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Abstract

This focus of this dissertation is to advance our understanding of how the chemical makeup of
feedstocks alters the performance of thermochemical conversion and alters the production of biofuel and
chemical intermediates. In doing so we also develop strategies for obtaining a chemical makeup more
suitable for producing the desired product slate. The large-scale use of non-food biomass as a source of
renewable carbon for fuels and specialty chemicals will require the development of dedicated feedstocks
with cell wall characteristics optimized for growth and efficient conversion (high carbon and hydrogen
retention, low catalyst deactivation). Additionally, intensification of biomass production and reduction in
water and nutrient consumption is crucial. Therefore, this dissertation is focused on understanding the
thermochemical conversion of advanced feedstocks which will include woody biomass grown using state
of the art agricultural practices, drought tolerant biomass species, and chemically isolated lignin’s.
Harvesting age and presence/absence of bark have been selected as parameters to improve the agricultural
practices and chemical makeup of short rotation Eucalyptus benthamii (E. benthamii). Additionally,
Opuntia ficus-indica (prickly pear) and Grindelia squarrosa (gumweed), exceptionally drought tolerant
plants, are converted to biofuels using thermochemical processes for the first time. Finally, chemically
isolated lignin’s from hardwood and softwood species are a promising feedstock for the production of
phenolic compounds as specialty chemicals for polymers and resins.

Thermochemical gasification and pyrolysis of E. benthamii showed that by selecting the age at
which E. benthamii was harvested and altering the presence/absence of bark, tar profiles of gasification can
be altered. Older trees without bark produced more naphthalene and indene while younger trees produced

more benzene and toluene. Additionally, syngas profiles from gasification are affected by these parameters.



Older 7 year E. benthamii without bark (7EWo0B) generated higher levels of CH4 leading to a higher heating
value of the syngas compared to both younger samples harvested at 2 years with and without bark (2EWoB
and 2EWB). The presence of bark was found to increase the H- yield which leads to a higher H,: CO gas
ratio with the 2EWB sample. By selecting the appropriate growth cycle and altering the presence/absence
of bark, the product slate and kinetics of fast pyrolysis can be altered. Older samples had a higher Crl of
the cellulose leading to the production of d-Allose while this compound was not observed in measurable
guantities from younger samples. Additionally, the phenolic-monomers produced through fast pyrolysis
were different for these samples.

To further asses the formation of gasification tar as one of the main hurdles to the industrialization
of the gasification technology, model lignin dimers were used to evaluate how different linkages of lignin
and S, G, and H type lignin alter the reaction network and tar compounds. Pyrolysis at 850°C showed that
S type dimers produce more indene and 2-ring aromatics through radical condensations. G type lignin was
found to generate more furans and 3-ring tars while H type lignin produces more phenolics and 1-ring
aromatics.

Opuntia ficus-indica (prickly pear) and Grindelia squarrosa (gumweed) are two types of biomass
that possess unique cell wall architectures tailored for prolific growth in arid and semi-arid climates. Fast
pyrolysis of these feedstocks has potential as the unique carbohydrates and resins have been found to be
efficiently converted to hydrocarbons and generate their own slate of oxygenates not yet observed in the
catalytic fast pyrolysis of biomass. Vapor phase upgrading of these drought-tolerant feedstocks using
zeolite catalyst was shown to be an effective method of reducing the oxygen content of the pyrolysis vapors
and generating hydrocarbons and valuable chemicals. Pyrolysis vapors from prickly pear were effectively
converted to aromatics and olefins with slightly lower yields than that of pine. The higher H/Cet values lead
to lower yields of aromatics even for the in-situ configuration and therefore ex-situ catalyst used to produce
larger C3+ olefins are recommended. The ex-situ deactivation and coke formation were observed to be less
severe for prickly pear than other feedstocks and is attributed to the higher H/Ce values and elevated CO»
yields of non-catalytic pyrolysis vapors. Gumweed produced high levels of aromatics, moistly



naphthalene’s and toluene with in-situ catalyst placement. Ex-situ catalyst can be used to produce high
levels of olefins and potentially valuable oxygenates such as 3,3,5,6-tetramethyl-1-indanone. EX-situ
deactivation showed that these oxygenates can be produced even at a catalyst to biomass ratio of 1:2 while
yields of light olefins and aromatics decreased.

High-value chemicals are the leading area of research to make biofuels more economical. Phenolic
compounds are produced from the lignin fraction of biomass and can be used in resins and specialty
chemicals. Ethanol organosolv and ionosolv are two strategies to remove lignin from biomass and do so by
different reactions. By evaluating the different structures of the resulting lignin using 2D-HSQC NMR and
3P NMR it is possible to correlate the interunit linkages to the pyrolysis products and determine which
structures are more suitable for thermochemical conversion and production of higher value chemicals. lonic
liquid lignin was found to generate higher yields of phenolic monomers and also produced a much simpler

product slate than whole biomass or EOL lignin
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Chapter 1 Introduction

Biofuels and bio based chemicals represent the harmonization of capitalism with
environmentalism. Biofuels are not simply a replacement for fossil fuels they represent a shift in our
perception of how societies function. Moving from linear thought processes comprised of extraction,
utilization and dumping to a cyclic mindset where waste streams are as important as the raw materials.
Biofuel research has been driven by the notion that they are carbon neutral and better for the environment.
However, this fact alone cannot sustain a biorefinery. Research has to overcome significant technical
hurdles not only in the conversion of biomass but also in the cultivation and chemical makeup of feedstocks.

In this work, a biofuel is any chemical or mixture of chemicals that is a suitable replacement for
hydrocarbon fuels. A biofuel intermediate is a group of chemicals that can be easily upgraded to a fuel
source. Examples of this include syngas (CO, H) which can be used in Fischer Tropsch reactions to produce
gasoline type fuels which are a mixture of hydrocarbons that are 5-10 carbons in length, or diesel fuels that
are a mixture of hydrocarbons 11-20 carbons in length. Biofuel intermediates can also be the oxygenated
bio-oils which are a mixture of Furnas, phenols, carbonyls, acids, methoxyl phenols and many other
oxygenates. These oxygenated bio-oils can be deoxygenated through many processes to obtain a
hydrocarbon mixture suitable for gasoline or diesel fuel blends. Both examples show bio fuel intermediates
that can be upgraded to what is known as a “drop-in” biofuel. These are different than biofuels such as
ethanol, methanol or butanol because they are fully compatible with existing petroleum refineries.

A chemical intermediate is a single compound or group of compounds that will be used to produce
bioproducts. Some examples of chemical intermediates that are believed to have near-term marketability
are benzene, phenol, acetic acid, butanediols, furfural, and xylene. These can be used to produce plastics or
other polymers or may be used as resins, solvents or additives. Bioproducts is a broad term and in general
includes any value-added chemical produced from renewable sources.

The source of biomass is important to the overall success of the biofuels industry because it decides
the theoretical potential of any conversion process. * Additionally, feedstock cost is one of the main factors
driving the final fuel selling price. ? By making the amount of desired plant material more abundant through

improved agricultural practices and densification of crops we can improve the supply of biomass. By



making it easier to convert biomass into a desired product through optimization of cell wall architecture it
reduces the intensity and therefore the cost of the conversion process. The combination of these ideas is
expressed as the improvement of biomass supply and composition, the main goal of feedstock technologies.
Feedstocks have been categorized into 1%, 2", and 3" generation biomass categorizing materials by their
composition which intern leads to the intensity of the conversion process. *# 1* generation biofuels are those
which are primarily starch and have limited amounts of other materials present in their cell wall architecture.
% These 1°* generation biomass plants are technologically easy to convert to a combustible fuel. The leading
1% generation biofuel in the U.S. is corn (maize) which provides 95% of fuel ethanol production in the USA.
Globally this accounts for more than 50% of the worlds ethanol production. ® 2" generation biomass
feedstocks include lignocellulosic plants such as woody biomass and switchgrass. * Woody
biomass contains approximately 45% cellulose, 25% lignin and 25% hemicellulose with the remaining
fractions being extractives and ash. Switchgrass is composed of 35% cellulose, 26% hemicellulose and
18% lignin with larger portions of ash. 3 generation feedstocks are alga. 3 There are different strains of
alga being developed and the main objective is to get lipids which are longer hydrocarbons that can be
easily converted to fuels. Alga can generate up to 50% lipids by mass and the remaining percent is biomass
which can be used to generate fuels through other conversion processes. Alga can generate higher densities
of biomass; however, alga can be difficult to grow without contamination if large ponds are used and the
development of closed systems have not found a method that is as cheap as growing crops using traditional

agricultural methods. Another challenge of the algal feedstock is they require large volumes of water and

nutrients. ’
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Figure 1.1. The three generations of biofuel feedstocks

Drought resistant plants such as Opuntia ficus-indica (prickly pear) and Grindelia squarrosa
(gumweed) use up to 4 times less water than other types of biomass used for biofuels. This comes from the

photosynthetic mechanism used by these types of plants known as Crassulacean acid metabolism (CAM).



8 CAM photosynthesis limits the amount of transpiration as compared to C3 and C4 photosynthesis by only
opening the plant stoma to take in CO; at night when temperatures are lower. ® This greatly reduces the
amount of water wasted and also leads to very efficient growth which is surprising for desert plants. Both
prickly pear and gumweed have been cited as having the potential to produce approximately 11 Mg ha™ yr’
! which rivals that of switchgrass while grown in semi-arid climates where the average rainfall is only 400-
600mm. © While the dry weight yields of these plants are not yet higher than other types of biomass they
can be grown in regions of the Southwest where farmland is extremely cheap and uncompetitive. For
example, New Mexico can be as low as $500 per acre for farmland while regions like lowa are as much as
$8000 per acre. The carbon content of prickly pear and gumweed is still within the range of other biomass
types and therefore the theoretical energy content generated by growing these plants is not significantly

changed.

4%
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Figure 1.2. 2017 Farm real estate value by state and percent change from 2016

Conversion technologies are broken down into biochemical and thermochemical groups. Within
the vast amount of processes available the main objective is to produce a molecule with either a high fuel
value or a high chemical value. Producing fuel is the main goal as the driving factor for biofuels is to replace
petroleum-based fuels that are harmful to the environment. However, the economics of the biofuels industry
can be improved if valuable oxygenated products are made as co-products. These molecules have a higher
value than fuel in many cases and they are not competing directly with petroleum markets. *2 Petroleum is
fully deoxygenated and therefore chemical reagents are synthesized and not simply distilled. Molecules
such as acetone, phenol, furan, furfural, and diols are wanted co-products that can add a great deal of value
to the process. ** There are a lot more compounds that can be added to the list of value-added chemicals and
it should be noted that the biochemical and thermochemical routes generate different value-added
chemicals. Other CO-products can include lubricating oil and hydraulic fluids.
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Figure 1.3. Conversion technology flowchart

The biochemical processes consist of three main stages; pretreatment, hydrolysis, and fermentation
or chemical processing. Pretreatment aims to break the plant cell wall and increase the accessibility of
catalyst (enzymes) to the sugars available in the feedstock. A few examples of pretreatments are; ionic
liquids, dilute acid, ammonia fiber explosion, steam explosion, organosolv or alkaline treatments just to
name a few. ** Another function of the pretreatment is to separate the lignin from the feedstock. Lignin is
mostly detrimental to the fermentation processes because it cannot be converted to a usable chemical.
Typically, lignin is burned to recover the energy as heat. However, there is a growing field of research
around converting lignin into valuable chemicals. 1* Pretreatment is an expensive processes * and therefore
thermochemical conversion which negates pretreatment has an advantage over biochemical in this respect.

Thermochemical conversion uses high temperatures to convert biomass and covers three main
processes; pyrolysis, gasification, and combustion. Oxygen or air are used in the case of gasification and
combustion to act as an oxidizing agent are partially combust biomass. Gasification can also use carbon
dioxide as an oxidizing agent. Pyrolysis does not use an oxidizing agent, but it can use hydrogen in some
cases. These processes although all categorized the same give very different products. Combustion is the
cleanest processes and converts most of the biomass into CO,, water, ash, and heat. This process is
technically simple and can be used to generate steam which in turn is used with steam turbines to generate
electricity. The downfall of this process is that it does not generate a liquid transport fuel and therefore does
not address the key motivation of the biofuels industry. Gasification is similar to combustion but uses
slightly lower temperatures and levels of oxygen so that the biomass is converted to carbon monoxide,
hydrogen, methane, and carbon dioxide. This mixture of gasses is known as syngas and is analogs to natural
gas. It can be used with either a Fischer-Tropsch reaction to generate linear alkanes or in a dimethyl either
to triptane process. Within the scope of this process, the technical hurdle is contaminants produced during
gasification. These lead to expensive downstream cleaning of the syngas. These contaminate consisted of
tar, sulfur compounds, nitrate compounds, and halides. These would coke and poison reforming catalyst,

again making the cleanup processes expensive. Pyrolysis uses an inert atmosphere and temperature of

4



around 500°C to partially deconstruct biomass. This leads to the production of bio-oil which can contain
hundreds of chemicals. These chemicals may be further upgraded through vapor phase upgrading with a
catalyst or a hydrotreating process to give mostly deoxygenated molecules. Pyrolysis gives the most
chemically diverse product slate of all the conversion processes. This has the potential to generate valuable

oxygenated co-products as listed earlier.

1.1 Research Problem

The US contains roughly 2.5 billion acres within its boards and only 56% remains as forest-use-
land and grassland pasture and range. '® The remaining land is accounted for as cropland, urban areas, and
special-use areas. Therefore, to realistically expand the use of biofuels the growth of biomass feedstocks
must be optimized for these areas and produce high yields while maintaining a suitable chemical makeup.
Intensification of land use through short rotation forestry is an excellent way to improve yields as well as
selectively harvest and process biomass to give better conversion performance. Utilizing arid and semi-arid
deserts and grasslands can greatly increase the availability of land for bioenergy crops. Exploration into the
conversion of drought-tolerant biomass is a novel field of research with great potential to expand the
portfolio of biomass available for biofuels. By determining how the chemical makeup of these feedstocks
influences the product slate we can better account for the variability in biomass and produce a more

desirable product slate of biofuel and chemical intermediates.

1.2 Research Proposal and Objectives

Objective 1. Bubbling fluidized bed gasification of short rotation Eucalyptus: effect of harvesting age and
bark.

Goal: Improvement of syngas production and reduction of tar contaminants from biomass gasification by
altering feedstock age and the presence/absence of bark in combination with adjusting the amount of bed
material within the bubbling fluidized bed reactor.

Rational: Eucalyptus is an energy crop that can grow prolifically in the Southeast and through the practice
of short rotation coppicing it is possible to control the growth conditions to give a predictable annual yield.
However, the variable of the growth cycle has never been addressed with regards to gasification products
and tar constituents. Consequently, it is difficult to advise on the best practice for obtaining a feedstock
with the optimal chemical composition for gasification. Therefore, the rationale for this objective is to
provide a detailed account of the gasification syngas profile and tar contaminants and correlate them with
biomass properties so that growth cycles of E. benthamii in the south-east can be optimized for non-

catalytic, oxygen fed, bubbling fluidized bed gasification.



Obijective 2. Spectroscopic characterization and non-catalytic fast pyrolysis of Eucalyptus: Effect of
harvesting age and bark.

Goal: Further analyze the structure of eucalyptus and utilize pyrolysis as an intermediate step of gasification
to better understand the gasification behavior.

Rational: Subtle chemical differences in biomass characteristic can potentially be determined through
spectroscopic characterization that cannot be seen with methods used in objective one. Additionally,
pyrolysis can be used as an intermediate step of gasification to observe compounds that may influence the

tar compounds generated.

Objective 3. Tar formation from lignin model dimers containing the p-O-4 and biphenyl linkage with
different methoxyl content representing the H, G, and S lignin types.

Goal: Identify how H, G, and S type lignin dimers alter the formation and selectivity of tars from
gasification/ pyrolysis.

Rationale: Lignin is the main source of larger aromatic tars generated during gasification. The p-O-4
linkage is the most abundant linkage in lignin’s and is also easily fragmented during pyrolysis/gasification
to ultimately generate H, G, or S monomers. The homolytic cleavage of methoxyl groups is the main step
in the polymerization of lignin derivatives to generate soot and larger aromatic compounds. Therefore,
using these model compounds and obtaining a detailed product slate with Py-GC/MS/FID/TCD the
mechanism of tar formation from different types of lignin can be understood and ultimately determine what

causes the different aromatic tar compounds to be formed during gasification.

Objective 4. Fast pyrolysis of Opuntia ficus-indica (prickly pear) and Grindelia squarrosa (gumweed).
Goal: Evaluate the pyrolysis product slate of novel, drought tolerant feedstocks Opuntia ficus-indica
(prickly pear) and Grindelia squarrosa (gumweed) at 450°C, 550°C, and 650°C and show how their unique
composition leads to unique product slates.

Rationale: The large-scale use of non-food biomass as a source of renewable carbon for fuels and chemicals
will require the development of dedicated feedstocks co-optimized for growth and efficient conversion
(high carbon and hydrogen retention, low catalyst deactivation). The benefits of drought-tolerant plants as
feedstocks for biofuels and biochemicals have been identified by other groups & " who stressed that
increasing global temperature, drought, and soil-drying conditions caused by global warming will increase
competition for agricultural freshwater and cultivated soils. Expanding available biomass resources to
include plants with exceptional drought tolerance complements traditional lignocellulosic resources and
has the advantage of lower water requirements and the use of arid and semi-arid lands, potentially opening

up large areas of the western U.S. to biofuel and biochemical production. The use of marginal lands with



low water availability will be a crucial component to the success and ecological sustainability of a future

bioeconomy.

Objective 5. Catalytic fast pyrolysis of drought-tolerant biomass: Optimal catalyst configuration and
evaluation of deactivation patterns

Goal: Monitor the deactivation of HZSM-5 during catalytic fast pyrolysis of Opuntia ficus-indica (prickly
pear) and Grindelia squarrosa (gumweed).

Rationale: The adaptation of these plants to harsh climates has generated cell wall architectures composed
of complex matrices that hold different compositions of lignocellulosic biopolymers (cellulose,
hemicellulose, and lignin) while additionally utilizing alternative carbohydrates and resins to thrive in these
climates. Most notably these plants have developed much lower levels of lignin. This characteristic alone
can lead to improved zeolite lifetime and limit the deactivation of zeolites through coke forming lignin

condensation reactions.

Objective 6. Effect of lignin isolation technique on structure and pyrolysis.

Goal: Determine the feasibility of producing a phenolic based oil from lignin that has low variability in
chemical constituents.

Rational: The phenolic nature of lignin makes it a suitable intermediate for chemicals if the lignin can be
isolated and liquified. Additionally, a low variability in the product slate makes it easier for adhesive
manufactures to utilize this chemical intermediate. In order to investigate methods of improving yield and
lowing variability three sources of lignin and two isolation techniques are used to determine how differences

in lignin structure influence yield and selectivity.
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Chapter 2 Bubbling fluidized bed gasification of short rotation
Eucalyptus?
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2.1 Abstract

The improvement of syngas production and reduction of tar contaminants from biomass
gasification is the focus of this work. Altering the chemical makeup of the feedstock was achieved by
altering feedstock age and the presence/absence of bark. Eucalyptus benthamii is a promising biomass
source for the gasification process and can be grown as a short rotation bioenergy crop allowing for selective
growth cycles. Three E. benthamii samples harvested at two years with bark (2EWB) two years without
bark (2EWo0B) and seven years without bark (7EWoB) were used for this work. Upon gasification, the
highest CH. gas concentration was obtained from 7EWo0B sample. Alternatively, the highest H, gas yield
was obtained from 2EWB sample. The presence of bark also significantly affected CO and CH. gas yields.
Major tar compounds in the syngas were benzene, naphthalene, toluene, and indene. Almost twice the

amount of naphthalene and indene was obtained with older samples (7TEWo0B) compared to young samples

2 Cross, P.; Kulkarni, A.; Nam, H.; Adhikari, S.; Fasina, O. Bubbling fluidized bed gasification of short
rotation Eucalyptus: Effects of harvesting are and bark. Biomass and Bioenergy 2018, 110, 98-104.
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(2EWo0B and 2EWB). This observation motivated further investigation. Spectroscopic characterizations of
the wood cell wall architecture were conducted using CP/Mas **C NMR, XRD, and ATR-FTIR. Pyrolysis
at 500°C was used as an intermediate step of gasification. It was observed that the degree of crystallinity
was higher for the older (TEW0oB) E. benthamii (Crl = 52 vs Crl = 49) and correspondingly resulted in
carbon yield of D-Allose to be 0.23% versus 0.13%. Higher yields of certain S type lignin derivatives were
observed for samples with bark, including 2,6-dimethoxyphenol and 2,5-dimethoxybenzaldehyde-4-
methyl. The pyrolysis work was unable to explain differences in the tar slate observed during gasification,
therefore, tar forming reactions were studied using lignin model dimers with the p-O-4and bipheny! linkage
with different methoxyl content representing H, G, and S type dimers. A tandem microreactor Py-
GC/MS/FID/TCD system was used to characterize and classify tar compounds and evaluate differences in
reaction pathways based on the structural changes of the model compounds. It was determined that the
methoxyl groups of S and G lignin which are more abundant in older E. benthamii leads to higher levels of

larger tar compounds.

2.2 Introduction

Gasification of lignocellulosic biomass for the production of renewable fuels and chemicals is
somewhat mature technology. 1?2 Gasification is a partial combustion of biomass, which produces valuable
gases to be used as a direct fuel source or upgraded to more valuable liquid fuels and chemicals. *° Using
high temperatures (600 °C-1000 °C), low oxygen levels (0.20-0.45 of equivalence ratio, ER), gasification
deconstructs and converts the main substituents of biomass (cellulose, hemicellulose and lignin) into gas
product, known as syngas, solid char, liquid tar, and other contaminants (ammonia, hydrogen sulfide, and
others). 23678 pressyre has also been studied for this technology. ® Several reactor designs exist for
biomass gasification. 11! Fluidized beds are of primary interest for this technology and mainly consist of
circulating flow gasifiers *2 and bubbling fluidized bed gasifiers. ** A major hurdle for gasification comes
from the complexity of biomass leading to mixed reactions and the formation of aromatic contaminants that
are costly to eliminate. These organic compounds with a molecular weight equal to or greater than benzene
(78 g mole™) are classified as tar. The reduction of tar is the most important hurdle in the industrialization
of gasification technology. >® Lowering the level of tar can be somewhat accomplished by selecting
appropriate biomass and reaction conditions. Carpenter et al. 4 studied the gasification of different biomass
(hardwood, softwood, herbaceous grasses and agricultural residues). Biomass type was shown to alter the
abundance of aromatic tar compounds generated during gasification along with primary gas yield. In their
study, the highest observed tar yield from wood was 270 g m (0°C, 101 kPa abs) while corn stover,
switchgrass, and wheat straw reached 370 g m>(0°C, 101 kPa abs). Wood also showed a higher hydrogen

mass yield of approximately 13% on average, and a higher total gas yield of 31% on average.
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In the southeastern United States, E. benthamii is an emerging short-rotation bioenergy crop.
Plantations can produce a volume of 5120 m*km? of E. benthamii after 34 months, while that of Pinus
radiata is 2970 m*® km?at an equivalent age. ** E. benthamii, grown in southern Florida by ArborGen
(ArborGen, Inc., Ridgeville, SC), can produce 2700 - 3500 tonne km™ year™ on a 7-year rotation, and 3100
- 4000 tonne km year™ on a 3-year rotation. 1* Short rotation also provides the possibility of harvesting
trees at a specific age to alter the chemical makeup and thus potentially changing the product slate of
gasification. Rencoret et al. ° studied the effects of harvesting age on chemical compositions of Eucalyptus
globulus. Samples harvested after 1 month, 18 months and 9 years were evaluated. The mass fraction of
lignin varied from 16% with 1-month old trees to 25% with 9-year-old trees. Also, the lignin composition
of syringyl (S), guaiacol (G) and p-hydroxyphenyl (H) content were changed as well. S/G ratio was 1.4 for
the youngest samples (1 month) and 3.8 for the oldest (9 years). The amount of H type lignin fell from 9%
to 2% with age. Indicating that lignin monomers are deposited at different times of the trees life, first H
type lignin is deposited then G, and finally S. Additionally, there was a decrease in acetone extractives,
water-soluble material and ash with increasing age. Senelwa et al. 1 studied fuel characteristics of twelve
different woody biomass at different ages; 3 years, 4 years and 5 years. This work also investigated
differences in fuel characteristics of bark versus the inner wood including the heartwood and sapwood. It
was found that the only differences between whole wood samples (heartwood, sapwood, and bark) of
different age were the basic density and the mass fraction of bark. Average wood basic density increased
from 362 kg m at 3 years to 376 kg m>at 5 years. The mass fraction of bark present in the different samples
decreased from 14% at 3 years to 11% at 5 years, which affects the fuel properties of the sample due to the
different chemical composition of bark compared to inner wood (sapwood and heartwood). Bark tends to
have a high lignin content as well as alkali and alkaline earth metal salts, which affect the results of
proximate analysis and higher heating value. Hanaoka et al. 17 determined that the light gas yield from
Japanese red pine bark gasification was similar to the lignin gasification with respect to the CO, H; and
CHjy yields. Additionally, the total gas and tar yields from bark samples were lower than that of the whole
Japanese oak due to a high lignin and low sugar content of bark.

In combination with feedstock selection, the amount of bed material is one parameter that can
influence the formation of tar and syngas during bubbling fluidized bed gasification. *81° Mayerhofer et al.
19 studied the formation of tar and syngas at different heights of a bubbling fluidizing bed. The bed height
to inner diameter of the reactor (H/D) ratio was varied at two points (3.25 and 5.84) showing different
syngas samples. At higher H/D ratios the syngas yields increased, however, there was also an increase in
the total tar yields. Wan Ab Karim Ghani et al. 18 studied the syngas production using palm kernel shells

and coconut shells in a bubbling fluidized bed reactor by varying the H/D from 0.167 to 0.583. CO; yield
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increased at different ratios while the trends of other gases were dependent on the feedstock. Palm kernel
shells have a proximate analysis more closely related to that of woody biomass and showed a decrease in
H: yields while CO, CO-, and CH, yield increased. Thus, the previous studies suggest that H/D ratio is an
important parameter in the optimization of gasification performance with results dependent on feedstock
and therefore further gasification study using short rotation biomass, E. benthamii, is of value to this
technology.

Biomass properties are an important aspect of any conversion process. The standard methods for
characterizing biomass are proximate and ultimate analysis, heating value determination, and wet chemical
analysis. 2 However, these can be time consuming and there are still characteristics of biomass that can
alter the tar slate not determined by these methods. Spectroscopic characterization such as Solid-State
CP/Mas C NMR, ATR-FTIR, and XRD can be used to determine additional information about
characteristics of biomass and represent a way of characterizing the whole biomass without any alteration
of its physical or chemical properties. Solid-state NMR was recently shown to be a fast and accurate way
of determining lignin content of lignocellulosic biomass by Fu et al. 2! FTIR in combination with partial
least squares regression was shown to accurately predict extractives and lignin content as well as
carbohydrates and did very well at predicting thermochemical properties of volatile matter and fixed carbon
(R?>>0.80, RPD > 2.0).%? XRD can show the crystallinity index of biomass as described by Park et al. %

The global kinetics of pyrolysis and gasification shift the conversion and product slates. Studying
the thermal degradation kinetics and determining kinetic parameters can aid in the design of reactors and
reaction conditions. Van de Velden et al. mention that pyrolysis and gasification should be operated on
biomass with a particle size of <200 um or 0.2 mm with a heating rate of at least 80 K min™ and a reaction
environment where the Biot-number is less than 1.0. * TGA is therefore offered as a suitable system to
perform the kinetic analysis given the other conditions are met. Model-free kinetics are commonly used to
determine kinetic parameters of biomass pyrolysis because they allow for the reaction mechanism to change
during the course of the reaction and they can reduce the mass transfer limitations by using multiple heating
rates. 2% Activation energy (Ea, kJ mol™) and the pre-exponential factor (A min™) are the main Kinetic
parameters determined for biomass pyrolysis. These are often determined by the Flynn-Wall-Ozawa
method (FWO), the Kissinger-Akahire-Sunose (KAS) or the Kissinger methods. 226 Kinetic parameters
have been determined for a range of biomass and generally have a large range. E. can range from 100 kJ
mol™ to 240 kJ mol™ while A can range from 8.1E+11 min™ to 5.2E+14 min™. How these parameters change
based on age is yet to be evaluated and it will be helpful in optimizing the selection of short rotation

eucalyptus benthamii for use as biofuel feedstocks.
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Lignin model compounds have been used to study tar formation to simplify reaction networks and
identify possible devolatilization reactions. One of the main compounds studied to date has been 2-
phenethyl phenyl ether (PE) which represent a simplified -O-4 linkage. Pyrolysis of this compound
between 500°C-600°C has shown that concerted retro-ene and Maccoll reactions are dominant. 2728 At
higher temperatures (over 1000°C) hemolytic cleavage will become more dominant. 28 Additional work on
fully substituted B-O-4linkages have been conducted both computationally and experimentally and
concluded that the retro-ene fragmentation was most favorable. 2 The main products from a retro-ene
fragmentation of 2-phenoxyphenyl-1,3-propanediol are phenol and benzaldehyde along with potentially 6
other products. 3° Secondary reactions to generate soot and tar formation from lignin model compounds
with B-O-4 linkages have also been evaluated and propose that the majority of reactions are dominated by
free radical pathways. 3! Additionally, a main step to the polymerization of larger aromatic compounds is
hemolytic cleavage of methoxyl groups. 3222 These model compound studies have largely used monomeric
lignin derivatives such as guaiacol to study the reaction pathways.

The objectives of the current study are to investigate 1) gasification performance of short rotation
E. benthamii biomass as energy crop in terms of product yields, 2) syngas composition as well as tar content
with regards to tree harvested age and the presence/absence of bark, and 3) the effect of alteration of
fluidized bed H/D ratio on syngas for a non-catalytic bubbling fluidized bed bench-scale reactor with O, as

oxidizing medium.
2.3 Experimental

2.3.1 Feedstock and characterization

Eucalyptus benthamii (E. benthamii) samples were obtained from ArborGen’s plantation in South
Florida and included 2-years old with bark (2EWB), 2-years old without bark (2EWoB), and 7-years old
without bark (7TEWoB). Additionally, Pinus taeda (loblolly pine) was used as an alternative woody biomass
feedstock. Samples were air dried to have a moisture content less than 15% before being ground with a
hammer mill (C.S. Bell Co., model 10HBLPK, Tiffin, OH, USA) and sieved with a screen size of 1.58 mm.
Proximate, ultimate, and chemical analyses were performed to characterize biomass samples. A detailed
description of the bubbling fluidized bed reactor equipment and methods can be found in a paper by
Abdoulmoumine et al. ** In addition to biomass analysis, elemental compositions of the inorganic ash were
also conducted using ICP-OES, PerkinElmer Life Sciences 9300-DV system. Pyrolysis gas
chromatography (Py/GC-MS) was used to study the lignin monomers released during mild pyrolysis. This

method has been used to estimate S, G and H type lignin. 1°
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Solid State CP/Mas *C NMR was conducted on a Bruker Avance 111 400Mhz using the method
previously described by Neupane et al. 3 FTIR spectrum on E. Benthamii samples was collected on a
Perkin Elmer Spectrum model 400 (Perkin Elmer CO., Waltham, MA). Spectra were recorded using 32
scans in the range 4000 to 650 cm™. Characterization of cellulose crystallinity was performed on a Bruker
D2 Phaser X-Ray Diffractometer (Bruker, Billerica, MA). The diffraction intensities of biomass samples
were measured in the 26-range of 10 to 40° using a scan time of 0.5 s taken at every 0.01415°. The

crystallinity index was calculated according to Equation (2.1).

Crl = ooz=lam . 1000 2.1)

002

loo2 (at 20 = ~22°) is the maximum peak intensity and lam (at 20 = ~18°) is the minimum intensity

between peaks at 20 = ~15.5° and ~22°.

2.3.2 Gasification unit and operation

The bubbling fluidized bed gasifier used in this study is shown in Figure 2.1. E. benthamii sample
stored in the hopper was continuously fed using a screw feeder. An average biomass feed rate of 5.8 g min
was used. Equivalence ratio (ER) was maintained at 0.22 by feeding a mixture of nitrogen and oxygen to
the bottom of the reactor. Specific details of the reactor dimensions can be found in a paper by
Abdoulmoumine et al. 3 Gasification was carried out at 935°C with a static bed height of 6.4 cm (1.8 H/D)
unless otherwise noted. Non-catalytic silicon sand with an average particle diameter of 0.03 cm was used
as bed material. For comparison purpose, P. taeda was gasified at the same operating conditions. Bed
height experiments used the same flow rate (15 L min™ N,) for all experiments and no attempt was made

to adjust fluidization mechanics to offset the effects of altering bed height.
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Figure 2.1. Schematic of gasification unit. 1. Biomass hopper; 2. Injection screw; 3. Heat exchanger;
4. Insulation and heaters; 5. Fluidized bed reactor; 6. Insulation and heaters; 7. High temperature
filter; 8. Impinger train; 9. Condensers; 10. Electrostatic precipitator (ESP); 11. Charcoal filter; 12.
FTIR gas analyzer; 13. NOVA gas analyzer; 14. O2 and N2 gas inlet.

All solid, liquid and gas streams in and out of the reactor were measured to obtain a material mass
balance. Solid and liquid product streams were collected from the high-temperature filter (HTF) and
condensers. Collected materials were then weighed to determine the yield per dry biomass (g kg™). The gas
product yield was calculated with the steady state gas data, collected from online gas analyzers. In this
work, steady state is defined as a constant mole fraction percent of syngas with respect to time. It should
be noted that all experiments were monitored to ensure that steady state was achieved and used for
calculations.

The gas yield was calculated using Equation 2.2, the weight of each product gas was summed and
then divided by the total feed of biomass and oxygen into the reactor. Carbon conversion was calculated
using Equation 2.3, the total moles of carbon in the product gas were summed and taken over the total
carbon in the biomass feed.

Gas yields = massproduct gas / (MasSoxygen +MasSbiomass) (2.2)

Carbon conversion = (Mole Coproduct gas/MasSbiomass) / (Mole Cbiomass/MasSbiomass) (2.3)

2.3.3 Tar collection and analysis

A method of tar collection was imported from the “CEN accredited and approved technical
specification for the measurement of tar in biomass gasification.” 3¢ In short, the tar measurement system
consisted of six impingers, the first five were filled with 50 cm? isopropanol, the first three at 25 °C, the
last three maintained at 0 °C in an ice bath; the sixth impinger was used as a moisture trap. The tar yield

(mg kg™ dry biomass) was determined after a sample mixture of all six impingers was analyzed using an
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Agilent GC-FID (Agilent Technologies, Santa Clara, CA) equipped with a DB-1701 column. GC inlet and
FID detector were both maintained at 250°C. The temperature ramping program was set at 4°C min™ to
250°C and held for 20 minutes. Eleven tar compounds were used for the quantitative analysis and consisted
of; benzene, toluene, O-xylene, styrene, indene, phenol, naphthalene, 2 methylnaphthalene, and biphenyl.
These are the major tar compounds, formed in air blown fluidized bed gasification. 3" Standards were used

to determine the retention time for identification and to build a calibration curve for quantification.

2.3.4 Tandem Micro Reactor Py-GC/MS/FID/TCD

The pyrolysis reactor, as shown in Figure 2.2, was a tandem micro pyrolyzer (Rx-3050TR, Frontier
Laboratories, Japan) equipped with an autosampler (AS-1020E) and microjet cryotrap (MJT-1030EXx) held
at -96 °C inside the GC oven. The gas chromatography unit (7890B, Agilent Technologies, USA) used a
dean switch to direct vapors into three columns. Condensable vapors were split and sent to two columns
(Ultra Alloy-5, Frontier Laboratories, Japan) with a 5 % diphenyl and 95 % dimethylpolysiloxane stationary
phase. One column was connected to a mass spectroscopy unit (5977A, Agilent Technologies, USA) and
the other column was connected to a flame ionization detector (FID). Non-condensable gases were sent to
a different column (GS-GASPRO, Frontier Laboratories, Japan) and vapors were sent to a thermal
conductivity detector (TCD). The GC oven program held at 40°C for 4.5 min and then heated to 300°C at

a rate of 20C min™.
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Figure 2.2. Schematic of the tandem microreactor illustrating the two reaction chambers, helium and
auxiliary gas inlets, selective sampler, liquid N2 cryotrap and MS/FID/TCD detectors.

Pyrolysis experiments were replicated three times, samples of 0.5 mg were loaded into small
deactivated stainless-steel cups and charged into the first pyrolysis chamber maintained at a set point of

500°C for analytical pyrolysis. Heating rate estimations for this furnace style reactor can be found in a
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publication by Proano-Aviles et al. 38 Pyrolysis vapors were identified using the NIST GC-MS library.
Carbon yield for analytical pyrolysis of feedstocks was calculated using a method similar to Lisa et al. 3°
and Xu et al. “° The retention times of the compounds identified by MS were used to determine the
corresponding FID peaks. 17 compounds were used to generate mass based linear calibration curves to
compile FID response factors correlating the FID peak integration area to g of carbon. The carbon yield
of non-calibrated compounds was determined using the normalization method where the response factor
from a compound with the closet structure is used and the relative response factor is set to 1. ! The carbon

yield is defined by the Equation (2.4.).

, _ XjmylCl;
C yield = “mlcl, (2.4)

where j = product j
[C]; = C content of product j, g C/g product j
[C]s = C content of feed, g C/g feed
m; = mass of product j, g product j
m¢ = mass of feed, g feed

The list of standards used can be found in the supplementary information (Table S3.5), additionally,
results are also given in average FID area percent of each peak in the SI. Approximately 10mg of each
lignin model compound was obtained as a gel. To transfer the samples to the deactivated stainless-steel
cups used in pyrolysis, the gel samples were mixed with acetone to obtain the desired concentration. Small
aliquots were then taken and pipetted into the samples cups and the acetone was allowed to evaporate at
room temperature over 1 hour. The target weight of each model compound used in pyrolysis was 1 mg. In

this work, pyrolysis results are presented in FID area percent.

2.3.5 TGA Kinetics

Kinetic analysis was conducted using a Pyris 1 TGA—thermogravimetric analyzer (PerkinElmer,
Shelton, CT). Biomass samples weighing 2.5 mg and a particle size >0.5mm were placed into aluminum
crucibles for the analysis. The temperature program was set to ramp from 30°C to 800°C with varying ramp
rates of 10, 15, and 50°C min™. Nitrogen was used as the carrier gas with 20 mL min™ flow rate. Three
model free kinetic equations were used to calculate the activation energy (E.) of the feedstocks: Kissinger,
Flynn-Wall-Ozawa and the Kissinger-Akahira-Sinose. The equations for these three methods are shown
below, Equation (2.5-2.7).
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Kissinger: In (rﬁz) =In (A—R) - (2.5)

2 E RTp,
Flynn-Wall-Qzawa: In(8;) = 1 (“‘ﬂ)—5331—1052 Eq 2.6
y Qzawa: In(p; —nRg(a) . . Rl (2.6)
H H . Bi _ AqR Eq
Kissinger—Akahira—Sunose: In (;31) =In (Eam) R 2.7)

2.3.6 Lignin model compounds

Model compounds containing the most abundant linkage of lignin the p-O-4were provided by Rui
Katahira of the National Renewable Energy Laboratory (Golden, CO.). In total five model compounds were
used and represent the different types of lignin monomers, syringyl (S), guaiacol (G), and P-hydroxyphenyl
(H) as shown below in Figure 2.3. In addition to the $-O-4linkage of S, G, H lignin monomers, the linkage

at the C4 position is varied between a phenol group and phenyl group.
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Figure 2.3. Structure of lignin model compounds
2.4 Results and Discussion

2.4.1 Biomass characterization

The properties of different E. benthamii samples were characterized based on the heating value,
proximate analysis, ultimate analysis and chemical analysis as indicated in Table 2.1. The proximate
analysis showed the proportion of volatile matter (VM), fixed carbon (FC) and ash on a dry basis. The VM
decreased in the following order of 2EWo0B (87.4%) > 7TEW0B (85.4%) > 2EWB (83.0%). The highest ash
content was 0.85% in 2EWB followed by 0.27% for 2EWo0B and 0.22% for 7TEWo0B. Statistical analysis
determined that ash content is significantly higher in 2EWB samples but is not significantly different for
2EWO0B versus 7EWO0B. Jin et al. %2 also reported similar results of higher ash in the bark from red oak and
yellow-poplar. The major ash-forming elements of E. benthamii biomass were made up of alkali and
alkaline earth metal salts including Ca, K, Mg and Na as shown in Table 2.2. Other major ash-forming
elements present in the samples were Al, Fe, Mn, Ba, B, and Zn at very low concentrations. Organic

elements, Si, P and S and halogens, Cl, were not analyzed in this work. Ultimate analysis showed the mass
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fractions of carbon, hydrogen, nitrogen, and oxygen in the feedstocks. The amount of carbon on a dry basis
is used to determine the carbon conversion as detailed in Equation 2.3. There was an important trend in the
mass fraction of hydrogen in the feedstock, 2EWB (6.55 %) >2EWoB (6.45 %) >7EWoB (6.32 %). This
trend is believed to have affected syngas yields and is further discussed in the following sections. In
comparison to the elemental composition of P. taeda, E. benthamii had lower carbon mass fraction (less
than 46 %) vs 47 % and higher levels of oxygen (over 47%) vs. 45.5 %. Chemical analysis imported from
Goncalves et al. ** showed the distribution of sugars, lignin, and extractives. The most significant trend here
was the total mass fraction of lignin and extractives, 2EWo0B (27.8 %) > 7TEWo0B (26.5 %) > 2EWB (26.0
%). These fractions of biomass are typically associated with tar yields. ** Interestingly, P. taeda had much
higher levels of extractives and lignin which combined account for 32.5%. Results of Py-GC/MS found
that the lignin structure of 2 and 7-year E. benthamii sample is not statistically different in regard to the
lignin monomer compositions (P=0.97). The relative amount of syringyl (S) and guaiacol (G) derivatives
was used to determine an S/G ratio. The ratios were 1.45+0.4 for 2EWB, 1.37+0.5 for 2EWoB, and 1.38+0.3
for 7TEWoB.

Table 2.1. Chemical characterization of E. benthamii biomass samples. reported as mass fraction?
2EWB  2EWo0B 7EWo0B P. taeda

Moisture (wet basis) 14.0 8.7 11.9 7.9
Higher Heating Value (MJ kg™) 19.4a 200D 19.6a 20.2b
Proximate analysis (dry basis)

Volatile matter 83.0a 87.4b 85.4¢ 83.1a
Ash content 09a 0.3b 0.2b 0.3b
Fixed carbon 16.2 12.3 14.4 16.5
Ultimate analysis (dry basis)

C 45.7a 45.9 a 46.1a 47.1
H 6.6a 6.5ab 6.3b 6.5
N 0.3b 0.3a 0.3a 0.4
o} 475a 474 a 473 a 45.5
S/G ratio 15a l4a l4a -

Chemical analysis®
(dry, ash free basis) 43

Glucose 53.7 51.3 50.0 45.3
Galactose 1.8 1.7 1.5 3.0
Xylose 14.5 13.6 12.6 4.9
Lignin 23.8 255 25.0 26.3
Extractives 2.2 2.3 15 6.2
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2V/alues in the same rows with the same letter (a,b or c) are not statistically different (P>0.05). ®Imported
from Goncalves et al. > “Oxygen is calculated by difference.

Table 2.2. Major ash-forming elements in E. benthamii samples
Ash (mg kg™)

Feedstock Ca K Mg Na Fe Al
2WEB 1261 1227 271 544 187 91
2EWoB 660 507 102 250 85 39
7EWo0B 853 398 129 350 73 15

Spectroscopic characterization of three E. benthamii samples using SSNMR, FTIR, and XRD were
performed. The properties of these samples were also previously characterized based on heating value,
proximate analysis, ultimate analysis and chemical analysis. *° The spectroscopic and physical
characterizations of these three samples were well aligned. SSNMR results are shown in Figure 2.4. The
single peak at 105 ppm (4) indicates that cellulose type | is present for all three samples. 6 A higher degree
of crystallinity for the cellulose in 7TEWo0B was observed based on the more intense signal at 89 ppm (4)
which correlates with the C-4 carbon of crystalline cellulose and the less intense signal at 84 ppm (5), which
is the C-4 carbon of amorphous cellulose and is highest for the 2EWoB sample. The signal at 56 ppm (10)
which is related to the aryl methoxyl carbons of lignin is higher for 2EWo0B. The signal at 154 ppm (2),
related to the C-5 carbon of lignin aromatic rings containing a methoxy group, is also higher for 2EWo0B.
This could suggest a higher abundance of S type lignin. However, Rencoret et al. 1 found that S type lignin
was higher in older samples. Additionally, the lignin derivatives detected from pyrolysis do not show
increased S content from 2EWoB. Therefore, the more abundant signal can only be used to confirm the
previous chemical analysis of these samples that showed slightly higher levels of lignin for 2EWoB. The
signals from 63-66 ppm (9) are background of the C-6 carbon of hemicellulose. These signals were lower
for TEWo0B. The signal at 21.5 ppm (11) is also less intense for 7EWo0B and relates to the acetate groups in
hemicellulose. Additionally, a lower signal intensity was found for 7TEWoB at 174 ppm (1) which correlates
to carbonyl groups of lignin and carboxyl groups of hemicellulose. Previously, the values of xylose and

galactose were also found to be lower for 7EWoB indicating a lower hemicellulose content. 4°
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Figure 2.4. Solid-state NMR spectrum of 2EWoB, 2ZEWB, and 7TEWo0B

ATR-FTIR spectra of the three samples 2EWoB, 2EWB and 7EWo0B are shown in Figure 2.5.
Major differences between the FTIR spectrum of these three samples included the lower intensity of the
peak at 1738-1734 cm™ (1) for TEWo0B, as compared to the others. This peak is from unconjugated C = O
bonds, which can be found in xylans. These results coincide with the SSNMR results and previous physical
characterizations of 7EWo0B. *°> A higher hydrogen content was previously determined for 2EWB *° and
similarly C-H deformations from cellulose and lignin at 1454 cm™ (5) and 1420 cm™ (6) are higher for
2EWB. Additional C-H deformation from lignin and carbohydrates observed from the signal at 1367 cm™
(7) as well as the signal from C-H vibration in cellulose at 1325 cm™ are more intense for 2EWB. A higher
lignin content was also determined for 2EWB which can be seen in the FTIR shoulder signal at 1228 cm™
(9), which is from guaiacol ring breathing, C-O stretching in lignin and for C-O linkage in guaiacol aromatic
methoxy groups. Also, the signal at 1228 cm™ for syringyl ring and C-O stretch in lignin and xylan is higher
for 2EWB. The intensities of the signals at 1021 cm™ (12) for the C-O stretch in cellulose and hemicellulose
follow the same trend that was observed for the physical characterization of cellulose and hemicellulose for
these samples: 2EWB > 2EWoB > 7EWo0B.
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Figure 2.5. FTIR spectrum of 2EWo0B, 2EWB, and 7TEW0B.

XRD results are shown in Figure 2.6 and illustrate a higher loo2 value for 7EWo0B leading to a higher
crystallinity index of 53 compared with 49 for the younger samples calculated using Equation (2.1). Also,
the presence or absence of bark didn’t make any difference to the crystallinity index. These results are in
agreement with what was observed in the SSNMR. These Crl values are within the range of values

determined by Mukarakate et. al, *’ (low 34 and high 62) for cellulose type I.
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Figure 2.6. XRD illustrating looz and lam used in calculating the Crl of 2EWoB (Crl=49), 2EWB
(Crl1=49) and TEWo0B (Crl = 53).
2.4.2 Carbon balance and product distribution

The mass balance for the gasification of three E. benthamii samples (2EWB, 2EWo0B, and 7TEW0B)
was over 90% as shown in Table 2.3. Gasification carbon conversions defined in Equation 2.3 ranged from
83.6% to 91.1%, which was less than the carbon conversion of P. taeda gasification (95%). These values
appeared to emulate what was seen in the volatile matter content determined by the proximate analysis. The
char yield from E. benthamii was most affected by the age of the sample. The highest char yield was
obtained with 7EWo0B (55.3 g kg™) possibly due to a higher bulk density (225 kg m™®) of biomass compared
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to younger samples (2EWB 205 kg m*and 2EWoB 203 kg m™). A higher bulk density for older woody
biomass was also observed by Senelwa et, al. ® The higher bulk density of 7EWoB biomass may have
negatively affected the mechanics of the bubbling fluidized bed leading to lower conversion and large
deviations between replicate experiments. Interestingly, the char yield from P. taeda gasification was
similar to young E. benthamii without bark, 33.3 g kg™ vs 34.9 g kg*.2EWB produced more char (42.9 g
kg™) than 2EW0B (33.3 g kg™*) due to the higher amount of fixed carbon and ash.

The total gas yields from E. benthamii were significantly affected by the presence/absence of bark.
2EWO0B showed the highest gas yields (832.5 g kg™) followed by 7EWo0B, which is likely due to the higher
mass fraction of extractives and volatile matter which is related to the amount of hemicellulose and
cellulose. These gas yields are close to what was obtained from P. taeda gasification (829 g kg™), P. taeda
samples had high amounts of extractives and volatile matter as well. The liquid condensate collected in the
two condensers of the gasification unit reflected the moisture content of the samples as 2EWB showed the
highest amount (226 g kg™).

Table 2.3. Summary of the overall performance of E. benthamii gasification.

Mass Carbon Syngas

Feedstock  Balance Conversion Gas yield * Heating Value Condensate Char
2EWB 91 83.6+1.3a 738.2+7.3 a 3.08+0.02 a 225+6.5 a 42.9+2.6 a
2EWo0B 92 91.1+#5.1b 832.5+39 b 3.48+0.07 b 125+45b 33.3x19b
7EWo0B 92 85.7+0.1a 786.8+25 ab 3.83+0.2¢c 159+26.6 b 55.3+5.5¢
P. taeda - 95.0 829.0 4.98 - 29.7

Values in the same column with the same letter (a, b or ¢) are not statistically different (P>0.05). "Gas yield
is based on the amount of oxygen and biomass flow rates, kg min™.

2.4.3 E. benthamii gasification syngas profiles

The concentration (volume %) of CO, CO», H, , and CH4 from different E. benthamii samples is
presented in Figure 2.7. Syngas concentrations were stable (within 1% variation) after approximately 35
minutes of runtime for the younger samples (2EWB and 2EWoB) and approximately 60 minutes for the
adult sample (7TEWo0B). The different duration of time needed to reach steady state was possibly due to the
high density of older samples (7EWoB). '® The production of syngas was dependent on several
simultaneous and competing reactions. The extent to which each reaction progresses was dictated by reactor
operating conditions and feedstock. *® In a system operating at a high gasification temperature (935 °C) and
achieving high carbon conversion (>80%), the heterogeneous reactions are shown below as Equation (2.8),
(2.9) and (2.10) were essentially completed. Therefore, the final syngas composition is determined by the
homogeneous gas phase reactions given in Equation (2.11) and (2.12) *® and the initial feedstock
composition. As mentioned previously the amount of hydrogen in the E. benthamii samples was 2EWB >

2EWo0B > 7TEWO0B, a similar trend is observed in the formation of H, gas. The formation of hydrogen-
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containing syngas species is a result of hydrogen in the feedstock being converted to CH4 during the
heterogeneous methanation reaction and subsequently being converted to H, during the homogeneous steam
methane reforming reaction in the gas phase. “ The overall gas yields and progression of the final gas phase
reactions and is believed to shape the syngas profiles. The overall trend in H gas yields was 2EWB >
2EWo0B > 7TEWo0B, which was inversely correlated to CH. yields of 7EWoB > 2EWoB > 2EWB. The
concentration of Hz gas was much higher as compared to the concentration of CH, for 2EWB whereas H;
and CH4 concentrations were similar for 2EWoB and 7EWoB samples (Figure 2.7). Therefore, the steam

methane reforming reaction seems to be more active with the 2EWB samples.

C +H20 < CO +Hz (+131 MJ kmol-1)  Water-gas reaction (2.8)
C+CO2 - 2C0O (+172 MJ kmol-1)  Boudouard reaction (2.9)
C+2Hz2 < CHs (-75 MJ kmol-1) Methanation reaction (2.10)

CO + Hz20 <> CO2 + Hz (-41 MJ kmol-1)  Water-gas shift reaction (2.11)
CHs + H20 < CO + 3 Hz2 (+206 MJ kmol-1) Steam reforming reaction (2.12)
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Figure 2.7. Syngas profiles from air blown bubbling fluidized bed gasifier (a) 2EWB, (b) 2EWO0B, (c)
7EWOB.

CO is avaluable chemical produced by gasification and can be used in the Fischer-Tropsch process
along with H, for liquid transportation fuel production. *° Syngas from 2EWB contained the most H, and
the lowest CO gases, which can be explained by the higher moisture content that affected the water-gas
shift reaction. However, the water-gas shift reaction is not favorable at this high temperature due to its
exothermic nature. The lower CO yield may also be linked to the lower carbon conversion for 2EWB

samples. ** The lower CH,4 with higher CO, and H, from 2-years old E. benthamii gasification suggested
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an active reaction of wet reforming. At the same time, the presence of bark further propagated the water-
gas shift reaction. Ultimately, the trend of H,: CO ratio was 2EWB (0.05)>2EWoB (0.039) >7EWoB
(0.035), which is essential to the downstream application of syngas to the Fischer-Tropsch reaction for
liquid fuel production. As compared to E. benthamii syngas composition, P. taeda behaved differently in
syngas production. Although it had high amounts of hydrogen in the feedstock, H- yield was lower than all
E. benthamii gasification syngas. CO yield for P. taeda was comparable to 2EWo0B and slightly higher
than 7EWo0B. H,: CO ratio of P. taeda syngas was 0.033, which was lower than the ratio of the current
study syngas ratio.

Table 2.4. Distribution of light gasses for all Eucalypts samples and literature values for P. taeda®

Gas Yields™ (g kg™

Feedstock H, CcO CO, CH, CoH> CoH4

2EWB 127+02a 2542+81la 341.3+450a 66.0+34a 32%+0l1la 56.3+34a
2EWoB 11.2+08ab 2880+110b 3222%176a 772+0.4b 38+04a 614+170a
TEWoB 9.89+1.0b 281.8+105b 3173+154a 959+139b 25+01b 529+65a
P. taeda 9.5 286.6 342.0 85.2 3.3 67.1

Values in the same column with the same letter (a,b or c) are not statistically different (P>0.05) using one
way ANOVA and post-hoc test of summary statistics (mean, standard deviation). “Yield is based on the
amount of oxygen and biomass flow rates, kg min™.

2.4.4 Gasification tar analysis

The formation of tar during gasification is one of the major hurdles for further applications. A
detailed list of quantified tar compounds from E. benthamii gasification can be found in Table 2.5. The
overall tar yields for E. benthamii samples were 2EWoB (1.69 g kg-1), 7TEWo0B (1.50 g kg-1) and, 2EWB
(1.32 g kg-1). This trend is correlated with the combined mass fractions of extractives and lignin, which are
understood to generate higher levels of tar during gasification. ° In addition to differences in the total yield
of tar, a noticeable difference can be found in types of tar compounds formed for E. Benthamii samples.
2EWoB samples generated more benzene while 7EWo0B produced more naphthalene, and indene tars. The
higher yields of polycyclic aromatic hydrocarbons (PAH) for 7 years old samples may be due to multiple
factors. The formation of tar is believed to be through three main mechanisms; (i) direct combination of
aromatic rings, (ii) H2 abstraction C2H2 addition, and (iii) phenol precursor for PAH formation. % The
favorability of these tar forming pathways are dictated by factors such as reactor temperature, pressure,
residence time and feedstock. 2 It is noted that the yields of C,H, are statistically lower for 7EWoB and
may, therefore, suggest that the indene and naphthalene tars are generated through the H2 abstraction C;H,

addition mechanism. PAH tars are more difficult to process as compared to benzene because their high
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boiling point can cause them to condense on colder sections of the unit. Therefore, although 2EW0B has a

higher total amount of tar, it will still be less challenging to utilize the produced syngas.

Table 2.5. Tar yield and profile for three E. benthamii samples
Tar Yield (mg kg™)

Tar Compound 2EWB 2EWo0B TEWo0B
Benzene 910.1+3.2 1268.4+2.1 806.2+4.0
Toluene 110.440.4 116.60.3 93.6+0.8
O-xylene 19.4+0.7 25.8+0.1 18.6+2.5
Styrene 50.1+0.2 49.5+0.2 44.1+1.1
Indene 76.9+0.3 80.6+0.1 204.612.0
Phenol 5.7+0.1 5.4+0.1 5.3+0.3
Naphthalene 137.3+0.5 129.8+0.3 314.0+0.8
2 methyl naphthalene 5.740.1 6.9+0.1 18.3+0.2
Biphenyl 0.0£0.0 4.4%0.1 0.0£0.0
Total (mg kg™) 1314.5+4.6 1686.6+3.0 1622+10.8

The presence of bark lowered the yields of almost all tar compounds detailed in this study, which
is likely correlated to the lower overall gas yield for 2EWB. However, there was a slight increase in the
amounts of phenol and naphthalene. Phenol can be produced through the reaction of water and benzene, °*
therefore, the difference between 2EWo0B and 2EWB may be due to the higher moisture content of 2EWB.
The increased yields of naphthalene for 2EWB is interesting because alkali and alkaline earth metal salts
in the ash can act as a cracking catalyst for naphthalene. %> However, this may be more applicable to
feedstock with higher ash content (>1%). The yield of tar was much higher for P. taeda than E. benthamii,
reported as 2.24 g kg biomass™. 3* These results were attributed to a higher lignin and extractives content in
P. taeda. Ultimately, the results showed that young samples (2 year) produced more tar than old samples
(7 year) primarily due to the much higher yields of benzene for younger samples. It should be considered
that the total tar yields without benzene were 7EWoB (0.70 g kg%), 2EWB (0.41 g kg*) and 2EWo0B (0.42
g kg™). If benzene is not problematic for the utilization of gasification syngas, young E. benthamii samples
(2EWB and 2EWo0B) are the more favorable feedstock.

2.4.5 Effect of bed heights on syngas and tar formation

The amount of non-catalytic silicon sand used as bed material in the bench scale reactor was varied
to achieve an H/D ratio (height/diameter) of 1.26, 1.89 and 2.52. These experiments were conducted using
the 2EWB feedstock and resulted in noticeable effects on syngas, char and tar yields. As the static bed

height ratio increased from the lowest (1.26) to the highest (2.52), the primary gas yields increased by 7%
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as shown in Table 2.6. A lower char yield was also found with the higher H/D ratio and is correlated with

the improved carbon conversion.

Table 2.6. Overall performance metrics for all bed height experiments.

Overall Performance Metrics

Mass Carbon Char Gas vield * Liquid Syngas
H/D Balance Conversion (g kg feed?) (gk 3{ feed) Condensate Heating Value

(%) (%) 9Kg gkg (g kg™ biomass) (MJ m®)
13 90.8 83.5+1.3a 36.9+0.2a 738.3x7.9 a 277.2+5.3a 3.1+0.1a
1.9 93.7 81.2+2.7a 36.6+0.5a 774.3+13.9ab 238.6+10.4b 3.2+0.1a
2.5 95.3 85.4+5.9a 23.3+0.4b 791.8+21.1b 253.4+3.5b 3.3+0.1a

“Gas yield is based on the oxygen and biomass flow rates, kg min™.

Syngas compositions are summarized in Table 2.7. The largest difference in gas composition
distributions was found between the lowest (1.26) and the highest (1.89) H/D ratio. H, and CO vyields
decreased while CO; and CH4 increased. The syngas heating value subsequently increased from 3.08 MJ
m* to 3.25 MJ m™. Similar trends were observed by Wan Ab Karim Ghani for two different feedstocks
over an H/D range of 0.16 to 0.5. This may be due to the increase in pressure caused by the greater bed
weight. Although pressure was not monitored in this work the relation of bed height and pressure is well
documented. %3 A study by Kitzler et al. ° looked at varying the pressure during fluidized bed biomass
gasification and found CO and H; concentrations decreased while CO;and CH4 increased over the pressure
range of 1-3 bar abs. These trends are similar to those observed in the current study. The relation to pressure
has an optimal point as discussed by Kitzler et al. therefore, these trends in syngas concentrations may not
hold over a wide range of H/D ratios. However, H/D ratio is useful in shifting products from H, and CO to

CH, for 2EWB over the mentioned ranges and may be employed when a pressurized system is not available.

Table 2.7. Light gas yields for all bed height experiments.
Gas Yields (g kg™ feed")

H/D Ho> CO CO; CH, C:H2 CoHs

1.26 12.7+0.1a 254.2+6.6a 341.4+20a 66.0+3.0a 3.24+0.1a 56.3+2.2 a
1.89 10.9+0.7b  236.5#6.7b 361.4+9.8b 71.8+25D 2.75+0.1Db 39.7¢56 b
2.52 9.06+0.5c 239.0+15ab 367.8x11b  78.4+24c 257+0.1ab 43.9+8.2ab

Values in the same column with the same letter (a,b or c) are not statistically different (P>0.05). “feed is
defined as the oxygen and biomass flow rates, kg min.
Tar was characterized and quantified by GC-FID.

Tar yields were determined for each H/D ratio and are shown in Figure 2.8. An increase in tar yield
was observed as the H/D ratio was increased from 1.26 to 1.89 primarily due to an increase in benzene,

toluene, and indene. As the H/D ratio was further increased to 2.52, the tar yield slightly decreased as a
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result of lower phenol, naphthalene, and benzene yields, while other tar compounds were relatively
unchanged. Tar compounds can be formed through multiple reaction pathways > and their initial increase
may be linked to the improved conversion of biomass and increased overall production of gas. The trend in

tar yields is reflected in the yields of C>H4 and suggest some correlation.
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Figure 2.8. Tar yield during gasification of 2EWB with increasing H/D ratio (1.26, 1.89, 2.52).

2.4.6 Micro pyrolyzer GC-MS-FID-TCD

Microscale pyrolysis conducted at 500°C was performed on the three eucalyptus samples with
varying harvesting age and presence/absence of bark. The carbon yields of the major products are shown
in Table 2.8. The total carbon yield obtained with these samples ranged from 42% to 47%. The main types
of compounds detected are light gases including CO, CO2, and light hydrocarbons. Condensable vapors
included methoxy phenols, acids, ketones, aldehydes, and furans. The carbon yields for these individual
groups of compounds can range from around 8% for methoxy phenols, light gases and acids to 4% for
aldehydes, and ketones to 2% or less for furans and alcohols. There are noticeable differences in the yields
of each of these classes of compounds depending on the feedstock selected, 2EWB, 2EWo0B or 7TEWo0B.

Light gases are one of the end products of many different reactions that occur during fragmentation
and depolymerization of biomass, with decarboxylation and decarbonylation being the main two reactions
that produce CO and CO,. Therefore, CO and CO; carbon yields are good indicators of major differences
in reaction pathways. The similar yields of non-condensable gases observed here indicate that there are
only subtle differences in these feedstocks and the resulting pyrolysis products from them. There is a
statistical difference between the yields of 7TEWo0B and 2EWo0B and this is thought to be caused by the
different characteristics of the cellulose. According to Mamleev et al. an additional source of H,O and CO;

from cellulose is the dehydration of non-reducing ends. The spectroscopic analysis of these feedstocks was
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not able to show a strong correlation between the carbonyl and carboxylic groups and the CO and CO;
yields, as these signals were far weaker for 7EWo0B in CP/Mas *C NMR, as well as in ATR-FTIR analysis.
However, lower amounts of acids are produced with 7EWoB and may indicate that the carboxyl groups
that are present in the hemicellulose are being converted to CO; instead of being converted to larger
molecules.

Phenolic lignin monomers are abundant products of biomass pyrolysis. The exact structure of lignin
is unknown; however, the main building blocks are syringol, guaiacol, and p-hydroxyphenyl, differentiated
from each other by the amount of methoxyl substitution. Overall the older samples produced a higher carbon
yield of lignin derivatives with 1,2,4-trimethoxy benzene showing the largest increase in the yield with
biomass age. Bark also has a noticeable effect on the composition of phenolic monomers and produces
more 4-methyl-2,5-dimethoxybenzaldehyde and 2,6-dimethoxyphenol than both 2EWoB and 7EWO0B.

Acids are a major product from the feedstocks and their carbon yields range from 8.4% to 9.4%
with 2EWB giving the highest yield. The main compound is acetic acid and is responsible for 2EWB
producing a higher total amount of acids. Propanoic acid 2-methyl, methy| ester is the second most abundant
compound and its higher yield is observed from 2EWB. The yields of acids are correlated with the level of
hemicellulose and cellulose (2EWB > 2EWo0B > 7TEW0B) as determined spectroscopically in this work and
physically in the previous publication. *°

The group of compounds with aldehyde functional groups are mainly represented by acetaldehyde
and furfural for the younger samples, whereas 7EWo0B also produces higher amounts of 2-propenal. The
total yield for this group of compounds ranges from 4.2% to 5.8%. Ketones are the smallest group of
compounds after aldehydes, acids and S-type phenolic monomers that generate yields over 4%.
Cyclopentanediones and cyclopentanones are the main ketones along with lower levels of 1-hydroxy-2-
propanone. The yields from these feedstocks are similar and show no major difference in composition. The
differences in cellulose Crl was observed to only slightly alter the results of pyrolysis. Furan and furfural
yields were not drastically different. The main observation from these trials was the formation of D-allose

exclusively from 7EwoB, as observed in table 2.8.

Table 2.8. Carbon yield of major GC detectable pyrolysis products.

Feedstock
. 2-year Euc  2-year Euc  7-year Euc
Library/ID W/Bark Wo/Bark Wo/Bark
Yield (C%)
Light gases
Carbon dioxide 6.21% 5.92% 7.06%
Carbon Monoxide (TCD) 0.26% 0.28% 1.29%
1-Propene, 2-methyl- - - 0.82%
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1,3-Cyclopentadiene 0.02% 0.02% 0.02%

Isobutane 0.41% - -
Sum 6.89% 6.21% 9.19%
Alcohols
d-Allose - - 1.44%
1,2-Benzenediol 0.22% - 0.30%
1,2-Benzenediol, 3-methoxy- 0.22% 0.16% 0.23%
3-Amino-1,2-propanediol - 0.43% -
3-Methylpenta-1,3-diene-5-ol, (E)- - 0.10% -
Sum 0.44% 0.69% 1.98%
Ketones
Acetone - - 0.43%
1,3-Cyclopentanedione 0.15% - 0.28%
1,2-Cyclopentanedione, 3-methyl- 0.20% 0.39% 0.49%
1-Propanol, 2-methyl- 0.46% 1.41% -
1-Propene, 2-methyl- 0.35% 0.54% -
2,3-Butanedione 0.32% 0.11% 0.34%
2-Cyclopenten-1-one, 2-hydroxy- 1.29% 1.16% 1.48%
2-Cyclopenten-1-one, 2-methyl- 0.00% - 0.19%
2-Cyclopenten-1-one, 5-hydroxy-2,3-dimethyl- 0.13% 0.02% -
3-(But-3-enyl)-cycloheanone - - 0.20%
4-Penten-2-one 0.23% - -
2-Propanone, 1-hydroxy- 0.77% - 0.79%
Sum 3.92% 3.63% 4.19%
Furans
2(3H)-Furanone, 5-ethyldihydro- 0.35% - -
2(5H)-Furanone 1.11% 0.89% 1.26%
3(2H)-Benzofuranone, 2,4-dimethyl- - 0.13% -
3-Methyl-benzofuran - 0.14% 0.11%
3-Furanmethanol - 0.34% 0.63%
Furan - 0.19% -
Furan, 2,5-dihydro- - - 0.46%
Furan, 2-methyl- 0.12% - 0.15%
Sum 1.58% 1.69% 2.61%
Aldehydes
Acetaldehyde 1.28% 1.26% 1.60%
Furfural 1.29% 1.15% 1.39%
Butanal - - 0.54%
2-Propenal 0.47% 0.22% 0.62%
Sum 3.04% 2.63% 4.16%
Acids
Acetic acid 6.71% 5.47% 4.48%
Acetic acid, hexyl ester - 0.80% -
Propanoic acid, 2-methyl-, methyl ester 1.61% 1.31% 1.58%
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Sum 8.32% 7.58% 6.06%
Amines
Aziridine, 2-methyl-3-(1-methylethyl)-1-(2-
propenyl) 0.26% 0.28% -
1,4-Butanediamine, 2,3-dimethoxy -tetramethyl - 0.09% 0.20%
4-Hydroxy-N-methylpiperidine - 0.17% -
Imidazole, 2-hydroxy-4-methy|- - 0.16% -
Sum 0.26% 0.70% 0.20%
Phenolic monomers
H
Phenol 0.10% 0.10% 0.11%
Phenol, 2-methyl- 0.06% 0.08% 0.07%
Sum 0.16% 0.18% 0.17%
S
Phenol, 2,6-dimethoxy- 0.90% 0.64% 0.78%
Phenol, 2,6-dimethoxy-4-(2-propenyl)- 1.62% 1.51% 1.70%
Ethanone, 1-(2,4,6-trimethylphenyl)- - 0.18% -
Ethanone, 1-(2,6-dihydroxy-4-methoxyphenyl)- - - 0.11%
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 0.34% 0.09% 0.06%
Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 0.41% 0.44% 0.46%
3,5-Dimethoxy-4-hydroxycinnamalde 0.29% - 0.29%
3,5-Dimethoxy-4-hydroxyphenylacetic acid - 0.41% -
1,2,3-Trimethoxybenzene - - 0.60%
1,2,4-Trimethoxybenzene - 0.44% -
4-Methyl-2,5-dimethoxybenzaldehyde 0.98% 0.84% 0.99%
Sum 4.55% 4.56% 5.00%
G
Phenol, 2-methoxy- 0.51% 0.43% 0.64%
Phenol, 2-methoxy-3-(2-propenyl)- 0.12% 0.14% -
Phenol, 2-methoxy-4-(1-propenyl)- 0.64% 0.62% 0.74%
Phenol, 2-methoxy-4-(methoxymethyl)- - 0.08% -
Phenol, 2-methoxy-4-methyI- 0.25% 0.22% 0.34%
Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- - - 0.04%
Phenol, 4-ethyl-2-methoxy- 0.10% 0.08% 0.12%
Phenol, 4-methoxy-3-(methoxymethyl)- 0.44% - -
Vanillin 0.11% - -
Homovanillyl alcohol - 0.02% 0.02%
Eugenol - - 0.19%
Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- - - 0.15%
Benzaldehyde, 3-hydroxy-4-methoxy- - 0.12% 0.14%
4-Hydroxy-2-methoxycinnamaldehyde - 0.27% -
2-Methoxy-4-vinylphenol 0.67% 0.48% 0.73%
Sum 2.84% 2.46% 3.11%
Total 31.98% 30.34% 36.65%
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2.4.7 TGA Kinetics

Thermo-gravimetric analysis was used to determine the thermal decomposition behavior of
2EWB, 2EWo0B, and 7EWo0B using non-isothermal conditions. Three model-free methods (KAS, FWO,
and Kissinger) were used to determine the kinetic parameters including activation energy and pre-
exponential factors according to equations 2.5 — 2.7. %% Results are presented in Table S1 and Table 2.9.
The small differences in biomass chemical compositions (cellulose, hemicellulose, and lignin mass
fractions) seem to have only a small effect on the thermal behavior of these samples, likely because the
mass fractions are very similar. The ash content and crystallinity of cellulose do however appear to
influence not only pyrolysis products as mentioned but also the kinetic parameters. 2EWB which had a
higher ash content, also had a higher average activation energy than 2EWoB and 7EWoB, for all the
methods. High ash content was previously reported to delay the thermal decomposition of biomass by
Carpenter et al. >® Crystalline cellulose was observed to have a lower decomposition rate than amorphous
cellulose as shown by Wang et al. ° The crystallinity index was found to be higher for 7EWoB and similarly
the activation energy is higher than 2EWoB, which has a similar ash content but lower cellulose Crl. The
kinetic parameters are within the values reported by other authors for eucalyptus. >* 2EWoB had the lowest
activation energy which is due to the lower ash content and lower Crl. Also, 2EWo0B has a higher

hemicellulose mass fraction and hemicellulose has been shown to decompose more easily than cellulose. >’

Table 2.9. Global kinetic parameters for E. Benthamii samples.

Kissinger
2EWB 7EW0B 2EWo0B
E (kJ mol™) 214.7 174.3 141.8
Ln A (sY) 31.1 23.9 17.8

2.4.8 Pyrolysis/Gasification of lignin model compounds

Lignin model dimers with the B-O-4linkage were used to determine the difference in reactivity of
these compounds based on the shift from 0, 2, and 4 methoxyl groups per $-O-4 linkage represent the
difference in H, G, and S lignin dimers. The effects of chain end p-O-4 linkages where the C4 position
contains a phenolic group can also be differentiated from groups with biphenyl ligands at this position. The
main products from pyrolysis at 850°C are shown in Table 2.10 and a full list of compounds can be found
in the Chapter 3 Appendix.

The theory of tar formation through a direct combination of aromatic rings is the primary tar
forming mechanism investigated for this work. This mechanism is illustrated in Figure 2.9. The methoxy
groups are thought to be broken through hemolytic cleavage resulting in radical species, the higher amount
of methoxyl groups should lead to a higher probability of condensation reactions resulting in more

secondary and tertiary tars. What was observed is that a common compound found in gasification tar,
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indene’s, were only observed from S type dimers. Additionally, the selectivity of 2-Ring aromatics is higher
for S type dimers than G. The selectivity of 2-ring aromatics increases with methoxyl content ranging from
4.4% with H type dimers up to 9.4% with S type dimers.
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Figure 2.9. Formation of tar compounds from S type $-O-4 phenolic dimers

Secondary effects of the different methoxyl content are highlighted in the selectivity of all major
compounds including, phenols, furans, 1-ring aromatics and light gases. H type dimers show the highest
selectivity of phenols and 1-ring aromatics, G type dimers produce the most furans, and S type dimers
produce more light gases.

The formation of 1-Ring aromatics shows H type dimers have the highest selectivity while S type
dimers have a higher selective than G type dimers. After fragmentation of the 3-O-4linkage, H dimers will
undergo the fewest reactions to stabilize and from1-ring aromatics leading to a more selective pathway. For
S type dimers it may be possible for the two radicals left from methoxyl cleavage to self-condense leading
to stable, 1-ring aromatics while G dimers are unable to self-condense and therefore likely to undergo
further reactions to form stable compounds.

G type dimers show more tertiary tars such as phenanthrene while S dimers give the lowest yield
of these tars. Light gasses are also significantly affected by methoxyl content. The higher amount of
methoxy groups are contributing to this as they are released however, the highest selectivity for light gasses
are larger compounds like 1,4 pentadiene, 1,3 butadiene, and propene

The presence of the phenolic group instead of the biphenyl group is also important as the selectivity
of indene’s increased from 0.3% to 2.3% with the phenolic group. The higher selectivity of indenes with
the phenolic group for S type dimers was followed by a decrease of 1-Ring (44.7% to 37.5%) and 2-Ring
(9.4% to 6.9%) aromatics. The main compounds that showed lower selectivity were largely ethylbenzene
and toluene for the 1-Ring compounds and ethylene-1,1-diphenyl and methylated naphthalene for the two

ring compounds.
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Table 2.10. Gasification/Pyrolysis products from lignin model compounds (FID Area %)

Non-phenolic Phenolic

Library/ID HH GG SS GG SS
Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg.  Stdv.

Light gases 843 111 445 024 1143 057 929 031 3747 185
Primary Tar 2370 218 1850 108 824 090 47.08 152 4878 122
Ketones i i i i - - 080 003 098 005
Aldehydes 632 091 148 009 048 005 290 027 220 021
Phenols 1597 357 1267 048 497 063 3421 158 37.85 040
Alcohols 015 014 055 014 - : 133 002 133 049
Furans 127 015 380 046 278 013 7.84 043 641 034
Secondary Tar  gnsp 168 4455 146 5606 175 2633 138 4677 1.06
1-Ring 5322 255 3552 204 4469 234 2122 158 3749 033
Indene ) - - - 033 000 - - 236  0.28
2-Ring 443 029 607 010 942 073 48 033 692 052
Tertiary Tar

2.87 0.17 2.96 0.16 1.62 0.03 0.26 0.07 - -

A full list of compounds can be found in Chapter 3 Appendix
2.5 Conclusions

Gasification performance of short rotation E. benthamii was found to be comparable to that of P. taeda
in terms of syngas yields and profile. Differences were established in the amount of tar produced during
gasification and was noticeably lower for E. benthamii samples. Tree harvesting age and the
presence/absence of bark were determined to be suitable parameters for adjusting the syngas and tar
profiles. Older 7TEWo0B generated higher levels of CH. leading to a higher heating value of the syngas
compared to both younger samples (2EWoB and 2EWB). Tar profiles showed increased amounts of
naphthalene and indene for older samples but a significant decrease in benzene which resulted in the total
tar yields being lower for older samples. The presence of bark was found to increase the H; yield which
leads to a higher H,: CO gas ratio with the 2EWB sample. Finally, the effect of alteration of fluidized bed
H/D ratio in combination with the 2EWB samples on gasification performance indicated an improved
conversion of biomass and char to vapors. This lead to higher syngas yields as well as higher tar yields.
The H/D ratio also shifted syngas profiles to increase the formation of CH4 and CO; and higher ratios while

CO and H yields were higher at low H/D ratios. Spectroscopic characterization, TGA kinetic analysis and
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pyrolysis of E. benthamii samples were used to further investigate differences in gasification product slates
and tar yields. Variations in the cellulose crystallinity and lignin composition of E. benthamii were observed
with varying the harvesting age and presence/absence of bark, which in turn altered the product slate from
fast pyrolysis.7EWo0B was found to have a higher cellulose Crl which led to an exclusive formation of d-
Allose upon pyrolysis. The higher ash content of 2EWB affected the kinetics of pyrolysis leading to the
highest activation energy among the samples studied. Tar formation from lignin model compounds was
studied using S, G and H type B-O-4 linkages. Condensation of radical species was the main reaction
pathway for the growth of tars. S type dimers produce more 2-ring secondary tar compounds as well as
indene tars. G type dimers form primary tars such as furans and also tertiary tars. H type dimers are more

selective towards 1-ring compounds like benzene, toluene, and phenols.
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Chapter 3 Fast pyrolysis of Prickly pear and Gumweed?
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3.1 Abstract

Opuntia ficus-indica (prickly pear) and Grindelia squarrosa (gumweed) are two exceptionally
drought tolerant plant species capable of growing in arid and semi-arid environments. Additionally, they
have unique cell wall structures. Prickly pear contains pectin and high levels of ash (16.1%) that is
predominantly Ca and K. Gumweed has high levels of extractives that contain grindelic acid and mono-
terpenoids. The objective of this paper was to evaluate how these unique cell wall components alter the
pyrolysis performance of prickly pear and gumweed. Using a tandem micro pyrolyzer with GC-
MS/FID/TCD, a detailed account of the product slate is given for products generated between 450°C and
650°C. Pyrolysis of prickly pear showed that the high levels of ash increase the amount of organics
volatilized and shifted product pools making it possible to generate up to 7.3% carbonyls vs. 3.8% for Pinus
taeda (loblolly pine) and 10.5% hydrocarbons vs. 1.8% for pine depending on reactions conditions.
Pyrolysis of gumweed showed that the extractives were volatilized at low temperatures and led to 17.7%

3 Cross, P.; Mukarakate, C.; Nimlos, M.; Carpenter, D.; Donohoe, B.; Mayer, J.; Cushman, J.; Neupane, B.; Miller, G.; Adhikari,
S. Fast pyrolysis of opuntia ficus-indica (prickly pear) and Ggrindelia squarrosa (gumweed). Energy & Fuels 2018, DOI:
10.1021/acs.energyfuels.7b03752.
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grindelic acid and mono-terpenoids derivatives in the condensed vapor phase. At high temperatures, the
extractives and other biomass components are converted to aromatics and Cs-Cio hydrocarbons giving a

total yield of 16.6% and also generates large amounts of C,-C4 hydrocarbons, 11.3%.

3.2 Introduction

The production of renewable fuels and chemicals from biomass is a key part of the U.S. strategy
for reducing dependence on imported petroleum, improving air quality, and supporting rural economies.
The large-scale use of non-food biomass as a source of renewable carbon for fuels and chemicals will
require the development of dedicated feedstocks co-optimized for growth and efficient conversion (high
carbon and hydrogen retention, low catalyst deactivation). The benefits of drought-tolerant plants as
feedstocks for biofuels and biochemicals have been identified by other groups 2 who stressed that
increasing global temperature, drought, and soil-drying conditions caused by global warming will increase
competition for agricultural freshwater and cultivated soils. Expanding available biomass resources to
include plants with exceptional drought tolerance complements traditional lignocellulosic resources and
has the advantage of lower water requirements and the use of arid and semi-arid lands, potentially opening
up large areas of the western U.S. to biofuel and biochemical production. The use of marginal lands with
low water availability will be a crucial component to the success and ecological sustainability of a future
Bioeconomy.

Prickly pear and gumweed were identified as two species of plants that exhibit exceptional drought
tolerance and thrive in arid and semi-arid climates. *** The annual dry mass yield of prickly pear is 9-15
ton ha* yr?, rivaling that of Panicum virgatum (switchgrass) (12.9 ton ha™ yr?). ® Growth rate and water
efficiency of gumweed have shown potential annual dry mass yields of 11.8 ton ha™ yr? in a semi-arid
climate. > Biochemical routes (pretreatment followed by enzymatic digestion) used for the conversion of
these feedstocks have previously been reported. "® Ethanol yields from prickly pear ranged from ~1.4%
(w/v) 8 to 2.6% (w/v) " with different pretreatment and fermentation conditions being employed. However,
to the best of our knowledge, no work has been conducted using the thermochemical route of fast pyrolysis.

Fast pyrolysis was selected as the conversion process because of its high conversion and potential
to produce both bio-oil as a biofuel precursor and higher value chemicals. ®*° The oxygen content in bio-
oil from pyrolysis can range up to 62%, averaging 40%, and there can be hundreds of different compounds
in the mixture. ® Some of these oxygenated compounds have a higher economic value than gasoline or diesel
and could be sold as co-products to improve the economic viability of the overall processes. 1 Oxygenates
that are of high value include simple phenols (phenol $1-2 kg™ and p-cresol $2-3 kg™*) ** and polymer
feedstocks with disubstituted functional groups such as C,-Cs diols and 2,5-disubstituted furans. 2

Terpenoids are used in the development of sustainable renewable polymers. ** The other lower value oxygen
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compounds can be further upgraded to hydrocarbons through several processes. 1 Strategies to reduce the
severity of the upgrading processes can include optimizing reaction conditions and feedstock selection to
produce a more favorable product stream that requires less intensive upgrading. 1> Elkasabai et al. '’
showed that Panicum bio-oil upgraded with a Pt/C catalyst consumed half as much hydrogen as Eucalyptus
benthamii primarily due to the differences in chemical composition of the biomass leading to the different
oxygen content of the bio-oil.

The chemical composition of prickly pear was studied by Yang et al. *® who performed a wet
chemical analysis and also compiled values (mass fraction) from literature 1*2°7 and found that prickly pear
cell walls consist of cellulose 6.8-13.1wt%, hemicellulose 9.1-18.5wt%, lignin 7.9-16.0wt%, extractives
17.7-25.0wt%, and ash 16.8-23.7wt% (Ca 10.6wt%, K 8.1wt%, Mg 2.8wt%, Na 0.2wt%). Additionally,
Contreras-Padilla et al. determined that crystalline structures existed in prickly pear and contained; calcium
carbonate [CaCOs], calcium-magnesium bicarbonate [CaMg(CQs)2], magnesium oxide [MgQ], calcium
oxalate monohydrate [Ca(C204)*(H20)], potassium peroxydiphosphate [K4P.Og], and potassium chloride
[KCI]. 2! The extractives isolated from prickly pear using water extraction contain high amounts of pectin.
The structural analysis and chemical properties of pectin have been well researched due to its common use
in the food industry and the application of its gelling properties. 222

Existing literature on the pyrolysis of pectin may give insight into how the products from pyrolysis
of prickly pear will be different from other types of biomass that contain far less pectin. Pyrolysis studies
of commercial citrus fruit pectin extract, 2#2° or citrus fruit peels 22 that are high in pectin, indicate its
decomposition occurs between 150°C and 250°C and due to the structure of these particular pectins
produces methanol as a primary product. CO; is also an abundant product of pectin pyrolysis and is
understood to be formed by cleavage of the carboxylic groups of glucuronic acid.  An important
characteristic of prickly pear that should affect the product slate is the high level of alkali metal salts and
metal oxides. MgO has been shown to significantly increase the yields of carbonyls, specifically
cyclopentenones, and aldehydes, and can also increase yields of hydrocarbons while reducing the yield of
acids and phenols from poplar. 22 These metal oxides and other major ash-forming elements also affect the
secondary conversions to form char at higher temperatures. 2°

The composition (mass fraction) of gumweed was determined by Reza et al. * to be 26% cellulose,
18% hemicellulose, 4% lignin, 44% extractives and 8% ash. The unique aspect of gumweed s composition
is the extractable hydrocarbons. This fraction of the biomass has generated interest because it has potential
as a biofuel with minimal or no downstream processing. 54 as well as in the development of sustainable
renewable polymers. The extractives of gumweed contain 10-14% extractable hydrocarbons that consist of
52 - 60% diterpene acid grindelic acid. ¢ Additionally, there are 4.7% monoterpenes such as pinene,

limonene, germacrene, elemene and camphene. ® Work by Neupane et al. ® showed that these hydrocarbons
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can be isolated and upgraded to yield 9.1% bio-fuel that can be blended up to 20% with diesel before
viscosity issues become apparent. A review paper by Wilbon et al. discusses the use of terpenes, terpenoids,
and rosin as a source of renewable polymers. * A goal of the current work is to determine if pyrolysis is a
suitable way to convert the whole plant, including the extractable hydrocarbons, into biocrude.

The pyrolysis of feedstocks with high levels of extractives has been shown to generate a two-phase
bio-oil with an extractive rich phase that has a lower oxygen content, higher viscosity, and heating value. 3
Extractives are typically made of fatty acids, fatty alcohols, terpenes, resins, and acids which upon pyrolysis
will generate a bio-oil with significant differences in oxygen content, polarity, and density as compared to
the pyrolysis products of cellulose, hemicellulose and lignin.

The thermochemical conversion of these plants is a novel study that will add to the existing
literature by evaluating the potential of these drought-tolerant plants for application as pyrolysis feedstocks.
By giving detailed carbon yields on the char and vapors detected at 450-650°C using a tandem micro
pyrolyzer GC-MS/FID/TCD the amount and quality of bio-oil, as well as non-condensable gases that are
generated with these feedstocks, can be evaluated to determine unique trends and product slates. Ultimately,
the goal is to determine if these drought-tolerant feedstocks and their unique cell wall architectures are

suitable for fast pyrolysis to generate fuels and chemicals.

3.3 Materials and Methods

Opuntia ficus-indica (prickly pear) cladodes and Grindelia squarrosa (gumweed) were obtained
from the University of Nevada’s research greenhouses and field plots. An excellent study on the cultivation
of gumweed is given by Neupane et al. ® Before being sent to National Renewable Energy Laboratory
(NREL), Colorado, USA, Prickly pear cladode samples were freeze-dried at room temperature for three
days. Gumweed samples were air dried at ambient temperature for five to seven days. Both feedstocks were
dried to be 7-10% moisture content and milled using a hammer mill with 1/8"-inch screen. Pinus taeda

(loblolly pine) was used as a reference feedstock to compare yields and product molecules.

3.3.1 Biomass Characterization

Proximate and ultimate analyses were conducted to determine the cell wall composition of these
feedstocks. Proximate analysis was run using the ASTM D5142 for moisture content (MC), volatile matter
(VM), ash content, and fixed carbon (FC). The ultimate analysis was performed to determine the C, H, N,

and O composition of the feedstocks.

3.3.2 Micro Pyrolyzer GC-MS/FID/TCD
The same tandem microreactor and calibration methods were used for this section as in Chapter 3.
The first chamber was held at 450°C, 550°C or 650°C while the second chamber was held at 350°C
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3.4 Results and Discussion

3.4.1 Biomass Characterization

The prickly pear and gumweed samples were characterized by proximate analysis, ultimate analysis
and their heating values as indicated in Table 3.1. The proximate analysis showed the proportion of volatile
matter (VM), fixed carbon (FC), and ash on a dry basis. The VM for prickly pear and gumweed were both
lower than pine; 3 however, more of the organic material is volatilized as shown by the lower fixed carbon
for prickly pear and gumweed. Kim et al. * reported the FC to be 18.9% and 22.9% for pectin-rich citrus
peels and pure pectin, respectively. The main difference between these pectin feedstocks and prickly pear
is the higher ash content in prickly pear. The alkali and alkaline earth metal salts present in the ash have
been shown to increase the volatilization of FC* and are evident in the case of prickly pear where FC is
only 4.0%. The high quantity of ash is an important characteristic of prickly pear and is believed to lead to
the greater conversion of char and increased volatilization of organics at higher temperatures. Gumweed in
the current study has 9.0% higher VM than what was reported by Reza et al. ** who determined gumweed
to have 74.4% VM. The ash in prickly pear and gumweed are significantly higher than pine. The ash content
of prickly pear was close to the lower values compiled by Yang et al. *® which ranged from 16.8% - 23.7%.
Reza et al. *° found the ash content of extracted gumweed to be 7.1 %, which is slightly higher than the

current study.

Table 3.1. Proximate and ultimate analyses of prickly pear, gumweed, and pine

Prickly pear Gumweed Pine 2
Moisture (wt.% a.r.)? 7.2£0.0 7.3+£0.1
Higher heating value® (MJ kg™) 14.6 - 15.3 18.6 -17.7 19.8-194
Proximate analysis (wt.% d.b.)"
VM 799+ 1.7 83.7+£20 85.6
Fixed carbon 40116 9.6+2.0 141
Ash 16.1+0.1 6.7x1.0 0.4
Ultimate analysis (wt.% d.b.)
C 34.7+£0.3 449+04 47.6
H 5.3+£0.1 6.5+£0.1 6.8
N 1.0£0.0 1.2+£0.0 0.3
O (by difference) 429 40.7 449

da.r.= as received. d.b.= dry basis.
YHHV is calculated using Equations 3.1 and 3.2.

The elemental compositions of carbon, hydrogen, nitrogen, and oxygen were determined through
ultimate analysis. The amount of carbon in each sample was used to determine the carbon yield of pyrolysis

vapors as previously described. Prickly pear had the lowest amount of carbon (34.7 £ 0.3%) followed by
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gumweed (44.9 + 0.4%) and pine (47.6%). Similarly, the hydrogen content follows the same trend prickly

pear < gumweed < pine. These values are within the range of what has been previously reported. 8%

HHV (Z—g’) = —1.3675 + 0.3137 C + 0.7009 H + 0.0318 0 (3.1)
HHV (f—g’) = 26.601 — 0.304(4) — 0.082 (VCM) (3.2)

The higher heating value of prickly pear, gumweed and, pine was estimated using results of the
ultimate analysis combined with Equation (3.1) * and another method based on the proximate analysis and
Equation (3.2).* Due to the lower levels of carbon and hydrogen, the heating value for prickly pear (14.6
—15.3 MJ kg'*) and gumweed (18.6 - 17.7 MJ kg™) are less than pine (19.8 - 19.4 MJ kg). The HHV as

determined by Reza et al. *° (18.4+0.4 MJ kg™) is close to the calculated values for gumweed.

3.4.2 Micro Pyrolyzer GC-MS/FID/TCD

PyGC-MS/FID/TCD analysis was carried out to identify and quantify the pyrolysis products of
prickly pear and gumweed formed at 450-650°C. The identification of major compounds as well as the
retention times, classifications and carbon yields at each temperature are shown in Sl (Tables S5.1 and
S5.2). There were clear differences depending on temperature and feedstock. Compounds were grouped
into several classifications based on phase (liquid or gaseous) at standard temperature and pressure, as well
as chemical structure (oxygenates, aromatics, hydrocarbons, extractives), and functional groups (carbonyls,

phenols, acids, etc.). The yields of products in these categories are shown in Table 3.2.

Table 3.2. Carbon balance and product pools from pyrolysis of prickly pear, gumweed, and pine
Prickly pear Gumweed Pine

450°C 550°C 650°C 450°C 550°C 650°C 550°C
206 (23) 270 (34) 344 (21) 129 (12) 171 (07) 311 (13) 108 (28)

Non-condensable Gases

(C%)
Cco, 196 (21) 241 (26) 257 (18) 119 (13) 144 (02) 172 (L7) 84 (20)
co - - 20 (01 - - 02 (02 26 (02) 12 (05)
CxCy 10 (01 29 (08 67 (05 10 (01) 25 (0.4) 113 (04) 12 (0.2

Condensable Vapors (C

") 174 (14) 192 (27) 284 (18) 350 (1.2) 324 (03) 305 (36) 242 (15)

Oxygenates 140 (12) 153 (22) 180 (05 151 (0.7) 172 (22) 98 (L1) 224 (L7)
Carbonyl 73 (07) 70 (1) 54 (06) 42 (04 56 (01) 20 (03) 38 (0.3)
Furan 32 (05 47 (08 52 (04) 16 (02) 08 (03) 22 (01) 40 (0.2
Acid 09 (1) 09 (1) 14 (1) 32 (01 34 (09 20 (01 34 (07)
Alcohol 0.6 (02) - - - - - (00) 03 (04 - - 1.9  (0.1)
Phenol 06 (0.1) 04 - 3.2 - 21 (05 25 (06) 14 (04 09 (0.3)
Methoxy Phenol - - - - - - 26 (05 31 (0.5 - - 75 (11
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Aldehyde 15 (1) 24 (1) 27 (1) 09 (03) 14 (02 20 (06 07 (0.1

Hydrocarbons 34 (02 39 (06 105 (13) 199 (03) 152 (0.7) 207 (18 18 (0.3)
Cs-Cio 23 (01) 27 (04 57 (05 12 (03) 43 (06) 72 (08 08 (0.1)
Cu-Cis 03 (1) 02 (01) 19 (2 02 (02 03 (0.1
Aromatics 09 (1) 10 (03) 28 (5 07 (1) 11 (01) 94 (1.0) 10 (0.3)
Extractives® - - - - - - 177 (02) 96 (32 41 (0.8

Total (C %) 36.0 - 46.3 - 62.8 - 47.9 - 49.3 - 61.6 - 349

Char (Wt %) 38.0 - 35.8 - 18.4 - 18.5 - 12.2 - 6.0 - 16.0

Table S3.2 lists identified extractives.
Standard deviation is given in parenthesis.

3.4.3 Condensable vapors

The yield of GC detectable pyrolysis vapors are shown in Figure 3.1. All compounds presumed to
be in the bio-oil fraction and measurable by chromatography are grouped into this category, including
oxygenates, aromatics, Cs-Cio hydrocarbons and C11-Cis hydrocarbons. Additionally, FID chromatograms
are given in the SI. For prickly pear, the release of pyrolysis vapors was positively correlated with
temperature and reached a maximum yield of 28.4% at 650°C. The yield of pyrolysis vapors for gumweed
decreased with temperature and had a maximum value of 35.0% at a lower temperature of 450°C. The yield
of condensable pyrolysis vapors for gumweed was higher than what was observed for prickly pear at all
temperatures. The yield of pyrolysis vapors for the reference pine at 550°C was 24.2%. The correlation of
temperature to the yield of pyrolysis vapors for the different feedstocks is caused by the unique
characteristic of each plants cell wall. For prickly pear, partitioning to char drops off significantly at 650°C,
along with a large increase in condensable vapors, and slight increase in non-condensable gases. Gumweed
produces higher yields at lower temperatures because the extractives are easily volatilized at this
temperature and do not need to undergo depolymerization or fragmentation to enter the gas phase. At higher

temperatures the larger compounds are broken into small non-condensable gasses.
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Figure 3.1. Carbon yield of GC detectable oxygenates and hydrocarbons in pyrolysis vapors

Pyrolysis of prickly pear at 650°C showed a much lower yield of char, and also produced higher
yields of aromatics, Cs-Cipand C11-Cys hydrocarbons. At 450°C and 550°C, the char yield is much higher
and does not change as significantly, 38.0% to 35.8%, respectively. Kim et al. **showed that the char yield
of pectin and citrus peels level off around 450°C and 35.0% and stays in this range even up to 700°C. In
the current study, char yield drops significantly at 650°C to 18.4% as seen in Figure 3.2. The observed
changes in product yields are due to improved heat transfer to biomass samples at high temperatures because

the micropyrolyzer suffer from heat and mass transfer limitations especially at low temperatures as
previously reported. *
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Figure 3.2. Char yields of prickly pear at 350°C - 750°C and gumweed 450°C -650°C

Pyrolysis of gumweed at 450°C showed that volatilization of extractives at this temperature gave
the highest yield of condensable GC detectable compounds. At 450°C, the total carbon yield of condensable

pyrolysis vapors was 35.0%, this value drops to 32.4% at 550°C and continues to decrease to 30.5% at
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650°C. At 650°C the temperature is high enough to convert the extractives and other pyrolysis vapors into
smaller, more volatile aromatics which show a large increase in yield between 550°C and 650°C. At 650°C
the char yield was 6.0 wt% and although this is lower than the average ash value 6.7%1.0. it is still within
the standard deviation.

An abundant group of products for both feedstocks was oxygenates. Oxygenates formed during the
pyrolysis of prickly pear do not have a significant change in yield over this temperature range and increase
from 14.0% at 450°C to 18.0% at 650°C. Gumweed generated a maximum yield of oxygenates at 550°C,
17.2%, with lower values of 15.1% at 450°C and 9.8% at 650°C. The yield of aromatics reaches a maximum
at 650°C for both feedstocks. However, gumweed reaches 9.4% while prickly pear only achieves a 2.8%
yield. Both feedstocks have a similar profile for the formation of Cs-C1o hydrocarbons, but prickly pear
generates significantly more C11-Cis hydrocarbons than gumweed at 650°C.

The total product yields from pyrolysis of these feedstocks are promising and surpass that of the
biochemical routes used to date. Ethanol production from prickly pear is low <4.0% * while the GC
detectable bio-oil yield can reach 28% when using pyrolysis. Acetone extraction of gumweed is a viable
way to isolate the extractable hydrocarbons and can generate yields of around 12.5%. Pyrolysis of gumweed

produced up to 20% hydrocarbons at elevated temperatures and 17.7% extractives at low temperature.

3.4.4 Oxygenates

Oxygenates are smaller, polar molecules, and can be categorized by the oxygen-containing
functional groups such as carbonyl, furan, acid, phenol, alcohol, and methoxy phenol. By comparing the
yields of these groups, it is possible to distinguish how the different cell wall structures of prickly pear and
gumweed lead to the formation of unique product slates.

The yields of oxygenate sub-categories are shown in Figure 3.3. The yield of total oxygenates from
prickly pear continues to increase with increasing temperature and can be attributed to the formation of new
phenolic and acidic compounds as well as the continued increase of furan compounds and a stable formation
of carbonyls. Oxygenates generated during pyrolysis of gumweed reach their maximum at 550°C. This is
reflected by the yields of all oxygenates except furans and aldehydes which are higher at 650°C

Carbonyl compounds were the most abundant category for prickly pear and reach a maximum
production of 7.3% at 450°C. The carbonyl fraction consisted of mostly acetone, butanones and
cyclopentenones which are valuable products; however, aldehydes such as acetaldehyde, furfural, and 2-
propenal were 1.5% at 450°C and increased at 650°C reaching 2.7%. These carbonyls can be produced by
the decomposition of xylose " as well as pectin during pyrolysis. 2 The trend in carbonyl formation from
gumweed is dependent on the yields of acetone, acetaldehyde, and 2-propanone-1-hydroxy. The total yield
of all carbonyls at 450°C is 4.2%. Ketones, including 2-pentanone and 2-propanone-1-hydroxy, as well as

other more complex carbonyls observed only at 550°C, increase the yield to 5.6% at 550°C. Acetone and
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acetaldehyde continue to increase in yield at 650°C, but most other carbonyls are not present at this
temperature, causing the overall yield to decrease to 2.0%.
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Figure 3.3. Carbon yield of GC detectable oxygenates

Phenolic compounds from prickly pear reached their maximum yield of 3.23% at 650°C. At low
temperatures, only 4-methylphenol and 4-butyl phenol are generated in detectable amounts while at higher
temperatures phenol, and various methyl phenol and ethylphenol compounds are formed. These can form
through different reactions which include the breakdown of xylose and lignin. *® The phenols from
gumweed are mostly made of the pure phenol compound which was mainly formed at 450°C and 550°C.
At 650°C 3-methylphenol, 2-5-dimethylphenol and 4-methylphenol were more abundant but a drop in pure
phenol formation still lowered the total yield to 1.4%.

The acid fraction from prickly pear mostly contained acetic acid at lower temperatures. At 650°C,
the acid fraction reached a maximum value of 1.4%. This trend is due to larger amounts of propanoic acid
being present at 650°C. The acids from gumweed where most abundant at 550°C and followed the trend of
3.2% to 3.4% to 2.0%. This behavior was because butanoic acid is only formed at 450°C and 550°C and
acetic acid, which is present at all temperatures, decreases significantly at 650°C.

The continued growth of furan compounds from prickly pear caused furans to reach their maximum
yield of 5.2% at 650°C. The furans included the basic furan compound as well as more substituted
compounds like 2-furancarboxaldehyde-5-methyl, and 2-5-dimethylfuran. These furans are likely from the

breakdown of levoglucosan produced by the thermal decomposition of cellulose. *°
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The methoxy phenol compounds from gumweed are formed from the decomposition of lignin. 4°
The total yield of methoxy phenols reached a maximum at 550°C of 3.1%. 2-Methoxy-4-vinyl phenol is

the most abundant guaiacol derivative and 2-6-dimethoxyphenol is present from the syringyl type lignin. °

3.4.5 Hydrocarbons

The hydrocarbons are larger, less polar molecules, and can be categorized as aromatics, Cs-Cio
hydrocarbons, C11-Cx hydrocarbons, and extractives. Yields of hydrocarbons are shown in Figure 3.4. The
total yield of hydrocarbons from prickly pear increased with temperature and had the largest total yield at
650°C equal to 10.5%. The extractives produced from gumweed give the hydrocarbons a unique trend,
having similar total yields at 450°C and 650°C but at lower temperatures, the extractives are the dominant
molecules while at higher temperatures aromatics and Cs-C1o hydrocarbons are the most abundant.

Aromatic compounds and Cs-Cio hydrocarbons showed the greatest increase in yield between
550°C and 650°C. For prickly pear, this is caused by the more abundant formation of 2-ring aromatics like
indene, 1-methyl-1H-indene and 1-ring aromatics such as 1-3-dimethylbenzene at 650°C. At lower
temperatures, compounds like benzene, toluene, and ethylbenzene are formed and increase exponentially
with temperature and also contribute to the higher yield of aromatics at 650°C. For gumweed, the large
increase in the yield of aromatics at 650°C is caused by the formation of 1-ring aromatics such as benzene,
p-xylene and, 1-2-3-dimethylbenzene as well as the formation of 2-ring aromatics such as, 2-

methylnaphthalene and 2,7-dimethyl naphthalene which are not observed at a lower temperature.
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Figure 3.4. Carbon yield of GC detectable hydrocarbons

The increase in yield for the Cs-C1o hydrocarbons for prickly pear is due to the continued growth
of cyclic alkenes such as 1-3-cyclopentadiene and 1-cyclopentadiene-1-methyl. Formation of longer

straight chain alkenes such as 1-heptene and 1-pentene at these higher temperatures was also observed in
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small quantities. Similarly, gumweed produced cyclic alkenes typically consisting of 5 carbon rings such
as 1-3-Cyclopentadiene-1-methyl. Alkenes of varying length and substituent carbons such as 1-4-
Pentadiene, and 2-Pentene-4-methyl were observed as well.

C11-Cxo hydrocarbons have a very low 0.3% yield for prickly pear and slightly increases to 1.9%
at 650°C. This shift is largely due to the presence of decene compounds like 1-pentadecene. The GC-
MS/FID/TCD also detected 1-undecene, 1-tridecene, and 1-tetradecene at higher yields for 650°C than for
550°C. The yield of Ci1-Cy hydrocarbons for gumweed is exceedingly low. The hydrocarbon product
trends shown for prickly pear are due to improved heat transfer at higher temperatures, leading to increased
yields of hydrocarbons. The trends observed for gumweed are due to cracking of vapors from extractives
at high temperatures to form aromatics and Cs-Cio species.

3.4.6 Non-Condensable Gases

The non-condensable gases included CO,, CO, and C,-C, hydrocarbons, these are shown in Figure
3.5. These compounds continued to become more prevalent with increasing temperature for both
feedstocks. At 650°C when the highest yield of pyrolysis vapors was obtained for prickly pear the non-
condensable gases had a 34.4% yield. The non-condensable gases made up a large fraction of the carbon
yield even at lower temperatures where the yield was 20.6% even at 450°C. Gumweed produces lower

levels of non-condensable gases at all temperatures ranging from 12.9% at 450°C to 31.1% at 650°C.
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Figure 3.5. The yield of GC detectable non-condensable gases

CO; is the dominant product in this category. The simplest mechanism that forms CO; is
decomposition of carboxyl groups of pectin in prickly pear and carbonyl groups of hemicellulose within
the cell wall of both feedstocks. Other routes of forming CO; at elevated temperatures are through C-C and
C-O scission. * More complex routes of forming CO- include decarboxylation of B-keto acids which could

potentially form after homolytic cleavage of the glycosidic bond and rearrangement if carboxyl groups are
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not converted to CO, before the glycosidic bond is broken. CO is much less prevalent and is not formed
below 550°C but increases significantly between 550°C and 650°C. One reason for the low levels of CO
could be the lower levels of cellulose in these feedstocks. #* The lighter hydrocarbons are predominantly

made up of ethene, propene, and 1-propene-2-methyl and increase exponentially with temperature.

3.5 Conclusions

The pyrolysis of drought-tolerant prickly pear and gumweed was conducted on a tandem micro
pyrolyzer with GC-MS/FID/TCD to determine if the unique cell wall components of these crops can
produce valuable fuels and chemicals from pyrolysis. Additionally, pyrolysis was conducted between
450°C and 650°C to evaluate changes in the product slate with temperature. Prickly pear generated the
largest amounts of valuable carbonyls at 450°C (7.3%) along with lower levels of deleterious aldehydes
(1.5%) and acids (0.9%). At higher temperatures of 650°C prickly pear generated higher levels of furans
(5.2%), aromatics (2.8%) and Cs-Cio hydrocarbons (5.7%) and reached the highest yield of pyrolysis vapors
28.4%. Gumweed was able to produce up to 9.4% aromatics and 7.2% Cs-Ciohydrocarbons at 650°C giving
a total yield of pyrolysis vapors of 30.5%. Interestingly at lower temperatures (450°C), gumweed produced
17.7% of extractives which are larger (C20) compounds that have usually only a single oxygen atom. Based
on these results, it is determined that prickly pear is a valuable feedstock based on its potential to produce
higher yields of valuable carbonyl chemicals at low temperatures and shift the product pool to favor
hydrocarbons at higher temperatures. Gumweed has significant potential because of the high yield of
extractives and hydrocarbons. The aromatics and hydrocarbons could be used for drop-in fuel blendstocks.
The oxygenates could either by upgraded using hydrotreating to produce hydrocarbon fuels or they could
be used as value-added products that could improve the economics of the biorefinery. For instance, the
phenols and furans could be used as precursors for preparing polymers, such as polycarbonates or
phenol/formaldehyde resins. Future work should include TG and DGTA studies to understand more about
the thermochemistry of these substrates and catalytic upgrading schemes to further increase the value of

these feedstocks.
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Chapter 4 Catalytic fast pyrolysis of drought-tolerant biomass: Optimal

catalyst configuration and evaluation of deactivation patterns

[

<+—— Biomass

- Quartz Wool
»
Catalyst
_Quartz Wool

Biomass

Quartz Wool
Catalyst
Quartz Wool

4.1 Abstract

Opuntia ficus-indica (prickly pear) and Grindelia squarrosa (gumweed) are two types of biomass
that possess unique cell wall architectures tailored for prolific growth in arid and semi-arid climates. The
adaptation of these plants to harsh climes has generated cell wall architectures composed of complex
matrices that hold different compositions of lignocellulosic biopolymers (cellulose, hemicellulose, and
lignin) while additionally utilizing alternative carbohydrates and resins to thrive in these climates. Most
notably these plants have developed much lower levels of lignin. This characteristic alone can lead to
improved zeolite lifetime and limit the deactivation of zeolites through coke forming lignin condensation
reactions. Additionally, the unique carbohydrates and resins have been found to be more efficiently
converted to hydrocarbons and generate their own slate of oxygenates not yet observed in the catalytic fast
pyrolysis of biomass. Prickly pear holds higher levels of pectin carbohydrates, as well as alkali and alkaline
earth metal salts that have proven to shift the products to favor more volatilization of organic compounds
and generate unique and valuable, oxygenates such as cyclopentanones. Gumweed forms a resin on the
plants surface that contains larger monomeric compounds including terpenes and terpenoids as well as
diterpenes. The CFP of these compounds was found to produce higher yields of aromatics than the cell wall
of pine, switchgrass or corn Stover. These compounds also generate their own slate of unique oxygenates

not yet observed in catalytic fast pyrolysis.
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Using a tandem micro pyrolyzer with GCMS-FID-TCD, a detailed account of the product slate is
given for products obtained from in-situ and ex-situ catalytic fast pyrolysis with ZSM-5 at 550°C.
Additionally, the deactivation of the zeolite catalyst during ex-situ pyrolysis was studied. Pyrolysis of
prickly pear with in-situ HZSM-5 resulted in 17.3% aromatics, 11.9% alkenes, gumweed produced 28.8%
aromatics and 12.4% alkene. Ex-situ catalytic fast pyrolysis of prickly pear resulted in 8.4% aromatics,
14.8% alkenes at a catalyst to biomass ratio of 10:1. After catalyst deactivation experiments the aromatic
yield was 3.9%, the alkenes were 10.1% at a catalyst to biomass ratio of 1:2. Ex-situ catalytic fast pyrolysis
of gumweed resulted in 14.8% aromatics, 32.5% alkenes and after catalyst deactivation experiments the

aromatic yield was 3.6%, the alkenes were 13.1%.

4.2 Introduction

The production of renewable fuels and chemicals from biomass is a key part of the U.S. strategy
for reducing dependence on imported petroleum, improving air quality, and supporting rural economies.
The large-scale use of non-food biomass as a source of renewable carbon for fuels and chemicals will
require the development of dedicated feedstocks co-optimized for growth and efficient conversion (high
carbon and hydrogen retention, low catalyst deactivation). The benefits of drought-tolerant plants as
feedstocks for biofuels and biochemicals have been identified by other groups '? who stressed that
increasing global temperature, drought, and soil-drying conditions caused by global warming will increase
competition for agricultural freshwater and cultivated soils. Expanding available biomass resources to
include plants with exceptional drought tolerance complements traditional lignocellulosic resources and
has the advantage of lower water requirements and the use of arid and semi-arid lands, potentially opening
up large areas of the western U.S. to biofuel and biochemical production. The use of marginal lands with
low water availability will be a crucial component to the success and ecological sustainability of a future
Bioeconomy.

These drought-tolerant feedstocks were previously studied using non-catalytic pyrolysis  and
showed that the high levels of ash in prickly pear increase the amount of organics volatilized and shifted
product pools making it possible to generate up to 7.3% carbonyls and 10.5% hydrocarbons depending on
reactions conditions. Pyrolysis of gumweed showed that the extractives were volatilized at low
temperatures and led to 17.7% grindelic acid and mono-terpenoids derivatives in the condensed vapor
phase. At high temperatures, the extractives and other biomass components are converted to aromatics and
Cs-Cyohydrocarbons giving a total yield of 16.6% and also generates large amounts of C,-C4 hydrocarbons,
11.3%. These feedstocks also produced high levels of CO,, 24.1% from prickly pear and 14.4% from

gumweed. Additionally, low yields of lignin derivatives were observed for these feedstocks. Parascanu et
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al. * performed slow pyrolysis of prickly pear and gasification of the resulting char. Similar results were
observed in regard to higher char and CO; yields.

Vapor phase upgrading of biomass pyrolysis compounds using zeolite catalyst has been shown to
be an effective method of reducing the oxygen content of the pyrolysis vapors and generating hydrocarbons
and valuable chemicals. > © Zeolites, most notably ZSM-5 deoxygenate pyrolysis vapors through
dehydration, decarbonylation, and decarboxylation. ” The formation of aromatics and olefins with ZSM-5
is through two competing catalytic cycles. The olefins cycles consist of methylation and cracking reactions
to produce olefins that are C3+ in length and the aromatics cycle consist of methylation and dealkylation
of polymethylbenzenes to form aromatics and C2 olefins. 8 The critical technical issues with ZSM-5 catalyst
is the low yield and deactivation through coke formation. ® The yield of pyrolysis oil and the amount of
coke deposition can be improved by altering the catalyst through impregnation with various metals,
changing the acidity of the catalyst by altering the silicon to aluminum ration (SAR), changing the pore size
and structure and shifting catalyst placement of in-situ or ex-situ. ° The lifetime and productivity of ZSM-
5 catalyst is also determined by pyrolysis vapor composition which depends on the feedstock used, the
temperature of pyrolysis and residence time of pyrolysis vapors. *1* The current model that is used to predict
the behavior of ZSM-5 is the hydrogen to carbon effective ration (H/Cet). This ratio has been shown to
predict the yields of aromatics, olefins and coke for ZSM-5 CFP. 2 The model is based on the theory that
ZSM-5 utilizes a hydrocarbon pool to generate products and depending on the amount of available hydrogen
the products shift from olefins to aromatics to coke as the amount of hydrogen decreases. > The non-
catalytic pyrolysis of prickly pear and gumweed generated vapors with higher H/Cg values of 0.9 for
prickly pear and 1.0 for gumweed compared to 0.78 for pine.?3

Catalyst place is an important parameter that can shift the amount of condensable vapors,
deoxygenation of pyrolysis vapors and formation of hydrocarbons. ** *# The in-situ configuration places the
catalyst in the same apparatus as the biomass while ex-situ configurations will use a separate reactor to
house the catalyst. The main differences of in-situ vs ex-situ CFP is the temperature of the catalyst and the
vapor residence time. In-situ CFP has a lower catalyst temperature as the biomass/catalyst mixture ramps
from room temperature and also has a longer vapor residence time as the vapors pass directly over the
catalyst bed and are not diluted by the He carrier gas. Wang et al. used a micro scale Py-GCMS reactor and
found the lower temperature and longer residence time leads to more aromatics (26.1% vs 18.9%) in the
product stream for in-situ CFP while ex-situ produces more olefins (17.4% vs 5.4%). ® lisa et al. determined
the organic liquid carbon yield to be slightly higher with in-situ catalyst, 25% compared with 21% for ex-
sit for a bench scale reactor with pine. 4

Producing a desirable product slate in combination with catalyst longevity are the main hurdles to

progressing this technology. Ex-situ catalyst deactivation studies using microscale Py-GCMS reactors are
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a valuable tool to understand how the product slate shifts while the ZSM-5 catalyst deactivates. *°
Deactivation studies have found the yields of furans, phenols and cresols to peak when the catalyst is
partially deactivated 1% ¢ ° for pine feedstocks where lignin derivatives are abundant. Phenols and cresols
are valuable products (phenol $1-2 kg™ and p-cresol $2-3 kg™) 7 and in this regard a partially deactivated
catalyst is beneficial. However, continued coke formation leads to a decreased yield of these valuable
intermediates as well as other hydrocarbons. Coke yields typically range from 10-20 wt% of biomass. ’
Wang et al. 2 found the coke mass yield from hybrid poplar to be 18.6% when using a microscale reactor.
lisa et al. ** determined the coke yield of pine to be 7.9% for a larger bench scale reactor with pine feedstock.
Higher coke yields in PyGC reactors is attributed to the slower heat transfer rates. '® Other factors that
influence coke formation are lignin condensation reactions, ** co-reactants such as O, CO, and CO,?° and
H/Ce ratio. *? Prickly pear and gumweed are unique feedstocks in that they have low lignin levels, and
produce higher amounts of CO- and the approximated H/Ces value is higher than that of pine. Coke yields
are determined by analyzing the mass loss of the catalyst as the coke is oxidized after pyrolysis experiments
are complete. ZSM-5 coke has been broadly categorized as soft coke, which will desorb between 200-
400°C and has of an effect on catalyst activity and selectivity. Hard coke desorbs above 400°C and is more
detrimental to catalyst performance. Hard coke requires combustion with oxygen to be fully removed which
can also deactivate the catalyst during regeneration. %

The objective of the current work is to evaluate vapor phase upgrading of prickly pear and gumweed
pyrolysis vapors using a tandem microreactor with ZSM-5 (SAR 30). A comparison of in-situ and ex-situ
catalyst placements is conducted to understand how differences in catalyst temperature and vapor
residence/contact time effect product yields. Additionally, the tandem microreactor used in this work allows
for an ex-situ catalyst deactivation study where a 1:2 catalyst to biomass weight ratio can be achieved to

understand the sequential shift in products and the overall coke formation.

4.3 Materials and Methods

4.3.1 Feedstock and Catalyst

Opuntia ficus-indica (prickly pear) cladodes and Grindelia squarrosa (gumweed) were grown at
the University of Nevada’s research greenhouses and field plots. Cultivation, preprocessing (drying and
milling), and characterization (proximate and ultimate analysis) of these feedstocks can be found in
previous publications by Neupane et al. 2 and Cross et al. ® In short, both feedstocks were dried to be 7-
10% moisture content and milled using a hammer mill with 1/8th inch screen. Pinus taeda (loblolly pine)
was used as a reference feedstock to compare yields and product molecules produced from in-situ ZSM-5.
The ZSM-5 zeolite catalyst was obtained from Nexceris and had a particle size of 300-500 um, the silica-
to-alumina ratio (SAR) of 30 and used Al,Os (boehmite, 10 wt. % binder) as a binder.
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4.3.2 Micro Pyrolyzer GC-MS/FID/TCD
The same tandem microreactor and calibration methods were used for this section as in Chapter 3.
The first chamber was held at 550°C and the second chamber was held at 500°C

4.3.3 Experimental Procedure

In-situ catalytic fast pyrolysis experiments were replicated three times, biomass samples of 0.5 mg
were mixed with 5mg of HZSM-5 and loaded into small deactivated stainless-steel cups and charged into
the 1% pyrolysis chamber maintained at a set point of 550°C. During ex-situ catalytic fast pyrolysis
experiments, 5mg HZSM-5 was loaded into the 2" reactor chamber and maintained at 550°C, then 0.5mg
of biomass were charged into the 1* reactor chamber and the vapors were passed over the catalyst bed in
the 2" chamber. Once pyrolysis was completed the cups were ejected from the 1% reactor and another
biomass sample was injected. This was repeated 20 times until the catalyst to biomass ratio was 1:2 (C1:
B2).

4.4 Results and Discussion

The effect of ZSM-5 catalyst placement on the pyrolysis vapors produced from prickly pear and
gumweed were evaluated in this work. Additionally, the deactivation process was studied for these
feedstocks and evaluated changes in the product slates as well as coke analysis with TGA. A comparison
of fresh in-situ and ex-situ catalyst and non-catalytic pyrolysis vapors are presented in Table 4.1. Here, the
total amount of detected vapors is given as both carbon yield and total FID area, these values are also given
for total oxygenates, hydrocarbons, C2-C4 gases, CO and CO,. The composition of GC detectable vapors
was much higher in aromatics and olefins with the ZSM-5 catalyst when compared to the non-catalytic
experiments at 550°C reported previously. The ZSM-5 catalyst efficiently deoxygenated the pyrolysis
vapors in this study and is believed to have done so primarily through dehydration reactions and the
formation of H,0.° The use of ZSM-5 catalyst also increased the yields of CO through decarbonylation
reactions which effectively reduced the levels of carbonyl oxygenates. Interestingly, CO; yields showed
little change between catalytic and non-catalytic experiments for these drought-tolerant feedstocks. These
drought-tolerant feedstocks produced significant amounts of CO, from non-catalytic pyrolysis and suggest
that most carboxyl groups are thermally decomposed which was supported by the low level of these
compounds in non-catalytic pyrolysis. H,O was not accounted for in this study, however, it is well
documented that vapor upgrading with ZSM-5 rejects oxygen from biomass pyrolysis vapors through the

formation of reaction water. 23
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Table 4.1. Carbon yield and FID area (10°) for prickly pear, gumweed and pine for the different
catalyst placements, in-situ and ex-situ and non-catalytic pyrolysisl

Prickly pear Gumweed Pine
In-situ  Ex-situ Non- In-situ  Ex-situ Non- In-situ Non-.
catalytic catalytic catalytic
CO; 24.2 21.4 24.1 14.3 15.1 14.4 8.8 8.4
CO 2.0 1.2 - 1.9 2.1 0.2 4.7 1.2
Gasses 12.2 10.2 2.9 13.8 16.2 24 9.1 12
Oxygenates 2.4 8.6 15.3 - 9.5 17.2 4.2 224
Hydrocarbons 175 16.7 3.9 31.6 30.9 15.2 28.0 1.8
Total C % 58.4 58.2 46.3 61.5 73.8 49.3 54.7 34.9
CO, (MS) 107.5 98.6 107.2 89.3 92.8 90.0 70.1 69.3
CO (TCD) 26.2 20.3 5.2 29.2 314 13.3 61.4 24.0
Gasses? 323.1 255.4 75.6 442.6 542.9 56.3 318.0 49.0
Oxygenates 24.9 109.7 123.0 - 181.6 167.8 37.4 329.7
Hydrocarbons 352.1 312.9 40.1 848.9 876.8 65.3 787.9 39.7
Total FID area 108" 699.9 678.0 351.1 1,291.5 1,601.3 677.5 1,143.3 418.4

'non-catalytic pyrolysis data taken from Cross et al. *
iGasses include C»-C4 hydrocarbons _
CO2 and CO are calculated from MS and TCD area, respectively
In situ vs Ex Situ Catalyst Placement

The effect of in-situ catalyst placement was compared to ex-situ placement for these drought-
tolerant feedstocks. The catalyst to biomass ratio was 10:1 (5mg catalyst, 0.5mg biomass) and the reaction
temperature was 550°C. A comparison with pine using in situ catalyst placement is also given to serve as a
reference. The total yield of detectable pyrolysis vapors can be broken down into two categories
condensable vapors and non-condensable gases. Condensable vapors included oxygenates and
hydrocarbons that are large enough to condense as STP. Non-condensable gasses included CO, CO2 and
C2-C4 hydrocarbons. Zeolite catalyst typically result in low yields of condensable vapors. ¢ Yields for
condensable vapors and non-condensable gasses were similar for both drought tolerant feedstocks,
however, GC-MS-FID is limited in its ability to generate high carbon balances for biomass pyrolysis.
Prickly pear generated a carbon yield of 19.9 - 25.3% (in-situ vs ex-situ) GC detectable condensable vapors
and 38.4 - 32.8% non-condensable gases. Gumweed generated a carbon yield of 31.6% - 40.4% GC
detectable condensable vapors and 30.0% - 33.4% non-condensable gases. Gamliel et. al., % found
switchgrass to produce lower amounts of non-condensable gases and higher amounts of liquids for an in-
situ catalyst which is not observed for these drought-tolerant feedstocks. This inconsistency could be caused
by the lower total carbon yield for in-situ catalyst caused by the limitation of GC to produce high carbon
balances or it may also be due to higher coke yields on in-situ catalyst leading to the lower total carbon
yields. 24

The distribution of specific aromatics and olefins can be seen in Figure 4.1 and illustrates the effect

of catalyst placement on individual product pools for these drought-tolerant feedstocks. The identified
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aromatics and olefins match well with the calibration compounds used and therefore results are given as
carbon yield. Aromatics and light olefins are the largest product pools for both feedstocks but catalyst
placement shifts the selectivity of these product pools. In situ catalyst generates the highest yields of
aromatics regardless of feedstock. The carbon yield of aromatics was 17.3% for prickly pear, 30.3% for
gumweed and 27.4% for pine. The most abundant 1-ring aromatics included toluene, xylene, and benzene.
Gamliel et al. % found the yields of toluene (4 C%) and xylene (4 C%) were the highest for the 1-ring
aromatics for in situ CFP of switchgrass. Similar results were determined in this report for pine, 4.6%
toluene and 4.6% xylenes. Gumweed produced over 6% for toluene, 4.5% xylene and 3.0% benzene.
Prickly pear produced 4.4% toluene and less than 3% benzene and xylene. Polymethyl aromatics and alkyl
aromatics were also observed for these feedstocks. Polymethylbenzenes were in similar abundance for the
three feedstocks (2.3%-2.9%) however polymethylnaphthalenes and were higher with gumweed (6.7%).
Larger polycyclic aromatics (PCA) including polymethyl anthracenes, polymethyl phenanthrene, and
polymethyl fluorene were present for pine with a combined carbon yield of 3.2%. It is thought that the
polymerization of pyrolysis vapors to larger polycyclic aromatics leads to coke formation. ® This
polymerization is clearly observed for pine but the larger PCA compounds were less abundant for drought-
tolerant feedstocks, 0.1% for prickly pear and 0.9% for gumweed with in-situ configuration. The ex-situ
catalyst configuration leads to a more homogeneous temperature and longer contact/residence time shifting
the yields of aromatics and olefins. 23 With these factors the growth of aromatics is not as prominent and
the total yields reach 11.9% for prickly pear, and 23.4% for gumweed. Interestingly, alkylbenzenes such as
benzene-(1-methyl-1-butenyl) have a higher yield with ex-situ catalyst. With this configuration 7.3%
alkylbenzenes were produced from gumweed making them the second most abundant class of aromatics
considering both configurations. For prickly pear, alkylbenzenes are 2.1% which is similar to the yields of

toluene and naphthalene’s.
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Figure 4.1. Total carbon yields of GC detectable hydrocarbons for prickly pear, gumweed and pine.

Ex situ catalyst generated more olefins (C2-C4 and C5-C6+) where total carbon yields were 14.7%
for prickly pear, and 23.2% for gumweed. This increase in olefins is from a higher abundance of branched
olefins such as 2-Butene-2-methyl compared to straight olefins like 1-butene and ethene which have similar
carbon yields for in-situ and ex-situ. Additionally, cyclic alkenes have a higher carbon yield for ex-situ
catalyst placement. Wang et al. * found the olefins to be 7.7% with hybrid poplar and ex-situ catalyst and
the selectivity of olefins to favor C2 and C3 formation. For prickly pear, C4 (3.2%) and C3 (4.2%) straight
chain olefins were the most abundant while gumweed produced large amounts of C3 (8.8%) and C4 (7.1%)
and although the yields of C5 (2.7%) and C6 (2.3%) were lower they are still relatively high. The findings
that these drought-tolerant feedstocks produce higher levels of C5+ olefins are significant. There were
elevated amounts of these larger olefins in the non-catalyzed pyrolysis vapors which may be shifting the
products pools of ZSM-5. llias et al. % found that co-feeding propene with dimethy! ether over ZSM-5 can
increase the propagation of the olefins cycle while co-feeding toluene can increase the aromatics-cycle.
This may have been caused by the different H/C value for propene (2.0) and toluene (1.1). Zhang et al. 2
found that increasing H/C.s will increase the ratio of olefins to aromatics. Using the supplementary
information from a previous publication the H/C.s values of the non-catalytic pyrolysis vapors were
estimated to be 0.9 for prickly pear, 1.0 for gumweed and 0.78 for Pinus. This is one possible explanation
for the higher C5+ olefins yield for these feedstocks.

The carbon yields and FID area (10°) of detectable oxygenates are shown in Table 4.2. The total
yield of oxygenates was dependent on catalyst placement and feedstock with prickly pear generating carbon

yields of 2.4% oxygenates with in situ catalyst and pine generated 4.2%. Interestingly, a very low yield of
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oxygenates (>1.0%) was observed from gumweed with the in-situ catalyst which suggests that smaller
oxygenates were converted to hydrocarbons and oxygen was rejected through the formation of non-
condensable gases and the larger oxygenates were converted to coke or condensed inside the reactor. Only
carbonyls which included acetone and acetaldehyde were detected for in situ catalyst placement with
prickly pear. Pine also generated these carbonyls but additionally, furans and methoxy phenols were
detected. The higher abundance of cellulose and lignin in pine leads to higher yields of furans and
methoxyphenols and the inhomogeneous catalyst temperature may prevent these small oxygenates from
being completely deoxygenated. * Carbon yields of oxygenates with ex situ catalyst were higher than in
situ and were 8.6% for prickly pear and 9.5% with gumweed. Higher yields of oxygenates with ex-situ
catalyst has been observed by Wan et. al. ** Oxygenates from prickly pear with ex-situ catalyst were acetone
and acetaldehyde, similar to in-situ, but also showed furans acids and alcohols. Aldehydes, acids, and
ketones are common oxygenates see in product streams from ZSM-5. ¥ Similarly, oxygenates from
gumweed included acetone, acetaldehydes and furans plus a mixture of oxygenated benzene and
naphthalene like compounds with alcohol and carbonyl functional groups. These are believed to be
produced from the terpenoids and diterpenoids present in gumweed. The lower residence/contact time may
have led to the formation of these compounds while with the in-situ configuration they are converted to

either smaller hydrocarbons or coke.

Table 4.2. Carbon yield and FID area (10°) of total oxygenates and product pools for prickly pear,
gumweed and pine for the different catalyst placements, in-situ and ex-situ and non-catalytic

pyrolysis!

Prickly pear Gumweed Pine
Inssitu Ex-situ Non- In- EXx- Non- In- Non-
catalytic situ situ catalytic situ catalytic

Oxygenates (C%) 24 100 15.3 >1.0 9.5 25.7 4.2 22.4
Carbonyl 24 5.9 7.6 * 4.6 5.6 1.3 3.8
Furan - 0.9 4.7 - 1.4 0.8 2.5 4.0
Methoxyphenol - - - * - 3.1 0.4 75
Acid - 0.8 0.9 - - 2.8 - 3.4
Phenol - - 0.4 - - 2.5 - 0.9
Alcohol - 0.7 - - 1.2 0.5 - 1.9
foﬁgge”ates (FID 249 109.7  149.1 >10.0 1816 366.1 37.4 329.7
Carbonyl *% 682 616 x 935 90.8 29.0 82.3
Furan - 8.8 26.6 - 442 6.7 7.4 36.0
Methoxy/phenol - - - * - 344 1.0 127.4
Acid - 8.1 11.9 - - 59.7 - 50.8
Phenol 1.3 - - 26.1 - 14.7
Alcohol - 2.9 - - 150 2.7 - 18.5

non-catalytic pyrolysis data taken from Cross et al. 3



* These compounds are seen in MS, however, FID areas were not detected.
4.4.1 Ex Situ Catalyst Deactivation

The deactivation of ex-situ catalyst was also studied for these drought-tolerant feedstocks. ZSM-5
was placed in the second reaction chamber and 20 biomass samples were sequentially pyrolyzed and the
upgraded vapors analyzed with the GC-MS-FID-TCD system. Each pyrolysis run is referred to by the
catalyst to biomass weight ratio, C1: B0.1 being the first sample and C1: B2 being the last. Deactivation
was interpreted as a decrease in overall yield indicating that the catalyst is not as active and cannot convert
pyrolysis vapors into smaller GC detectable compounds. ® 1% 16 Deactivation is also represented by a
decrease in hydrocarbon yields with an accompanying increase in oxygenates, signaling that the
dehydration, decarboxylation, decarbonylation, cracking, oligomerization, and aromatization reactions that

convert oxygenates into hydrocarbons are not as prevalent. 69
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Figure 4.2. FID integration areas for gumweed and prickly pear during ex-situ catalyst deactivation
of ZSM-5 (SAR-30). Final catalyst to biomass ratio was 1:2 after 20 sequential pulses of 0.5mg
biomass over 5mg of catalyst.

Deactivation of the ex-situ ZSM-5 resulted in lower FID area counts Figure 4.2, and total carbon
yields of GC detectable compounds. The effect of 20 biomass pulses on ZSM-5 activity can be seen in the
carbon yield for prickly pear which dropped from 62.3% at C1: B0.1 to 41.0% at C1: B2. The deactivated
ZSM-5 resulted in a similar total carbon yield compared with the non-catalytic pyrolysis (46.3%) for prickly
pear. Although the total carbon yields from prickly pear for the deactivated ZSM-5 vapors and non-catalytic
vapors may be similar the distribution of product pools is different. C,-Cg hydrocarbons are still far more
prevalent with the deactivated ZSM-5 at 12.1% (Figure 4.3) while non-catalytic pyrolysis generated 5.6%.
The amount of GC detectable oxygenates was 6.6% with the deactivated catalyst compared to 15.3% for
non-catalytic pyrolysis and showed higher yields of phenols (1.1%) and alcohols (1.4%). For gumweed, the
total carbon yields varied from 73.8% at C1: B0.1 to 58.6% at C1: B2. At 20 biomass pulses, gumweed

still generates a higher total yield of GC detectable compounds compared with the non-catalytic pyrolysis.
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Like prickly pear, gumweed also produces much higher yields of C»-Cio hydrocarbons (13.1%) with the
deactivated ZSM-5 compared with non-catalytic pyrolysis. The extractives and oxygenates from gumweed
returned to 26.2% compared with 27.0%.

The first 5 biomass pulses result in the most rapid deactivation of ZSM-5 for the prickly pear
feedstock. The aromatic hydrocarbons and smaller, straight olefins including ethene, propene, and butene
show the largest decrease in yield during these initial biomass pulses. With the ex-situ catalyst placement,
the formation of these compounds is already less prominent, and the rapid deactivation illustrates the
challenges with producing these compounds. However, deactivation is less apparent for the remaining
biomass pulses and the yield of single ring aromatics such as alkylbenzenes and polymethyl benzene appear
to stabilize. Additionally, methylated olefins such as 2-pentene-3-methyl and cyclic-alkenes like 1,3-
cyclohexadiene show little decrease in carbon vyield. Polycyclic aromatics including
polymethylnaphthalenes are significantly affected however and may not be generated at higher levels of
ZSM-5 deactivations. The oxygenates reflect the stabilization of the 1-ring aromatics and larger olefins and
do not return to the levels of non-catalytic pyrolysis. Acetic acid levels stay constant throughout the
experiments, acetaldehyde is trending upwards at a slow rate, furan is also constant while furan-2-methyl
increase very slightly. 2-Cyclopenten-1-one was observed in the non-catalytic pyrolysis vapors and breaks
through early in the deactivation process, however other carbonyls such as butanone that was observed for
non-catalytic pyrolysis were not detected after 20 biomass pulses indicating the ZSM-5 is still partially
active. Phenol is also observed from when the catalyst is partially deactivated and is first seen at a catalyst
to biomass ratio of 1:1.4. The decarbonylation reactions are confirmed by the elevated CO levels while the

CO; levels are similar to the non-catalytic pyrolysis signaling that thermal decarboxylation is prominent for
prickly pear.
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Figure 4.3. Carbon yield of major compounds and compound groupings for prickly pear with 5mg
ex-situ ZSM-5 (SAR 30) catalyst deactivated over 20, 0.5mg, biomass pulses.

Ex-situ upgrading of the gumweed pyrolysis vapors generates a large amount of GC detectable
compounds with the total FID area more than doubling that of prickly pear. Many of the hydrocarbons and
smaller oxygenates can be appropriately matched to one of the calibration compounds and therefore carbon
yields can be determined. However, over the course of the ZSM-5 deactivation, many oxygenated species
with multiple functional groups and larger C10+ structures were observed. Calibration compounds were
initially used to calculate an estimated total carbon yield but the total FID area for these compounds is also
given to show how their abundance correlates with the catalyst deactivation (Figure 4.4). These compounds
are believed to be derived from the diterpenoids present in the resin of gumweed. ?® Grindelic acid is most
abundant of these compounds in the resin however it is not observed in the pyrolysis vapors. For the first
biomass pulse, the most abundant of these compounds is 3,3,5,6-tetramethyl-1-indanone. The methylated
carbon ring and carbonyl structure are present in many of the other complex vapors. The original structures
of gumweed resin identified by Bohlmann et al. ?® contain some alkyl substituents and carbonyl functional
groups, however, none were observed to have polymethylation. These palymitoylated compounds are
observed throughout all 20 biomass pulses. Other common structures observed that are unique to this

feedstock are multi carbon ring compounds with amine and pyridine groups.
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Figure 4.4. FID area counts for complex oxygenates from gumweed with 5mg ex-situ ZSM-5 (SAR
30) catalyst during deactivation over 20, 0.5mg, biomass pulses.

The hydrocarbon species that were most abundant with the fresh ex-situ catalyst are the most
affected by the ZSM-5 deactivation. These included smaller straight olefins and polymethylbenzenes as
well as toluene and xylene. Most of these compounds showed rapid deactivation after the first biomass
pulse. However, by the 5" biomass pulse, these compounds were in similar abundance to other
hydrocarbons and their carbon yields decreased at a similar rate. The smaller oxygenates consisted of
mostly carbonyl compounds like acetone and acetaldehyde. Once the catalyst is partially deactivated other
ketone compounds like 1-butanone are observed. The total yield of carbonyls does not return to the same
level as the non-catalytic pyrolysis and this is reflected in the elevated CO levels throughout the deactivation

experiments.
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Figure 4.5. Carbon yield of major compounds and compound groupings for gumweed with 5mg ex-
situ ZSM-5 (SAR 30) catalyst deactivation over 20, 0.5mg, biomass pulses.

4.4.2 Thermogravimetric Analysis Catalyst Coke

The amount of coke on the deactivated ex situ ZSM-5 catalysts was determined by TGA (Figure
4.6). The total weight loss amounted to 7.1% for both prickly pear and gumweed. The coke burn off data
for the deactivated ZSM 5 catalyst are very similar during the low-temperature region (20-150 °C) where
3.1% mass loss occurs. The weight loss in this range is due to desorption of water within the zeolite pores.
Within the temperatures range of 150 - 250°C the mass loss is due to additional water loss as well as light
organic species sometimes referred to as soft coke. ’ The mass loss in this region is greater for prickly pear
which was 2.2% compared with 1.9% for gumweed suggesting that more soft coke was formed. Above
250°C and continuing up to the final temperature of 780°C is where most of the carbonaceous coke or hard
coke is removed. ’ It was observed that there is a greater mass loss in this region for the gumweed, 2.1%,
compared with 1.9% from prickly pear indicating that more hard coke was formed from these vapors.

Mukarakate et al. °® showed that the coke from pine started to burn off at 250°C, based on this the
total mass fraction of coke was 18%. There are several factors contributing to the lower coke yields of these
drought-tolerant feedstocks. The high levels of CO; in the non-catalytic pyrolysis vapors may be helping
to remove coke by converting it to CO. 2° Another contributing factor is the higher H/Ces for the identified
pyrolysis vapors of prickly pear and gumweed. *2
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Figure 4.6. TGA coke analysis for ex-situ ZSM-5 (SAR 30) at 1:2 catalyst to biomass weight ratio.

4.5 Conclusion

The objective of the current work was to evaluate vapor phase upgrading of Opuntia ficus-indica
(prickly pear) cladodes and Grindelia squarrosa (gumweed) pyrolysis vapors using a tandem microreactor
with ZSM-5 (SAR 30). Pyrolysis vapors from prickly pear were effectively deoxygenated and converted to
aromatics and olefins with slightly lower yields than that of pine. The higher H/C. values lead to lower
yields of aromatics even for the in-situ configuration and therefore ex-situ catalyst used to produce larger
C3+ olefins is recommended. The ex-situ deactivation and coke formation were observed to be less severe
for prickly pear than other feedstocks and is attributed to the higher H/Ce values and elevated CO; yields
of non-catalytic pyrolysis vapors. Gumweed produced high levels of aromatics, moistly naphthalene’s and
toluene with in-situ catalyst placement. Ex-situ catalyst can be used to produce high levels of olefins and
potentially valuable oxygenates such as 3,3,5,6-tetramethyl-1-indanone. Ex-situ deactivation showed that
these oxygenates can be produced even at a catalyst to biomass ratio of 1:2 while yields of light olefins and

aromatics decreased.
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Chapter 5 Pyrolysis of organosolv and ionic liquid extracted lignin

o—¢ \

5.1 Abstract

Thermochemical pyrolysis of isolated lignin provides a route for generating high value, phenolic-
based specialty chemicals. The source and isolation technique used to obtain lignin can alter the
fragmentation and depolymerization pathways of lignin during pyrolysis, hence altering the overall
conversion and specific product slate. Therefore, in this work three types of woody biomass; Douglas fir,
eucalyptus, and poplar were used to generate lignin through two different pretreatment methods, ethanol
organosolv (EOL) and ionic liquid ionosolv (IL). Lignin structures were revealed using **C-'H HSQC and
3P NMR, ATR-FTIR, and GPC methods. Full product analysis of the pyrolysis slate is given for EOL and
IL lignin as well as the whole biomass with a bench scale horizontal reactor-MBMS, and a tandem
microreactor-GCMS-FID-TCD.
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5.2 Introduction

With a sustained interest in the production of biofuels and specialty chemicals from renewable
resources such as biomass, the importance of lignin as a source of aromatic and phenolic reagents is
growing. Lignin makes up 23-33% of softwood biomass and 16-25% in hardwoods. ! The exact nature of
lignin including its molecular weight, elemental composition, chemical linkages, reactivity and overall
macromolecular structure is highly variant and can be difficult to determine. Controlled isolation of lignin
could be used to tailor the macromolecular structure of lignin and remove carbohydrates. 2 * Subsequent
pyrolysis of isolated lignin can further depolymerize it into monomeric phenolic compounds. Additionally,
by removing carbohydrate derivatives from the mixture, a relatively pure feedstock of phenolic compounds
can be obtained.*®?

Lignin is a crosslinked phenylpropane polymer that can range from 17,200 Mw (g mol™) to 53,850
Mw (g mol?). 7 There are three main types of lignin monomers that include 4-hydroxy-3-
methoxyphenylpropane (guaiacol), 3,5-dimethoxy-4-hydroxyphenylpropane  (syringyl), and 4-
hydroxyphenylpropane (p-hydroxyphenyl). These monomers are polymerized to form § -O-4, a-O-4, B-f,
B-5, and 5-5 linkages. & Lignin and carbohydrates are connected through various covalent linkages that
make the isolation of any single compound difficult. The three-main lignin-carbohydrate linkages are
phenol glycoside (PhGlc), y-ester (Est), and benzyl ether (BE). ° Selective bond cleavage and lignin
isolation can be carried out through a number of processes with ionic liquids and ethanol organosolv being
some of the environmentally-friendly technologies. 2

The use of ionic liquids for biomass pretreatment has gained interest because of its low volatility,
ability to be recycled, and is generally considered a green solvent. lonic liquids are described as salts that
are liquid at room temperature. 1° Lignin has been shown to be dissolved in ionic liquids that contain a 1,3-
dialkylimidazolium cation, however, the solubilization of lignin benefits from an a moderate to strong
hydrogen-bonding anion such as trifluoromethanesulfonate (triflate, [OTf]-), methyl sulfate ([MeSO4]-),
hydrogen sulfate ([HSO.4]-), chloride, bromide and acetate anions. 2 The imidazolium cation was shown to
be a good choice of cation for lignin dissolution by using dispersion corrected density functional theory,
which showed the cation interacting with lignin phenyl rings via the aromatic rings. * Muhammad et al.*
showed that isolating lignin from bamboo with 1-3-butyl-methylimidazolium chloride [Bmim][CI] and 1-
butyl-3-methylimidazolium acetate [Bmim][OAc] followed by fast pyrolysis can reduce the yields of
deleterious aldehydes and ketones that are responsible for the aging of bio-oil, and at the same time can
produce the desired phenols, furans, alcohols and hydrocarbons. Lei et al. © used [Bmim][CI] to alter the
already isolated alkali lignin and found that the yield of phenolic compounds from pyrolysis increased 11
times over the yields of non-treated alkali lignin. The change in pyrolysis behavior was attributed to a

decrease in the hydrogen bonds of lignin after the treatment of [Bmim][CI] as determined through FTIR.
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Organosolv utilizes an organic solvent and an acid catalyst to dissolve lignin from biomass.
Commonly used solvents for this process are methanol, ethanol, acetic, formic, and sulfuric acids. Other
chemicals that are useful in this process are phenols, amines, glycols, nitrobenzene, dioxane, dimethyl
sulphoxide, sulpholane, and liquid carbon dioxide 2. The primary mechanism of organosolv involves: (i)
disrupting the internal bonds of lignin through hydrolysis as well as the lignin-hemicellulose bonds such as
ether and 4-O-methyl-D-glucuronic acid ester bonds; (ii) breaking the glycosidic bonds of hemicellulose
through hydrolysis; and (iii) degradation of monosaccharides catalyzed by acidic reagents. 3 Liu et al. ®
performed pyrolysis at temperatures ranging from 400°C to 800°C and determined that the highest
selectivity of phenols was produced in the temperature range of 500°C-600°C. Additionally, it was shown
that higher amounts of B-p’ linkages in the lignin structure led to lower yields of S-type lignin and higher
yields of G-type lignin. This was attributed to the higher thermal stability of B-f’ linkages enabling more
demethoxylation reactions to occur before the linkage broke and the compound volatilized.

The target of this work is to assess the relevance of lignin isolation technique and lignin source on
the chemical structure and pyrolysis behavior. A detailed structural analysis of the isolated lignin is given
using *C-'H hetero singular quantum coherence nuclear magnetic resonance (HSQC-NMR), *P nuclear
magnetic resonance, ATR-FTIR, gel permeation chromatography (GPC) and elemental analysis to illustrate
differences in the lignin structure that arise due to the extraction technique and the woody biomass source.
Pyrolysis behavior is characterized by Py-GC/MS/FID/TCD and a bench scale horizontal reactor with

molecular beam mass spectrometry (MBMS).
5.3 Materials and Methods

5.3.1 Lignin Extraction

Douglas fir, eucalyptus, and poplar were obtained from Forestry Products LLC (WA). Samples were
ground into wood flour with a particle size < 200 um and dried to a moisture content of 7-10% dry basis
before IL and EOL extraction.

For EOL extraction, biomass samples were treated with 1.1 wt.% H.SO. and 65.0 v% ethanol, loaded
into a sealed reactor and heated to 170°C for 60 min. The solid fraction was filtered off and washed 3 times
with 300 mL aqueous ethanol at the same concentration as the cooking liquor at 60°C to further extract
lignin. Spent liquor and ethanol washes were diluted with water to precipitate lignin which was then filtered
and further washed with water, dried and kept as the ethanol organosolv lignin fraction. **1°

For IL extraction, 1-Butyl-3-methylimidazolium hydrogen sulfide [Bmim][HSO4] was purchased
from Sigma Aldrich and used as received. IL and water were first mixed in a 50mL culture tube so that
water was 20% of the total volume. 1.0g biomass was then added for every 10mL of solution. The mixture

was incubated in an oven at 120°C for 4 hours. The samples were then cooled to room temperature and
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mixed with 2X volume of methanol and left for 2 hours. The pulp was filtered off using Whatman 541 filter
papers. To remove the methanol from the supernatant, it was stored at 75°C overnight. To precipitate the
lignin, 150mL water was added for every 5mL of the original liquor. This mixture was then heated to 70°C
and held at that temperature for 30min. The precipitate was filtered and washed thrice with 10 mL of

distilled water at 70°C. The recovered lignin was then dried for several days. *°

5.3.2 Lignin Structural Characterization

13C and two-dimensional **C-*H HSQC spectra were acquired with a Bruker Avance 500 MHz
spectrometer. The lignin samples were placed into a 4 mL vial and dissolved in deuterated dimethyl
sulfoxide (DMSO-d6). The *C spectra were carried out at 300 °K using a 90° pulse with a minimum of
12288 scans accumulated for each sample. The central solvent peak for DMSO (dc= 39.5 ppm) was used
as an internal reference for the chemical shift calibration. Two-dimensional **C-'H heteronuclear single
guantum coherence (HSQC) spectra were acquired in a Bruker Avance HD 500-MHz spectrometer with a
z-gradient triple resonance Cryo-probe. The samples were dissolved in 0.6 mL dimethylsulfoxide (DMSO)-
d6 and a Bruker standard pulse sequence (‘hsqcetgpsi2’) was used to record the spectra. 1”8 The spectral
widths were 10 ppm in F2 (1H) dimension with 2048 time of domain and 210 ppm in F1 (13C) dimension
with 256 time of domain, respectively. The number of transients was 96 with a recycle delay of 1.5-s and
the YJcn of 145 Hz. The central DMSO solvent peaks (5n/5c=2.49/39.5 ppm) were used for chemical shift
calibration. Volume integration of cross peaks in HSQC spectra was carried out using Bruker’s TopSpin
3.5pl7 software. 1920

Samples for 3P-NMR consisted of a stock solution of 1.54mL pyridine, 0.96mL chloroform-d to
make a stock solution #1. Added to this was 12.5mg NHND (internal standard) and 27.13mg Cr(acac)s.
Lignin was first sieved to smaller particle size and then 25 mg of it was added to 0.65mL of stock solution.
0.1mL TMDP was added to this mixture and then vortexed for 2min. The solution was then transferred to
an NMR tube and 3'P-NMR spectra were acquired with a 90° pulse angle, 0.98 s acquisition time, 25 s pulse
delay, and 128 transients at room temperature. 22

FTIR analysis of the whole biomass and isolated lignin was conducted on a Perkin Elmer Spectrum
model 400 (Perkin Elmer Co., Waltham, MA). Spectrums were recorded after 32 scans from 4000 cm™ to
650 cm™, advanced ATR correction and automatic bassline correction were applied for processing of the
spectrums. 2

The weight-average molecular weight (M) and the number-average molecular weight (M) of lignin
samples were analyzed by gel permeation chromatography (GPC). Each sample was derivatized with acetic
anhydride/pyridine mixture (1:1, v/v) at room temperature for 24 hr. Acetylated lignin samples were
recovered by rotary evaporation, dissolved in THF and filtered by PTFE membrane filter (size in um) for

GPC analysis. The GPC analysis was conducted using SECurity GPC 1200 System (Agilent Technologies
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Inc., Santa Clara, CA) equipped with Agilent UV detector and three Waters Styragel columns (HR1, HR4
and HR5, Waters Corporation, Milford, MA). The analysis was operated with 1 mL/min flow rate, THF as
mobile phase and UV absorbance at 270 nm. Each analysis was conducted in duplicate. The molecular
weights were calculated by Polymer Standards Service WinGPC Unit software with 14 polystyrene
standards (0.58x10° to 5.38x10° g/mol).

5.3.3 Pyrolysis
5.3.3.1 Tandem micro pyrolyzer-GCMS/FID/TCD

The same tandem microreactor and calibration methods were used for this section as in Chapter 3.
The first chamber was held at 500°C and the second chamber was held at 380°C

5.3.3.2 Horizontal Reactor — MBMS

The horizontal reactor is a bench scale system used in pyrolyzing samples of 30mg at a temperature
of 550°C with a second reaction chamber that was held at 550°C. MBMS is capable of analyzing the entire
product slate of pyrolysis vapors and the adiabatic cooling of MBMS and low ionization energy (22.5 eV)
limits fragmentation which simplifies the spectrum of pyrolysis products. MBMS is not able to distinguish
ions of the same mass and therefore complimentary analysis with GC-MS gives an excellent description of
the product slate. Several studies have given excellent descriptions of the MBMS system and gave ample

detail on the theories and operations of the system. 2
5.4 Results and Discussion

5.4.1 Lignin Structural characterization

B3C-H HSQC of isolated lignin show three regions representing aliphatic, side-chain, and aromatic
BC-1H correlations. Side-chain and aromatic regions cross-signals were identified by comparing with
literature 2°. For monolignol compositions of S, G, H quantitation, the S2/6, G2, H2/6 in aromatic regions
were integrated. In the aliphatic oxygenated region, the Ca/Ha correlations signals were used for contour
integration for inter-unit linkages estimation. The relative abundance of inter-unit linkage was calculated
with respect to the total aromatic rings and results are presented in Table 5.1. The EOL lignin has depleted
all the interunit linkages except with a trace amount of resinol type linkages that remained there. The IL
lignin retains a large abundance of B-O-4 ether linkages in addition to the phenylcoumaran and resinol

linkages. In addition, the IL lignin has a higher S/G ratio than the EOL lignin.

Table 5.1. Relative abundance (%) for lignin subunits and inter-unit linkages.

Lignin Douglas Douglas  Eucalyptus Eucalyptus Poplar Poplar
subunits Fir IL FireOL IL EOL IL EOL
S total - - 65.8 48.2 75.8 335
S’ - - 6.4 4.1 4.3 1.7
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S

- 23.1 31.7 - -

condensed
G total 55.25 66.2 35.8 51.7 29.6 39.5
G
condensed i 116 116 ) )
H - - - - 1.1 0.6
S/Gratio - - 1.8 0.9 2.6 0.8
Interunit
linkages
(%)
B-0-4 13.2 - 19.4 - 14 -
B-5 3.2 - 2.8 - 2.1 -
B-B 2.7 0.44 7.5 1 3.6 0.7

Note. Compositions are expressed as a fraction of S+G+H.

S: syringyl unit; S’: oxidized syringyl units

G: guaiacyl unit

H: p-hydroxyphenyl unit

B-O-4: p-aryl ether

B-5: phenylcoumaran

B-B: resinol

The quantitative analysis of hydroxyl structures including aliphatic alcohols, phenolic C5-
substituted-OH, Guaiacyl-OH, p-hydroxy-OH, and carboxylic acid groups in ethanol organosolv and
[C4C1im] [HSO4] ionic liquid lignin was based on the technique using TMDP for phosphitylation. ?
The resulting NMR spectrums are presented in Figure 5.1. The concentration of each hydroxyl group
was calculated based on the internal standard, endo-N-hydroxy-5-norbornene-2,3dicarboximide

(NHND). Integration results are presented in Table 5.2. Interpretation of the 3'P NMR spectra is based

on literature, 3% 2231
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Figure 5.1. *'P NMR spectrum of different hydroxyl groups in EOL and IL lignin’s

The most abundant hydroxyl group was found to be aliphatic alcohols of IL lignin. A survey of
literature conducted by Pu et al. 2 found values for these groups to range from 0.33 — 7.30 mmol g with
values depending on biomass type and the extraction method. These can be the side chain hydroxyl groups
of lignin or carbohydrates. Lower amounts of these hydroxyl groups are present in EOL lignin because of
the acid catalyzed elimination reactions being more dominant in EOL extraction. The amount of C5
substituted phenols was higher for the EOL extracted lignin and indicates the higher extent of condensation
reactions. The C5-substituted groups included syringy!l lignin and according to Balakshin et al. 3 these
groups should not be separately quantified as this can lead to a large overestimation. Literature values
ranged from 0.34 - 1.80 mmol g™ for the C5-substituted groups. ® Results of the current work are out of
this range, with eucalyptus and poplar having higher values, whereas Douglas fir having lower values of
the C-5 substituted groups. Guaiacyl groups are only slight higher in EOL for Douglas fir and poplar while
eucalyptus showed lower amounts of guaiacol from EOL compared with IL. This is because of the shoulder
on the IL lignin. P-hydroxyphenyl may be present in all the samples but is very distinguishable in poplar
samples. The different composition of S/G/H type lignin for the respective hardwood and softwood species

is well aligned with literature values.
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Table 5.2. *'P NMR analysis of different hydroxyl groups in EOL and IL lignin’s

Phenolic OH, mmol g*

Aliphatic OH, mmol g* C5 substituted Guaiacyl  p-hydroxyphenyl COOH, mmol g*
Douglas Fir 1L 2.12 0.16 1.70 0.21
Douglas Fir EOL 0.64 0.41 1.83 0.06
Eucalyptus IL 2.48 1.99 0.68 0.19
Eucalyptus EOL 0.61 2.61 0.43 0.08
Poplar IL 2.01 1.08 0.54 0.34 0.13
Poplar EOL 0.47 1.93 0.64 0.15 0.19

ATR-FTIR of the six lignin samples reveals ample information about the structures and also
confirms some of the observations from NMR. FTIR is also able to characterize whole biomass and identify
alterations caused by extraction procedures. There is a noticeable difference between IL and EOL spectrum
at the 1709-1738 cm™ peak that correlates with the unconjugated C=0 vibration. This peak is more
prominent in the EOL lignin and can be caused by the presence of xylose but could also be a result of the
B-O-4 cleavage, which can produce a C=0 bond at the  position in lignin phenolic structures. The aromatic
in-plane deformation of S units can be seen at 1125 cm™ for eucalyptus and poplar and is absent from the
Douglas fir samples in the case of EOL. The condensed guaiacol signals are present for EOL samples from
1270-1335 cm™. In this region of the spectrum, there is a much broader signal indicating multiple
overlapping signals as opposed to the better resolved signals from IL lignin. Additionally, the C-H
deformation in secondary alcohols and aliphatic ethers at ~1090 cm™ is weaker in the EOL spectrum, which
indicates that the side chain region has been compromised and is condensed. These observations can be
confirmed with the NMR results. IL lignin spectrum closely resembles that of the alkaline lignin, milled
wood lignin and cellulolytic enzyme lignin produced by Yuan et al. ?° Ethanol organosolv extraction of
Loblolly pine (softwood) was studied by Mahadevan et al. 2 and its FTIR spectrum is nearly identical to

that of Douglas fir reported in this work indicating similar structures after the EOL extraction.
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Figure 5.2. ATR-FTIR spectrum of IL and EOL lignin.

5.4.2 Pyrolysis
5.4.2.1 Tandem micro pyrolyzer-GCMS/FID/TCD

Microscale pyrolysis experiments were conducted on a Py-GC/MS/FID/TCD system to quantify
differences in product distributions depending on lignin source and isolation technique. Quantification of
GC detectable compounds is given in Table 5.3. The quantified products included light gases, mostly CO
and CO2, phenolic monomers, acids, aldehydes, alcohols, furans, and ketones. The sum of all identified
products accounted for 20-30% of the carbon yield. The major compounds were linked to the results of
MBMS and confirm the observed molecular species.

The largest group of compounds in the pyrolysis products was identified as the light gases. The
light gases accounted for 4.2-10.4 % of the carbon in the product, with whole biomass and IL lignin giving
higher yields than EOL lignin. For IL lignin the light gasses consisted of CO, CO,, and isobutene. EOL
lignin produced more species of hydrocarbons with lower individual yields. The trends in CO; yields are
well aligned with the amount of carboxylic acids in the lignin structures as determined by *'P NMR,
indicating higher levels for IL lignin.

Monomeric liquid products accounted for 10-25 % of the product carbon, with higher yields
obtained from whole biomass pyrolysis, which can be explained by the volatility of carbohydrates. Liquid
yields for isolated lignin were low and only 8-10 % of the product carbon. This is typical for lignin as the
C-C bonds are not readily cleaved during pyrolysis, and hence the char yield ranged from 45.8 - 52.8 wt.%
compared to 13.9 — 18.8 wt. % for whole biomass. The identified liquid products from isolated lignin are

primarily made of phenolic monomers with either S, G or H methoxyl substitution and various ligands at
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the C4 position. The highest yield of a single compound was 3.4 % for phenol from IL extracted poplar.
Poplar biomass and EOL lignin also gave higher yields of phenols compared with eucalyptus and Douglas
fir indicating that the source of biomass is responsible for this trend.

The total carbon yield of phenolic monomers is highly dependent on the biomass species and the
lignin extraction method. For the whole biomass, poplar generated the highest carbon yield of phenolic
monomers followed by Douglas fir and lastly eucalypts; all ranging from 4.8 to 7.5 %. Poplar produces
large amounts of all the three types of lignin derivatives, 1.7% H, 3.0 % G and 2.9 % S, as shown in table
5.3. Eucalyptus does not produce any H type phenolic monomers and Douglas fir does not produce any S
type phenolic monomers regardless of the extraction method. With the EOL lignin the trend in total carbon
yield of phenolic monomers follows that of the whole biomass, poplar > Douglas fir > eucalyptus, with
yields ranging from 3.7% to 2.3%. The total yield is lower with EOL lignin due to the lack of B-O-4 linkages
as determined by HSQC. With IL lignin, the yield of phenolic monomers does not follow the same trend as
whole biomass and EOL. With IL lignin eucalyptus produces more phenolic monomers than Douglas fir.
This is mainly caused by an increase in the G type monomers from eucalyptus. With the IL lignin the yield
of G monomers is 3.8% for eucalyptus, which is higher than what is observed from whole biomass (2.4 %)
or EOL (1.8 %). The G derivatives that showed the most increase in yield with eucalyptus IL are 4-ethyl-
guaiacol, guaiacol and 2-Methoxy-4-vinyl phenol. There is also a large increase in the amount of syringyl
from eucalyptus IL. This means that the IL extraction method is altering the structure of the lignin in a such
way that makes the aforementioned G and S lignin monomers more easily volatilized. By isolating lignin
with the B-O-4 linkages intact, this may be caused by the reduction in Mw compared with that of the raw
EOL lignin characterized in this work. GPC analysis of lignin by other researchers has shown that the Mw
of natural lignin is closer to 5000 Da, which may partially explain why IL lignin from hardwoods can
produce higher carbon yields of phenolic monomers than whole biomass. Volatilization occurs during the
primary reaction phase between 200-400°C. During this stage the biomass polymer constituents
depolymerize primarily through homolysis of ether bonds. At terminal ends of the lignin macromolecules
homolysis can result in evaporation and the radical intermediates can be stabilized through hydrogen
donation in the gas phase. Within the lignin macromolecule, homolysis does not result in evaporation and
therefore the stabilization of radicals is more likely to occur through carbon-carbon bond formation.

The remaining portion of the liquid products from pyrolysis of IL and EOL lignin is a diverse mix
of compounds. Interestingly furans show an increase in yield with EOL lignin. It is thought that furans are
formed from the degradation of carbohydrates during the extraction process. Furan yields were higher with
hardwood species and varied from 2.0% with eucalyptus up to 2.3% from poplar. Acetaldehyde is a

common product from all feedstocks and was between 1.6% and 2.2% for whole biomass and 0.2% to 0.6%
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from lignin from EOL. The yield of ketones is mainly from acetone, which is only detected in the case of

lignin samples and gave higher yields from EOL.

Table 5.3. Tandem Microreactor Pyrolysis products from lignin’s

Poplar Douglas Fir Eucalyptus
Library/ID m/z BM EOL IL BM EOL IL BM EOL IL
Yield (C%)
Light gases
Ethene 28 - 0.6 - - 0.4 - - 0.4 -
Ethane 30 - 0.5 - - 0.4 - - 0.2 -
Butane 58 - - 0.7 - - 0.9 - - 0.6
Propene 42 - 04 - - 0.3 - - 0.2 -
1-Propene, 2-methyl- 56 - - 2.7 - - 1.0 - - 2.2
CO 28 0.8 1.7 1.8 0.6 11 11 0.6 1.7 0.7
CO: 44 6.6 31 52 6.1 2.1 29 6.3 3.3 4.6
Sum 7.4 6.4 10.4 6.7 4.2 5.8 6.8 5.7 8.2
Liquid products 23.7 10.9 117 15.0 89 5.4 24.1 8.6 8.8
Phenolic monomers
Vanillin 152 0.2 - 0.3 0.4 0.1 0.3 - - 0.2
Phenol, 4-methyl- 108 - - - 0.2 0.1 - - - -
Phenol, 4-methoxy-3-(methoxymethyl)- 168 0.3 - 0.4 - - - 0.4 - 0.5
Phenol, 4-hydroxyacetyl-2-methoxy- 154 - - - - 0.2 0.1 - 0.1 -
Phenol, 4-ethyl-2-methoxy- 152 - - 0.6 0.2 0.2 0.3 - 0.1 0.7
Phenol, 2-methyl- 108 0.2 0.1 0.2 - 0.1 0.2 - - 0.1
Phenol, 2-methoxy-4-methyl- 138 0.2 0.6 - 1.2 0.7 11 - 0.4 -
Phenol, 2-methoxy-4-(1-propenyl)- 164 0.7 0.1 0.2 1.2 0.1 0.2 0.5 - 0.2
Phenol, 2-methoxy- 124 0.8 0.5 1.3 1.0 0.5 14 0.7 0.4 1.0
4-Methoxy-2-methyl-1-(methylthio)benzene 168 - 0.4 - - - - - 0.4 -
2-Methoxy-5-methylphenol 138 - - 0.9 - - - 0.2 - 0.4
2-Methoxy-4-vinylphenol 150 0.6 0.2 0.7 1.0 0.3 0.8 0.6 0.2 0.9
Benzeneacetic acid, 4-hydroxy-3-methoxy- 182 - - - - 0.1 - - 0.1 -
Phenol, 2,6-dimethoxy-4-(2-propenyl)- 194 11 - - - - - 1.2 - 0.4
Phenol, 2,6-dimethoxy- 154 0.7 0.4 1.7 - - - 0.8 0.5 1.8
Phenol, 2,4-dimethyl- 122 - - - - 0.1 0.1 - - 0.0
Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 182 0.4 - 0.2 - - - 0.4 - -
4-Methyl-2,5-dimethoxybenzaldehyde 180 0.7 0.1 - - - - - - -
Phenol 94 15 11 3.4 0.2 0.1 0.3 - - -
Eugenol 164 0.2 - - 0.3 - 0.1 - - -
Sum 75 3.7 9.9 6.2 2.7 4.8 4.8 23 6.2
Furans
Furan, 2-methyl- 82 - 0.7 - - 0.5 - - 0.7 -
Furan, 2-ethyl-5-methyl- 110 - 0.1 - - - - - - -
Furan, 2,5-dimethyl- 96 - 0.5 - - 0.3 - - 0.3 -
Furan 68 0.3 0.8 0.1 - - - 0.3 0.7 -
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2-Furancarboxaldehyde, 5-methyl- 110 - 0.2 - 0.4 0.0 - - 0.2 -

2-Furancarboxaldehyde, 5-(hydroxymethyl)- 126 - - - 0.5 - - - - -
Sum 0.3 2.3 0.1 0.8 0.8 - 0.3 2.0 -
Aldehydes / Acids / Alcohols
Acetaldehyde 44 2.2 0.6 0.4 1.6 0.5 0.2 1.9 0.6 0.3
Furfural 96 19 - 0.2 14 - - 19 - -
2-Propenal 56 18 - - 11 - - 11 - -
Acetic acid 60 45 - 0.2 1.4 - - 7.1 - 1.2
Pentanoic acid, 4-oxo-, ethyl ester 144 0.8 - - - 0.5 - 1.6 0.3 -
Formic acid, ethyl ester 74 - 0.8 - - 1.1 - - - -
Ethanol 46 - 2.6 - - 2.6 - - 25 -
1,2-Benzenediol, 4-methyl- 124 - - - 0.2 - 0.2 - - -
1,2-Benzenediol, 3-methoxy- 140 0.3 - 0.7 - - - 0.3 - 0.9
1,2-Benzenediol 110 0.3 - - - - - 0.3 - -
d-Allose 180 - - - - - - 0.4 - -
Sum 117 4.0 14 5.7 4.8 0.5 14.6 5.7 2.4
Ketones
Acetone 58 - 0.9 0.3 - 0.6 0.2 - 0.9 0.2
2-Propanone, 1-hydroxy- 74 1.0 - - 0.6 - - 0.9 - -
2(5H)-Furanone 84 0.8 - - 0.2 - - 1.2 - -
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 112 0.6 - - 0.5 - - - - -
2-Cyclopenten-1-one, 2-hydroxy- 98.0 15 - - 1.0 - - 15 - -
2,3-Butanedione 86.0 - - - 0.5 - - 0.6 - -
Ethanone, 1-(2,4,6-trimethylphenyl)- 162.0 0.4 - - - - - 0.4 -
Sum 43 0.9 0.3 2.7 0.6 4.1 45 0.9 0.2
Total Carbon Yield (%) 31.0 17.3 22.1 221 13.1 15.3 30.9 16.6 16.9

5.4.2.2 Horizontal Reactor — MBMS

The bench-scale horizontal reactor-MBMS was used to observe the entire product slate for these
lignin samples. Whole biomass was also run to highlight the effect of isolation technique on the outcome
of pyrolysis. Initially, a general mass balance based around char yields was obtained for this system. Lignin
samples produced 45.8 - 52.8 wt.% char with no major differences between extraction technique or biomass
source. light gas yields ranged from 4.2-10.4 C% and therefore the total liquid yield is not drastically
different for these lignin samples regardless of extraction technique of biomass source. However, as shown
by the MBMS spectrum in Figure 5.3 the isolation technique has a drastic effect on the product slate and
intensity of certain ion signals. The m/z signals for biomass and IL ranged up to 200 m/z and the largest
compounds detected are believed to be monomeric lignin derivatives such as 2-Methoxy-4-vinyl phenol
which has an m/z of 150. For EOL m/z signals were detected up to 400 m/z which can represent lignin

dimers and trimers.
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Figure 5.3. MBMS spectrum of whole biomass and isolated lignin’s.

5.5 Conclusion

EOL and IL lignin were characterized to determine the role of isolation techniques and lignin source

on the outcome of pyrolysis. IL had a greater proportion of B-O-4, B-p and resinol linkages leading to more
controlled fragmentation and higher yields of desired monomeric phenols. The highest carbon yield of pure

phenol was obtained with IL extraction of poplar and generated 3.4 %. The EOL lignin produced high

molecular weight fragments upon pyrolysis and gave lower yields of desired phenolic compounds with a

greater diversity of fragments. The char yields and gas yields were similar indicating that the total

condensable phase was within 5% for all lignin. This similarity was believed to be related to the similar

mass fraction of oxygen in the isolated lignin as determined by elemental analysis. Due to the preservation

of the B-O-4 linkage and higher yield of desired monomeric phenols, using [Bmim][HSO4,] is the better

pathway for isolating lignin with this application. Lower temperature pyrolysis process can be used to
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further enhance the selectivity of bond cleavage with these lignin types and potentially result in a higher

selective of phenolic compounds.
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Chapter 6 Summary and Future Direction

6.1 Summary

This dissertation addressed the thermochemical conversion of advanced feedstocks to generate
fuels and specialty chemicals. Feedstocks were selected to not only intensify yields, expand available land
for biofuels, but also improve chemical makeup to facilitate more efficient conversion. Eucalyptus
benthamii was manipulated through selective growth cycles and presence/absence of bark to give a more
favorable chemical composition. By selecting older trees a higher CH4 concentration and lower tar content
can be achieved from gasification. By gasifying the whole tree including bark the H,: CO ratio was
increased.

Gasification tars forming through radical condensation of lignin derivatives were evaluated for S,
G, and H type B-O-4and biphenyl model compounds. It was concluded that S type dimers produce more
indenes and naphthalenes than G type model compounds which favor phenanthrenes and furans. H type
dimers produce the most benzene, toluene, and phenols.

Spectroscopic characterization and pyrolysis of Eucalyptus benthamii were able to show that the
higher Crl index for older samples leads to more D-allose and lower furfural. The lignin products were
also affected by the harvesting age and bark. Samples with bark produced more S type phenolic monomers
than the older and younger samples without bark.

Non-catalytic fast pyrolysis of prickly pear and gumweed at temperatures ranging from 450°C-
650°C showed that the alternative carbohydrates and resins significantly influence the pyrolysis products.
Prickly pear generated more cyclopentanones and also the high ash content leads to a thermal lag in the
decomposition leading to higher liquid yields at elevated temperatures. The resins of gumweed produce
higher yields at low temperature and the product slate has larger hydrocarbons stable for diesel fuels.

Vapor phase upgrading during catalytic fast pyrolysis of drought-tolerant plants showed
improvements in catalyst lifetime and product yields over pine. Prickly pear deactivates the catalyst more
slowly than other feedstocks. This was attributed to the lower lignin content of this plant. Gumweed
generated higher yields of aromatics than other feedstocks however the catalyst deactivates at a comparable

rate to other feedstocks.
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Technical lignin were isolated using two extraction techniques the ethanol organosolv and ionic
liquid ionosolv. The biomass source affect the type and amount of phenolic monomers produced as well as
the extraction method. lonic liquid extraction of poplar was found to generate higher yields of pure phenols
than other samples tested. Additionally, the overall selectivity of phenolic monomers is improved when

lignin is extracted with ionic liquids compared with whole or EOL lignins.

6.2 Limitations of the Dissertation and Future Direction
This research has made contributions to the understanding of how the chemical makeup of plants
can alter the results of thermochemical conversion for both gasification and pyrolysis. However, further

research is available to continue the advancement of these areas.

1) Gasification tar formation can be further studied by developing reactors that are able to
continually feed powered samples such as cellulose and lignin. This would allow for direct measurement

of tar formation from model compounds in real time.

2) Although ZSM-5 is an effective catalyst for upgrading oxygenated vapors the formation of CO
limits the total carbon yield that can be obtained. Removing oxygen through dehydration reactions that
form H20 could be accomplished with an H. reactive atmosphere and molybdenum catalyst or a platinum

on titanium catalyst.

3) Drought tolerant feedstocks may be further improved by vapor phase upgrading with catalyst
other than ZSM-5. The unique product slate may have the ability to deoxygenate through dehydration

reactions with a catalyst such as molybdenum carbide or platinum on titanium.

4) Mild isolation processes of lignin can improve the selectivity of lignin pyrolysis and generate
cleaner product slates. Therefore, optimizing the yield of lignin through extraction is important and

completely recovering the IL from lignin.

5) Fast pyrolysis of biomass releases aerosols, it is thought that this may be the way that ash metals
are transported to catalyst surfaces. However, the rate at which biomass is heated and therefore the rate at
which volatiles are produced is less severe for lower heating rates. Therefore, this mechanism of transport
may be tested by measuring the amount of ash in char that has been produced through pyrolysis at different

heating rates.
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Supporting Information

Chapter 2
Table S2.1 Major products from gasification/pyrolysis of lignin model compounds
Non-phenolic Phenolic
Library/ID HH GG SS GG SS
Avg | Stdv | Avg | Stdv | Avg | Stdv | Avg | Stdv | Avg | Stdv
Light gases
Ethane - - - - - - - - - -
Ethene - - - - - - - -
2.20 |0.82
Propene - -
093 ]0.31 3.02 007 |231 |0.22 | 750 |0.30
1,2-Propadiene - - - - - -
0.29 |[0.01 |3.33 |0.08
1-Propene, 2-methyl- - - - -
034 |0.01 |0.21 [0.01 |[041 |0.02
1-Buten-3-yne - - - -
0.49 |0.02 0.73 [0.02 | 2.65 |0.05
1,3-Butadiene - -
215 0.23 |2.46 |0.50 9.15 | 175
1,3-Cyclohexadiene - - - - - - - -
0.86 | 0.09
1,3-Cyclopentadiene - - - -
1.47 |0.07 2.87 10.15 [ 6.80 |0.07
1,3-Cyclopentadiene, 1- | - - - - - -
methyl- 0.65 [0.06 |2.11 |0.02
1,3-Cyclopentadiene, 5- | - - - - - - - -
methyl- 2.73 | 0.02
1,4-Pentadiene - -
034 [ 0.04 |[0.74 | 024 |137 |[0.12 |277 |0.50
1,3,5,7- - - - - - -
Cyclooctatetraene 5.30 | 0.68 4.88 | 0.09
Sum Light Gases
843 | 111 [ 445 |0.24 | 1143|057 |9.29 |0.31 | 3747|185
Primary Tar
23.70 | 2.18 | 1850 |1.08 | 8.24 |0.90 |47.08 | 1.52 |48.78 | 1.22
Ketone
2-Cyclopenten-1-one - - - - - -
0.80 |[0.03 |0.50 |0.05
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2-Cyclopenten-1-one, 2-

methyl- 0.48 |0.01
Sum Ketones
- ] - ] - ] 0.80 |[0.03 |0.98 |0.05
Aldehyde
Acetaldehyde - - - - - -
0.22 |0.03 0.83 | 0.06
Benzaldehyde
6.32 091 [148 |0.09 |0.26 |0.04 |156 |0.20 |- -
Benzaldehyde, 2- | - - - - - - - -
hydroxy- 1.34 |0.18
Benzaldehyde, 3-| - - - - - - - -
methoxy- 1.37 |0.19
Sum Aldehydes
6.32 | 091 |[1.48 |0.09 | 048 |[0.05 [2.90 [0.27 |2.20 |0.21
Phenols
Phenol
15.17 [ 350 | 11.48 | 046 |3.55 |0.60 |18.401.39 [6.96 |0.21
Phenol, 2-(2-propenyl)- | - - - - - - - -
193 |0.21
Phenol, 2- - - - - - -
(phenylmethyl)- 049 |0.10
Phenol, 2,35,6- | - - - - - - - -
tetramethyl- 1.10 | 0.02
Phenol, 2,4-dimethyl- - - - -
050 ][0.13 |1.34 |0.13 | 269 |0.10
Phenol, 2-ethyl- - - - -
0.72 1012 |164 |0.23 |3.12 |0.09
Phenol, 2-ethyl-5- | - - - - - - - -
methyI- 1.86 |0.01
Phenol, 2-ethyl-6- | - - - - - - - -
methyl- 0.21 | 0.03
Phenol, 2-methyl- - - - - - -
10.80 | 0.69 | 16.07 | 0.12
Phenol, 3-methyl- - - - - - -
204 10.18 [ 4.14 |0.20
Phenol, 4- | - - - - - - - -
(phenylmethyl)- 0.69 |0.11
Phenol, 4-methyl- - - - - - -
0.79 10.70 - -
Sum Phenols
1597 | 3.57 | 12.67 | 0.48 | 497 |0.63 | 34.21|1.58 | 37.85| 0.40
Alcohol
1H-Indenol - - - - - -
0.15 [ 0.14 | 055 |0.14
1-Naphthalenol - - - - - -
0.33 | 0.01 |1.33 |0.49
1-Naphthalenol, 2-| - - - - - -
methyl- 0.35 | 0.00
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2-Naphthalenol

0.65 | 0.01
Sum Alcohols
0.15 | 0.14 | 055 |0.14 |- - 1.33 | 0.02 |1.33 | 0.49
Furan
Dibenzofuran - - - -
0.55 [0.09 |0.27 |0.03 |0.67 |O0.02
Dibenzofuran, 4-methyl- | - - - - - -
0.24 | 0.00 | 0.30 | 0.00
Benzofuran - - - -
1.27 [0.15 | 261 |0.44 3.99 |0.39
Benzofuran, 2,3- | - - - - - -
dihydro- 0.60 | 0.04 | 0.62 | 0.03
Benzofuran, 2-ethenyl- - -
0.41 |0.09 |0.27 |0.00 |090 |0.17 | - -
Benzofuran, 2-methyl- - -
0.24 |0.02 |168 |0.13 |1.05 |0.00 |0.78 | 0.00
Benzofuran, 7-methyl- - - - -
0.32 |0.03 |0.32 |0.02 |5.01 |0.04
2,2'-Bifuran - - - - - - - -
3.01 |0.34
Sum Furans
127 015 | 380 |046 [2.78 |0.13 | 784 |0.43 |6.41 |0.34
Secondary Tar
60.52 | 1.68 | 4455 | 1.46 | 56.06 | 1.75 | 26.33 | 1.38 | 46.77 | 1.06
1-Ring
Benzene
2251|224 | 1055|095 |12.32|0.89 | 11.43 | 1.44 | 14.26 | 0.13
Benzene, (1,1-dimethyl- | - - - - - - - -
2-propenyl)- 1.32 |0.02
Benzene, (1-methyl-2- | - - - - - - - -
cyclopropen-1-yl)- 0.52 ]0.05
Benzene, (ethenyloxy)- - - - - - - - -
132 | 0.25
Benzene, 1,2-dimethyl- - - - - - - - -
1.14 |0.01
Benzene, 1,3-dimethyl- - - - - - - - -
1.00 | 0.09
Benzene, 1-ethenyl-3- | - - - -
methyl- 0.27 | 0.00 | 0.26 |0.03 | 0.37 | 0.04
Benzene, 1-ethyl-2- | - - - - - - - -
methyI- 0.14 | 0.02
Benzene, 1-methoxy-4- | - - - - - - - -
(1-propenyl)- 147 [0.12
Benzene, 1-propynyl- - - - -
0.80 | 0.07 351 (111 |- -
Benzene, 2-propenyl- - - - - - - - -
0.46 | 0.00
p-Xylene - - - -
0.76 |[0.26 | 122 |0.00 |1.70 | 0.05
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Styrene

214 10.18 [ 3.07 |0.10
Toluene
26.39 | 1.17 |18.32|1.40 | 20.10 | 1.82 |5.15 |0.63 |10.24]0.22
Ethylbenzene
173 |0.17 |5.07 |1.13 |479 |0.27 |0.77 |0.08 |198 |0.05
(E)-Stilbene - - - - - -
0.47 ]0.02 0.83 ]0.12
.alpha.-Methylstyrene - - - - - -
0.60 | 0.02 1.34 |0.13
Benzocycloheptatriene - - - - - - - -
0.80 |0.10
Phenylethyne - - - - - - - -
0.51 |0.03
1-Phenyl-1-butene - - - - - - - -
0.51 |0.01
Sum 1-Ring
53.22 | 255 | 35,52 | 2.04 | 44.69 | 2.34 | 21.22 | 1.58 | 37.49 | 0.33
Indenes
Indene - - - - - - - - - -
1H-Indene, 13- - - - - - - - -
dimethyl- 0.37 |0.03
1H-Indene, 1l-ethenyl- | - - - - - - - -
2,3-dihydro- 0.47 | 0.06
1H-Indene, 2,3-dihydro- | - - - - - - - -
4,7-dimethyl- 0.33 | 0.00
2-Methylindene - - - - - - - -
151 | 0.27
Sum Indenes
- - - - 0.33 | 0.00 |- - 2.36 | 0.28
2-Ring
Azulene - - - -
059 |0.06 |1.77 |0.02 165 |0.18
Naphthalene - - - - - -
293 ]0.16 2.18 | 0.04
Naphthalene, 1,2-| - - - -
dihydro- 090 |0.06 [095 |0.10 |1.16 |0.26
Naphthalene, 1,2-| - - - - - - - -
dimethyl- 1.21 |0.22
Naphthalene, 1-ethyl- - - - - - - - -
0.53 | 0.06
Naphthalene, 2-ethenyl- | - -
052 | 003|125 |0.11 |[0.26 |0.08 |0.59 |0.05
Naphthalene, 2-methyl- | - -
0.61 |0.03 |237 |0.69 |[1.04 [0.08 |2.14 |0.47
Biphenyl - - - -
0.83 | 0.05 0.34 [ 0.03 |0.38 |0.04
Biphenylene - -
0.34 ]0.02 037 |0.01 |022 [0.01 043 |0.01
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Diphenylmethane - - - - - -
146 |0.24 0.59 |0.06
Ethylene, 1,1-diphenyl- - - - -
0.15 ]0.02 0.43 |0.07 |0.18 |0.03
1,1'-Biphenyl, 4-methyl- - - - - - -
0.52 | 0.06 - -
1,2-Diphenylethylene - - - - - -
172 |0.13 |1.11 | 0.05
Sum 2-Ring
443 [0.29 |6.07 [0.10 |942 |[0.73 | 485 [0.33 [6.92 |0.52
Tertiary Tar
Phenanthrene - - - - - -
1.46 | 0.08 - -
Fluorene
0.61 |0.03 072 |0.14 | 047 |0.03 |0.26 |0.07 |- -
Anthracene - - - - - -
1.82 |0.16 0.89 ]0.01
Anthracene, 1-methyl- - - - - - -
0.21 |0.02 |0.25 |0.00
Anthrone - - - - - -
0.44 |0.03 | 057 |0.01
Sum Tertiary Tar
287 017 |296 |0.16 | 162 |0.03 |0.26 |0.07 |- -
Total Area Percent - - - - -
87.09 66.02 65.91 73.67 95.54

Table S.2.2 Thermal decomposition of E. Benthamii samples determined by TGA

Feedstock Heating | Maximum Temperature at | Char content
rate (°C | decompn rate | max decompn | (% dry)
min?) (mg mint) rate (°C)

2EWB -0.20 393.2 1.9%

2EWoB 10 -0.22 392.6 1.1%

7EWo0B -0.25 393.3 1.0%

2EWB -0.29 406.8 4.0%

2EWoB 15 -0.31 403.8 3.5%

7TEWo0B -0.25 402.0 3.8%

2EWB -0.91 428.8 15.9%

2EWoB 50 -0.96 429.0 12.7%

7EWo0B -0.97 431.1 13.6%

2EWB -1.85 434.2 15.7%

2EWo0B 100 -1.89 437.3 16.9%

7TEWo0B -1.89 436.2 16.2%

Flynn-Wall-Qzawa
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Ea (kJ mol?)

Conversion 2EWB r2 TEWo0B r2 2EWoB r2

0.1 67.3 0.999 65.9 0.987 59.9 0.997

0.2 82.0 0.996 79.0 0.989 715 0.998

0.3 104.5 0.989 98.5 0.994 86.4 0.997

0.4 126.6 0.999 102.2 0.998 92.6 0.997

0.5 129.4 1.000 98.7 0.989 99.2 0.998

0.6 140.5 0.996 109.3 0.999 108.0 0.998

0.7 185.2 0.898 212.2 0.897 208.7 0.990

Average 1194 109.4 103.8

Kissinger—Akahira—Sunose
Ea (kJ mol™)
Conversion 2EWB r2 TEWo0B r2 2EWo0B r2
0.1 67.9 0.999 50.2 0.986 46.7 0.997
0.2 83.1 0.995 60.4 0.988 55.6 0.998
0.3 106.5 0.988 76.5 0.994 67.1 0.997
0.4 129.4 0.999 80.0 0.998 72.5 0.997
0.5 132.1 1.000 79.6 0.988 78.2 0.998
0.6 143.7 0.996 86.7 0.999 85.3 0.998
0.7 190.5 0.899 205.5 0.893 201.3 0.990
Average 121.9 91.3 86.7
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Chapter 3

Table S3.1 Carbon yield (%), retention time, and classification of pyrolysis vapors determined by GC-MS/FID/TCD for prickly pear during fast
pyrolysis at temperatures ranging from 450°C to 550°C

Temperature
MS | Classification | Classification 450°C 550°C 650°C
R.T. Compound Name Quality 1 2 Avg. Stdv. Avg. Stdv. Avg. Stdv.
1.53 Ethene 78 Alkene C2 0.3 0.0 0.7 0.1 2.4 0.2
2.14 Carbon dioxide 4 CO2 CO2 19.6 2.2 24.4 2.7 25.7 1.9
2.19 Propene 89.73 Alkene C3 0.4 0.0 1.2 0.2 1.9 0.1
2.24 1,2-Propadiene 91 Alkene C3 0.0 0.0 0.1 0.0 0.5 0.0
2.33 Acetaldehyde 90 Oxygenate Aldehyde 0.9 0.0 1.1 0.1 1.2 0.0
2.37 1,3-Butadiene 81 Alkene C4 0.2 0.0 0.2 0.0 0.8 0.0
2.39 1-Propene, 2-methyl- 76 Alkene C4 0.2 0.0 0.6 0.0 0.9 0.1
2.70 2-Propenal 64 Oxygenate Aldehyde 0.0 0.0 0.8 0.0 0.9 0.0
2.73 Acetone 80 Oxygenate Carbonyl 1.2 0.0 1.4 0.1 1.5 0.1
2.80 1-pentene Alkene C5 0.0 0.0 0.1 0.0 0.3 0.0
2.83 Furan 90 Oxygenate Furan 14 0.0 1.1 0.4 0.8 0.0
2.92 1,3-Butadiene, 2-methyl- 93 Alkene C5 0.1 0.0 0.3 0.1 0.4 0.0
3.05 3-Buten-2-one 78 Oxygenate Carbonyl 0.6 0.0 0.4 0.0 0.0 0.0
3.18 1,3-Cyclopentadiene 94.79 Alkene C5 0.2 0.0 0.3 0.0 0.5 0.0
3.59 2,3-Butanedione 95.07 Oxygenate Carbonyl 0.7 0.0 0.8 0.0 0.8 0.0
3.74 2-Butanone 95.36 Oxygenate Carbonyl 0.7 0.0 0.7 0.0 0.7 0.0
3.87 1-Hexene 95 Alkene Cé6 0.3 0.0 0.3 0.0 0.4 0.0
4.00 Furan, 2-methyl- 91 Oxygenate Furan 0.6 0.0 1.3 0.6 2.0 0.0
4.02 Carbon Monoxide (TCD) TCD (6{0) (6{0) 0.0 0.0 1.2 2.5 2.0 0.1
4.47 Acetic acid 90 Oxygenate Acid 0.9 0.0 0.9 0.1 0.8 0.0
1,3-Cyclopentadiene, 1-
4.78 methyl- 91 Alkene C6 0.5 0.0 0.8 0.0 1.1 0.1
5.12 Benzene 81.89 Aromatic 1-Ring 0.2 0.0 0.4 0.0 0.5 0.1
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5.81 1-heptene 95 Alkene C7 0.0 0.0 0.1 0.0 0.3 0.0
5.97 Furan, 2,5-dimethyl- 85.24 Oxygenate Furan 0.6 0.0 1.0 0.3 1.2 0.0
6.09 Propanoic acid 46 Oxygenate Acid 0.0 0.0 0.2 0.0 0.6 0.0
6.84 Toluene 911 Aromatic 1-Ring 0.2 0.0 0.4 0.1 0.6 0.1
6.95 Cyclopentanone 68.87 Oxygenate Carbonyl 0.6 0.0 0.6 0.0 0.6 0.0
7.49 2-Cyclopenten-1-one 90 Oxygenate Carbonyl 0.4 0.3 0.6 0.0 0.7 0.0
7.54 Furfural 64 Oxygenate Aldehyde 0.6 0.1 0.8 0.0 0.9 0.4
8.10 Benzene, 1,3-dimethyl- 95 Aromatic 1-Ring 0.0 0.0 0.2 0.0 0.3 0.1
2-Cyclopenten-1-one, 2-
8.35 methyl- 85.78 Oxygenate Carbonyl 0.6 0.0 1.1 0.1 0.7 0.0
2-Furancarboxaldehyde, 5-
8.93 methyl- 76 Oxygenate Furan 0.4 0.4 1.0 0.4 1.1 0.4
9.18 Phenol 91 Oxygenate Phenol 0.0 0.0 0.3 0.0 0.7 0.1
9.75 Indene 77.28 Aromatic 1-Ring 0.0 0.0 0.1 0.0 0.3 0.1
9.78 Phenol, 2-methyl- 44 Oxygenate Phenol 0.0 0.0 0.3 0.0 0.6 0.3
9.96 Phenol, 3-methyl- 74 Oxygenate Phenol 0.0 0.0 0.2 0.0 0.8 0.1
10.54 Phenol, 2,4-dimethyl- 46 Oxygenate Phenol 0.0 0.0 0.2 0.0 0.4 0.3
10.61 1H-Indene, 1-methyl- 42 Aromatic 1-Ring 0.0 0.0 0.2 0.1 0.6 0.0
10.63 | 6-Hepten-2-one, 7-phenyl- 68 Oxygenate Carbonyl 0.6 0.0 0.0 0.0 0.0 0.0
2,5-Cyclohexadiene-1,4-
10.67 dione, 2,5-dimethyl- 58 Oxygenate Carbonyl 0.6 0.0 0.0 0.0 0.0 0.0
10.69 Phenol, 4-ethyl- 56.07 Oxygenate Phenol - - 0.2 0.0 0.6 0.0
12.90 1-Pentadecene 95 Alkene C15 0.3 0.0 0.4 0.0 0.7 0.1
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Table S3.2. FID Area %, and retention time of pyrolysis vapors determined by GC-MS/FID/TCD for prickly pear during fast pyrolysis at
temperatures ranging from 450°C to 650°C

R.T. Compound Name Temperature
450°C 550°C 650°C

Avg. Stdv. Avg. Stdv. Avg. Stdv.
1.53 Ethene 1.99 0.12 5.40 1.71 10.47 0.24
2.14 Carbon dioxide 35.95 2.54 29.51 0.20 18.89 1.94
2.19 Propene 3.07 0.11 6.71 0.81 8.16 0.39
2.24 1,2-Propadiene - - - - 1.07 0.10
2.33 Acetaldehyde 4.09 0.44 5.02 0.43 3.59 0.26
2.37 1,3-Butadiene 2.75 0.04 - - 3.52 0.22
2.39 1-Propene, 2-methyl- 3.48 0.12 5.01 1.06 4.45 0.21
2.70 2-Propenal - - 1.64 0.04 1.97 0.08
2.73 Acetone 8.56 0.30 7.72 0.15 5.48 0.26
2.80 1-pentene - - - - 0.80 0.02
2.83 Furan 4.25 0.30 2.26 0.32 1.43 0.07
2.92 1,3-Butadiene, 2-methyl- 0.48 0.14 0.92 0.23 1.48 0.13
3.05 3-Buten-2-one 0.61 0.17 0.27 0.11 - -
3.18 1,3-Cyclopentadiene 0.80 0.04 1.24 0.04 1.67 0.02
3.59 2,3-Butanedione 141 0.16 2.13 0.17 1.48 0.08
3.74 2-Butanone 141 0.11 1.81 0.15 1.06 0.04
3.87 1-Hexene 0.38 0.01 0.44 0.02 0.74 0.04
4.00 Furan, 2-methyl- 1.03 0.09 0.78 0.19 0.95 0.04
4.02 Carbon Monoxide (TCD) 2.01 0.20 1.49 1.29 4.49 0.56
4.47 Acetic acid 4.08 0.21 3.22 1.09 1.63 0.12
4.78 1,3-Cyclopentadiene, 1-methyl- 0.54 0.04 1.13 0.19 1.60 0.21
5.12 Benzene 1.02 0.30 1.39 0.23 1.78 0.26
5.81 1-heptene - - - - 0.34 0.08
5.97 Furan, 2,5-dimethyl- 1.32 0.07 1.17 0.07 0.80 0.06
6.09 Propanoic acid - - - - 0.40 0.09
6.84 Toluene 1.93 0.07 2.27 0.31 2.37 0.05
6.95 Cyclopentanone 0.67 0.15 0.87 0.06 0.55 0.03
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7.49 2-Cyclopenten-1-one 0.08 0.07 0.75 0.10 0.64 0.18
7.54 Furfural 1.04 0.70 0.51 0.31 0.57 0.09
8.10 Benzene, 1,3-dimethyl- - - 0.51 0.14 0.97 0.14
8.35 2-Cyclopenten-1-one, 2-methyl- 1.25 0.20 1.51 0.38 0.77 0.06
8.93 2-Furancarboxaldehyde, 5-methyl- - - 1.58 1.18 1.15 0.32
9.18 Phenol - - - - 1.07 0.19
9.75 Indene - - - - 0.40 0.20
9.78 Phenol, 2-methyl- - - - - 0.29 0.08
9.96 Phenol, 3-methyl- - - - - 1.73 0.38
10.61 1H-Indene, 1-methyl- - - 0.03 0.05 0.55 0.09
10.63 6-Hepten-2-one, 7-phenyl- 0.24 0.01 - - - -
10.67 2,5-Cyclohexadiene-1,4-dione, 2,5-dimethyl- 1.11 0.08 - - - -
10.69 Phenol, 4-ethyl- - - - - 0.54 0.09
12.90 1-Pentadecene 0.33 0.11 0.17 0.02 0.82 0.34

Table S3.3 Carbon vyield (%0), retention time, and classification of pyrolysis vapors determined by GC-MS/FID/TCD for gumweed during fast
yrolysis at temperatures ranging from 450°C to 550°C

Temperature
MS e e
R.T. Compound Name . Classification | Classification
Quality 1 5

450°C 550°C 650°C

Avg. Stdv. Avg. Stdv. Avg. Stdv.

1.92 Ethene 83 Alkene C2 - - 0.77 | 0.03 | 3.28 | 0.19

213 Carbon dioxide 4 Carbon Carbon 11.85 13 | 1441 | 021 | 17.21 | 1.68
dioxide dioxide

2.17 Propene 42 Alkene C3 0.35 003 | 074 | 015 | 2.84 | 0.08
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2.24 1,2-Propadiene 87 Alkene C3 - - - - 0.44 | 0.03
2.31 Acetaldehyde 90 Oxygenate Carbonyl 0.7 0.01 | 087 | 0.05| 0.98 | 0.05
2.37 1-Propene, 2-methyl- 53 Alkene C4 0.66 0.03 | 0.80 | 0.31 | 3.87 | 0.16
2.73 Acetone 86 Oxygenate Carbonyl 0.83 0.1 | 089 | 0.03 | 1.26 | 0.05
2.81 Furan 91 Oxygenate Furan 0.6 0.02 - - 1.14 | 0.06
2.92 1,4-Pentadiene 94 Alkene C5 - - 0.43 | 0.04 - -
3.03 Acetic acid, methyl ester 50 Oxygenate Acid 0.5 0.02 | 051 | 0.01 1.4 | 0.03
3.17 1,3-Cyclopentadiene 87 Alkene C5 0.14 0.01 | 0.09 | 0.12 0.5 0.02
3.41 2-Propenal, 2-methyl- 81 Oxygenate Alcohol - - - - 0.56 | 0.04
3.54 2-Pentene, 4-methyl-, (2)- 93 Alkane C6 - - - - 0.75 | 0.03
3.64 2-Pentanone 59 Oxygenate Carbonyl - - 0.74 | 0.05 - -
3.78 5,9—Dodecadien—2igr)1e, 6,10-dimethyl- 64 Oxygenate Carbonyl i i i i i i
3.98 Furan, 2-methyl- 91 Oxygenate Furan 0.49 0.02 | 025 [ 035 | 059 | 0.02
4 Carbon Monoxide (TCD) TCD M(;ra]:)t;‘:ge M(;ra]:)t;‘:ge : - | 007 | 000 259 | 02
4.47 Acetic acid 91 Oxygenate Acid 1.06 0.04 | 1.62 | 042 | 055 | 0.02
4.79 1,3-Cyclopentadiene, 1-methyl- 93 Alkene C6 - - - - 0.91 | 0.06
5.07 2-Propanone, 1-hydroxy- 72 Oxygenate Carbonyl 0.69 0.04 | 0.78 | 0.07 - -
5.13 Benzene 91 Aromatic 1-Ring - - - - 0.68 | 0.03
5.97 Furan, 2,5-dimethyl- 76 Oxygenate Furan 0.53 0.01 - - 0.51 | 0.05
6.48 Toluene 94 Aromatic 1-Ring 0.2 0.01 | 034 | 0.06 | 1.05 | 0.06
7.52 1,5-Dimethyl-1,4-cyclohexadiene 95 Alkane C8 - - - - 0.36 | 0.07
7.81 Butanoic acid, 3-methyl- 72 Oxygenate Acid 0.48 0.01 | 054 | 0.08 - -
7.92 Butanoic acid, 2-methyl- 58 Oxygenate Acid 0.51 0.01 | 052 | 0.03 - -
8.06 CyC'Ope”tagfrhiiﬁg}Y"de”e'l’l' 91 Alkane c8 028 |002| 048 | 005 | 049 | 028
8.09 p-Xylene 97 Aromatic 1-Ring - - - - 0.68 | 0.12
8.3 1,3,5,7-Cyclooctatetraene 96 Alkene C8 0.23 0.02 | 030 | 0.04 | 0.28 | 0.02
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8.56 1,2-Cyclopentanedione 74 Oxygenate Carbonyl 0.54 0.06 | 0.58 | 0.07 - -
9.13 Phenol 94 Oxygenate Phenol 1.14 024 | 164 | 010 | 0.67 | 0.06
9.31 Benzene, 1,2,3-trimethyl- 76 Aromatic 1-Ring 0.2 0.11 - - 0.54 | 0.06
9.66 Limonene 97 Alkene C10 0.28 0 0.34 | 0.04 - -
10.04 Phenol, 3-methyl- 95 Oxygenate Phenol 0.58 0.06 - - 0.55 | 0.03
10.61 1H-Indene, 1-methyl- 95 Aromatic 1-Ring - - - - 0.59 | 0.06
10.85 Phenol, 2-methoxy-4-methyl- 70 Oxygenate '\éﬁgﬁy 0.47 027 | - - - -
11.7 Naphthalene, 2-methyl- 93 Aromatic 2-Ring - - - - 04 | 0.16
11.71 2-Methoxy-4-vinylphenol 95 Oxygenate '\F/',ﬁg;]%fy 0.66 004 | 069 |005| - -
11.92 Phenol, 2,6-dimethoxy- 74 Oxygenate '\gﬁgmy 0.49 001 | 052 | 003 ]| - -
12,11 | NEPHREIENE LA S SIEAVAOLLS | o7 | Aromatic | 2-Ring 022|001 | 035 |002| 074 | 0.04
12.55 Naphthalene, 2,7-dimethyl- 94 Aromatic 2-Ring - - - - 0.31 | 0.04
12.6 | Phenol, 2-methoxy-4-(1-propenyl)- 96 Oxygenate '\Sﬁf;%’fy 0.49 003 | 050 | 002 | - .
13,14 | 1H-Inden-1-one, 2,3-dihydro-3,3,5,7- 93 Terpenoid Carbonyl 0.49 0 - - 0.51 0
tetramethyl-
1H-Cycloprop[e]azulene,

1a,2,3,4,4a,5,6,7b-octahydro-1,1,4,7- .
13.18 tetramethyl-, [1aR- 91 Terpenoid Hydrocarbon 0.43 0.08 | 0.58 [ 0.05 051 | 0.01

(1la.alpha.,4.alpha.,4a.beta.,7b.alpha.)]-
14.02 Phenol, 2,6-dimethoxy-4-(2- 01 Oxygenate Phenol 0.48 003 | - . - .

propenyl)-

5,6-Azulenedimethanol, 1,2,3,3a,8,8a-

15.2 hexahydro-2,2,8-trimethyl-, 45 Terpenoid Alcohol 1.28 0.03 - - - -
(3a.alpha.,8.beta.,8a.alpha.)-

15.39 Cadina-1(10),6,8-triene 94 Terpenoid Hydrocarbon 1.63 0.15 - - - -
15.41 Benzene, 1-(5,5-dimethyl-1- 41 Terpenoid Ester ; - | 099 [020] - i

cyclopenten-1-yl)-2-methoxy-
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3-Buten-2-ol, 3-methyl-4-(2,6,6-

15.46 trimethyl-2-cyclohexen-1-yl)- 64 Terpenoid Alcohol 0.54 0.01 - - - -
14-
15.56 | Oxatricyclo[9..2.1.0(1,10)]tetradecane, 97 Terpenoid Hvdrocarbon 0.76 0.16 | 0.56 | 0.01 - -
2,6,6,10,11-pentamethyl- y
1H-Indole-2,3-dione, 7-(3- .
15.66 methylbutyl)- 30 Terpenoid Carbonyl 0.96 0.11 - - - -
Cyclopenta[g]-2-benzopyran,
15.92 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8- 62 Terpenoid Ester 1.01 0.06 - - 0.45 | 0.26
hexamethy|-
1603 | SDecenoicacid S-ethenyl359- 1 g5 | qemengig Acid 058 |o006| - | - | - | -
trimethyl-, methyl ester
16.14 Thunbergol 50 Terpenoid Alcohol 0.62 0.03 - - - -
Acetic acid, 2-(2,2,6-trimethyl-7-oxa- . . ) ) ) )
16.24 bicyclo[4.1.0]hept-1-yl)-propenyl ester 84 Terpenoid Acid 0.53 0.01
16.47 |  Silane trimethyl[S-methyl-2-(1- 41 Terpenoid Ether 0.47 001 | - - | 045 | 001
methylethyl)phenoxy]-
16.57 Alloaromadendrene oxide-(1) 47 Terpenoid Ester 0.64 0.05 - - - -
16.76 | 2-Azinidinone, 1-(1-adamantyl)-3-(1- 51 Terpenoid Carbonyl 0.68 0.02 - - - -
methylcyclopentyl)-
3-Methoxy-8,14-secoestra- .
17.07 1,3,5(10),9(11)-tetraen-14,17-dione 53 Terpenoid Ester 0.71 0.03 - - - -
17.23 | 4-Cyclonexene-1,2-dicarboximide, N- | = 35 | qemenoia | Carbonyl 051 |004| - - . -
butyl-, cis-
17.31 Grindelic acid 62 Terpenoid Acid 0.53 0.04 - - - -

Table S3.4 FID area percent, and retention time of pyrolysis vapors determined by GC-MS/FID/TCD for gumweed during fast pyrolysis at

temperatures ranging from 450°C to 550°C

R.T.

Compound Name

Temperature
450°C 550°C 650°C
Avg. Stdv. | Avg. | Stdv. | Avg. | Stdv.
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1.92 Ethene

- - - - 9.34 | 042
2.125 Carbon dioxide
9 12.80 023 | 1743 | 292 | 9.13 | 049
2.17 Propene

1.68 0.28 | 380 | 0.76 | 864 | 041
2.24 1,2-Propadiene

- - - - 0.77 | 0.07
2.31 Acetaldehyde

2.04 0.18 | 3.69 | 0.28 | 2.28 | 0.04
2.37 1-Propene, 2-methyl-

0.40 0.41 - - 1.30 | 0.12
2.73 Acetone

2.92 068 | 509 | 046 | 3.40 | 0.12
2.81 Furan

1.29 014 | 023 | 033 | 291 | 0.23
2.92 1,4-Pentadiene

- - 2.16 | 0.18 - -
3.03 Acetic acid, methyl ester

0.54 0.14 | 040 | 003 | 225 | 0.25
3.17 1,3-Cyclopentadiene

0.40 0.07 | 064 | 0.08 | 1.28 | 0.11
3.41 2-Propenal, 2-methyl-

- - - - 053 | 0.15
3.54 2-Pentene, 4-methyl-, (2)-

- - - - 0.99 | 0.02
3.64 2-Pentanone

- - 1.85 | 0.02 - -
3.78 5,9-Dodecadien-2-one, 6,10-dimethyl-, (E)-

- - 0.85 | 0.02 - -
3.98 Furan, 2-methyl-

0.44 0.12 - - 0.66 | 0.04
4.003 Carbon Monoxide (TCD)

1.49 0.17 | 255 | 0.18 | 3.26 | 0.38
4.47 Acetic acid
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4.79 1,3-Cyclopentadiene, 1-methyl-

- - - - 0.27 | 0.05
5.07 2-Propanone, 1-hydroxy-

- - 2.22 | 0.43 - -
5.13 Benzene

- - - - 1.78 | 0.14
5.97 Furan, 2,5-dimethyl-

0.74 0.04 - - 0.34 | 0.17
6.48 Toluene

0.90 0.05 | 148 | 040 | 3.05 | 0.03
7.52 1,5-Dimethyl-1,4-cyclohexadiene

- - - - 054 | 0.18
7.81 Butanoic acid, 3-methyl-

0.36 0.01 | 0.70 | 0.08 - -
7.92 Butanoic acid, 2-methyl-

0.63 0.08 | 058 | 0.04 - -
8.06 Cyclopentane, 2-ethylidene-1,1-dimethyl-

0.57 006 | 162 | 021 | 059 | 051
8.09 p-Xylene

- - - - 1.96 | 0.51
8.3 1,3,5,7-Cyclooctatetraene

0.28 0.08 | 0.32 | 0.02 | 0.30 | 0.06
8.56 1,2-Cyclopentanedione

0.80 035 | 0.37 | 0.52 - -
9.13 Phenol

- - 0.56 | 0.08 - -
9.31 Benzene, 1,2,3-trimethyl-

0.05 0.09 - - 1.01 | 0.11
9.66 Limonene

0.54 0.06 | 0.73 | 0.02 - -
10.04 Phenol, 3-methyl-

1.14 058 | 153 | 0.80 | 0.49 | 0.08
10.61 1H-Indene, 1-methyl-

- - - - 0.72 | 0.15
10.85 Phenol, 2-methoxy-4-methyI-

0.23 0.23 - - - -

105




11.7 Naphthalene, 2-methyl-
- - - - 0.16 | 0.01
11.71 2-Methoxy-4-vinylphenol
1.69 0.18 | 160 | 0.11 - -
11.92 Phenol, 2,6-dimethoxy-
0.48 0.06 - - - -
12.11 Naphthalene, 1,2,3,4-tetrahydro-1,1,6-trimethyl-
- - - - 0.12 | 0.06
12.55 Naphthalene, 2,7-dimethyl-
- - - - 0.47 | 0.09
12.6 Phenol, 2-methoxy-4-(1-propenyl)-
0.47 0.16 | 0.20 | 0.28 - -
13.14 1H-Inden-1-one, 2,3-dihydro-3,3,5,7-tetramethyl-
0.48 0.02 - - 0.34 | 0.02
13.18 1H-Cycloprop[e]azulene, 1a,2,3,4,4a,5,6,7b-octahydro-1,1,4,7-tetramethyl-, [1aR-
(1a.alpha.,4.alpha.,4a.beta., 7b.alpha.)]- 1.46 034 | 239 | 0.70 | 1.03 | 0.05
14.02 Phenol, 2,6-dimethoxy-4-(2-propenyl)-
0.36 0.16 - - - -
15.2 5,6-Azulenedimethanol, 1,2,3,3a,8,8a-hexahydro-2,2,8-trimethyl-,
(3a.alpha.,8.beta.,8a.alpha.)- 2.74 0.13 - - - -
15.39 Cadina-1(10),6,8-triene
7.70 0.31 - - - -
15.41 Benzene, 1-(5,5-dimethyl-1-cyclopenten-1-yl)-2-methoxy-
- - 4.01 1.61 - -
15.46 3-Buten-2-ol, 3-methyl-4-(2,6,6-trimethyl-2-cyclohexen-1-yl)-
0.83 0.05 - - - -
15.56 14-Oxatricyclo[9..2.1.0(1,10)]tetradecane, 2,6,6,10,11-pentamethyI-
2.36 1.08 | 0.62 | 0.09 - -
15.66 1H-Indole-2,3-dione, 7-(3-methylbutyl)-
3.90 0.61 - - - -
15.92 Cyclopenta[g]-2-benzopyran, 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethyl-
4.23 0.13 - - 0.03 | 0.04
16.03 8-Decenoic acid, 5-ethenyl-3,5,9-trimethyl-, methyl ester
1.13 0.34 - - - -
16.14 Thunbergol
1.38 0.10 - - - -
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16.24 Acetic acid, 2-(2,2,6-trimethyl-7-oxa-bicyclo[4.1.0]hept-1-yl)-propenyl ester

0.72 0.03 - -
16.47 Silane, trimethyl[5-methyl-2-(1-methylethyl)phenoxy]-

0.31 0.05 0.07 | 0.02
16.57 Alloaromadendrene oxide-(1)

1.55 0.22 - -
16.76 2-Aziridinone, 1-(1-adamantyl)-3-(1-methylcyclopentyl)-

1.84 0.08 - -
17.07 3-Methoxy-8,14-secoestra-1,3,5(10),9(11)-tetraen-14,17-dione

2.05 0.18 - -
17.23 4-Cyclohexene-1,2-dicarboximide, N-butyl-, cis-

0.62 0.22 - -
17.31 Grindelic acid

0.73 0.26 - -
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Table S3.5 Chemicals used for FID calibrations

Slope Intercept

Benzene 6.9E-08 0.16
Ethylbenzene 6.7E-08 0.16
Benzene,1,3-dimethyl- 6.7E-08 0.08
Phenol 4.9E-08 0.96
Benzofuran 4.9E-08 0.96
Benzene, 1,3,5-trimethyl- 7.6E-08 0.36
Indene 6.1E-08 0.42
Naphthalene 6.9E-08 0.13
Naphthalene, 2-methyl- 6.9E-08 0.34
Phenanthrene 8.1E-08 0.42

Carbon dioxide (MS Area) 5.5E-07 -17.34
Carbon Monoxide (TCD Area) 2.4E-07 -2.74
Ethene 6.5E-08 0.11

Propene 6.5E-08 0.11

Butene 7.1E-08 -0.18

Pentene 6.8E-08 0.15

Hexene 6.9E-08 0.39
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Table S5.1 FTIR Peak assignments
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FigureS5.1 FID Chromatograms of prickly pear and gumweed at 450°C - 650°C

absorbance

bands (cm-1) | assignments

3460-3412 O-H stretch

3000-2842 C-H stretch in CH3 or CH2 group
2880-2689 C-H vibration of methyl group of methoxy
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C=0 stretch in unconjugated ketones, carbonyls and in
1738-1709 ester group

C=0 stretch in conjugated p-substituent carbonyl and
1676-1655 carboxyl

1605-1593 aromatic skeletal vibrations and C=0 stretch

1515-1505 aromatic skeletal vibrations and C=0 stretch

1470-1460 C-H deformations asymmetric in CH3 and CH2
aromatic skeletal vibrations combined with C-H in-plane
1430-1422 deformation

1370-1365 aliphatic C-H stretch in CH3, not in OCH3, phenolic OH
1330-1325 syringyl ring plus condensed guaiacol ring

1270-1266 guaiacol ring plus C=0 stretch

1230-1221 C-C, C-0, and C=0 stretch

~1166 C-O stretch in ester group (conjugated)

aromatic C-H in-plane deformation (typical for s units)
1128-1125 secondary alcohols and C=0 stretch

C-H deformation in secondary alcohols and aliphatic
~1086 ethers

aromatic C-H in-plane deformation, C-O deformation in
1035-1030 primary alcohols, C=0 stretch (unconjugated)

C-H out-of-plane in position 2 and 6 of s units, and in all
~835 positions of H units
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Figure S5.1 Molecular distribution of Poplar-IL lignin (red) and Poplar-EOL lignin (blue)
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Figure S5.2 Molecular distribution of Douglas fir-I1L lignin (red) and Douglas fir-EOL lignin (blue)
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Figure S5.3 Molecular distribution of Eucalyptus-IL lignin (red) and Eucalyptus-EOL lignin (blue)
Table S5.2 Elemental analysis of EOL and IL lignins and raw biomass

DF Euc Pop

BM EOL IL BM EOL | IL BM EOL IL
0.09 0.01 2.82 0.16 0.04 |27 0.13 0.05 2.56
4544 | 64.82 | 64.69 | 4534 | 61.8 | 49.39 | 4554 | 64.84 | 56.88
6.39 5.48 6.25 6.43 5.17 | 4.86 6.35 5.57 5.76
0.02 0.23 2.94 0.01 0.22 | 3.18 0 0.11 2.88
Other | 48.1 29.5 23.3 48.1 32.8 | 399 48.0 29.4 31.9

w T O 2
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Table S5.3 Molecular weights (Mw and Mn) and polydispersity index (PDI) of lignins
Lignin Types | Mw (g mol™) Mn (g mol™) PDI
AVG. | SD. | AVG. | SD.
Poplar-I1L 2492 276 683 11 3.65
Poplar-EOL 2313 | 310 1026 21 2.25
Douglas Fir-IL | 1542 62 582 45 2.65

Douglas Fir- 2649 78 984 20 2.69
EOL
Eucalyptus-IL 1891 12 655 13 2.89

Eucalyptus- 2731 73 962 49 2.84
EOL

Woody Biomass (1.5g)

lonic Liquid (80%) .

Water (20% )
MeOH Extraction IL Extraction
(25°C, 2 hr) (120°C, 4 hr)

Unwashed Pulp

Soaked in MeOH Water Evaporation
(25°C, Overnight) [+~ Pulp < (105 C" 48hr)

v

i Lignin+IL
Cel!ulosw L g IL + Water
Solids Fraction ’
Lignin Precipitation T
% (70°C, 30min) —{ Filtration

Dilution with Water
Lignin Solids Fraction

L 2

MeOH Evaporation
(70°C, Overnight)

Figure S5.4 Procedure for ionic liquid extraction

\ . o)
N— Il
@N 0—s—on
o
CHs

Figure S5.5 Structure of 1-Butyl-3-methylimidazolium hydrogen sulfide [C4C1im][HSO4]
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Woody Biomass (1.5g)

H,S0, (80%)
< EtOH —
! Water (20% )
Org Extraction
Cellulosic (170°C, 1 hr)
Solids Fraction '
i Pulp + Liquor
WarmEtOH | pulp <] Filtration Solvent Recovery
Washing p
v
Liquor

>J - Dilution with Water

Lignin Precipitation Filtration

Y

‘ Water Washing ‘

| Lignin Solids Fraction |

Figure S5.6 Procedure for ethanol organosolv extraction
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