °C [55].

Though free-fall type reactors have been used for many applications very few have
been used for the pyrolysis of biomass to produce bio-oil. Two studies that have reported
significant bio-oil yields examined the effects of temperature, particle size and carrier gas
flow rate [48, 49]. Both performed parametric studies using lab scale reactors with small
biomass feed rates (2 — 6 g/min) to determine conditions favoring maximum product yield;
not necessarily bio-oil. There has been little research examining the effect of biomass feed
rate on bio-oil yields and no research examining interaction effects between parameters or
optimizing bio-oil yields.

The development of a 1 kg/hr (16 g/min) free-fall reactor for the production of bio-oil
provides an opportunity to examine key areas of research that have not been studied.
Optimization of the free-fall reactor for the production of bio-oil using a central composite
design of experiments enables the analysis of interaction effects and generation of quadratic
models describing the system. The results of the study will provide new depth to the field of

fast pyrolysis and specifically the use of free-fall reactors.
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CHAPTER 3: Reactor Design

Various configurations and sized free-fall reactors have been used in a wide range of
applications. The free-fall reactor has no moving parts and is simple to construct, operate
and maintain. Even so, very few free-fall reactors have been constructed for the production
of bio-oil via fast pyrolysis of biomass. Designing the free-fall reactor required a
multidisciplinary approach. The only restriction on the design was a specified biomass feed

rate of 1 kg/hr.

3.1. Design Principles
A number of calculations and assumptions were made during the design phase of this
project. Two basic principles were combined in the design of the free-fall reactor. The first
principle dealt with the particle heating rate and the second involved the particle’s free-fall
velocity. After integrating both of these concepts, one can determine both the required wall

temperature of the reactor as well as its length for complete conversion.

3.1.1. Particle Heating Rate

It is often reported that the optimum operating temperature for fast pyrolysis is in the
range of 475 -525 °C [9, 23, 56]. By assuming that complete pyrolysis has taken place once
the center of a spherical biomass particle reaches 500 °C, only the time needed to be
calculated for the particle to reach this temperature. Ignoring all effects due to shrinking and
changing particle density, a lumped capacitance method was used to solve for the transient
heating time. The lumped capacitance approach assumes a uniform temperature distribution
throughout the body. Since this can only be the case if the conductive resistance within a
solid body is zero, lumped capacitance is assumed accurate for small ratios of convection at
the surface of the body over conduction within the body. This ratio is non-dimensionalized

and generally represented by the Biot number, Bi given in Equation 1:

. hL.
Bi= k° Equation 1.
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where, / is the convective heat transfer coefficient at the surface of the body and & is the
conductive heat transfer coefficient within the body. The characteristic length, L. is defined

as the ratio of an objects volume, V to its surface area, A as given in Equation 2:

\%
L =— Equation 2.
A 4

In general, the lumped capacitance method is applicable if Equation 3 is satisfied[57].

Bi<0.1 Equation 3.

MathCad 13, a computational software package from Mathsoft was used to perform
many of the following calculations. A more detailed version of the calculations may be
found in the Appendix A. In order to find the Biot number so that lumped capacitance could
be assumed, the convective and conductive heat transfer coefficients as well as the particle
size must be defined. Since the biomass particles would be free-falling through a heated
reactor tube, the only heat transfer to the particles is due to convection and radiation.
According to Cengal, typical free convection heat transfer coefficients for gases range
between 2 and 25 W/m’K [57]. Likely the convective heat transfer coefficient is greater than
10 W/m’K but by assuming a low value for free convection one could be assured that the
system would be over designed. Bohn and Benham [54] conclude that radiation heat transfer
is the primary means in which particles are heated within an entrained flow reactor. To
account for this, a radiation heat transfer coefficient, 4,,; was derived as shown in Equation

4:

2 2
_ O-(Tp + Twall XTp + Twall )
rad ~ .
1 1 Equation 4.
— =1+ a

E F

P p _wall

where, o is the Stefan-Boltzmann constant, 7}, is the particle temperature, 7, is the reactor
wall temperature, ¢, is the emissivity of the particle and F), .y is the view factor from the

particle to the reactor wall. In Appendix A, the radiative heat transfer coefficient is
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calculated for various wall temperatures. Comparing this value to the assumed convective
heat transfer coefficient reveals that it is about 4 to 10 times greater.

By defining the biomass particle as a cube the view factor can be estimated.
Assuming the particle cannot see the reactor wall through the top and bottom faces of the
cube due to the other particles falling before and after it, the view factor can be approximated
to be somewhere between 4/6™ (2/3®)and 1. By choosing a view factor of 0.7 and
assuming that the biomass particle enters the reactor at room temperature and that the particle
is a blackbody, only the wall temperature is undefined. Details concerning the view factor
assumptions are in Appendix A.

Bailey [58] defines the thermal conductivity of softwood at 500 °C to be 0.09 W/mK.
Using the thermal conductivity and selecting a range of temperatures between 850 K and
1250 K and a range of particle sizes between 50 and 1000 microns, one can find a number of
solutions (wall temperatures and particle sizes) that satisfy the lumped capacitance
requirements (Bi <0.1).

Again, assuming that complete pyrolysis occurs when the particle reaches 500 °C, the
next step is to calculate the time required for a particle to reach that temperature. Using a
lumped capacitance approach, Equation 5 can be solved for ¢, the time required to reach a

specified temperature, 7(?):

IO L. _ Equation 5. [57]
- = uation Jd.
T,-T. !
where, T, is the fluid temperature, in this case assume the fluid temperature is equal to the
wall temperature, 7; is the initial particle temperature and b is the time constant given in

Equation 6.

hA

N

pve,

Equation 6. [57]

Replacing % in Equation 6 with the radiation heat transfer coefficient in Equation 4 while

specifying a particle density, p a specific heat, C, and a particle diameter, Equation 5 can be
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solved for ¢, the time to reach 7(z) or 500 °C. Note that only the radiation heat transfer
coefficient is substituted to be conservative. Kanury and Blackshear [59] report the density
of a number of wood types. The densities considered range from 450 kg/m” for char to 1350
kg/m® for coal with typical biomass densities falling somewhere in between. The results
from Equation 5 confirm that particles with high densities require more time to reach 500 °C
then those with lower densities at the same wall temperature. Similarly, larger particles
require longer heating times than smaller particles. Refer to Appendix A for further detail.
Figure 9 depicts the time required for a 600 kg/m’ particle of various diameters to reach 500
°C. Figure 10 depicts the time required for a 1350 kg/m’ particle of various diameters to
reach 500 °C.

It is also well reported that the vapor residence time for fast pyrolysis should be less
than 1-2 s [8, 9, 11, 26]. By limiting the heating time to 2 s, a reasonable particle size of 300
microns and wall temperatures between 780 °C and 880 °C were selected as the basic
operating parameters. The energy required to pyrolyze 1 kg/hr of biomass, was computed
based on the enthalpy of pyrolysis, 1.53 MJ/kg as reported by Daugaard [60]. Plugging the
total heat required into a simple, steady state, thermal resistance network, the thermal
resistance between the heater surface and the center of the reactor pipe was calculated. The
temperature drop across the thermal network was found to be around 150 °C if the center of
the reactor was to be maintained at 500 °C. As a result of these calculations, a set of Watlow
ceramic radiative heaters were selected with ample wattage and set-points capable of

reaching over 1000 °C.

3.1.2. Particle Free-fall Velocity

Knowing the restrictions on particle size set by rapid heating to 500 °C in 2 s or less
the length of the reactor was determined. To be conservative, all effects due to particle
heating, such as changing density and loss of mass were ignored. A 300 micron diameter,
with a 1350 kg/m’ density biomass particle was assumed for the following calculations. The

forces on a particle in free-fall yields the force balance shown in Figure 11.
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Figure 11. Biomass particle free body diagram

The buoyant force, Fp and drag force, Fp oppose the force due to gravity, Fg. Summing the

forces around the particle yields the following in Equation 7:

ZF:m-a=m§:FB+FD—FG Equation 7.
t

or written another way,

dt m 2m

V. CopA,
dV:pfg Py pPy <y _g Equation 8.

where dv/dt is the change in the particles velocity, pyis the fluid density, g is gravity, V), is the
particles volume, m is the particles mass, Cp is the drag coefficient and A, is the particles
cross sectional area. The drag coefficient is a function of the Reynolds number which is

defined in Equation 9,

p;D,v
y7,

Re = Equation 9.

where D, is the particle diameter and is u the fluid viscosity. An iterative approach must be
used to solve for the velocity since it is a function of the drag coefficient which is a function
of the Reynolds number, which in turn is a function of the velocity. Once the velocity has
been found, the corresponding drag coefficient can be used in Equation 8. Solving the

Equation 8 using Euler’s method with the initial condition of dv/dt=0 at t=0, the particle’s
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velocity at time ¢ can be found. For a 300 micron particle falling for 1.5 s from rest, it will be
travelling near 1.32 m/s and will have fallen 1.9 m. This is the length required for the reactor
to heat that same particle to 500 °C.

The diameter of the reactor was selected based on the volumetric flow rate of
pyrolysis vapors produced. Applying the Ideal Gas Law as a rough estimate, the volumetric
flow rate of the pyrolysis vapors leaving the reactor at 500 °C and 1 atm is approximately 9.3
sL/min. To find the velocity of the vapors leaving the reactor, the volumetric flow rate was
divided by select pipe diameters. For a standard Schedule 40, stainless steel pipe, the inner
diameter is 2.1 cm. At this diameter the vapors will exit the reactor at 0.45 m/s.
Accordingly, in 2 s, the vapors travel 0.9 m —about half of the reactor length. This pipe
diameter was justified for several reasons. One, it was assumed that most of the vapors
would be formed in the lower half of the reactor. Two, moving to a smaller diameter may
jeopardize the structural integrity of the reactor. Three, a smaller diameter would increase
the likelihood of biomass becoming lodged inside. Four, since the vapors at the exit would
be travelling less than half as fast as the biomass particles, it is relatively safe to assume that
addition of nitrogen carrier gas to decrease the vapor residence time would not significantly
affect the particle velocity. Addition of 5 sL/min of nitrogen carrier gas would effectively
double the pyrolysis vapor velocity to 1 m/s which is under that of the particle velocity. This
corresponds to a vapor residence time of about 1.9 s.

For versatility, the reactor was designed to have four sections. The bottom three
sections were equipped with vapor ports spaced at 0.3 m intervals from the bottom. This
allows for the pyrolysis vapors to be pulled off earlier if the residence time was found to be
too long. Additional provisions were made by placing a nitrogen purge line on top of the
reactor. The purge line served a dual purpose. It both removed the oxygen from the system
and also permitted a degree of control over the flow rate of the vapors. While increasing the
nitrogen flow rate increases the vapor flow rate it also can potentially increase the particle

velocity if set greater than 5 sL/min.
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3.1.3. Char Removal Technique

Another important design consideration that was taken into account was removing
char from the vapor stream. As the synonym name of the reactor suggests, char is entrained
in the vapor stream exiting the reactor. The particulate is entrained when sufficiently high
fluid velocities creating a low pressure region pick up the fine particulate. It is important to
remove char from the vapor stream as it acts as a catalyst for secondary reactions [2]. As
previously mentioned, this has implications for both bio-oil yield and stability [13].
Traditional char separation techniques include cyclone particulate filters and more recently
hot gas filtration. Hot vapor filtration techniques may remove finer particulate matter, but at
the cost of bio-oil yield [13, 25, 61].

Zhang et al. [46], Zanzi et al. [S0] and Li et al. [49], all show a char catch located at
the bottom of the free-fall reactor. A vapor port located above the char catch leads into a
cyclone to remove fine char particulate. Expanding on this idea, a char catch and cyclone
were incorporated in the free-fall reactor design. In an effort to remove any entrained char
exiting the reactor a sudden expansion was designed into the top of the char catch. The
expansion is similar to a settling chamber where an abrupt drop in the vapor velocity would
allow particulate to fall out. In principle, if the velocity of the fluid is lower than the particles
terminal velocity, the particle will disengage from the flow. The diameter changes from 2.1
cm in the reactor to 15 cm in diameter in the char catch. The superficial velocity calculated
by dividing the volumetric flow rate by the cross-sectional area is reduced by a factor of 50.
This corresponds to removing all particles greater than 40 microns. The char catch is 15 cm
in diameter and 0.40 m in length. Refer to Appendix A for further details.

High efficiency cyclones may be up to 90 % effective at capturing particles as small
as 5 microns in diameter[62]. A cyclone is designed in part on volumetric flow rate and
superficial velocity of the fluid passing through it[63]. As the flow rate increases, generally
the diameter of the cyclone increases and all other dimensions proportionally. A fluidized
bed reactor has a consistently high fluidization velocity and a series of cyclones are often
used to remove char. The free-fall reactor on the contrary does not require a high amount of
carrier gas. This implies two things. One, the particulate loading is much greater per unit

volume of vapor produced and secondly, a much smaller cyclone is needed. The flow rates
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of the free-fall reactor are such that a properly sized cyclone would have an inner diameter
just over 0.8 cm. Due to the expense and intricacy of fabricating a cyclone, a slightly larger
cyclone from another system was experimented with and found adequate. A second cyclone
similar in size was later designed to take the place of the original and allow the original to be
returned to its normal use. On average less than 2 wt % char is collected in the cyclone
largely depending on the feedstock particle size. The cyclone is heated to 475 °C using a 2.4

m (8 ft) Amptec 120 V heat tape to prevent vapor condensation and subsequent blockage.

3.1.4. Bio-oil Collection

Multiple methods have been tried including spray quenches, water, ice or dry-ice
cooled condensers or impingers as well as electrostatic precipitators and glass wool or cotton
filters [15, 23, 47, 49, 64, 65]. The focus of the project was focused on the design of the
reactor, therefore an iterative approach based on experience and trial and error was followed
for the development of the bio-oil collection system. Initially, glass impingers placed in a
salt-ice mixture condensed the pyrolysis vapors. Glass wool placed in the final impinger
served to capture the aerosols. The sudden temperature shift from a hot reactor to ice-cold
impingers caused heavy coking at the transition. Additional difficulties in removing the bio-
oil from the impingers as well as cleaning the glassware led to a change in bio-oil collection
technique. A second and improved approach to bio-oil collection involved the transition to
stainless steel quick clamp fittings. The fittings are commonly used in the dairy industry for
transporting milk. A variety of shapes and diameters are available. Each section is held
together by a clamp and sealed with a polytetrafluoroethylene (PTFE) gasket rated at 200 °C.
The stainless steel fittings were arranged in a capital “H” shape and placed into an ice bath
followed by an impinger with glass wool. This evolved into the final set of condensers using
the “H” shape. The stainless steel fittings were eventually wrapped in copper tubing and
cooled with water. The final impinger and glass wool were replaced with a high voltage
electrostatic precipitator (ESP) to collect the aerosols. The bottom of the “H” condenser and
ESP were fitted with Nalgene® bottles which were replaced after each test and used to store
the bio-oil collected. A stainless steel coil and glass wool filter submerged in an ice bath

serve to remove any vapor and moisture in the product stream. In all, four bio-oil fractions
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are collected. The first two are captured in the “H” style condenser, a third in the ESP and a

fourth in the ice bath as shown in Figure 12.

Figure 12. Bio-oil collection system

3.2. Reactor Description
The free-fall reactor converts raw, lignocellulosic biomass into bio-oil, char and non-

condensable gas via fast pyrolysis. The process begins by climbing a ladder and placing
biomass into the Tecweigh® 5 Series Flex-Feed Volumetric feeder located on top of the
reactor frame. The feeder is sealed by clamping an acrylic lid to the rubber hopper
preventing any oxygen from entering. The feed rate is set with a 3-digit potentiometer
ranging from 000 to 999 depending on the calibration curve. An auger feeds 1 -2 kg/hr of
biomass directly into the top of the reactor after the on/off button is pulled out to start the
feeder. The reactor is a 2.1 cm (0.8 inch) inner diameter, schedule 40 stainless steel pipe.
The entire height of the reactor is 2.1 m (82 inches). The pipe is bolted together with four

flanged sections, the top two sections and bottom two sections are 24 and 12 inches long,
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respectively. The total heated length is 1.8 m (72 inches). Each section is radiatively heated
using two Watlow® Semi-cylindrical ceramic fiber heaters. The 0.6 and 0.3 m (24 and 12
inch) heaters can provide 1100 and 550 W, respectively for a total reactor power of 6600 W.
A panel mounted control box and feedback loop is used to set the heater temperature between
450 and 650 °C.

An Alicat Scientific™ mass flow controller regulates a nitrogen purge line feeding
into the top of the reactor and feeder. The carrier gas serves to remove all oxygen from the
system before starting the feeder. K-type Omega® thermocouples are located in 0.30 m (12
inch) increments along the reactor. The seven thermocouples serve to monitor the
temperature of the biomass particles as they fall through the reactor and are rapidly heated.
On average, over 98 % of the char is collected in a 0.15 m (6 inch) diameter, 0.40 m (16
inch) tall stainless steel catch located at the bottom of the reactor. The char container is
clamped to the reactor with a 0.15 m (6 inch) quick clamp using ceramic rope as a high
temperature gasket material. It is heated by a 0.15 m (6 inch) diameter barrel heater to
prevent condensation of vapors from occurring inside.

The vapors and non-condensable gas that are produced from the high-temperature
reaction exit the reactor and enter a heated cyclone particulate filter to remove any entrained
char. Vapors leaving the cyclone enter a four fraction bio-oil collection system. The first
two bio-oil fractions are collected in a water cooled condenser. The water flow rates are
controlled using rotometers. There are two water loops. The first passes through a heater
and is maintained around 100 °C at the condenser inlet. The second loop is cooled in a
chiller. The inlet temperature is kept near 15 °C. The third bio-oil fraction is an electrostatic
precipitator or ESP. Rather than condensing the vapors, the ESP collects aerosols or tiny
liquid droplets by inducing a negative charge on them using a Glassman ER series 30 kV DC
power supply. The charged aerosols then collect on the ESP wall and flow down the sides.
The fourth and final fraction condenses any remaining vapors. A circular stainless steel coil
is submerged in an ice bath reducing the temperature of the vapors to nearly 0 °C. Only the
non-condensable gas exits the bio-oil collection system after passing through a glass wool

filter.
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The reactor is maintained at a gage pressure of 12 cm (5 inches) of water by a
vacuum pump. The pump pulls the non-condensable gases out of the system and through a
Drierite® filter before they are analyzed. A slip stream of gas is characterized online by a
Varian 4900 Micro Gas Chromatograph every three minutes. The main constituents are
carbon monoxide, carbon dioxide, methane and hydrogen. The gases subsequently pass
through an Excel diaphragm fuel gas meter to determine the volume produced and are then
vented into a fume hood.

National Instruments LabVIEW software and hardware are used to collect and record
reactor temperatures and pressures as well as control flow rates. A schematic and

photograph of the reactor and bio-oil collection system is shown in Figure 13 and Figure 14.
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Figure 14. Actual free-fall reactor and bio-oil collection system
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CHAPTER 4: Experimental Methodology
4.1. Shakedown Trials

The purpose of the shakedown trials was two-fold. The first was to identify areas in
need of improvement. In-depth knowledge of fast pyrolysis and the free-fall reactor were
gained through this process. Trial and error, instrumentation and data analysis as well as gut-
level instinct played important roles in solving reoccurring problems and fixing new ones.

Two major difficulties were encountered during the initial shakedown trials. The first
was the repeated plugging of the system causing a large pressure buildup. The plugging
primarily resulted from bio-oil vapors condensing prematurely on cool surfaces before the
entering the condensers. The moment the vapors began to condense, char and more vapors
would coalesce together and quickly plug the system. This problem was alleviated only after
all surfaces were adequately heated to prevent bio-oil vapor condensation. The second
problem relates to particulate removal. The low amounts of carrier gas comparable to the
fluid bed reactor prohibit the use of traditional filtration devices, specifically a properly sized
cyclone. The majority of the heavy particulate settles at the bottom of the reactor in a char
catch. After filling a 3-L char catch within a 1 hour experiment, a larger 7-L char catch was
fabricated. The larger catch was shown to decrease the bio-oil yield slightly and increase the
char yield presumably due to a longer vapor residence time. Fine char entrained in the
vapors passed through an oversized cyclone. The cyclone removed the majority of the fine
particulate but is not entirely effective especially at low biomass feed rates and small particle
sizes as particulate is visible in the bio-oil. The cyclone may plug with char at the bottom
where it would normally enter the cyclone catch. This is a concern for processing un-sieved
biomass.

The second role of the shakedown trials was to determine the extreme operating
conditions of the reactor. This knowledge was crucial in setting the levels for each factor in
the future design of experiments. Combinations of high and low biomass feed rates, particles
sizes, carrier gas flow rates, and reactor temperatures were tested.

The shakedown trials proved that the free-fall reactor was capable of handling particle
sizes much larger than the 300 microns as well as feed rates double the 1 kg/hr design

parameters. In fact, particle sizes as large as 1 mm were tested and feed rates as high as 2



36

kg/hr performed well. Heater temperatures between 400 °C and 800 °C were also tested.
Nitrogen flow rates between 1 and 5 standard liters per minute (sL/min) were arbitrarily
selected —primarily to purge any oxygen in the system.

Visual observation of the bio-oil and char displayed how well the trial went. Careful
attention to the system temperature and pressure through the duration of an experiment also
provided a gauge to the quality of the experiment. Only after all multiple trial runs of the
free-fall reactor at various operating conditions and configuration could a design of

experiments be performed.

4.2. Design of Experiments

A statistically designed set of experiments were performed as a means through which
the free-fall reactor could be evaluated. The four factor central composite design minimized
the number of tests to be run with the reactor while simultaneously maximizing the amount
of data generated. Central composite designs are efficient in determining main effects, two-
factor interaction effects and the quadratic effects [66]. Figure 15 symbolizes a three factor
central composite design. Each dot represents a different set of conditions at which one
experiment is performed. The central point, (0,0,0), is repeated to establish the variance
within the system. This variance is then applied to each of the other points since they are
only performed once.

The purpose of the 30 experiments was to determine the optimal operating conditions
for maximum production of bio-oil as prescribed by the second order response surface. The
four factors tested include biomass feed rate, particle size, heater temperature and carrier gas

flow rate. Each factor contains five levels. Table 6 displays the levels for each factor.

Table 6. Design of experiment factors and levels

Coded level and actual level

-2 -1 0 1 2
X1 Reactor temperature (°C) 450 500 550 600 650
Xo Biomass particle size (um) 200 300 400 500 600
X3 Carrier gas flow rate (sL/min) 1 2 3 4 5
X4 Biomass feed rate (kg/hr) 1 125 15 175 2

Variable Factor
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Figure 15. Three factor central composite design

In all, 30 experiments were run, 6 identical center points, 8 axial experiments and 16
factorial experiments. Table 7 lists the conditions for each experiment.

Using the outcome of the design of experiments, models were created in section 5, to
show how the operating conditions affect product yield and composition. SAS Institute’s
JMP 6.0 statistical software package was used to perform statistical calculations and model
the central composite design results. Full quadratic models for the product yield and other
parameters were fit using all 30 experiments. Each model can be simplified into the

following second-order polynomial:

Y, = :30 + Zi::Bixi + IZi:ﬂijxixj + %ﬂii'xiz Equation 10.

where, Y; is the model response, fy is a constant, ; and f;; are model coefficients, x;, xyx; and

x;” are single terms, interaction terms and quadratic terms, respectively.
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JMP 6.0 represents the levels for each factor as coded variables. These values
linearly correspond to the actual levels as shown in Table 6. For example entering -1 into a
model for x; would correspond to the temperature 500 °C.

A good model will have a P-value less than 0.05 and a lack of fit P-value greater than
0.05. A model P-value less than 0.05 indicates that the model is significant. A P-value
greater than 0.05 for the lack of fit test indicates that the lack of fit is not significant. A
significant lack of fit indicates that another model (possibly linear) may fit the data better. A
model can be significant and have a significant lack of fit.

Some models in section 5 have been reduced. Reducing the models eliminates many
of the insignificant terms making the model easier to understand and more manageable. Not
all models are reduced leaving only significant terms. A number of terms that were on the
borderline of being significant were kept with the reduced models. Reduced models often
become more significant than the full models they are based upon. The Root Mean Square
Error (RMSE) often decreases with the reduced model making it a better predictive model.
The R? value will decrease once the model is reduced. All models that were produced can be
found in Appendix D.

The experiments were performed in random order to minimize and distribute any
effects due to changes within the reactor setup. It is important to note that the results of the
statistically designed set of experiments are specific first of all to the free-fall reactor and
secondly to the factors tested. One should not extrapolate the results to other feedstocks,
reactors and situations, and though the results may correlate, the statistics and models hold
only for the specific conditions utilized during the set of experiments. Therefore using the
resulting models to accurately predicting the outcomes will depend on the similarity of the
conditions used to create the model.

Any models reported herein are created using values either directly from the
experiments or as a result of the product analysis. The models report 95% confidence
intervals which are calculated based upon the data from the six replicate tests or center

points.
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Table 7. Central composite design list of experiments

Factor
Type Run Temperature Particle Flow r.ate Feed rate
0 size (um)  (sL/min)  (kg/hr)
1 550 400 3 1.5
£ 2 550 400 3 15
& 3 550 400 3 1.5
2 4 550 400 3 15
S 5 550 400 3 L5
6 550 400 3 1.5
7 550 400 3 >
£ 8 550 400 3 )
E 9 550 400 5 15
g 10 550 400 1 1.5
s 1 550 600 3 15
g 12 50 200 3 L5
< 13 650 400 3 15
14 450 400 3 15
15 600 500 4 1.75
16 600 500 4 1.25
17 600 500 2 1.75
18 600 500 2 1.25
o 19 600 300 4 175
5 20 600 300 4 1.25
g 21 600 300 o) 175
é 22 600 300 2 125
- 23 500 500 4 1.75
T 24 500 500 4 1.25
g 25 500 500 2 175
= 26 500 500 2 1.25
27 500 300 4 1.75
28 500 300 4 1.25
29 500 300 2 1.75
30 500 300 2 1.25
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4.3. Feedstock Preparation

Many biomass types were tested including corn stover, corn fiber and Red oak during
shakedown trials. As previously mentioned, the ash content of a biomass influences the
product distribution. The shakedown trials confirmed this when biomass with higher ash
contents such as corn stover resulted in lower bio-oil yields. Red oak biomass was selected
as the feedstock of choice for design of experiments. This decision was made in part because
of the higher bio-oil yields achieved during shakedown trials but also due to the homogeneity
and low moisture content of the biomass. Since the goal of the design of experiments was to
optimize the reactor operating conditions this ideal feedstock was chosen. The Red oak

properties are listed in Table 8.

Table 8. Red oak properties

Constituent (wt %) Ultimate Analysis (wt %) Proximate Analysis (wt %)
Hemicellulose 20 Carbon 48.70 *3.56 Moisture 386 £1.25
Cellulose 29.8 Hydrogen 6.80 +0.40 Volatiles 81.90 +£0.45
Lignin 43.3 Nitrogen 0.072 £0.012 Fixed Carbon 12.56 +£0.51
Extractives 33 Oxygen® 44.03 +3.87 Ash 0.39 +0.18
Ash 0.3 Sulfur 0.002 £0.001  Other 1.28 -
Other 3.3 Ash 0.39 +0.18

Total 100 100 100

* calculated by difference

The Red oak chips are produced by Glen Oak Lumber and Milling out of Montello,
Wisconsin. A subsidiary named Wood Residual Solutions distributes the wood chips and
shavings produced by the mill. The wood is kiln dried to 8 wt % moisture at the lumber mill
and passes through a 2 cm grinder screen before packaging. The Red oak has a higher
heating value of 18.05 + 0.98 MJ/kg.

The biomass particle size is important for the free-fall reactor. A particle that is too
large will not be able to heat up quickly and the bio-oil yields will decrease while char and
gas production will increase. For this reason, it was critical to determine the effect of particle

size on the reactor performance.
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Upon arrival, the wood chips were put through an Art’s Way 60 hp hammer mill with
a 0.6 cm screen. Further grinding was performed using both a Retsch® SM2000 cutting mill
and a Schutte Buffalo hammer mill. The ground material was then classified using a Gilson
Test Master® TM-3 sieve shaker. Sieve trays with screens sizes ranging from 200 micron to
700 microns in 100 micron increments were placed in the shaker. The Red oak was loaded
into the top and the shaker was turned on until the sieve trays were full. The trays were
emptied into containers according to particle size. This process was performed until between
20 and 40 kg of each was collected depending on the number of tests with that particle size.

The sieved Red oak particles are shown in Figure 16.

Figure 16. Sieved Red oak particles

The density of the particles is also an important factor in determining the particle
heating rate as well as its free-fall velocity as discussed in sections 3.1.1 and 3.1.2. A
Pentapycnometer was used to determine the particle density. The pycnometer uses a series

of differential volumes and the ideal gas law to calculate the particle density. The instrument
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was purchased after the reactor was constructed and therefore the particle density was
evaluated as a means to compare the design assumptions. In both the particle heating rate
and the particle free-fall velocity calculations a particle density of 1350 kg/m3 was assumed.

This is slightly under the densities reported in Table 9.

Table 9. Red oak particle density

Particle size Density  Error

(micron) (kg/m®) (kg/m’)

200 1427.6  *1.2
300 14323  #1.3
400 14004  #+4.3
500 1387.4  £54
600 1376.1  +5.6

A feeder calibration curve was made for each particle size. About 3 kg of Red oak
was placed into the feeder. An acrylic lid was clamped down on top of the feeder to prevent
oxygen from entering. A 1 gallon Ziploc® bag was placed on the end of the feeder auger.
The initial mass was recorded. The 3-digit potentiometer was set to 100. After 5 minutes,
the bag was weighed and the mass recorded. The potentiometer was increased by 100 and
the process was repeated until a full calibration was made.

The biomass was stored in sealed 5 gallon pails within the laboratory. Before each
experiment, the Red oak moisture content was determined by an Omnimark Instrument, Co.
Mark 2 Standard moisture analyzer. The Red oak moisture content was consistently 5.2 +
0.25 wt % throughout the 30 experiments. The feeder was filled with nearly 3 kg of Red oak

before each experiment.

4.4. Product Analyses
The bio-oil, char and non-condensable gas from each of the 30 experiments were
analyzed. The non-condensable gas was analyzed for gas composition throughout the
duration of the experiments. The bio-oil and char were stored and analyzed much more
thoroughly. To cut down on the number of samples, especially for the analysis that requires

many hours to be completed, the following approach was taken. Each bio-oil sample of the
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six center points was analyzed in triplicate. From these, an average value was calculated for
each center point. Since the center point products were all performed at the same conditions
the averages values were expected to be quite similar. Any deviation then can likely be
attributed to experimental error due to the sample preparation technique or equipment error.
The error due to the instrumental analysis was assumed to be small enough to be ignored.
The average error (95% confidence interval) of the six center points was then applied
to the remaining 24 experimental values whose analysis was performed only once. This
methodology was applied for the water insoluble content, solid content, ultimate and
proximate analysis, and GC/MS analysis for bio-oil analysis as well as the ultimate analysis
for char. Only the moisture analysis was performed in triplicate for all bio-oil samples. The
remaining bio-oil analysis tests namely, higher heating value, total acid number and viscosity
were only conducted on the six center point samples. The confidence intervals are reported
for tabulated values. All models use confidence intervals derived from the six centerpoints.
Since four bio-oil fractions were produced, all resulting analysis was mathematically
recombined according to the bio-oil fraction mass and reported as a single bio-oil fraction
value. The fourth fraction of bio-oil made up 1.9 wt % of the total bio-oil on average. This
amount was often not enough to perform a complete analysis on and therefore the sample
was not analyzed completely in some cases. The average values of the center points were

thus adopted in place. The procedures and types of product analyses are given.

Mass Balance: All unfed biomass was removed from the feeder by a vacuum and weighed
after each experiment. The amount of biomass fed was calculated by the difference in initial
and final biomass weights.

At the beginning and end of each experiment, the condenser, ESP and ice bath coil
are weighed individually to determine the bio-oil yield. The four fractions of bio-oil are
removed, capped and placed in a refrigerator. The refrigerator temperature cools the bio-oil
to prevent polymerization or aging.

The reactor char catch and cyclone char catch were cooled to room temperature
before being removed from the system. The difference between the final and initial char

catch weights were used to determine the char yield.
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The total volume of non-condensable gas was calculated by the difference of the final
and initial volume meter reading. An average molecular weight was determined over the
steady state region of the gas chromatogram. Modeling the non-condensable gases as an
ideal gas, the mass produced was calculated at the average pressure and temperature of the

volume meter over steady state.

Bio-oil Sample Preparation: At the time of analysis, the bio-oil containers were taken out of
the refrigerator and allowed to reach room temperature. Bio-oil fractions 1, 2 and 3 were
somewhat viscous and may have undergone some separation while in the refrigerator. To
ensure that a representative sample was taken a homogenized mixture was created. To do so,
the bottle was shaken by hand for one minute and then stirred with an impeller for another
minute. Once this procedure was performed, a sample was ready to be prepared for bio-oil

analysis.

Moisture Content: Moisture content of the bio-oil fractions was measured by a Karl Fischer
titrator. ASTM E203 standard test method was used to determine moisture content. Before
use the titrator accuracy was verified using a 100 % water standard. Hydranal Composite SK

was the reagent while Hydranal Working Medium K was used as a solvent.

Water Insolubles Content: Water insolubles found in bio-oil are also known in literature as
pyrolytic lignin since it traced from the lignin portion of the biomass. It is the fraction of
bio-oil that when water is added the insolubles are precipitated [3]. The water insoluble

method was developed in house and can be found in Appendix B.

Solids Content: The solids found in bio-oil are predominantly fine char particles that pass
through the cyclone. The percentage of solids is determined by pouring a bio-oil/methanol
mixture onto a filter paper and finding the difference in weight before and after. The solids

content method was developed in house and can be found in Appendix B.
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Higher Heating Value: The higher heating value was determined on the center point
experiment bio-oil samples, the Red oak biomass and a number of char samples. ASTM
D240 test methodology was followed to determine the higher heating values using a Parr

oxygen bomb calorimeter model 1341EB.

Proximate Analysis: The moisture, volatiles, fixed carbon and ash of the bio-oil and char
were determined by way of a thermogravimetric analyzer. A Mettler Toledo TGA/DSC1
STAR® system using ASTM D5142 standard test method was followed.

Ultimate Analysis: The carbon, hydrogen, nitrogen and sulfur and contents of the bio-oil and
char were found using a LECO® TruSpec CHN, and a TruSpec S analyzer. ASTM D5291
standard test method was used to determine bio-oil carbon, hydrogen and nitrogen contents.
ASTM D1552 standard test method was used to determine the bio-oil sulfur content. ASTM
D5373 standard test method was used to determine carbon, hydrogen and nitrogen content of
char, while ASTM D4239 standard test method was used for sulfur. For both bio-oil and
char, oxygen was calculated by difference.

In all analysis, the instrument ranges for carbon, hydrogen and nitrogen and sulfur are
0.005 %, 0.02 %, 0.008 % and 0.001 %, respectively. The ash content was determined by

thermogravimetric analysis.

GC/MS: A Varian Saturn 2200 gas chromatograph/mass spectrometer (GC/MS) with a CP-
Sil 19CB (CP 8722) column was used to find the chemical composition of the bio-oil. Over
32 compounds have been calibrated for and were used to find the concentrations within the

bio-oil.

Total Acid Number: The total acid number (TAN) is a measure of the acidity of the bio-oil.
A Metrohm 798 MPT Titrino analyzer was used to determine the bio-oil acid number using
ASTM D664 standard test methodology. It is reported on a mg KOH/g bio-oil basis; that is
the amount of potassium hydroxide required to neutralize the acids within one gram of bio-

oil.
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Viscosity: The kinematic viscosity of the center point bio-oil fractions was determined with a
Cannon-Fenske Opaque viscometer. Standard testing methodology found in ASTM D445
and ASTM D446 was applied. The viscosity was measured at 40 °C for all bio-oil fractions.
The viscosity of the bio-oil is determined by the duration of time it takes for the bio-oil to
pass through a set of bulbs from a capillary tube. An appropriate capillary size was chosen

for each bio-oil viscosity range. The kinematic viscosity is reported in centi-Stokes (cSt).

Micro-gas Chromatography: The non-condensable gases produced during the fast pyrolysis
experiment are analyzed on-line using a Varian 4900 Micro Gas Chromatograph. Two
columns are used to determine the gas composition. The Varian Molsieve SA detects
hydrogen, oxygen, nitrogen, carbon monoxide and methane gases. The Varian Pora Plot Q
detects carbon dioxide, ethylene, acetylene and ethane. The data is plotted and an average

molecular weight is computed based on the steady state region.
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CHAPTER 5: Results and Dis