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ABSTRACT

As the effects of global climate change become more apparent every year, renewable and
environmental-friendly fuels are needed to replace fossil fuels. Biomass fast pyrolysis (BFP)
produces a key intermediate, bio-oil, that can be upgraded to provide a needed alternative. BFP
combined with catalysis, known as catalytic fast pyrolysis (CFP), is a method for green synthesis
of valuable aromatic chemicals, such as benzene, toluene, ethylbenzene, and xylenes (BTEX),
which are very important petrochemicals. BFP and CFP offer potential solutions to replace the
current petroleum-based infrastructure and reduce the effects of climate change. However, the
complex structure of biomass leads to multi-route reactions during pyrolysis that are not well
defined. To better understand the reaction pathways, this study develops and deploys a
methodology using isotopically labeled Arabidopsis thaliana cells as surrogate substrates. In this
approach, plant cells are heterotrophically grown and preferentially labeled using **C-containing
biosynthetic precursors (glucose for carbohydrate and phenylalanine for lignin). The harvested
cells, containing different levels of *2C-label, were subjected to pyroprobe-gas
chromatography/mass spectrometry (py-GC/MS) to identify the products for both BFP and CFP.
By tracking the *C from substrates to products, recognizing that either holocellulose or lignin are
preferentially labeled in the plant cells, reaction pathways are revealed. Furthermore, HZSM-5
catalyst modified with several types of metals were tested during CFP for BTEX yield performance.
Spent coffee was the selected feedstock as BTEX yields were highest amongst various biomass
varieties. Chromium modified HZSM-5 exhibited the highest aromatic yields of the catalysts

evaluated, with 1 wt.% Cr/HZSM-5 leading to the highest monoaromatic hydrocarbon yield.



Copyright by
ZHONGYU ZHANG
2024



Dedicated to my lovely family



ACKNOWLEDGEMENTS

As this long journey towards the destination, it is time to say thank you for all the support
that | received during my doctoral degree. First and foremost, | would like to express my deepest
appreciation and gratitude to my advisor, Dr. Christopher Saffron, for his immense contribution to
my research. The knowledge and experience learnt from him has constantly benefited me
throughout my graduate study at Michigan State University and will be for the rest of my life. |
would like to extend my gratitude to Dr. James Jackson for his great advice on my work and all
the discussions during the weekly meeting. | would also like to express my appreciation to my
committee members, Dr. Wei Liao, Dr. Yair Shachar-Hill for their valuable guidance and feedback
based on their exceptional expertise.

A sincere thank you to Dr. Steve Safferman for providing so much support and
opportunities. His guidance on wastewater pretreatment broadened my scope and the
understanding of my research.

| would also like to thank all past and present group members (Dr. Li Chai, Dr. Mahlet
Garedew, Dr. Sabyasachi Das, Rachael Sak, and Meheryar Kasad) for all the help and support in
my research. Thanks to my labmates (Dr. Ryan Stoklosa, Dr. Jacob Crowe, and Dr. Thanaphong
Phongpreecha) for the happiness we shared in the lab. Thanks to the visiting scholars (Dr. Yi Yang,
and Dr. Le Wu) for their friendships and collaborations. Thanks also to the staff at MSU (Dr.
Peereboom, CIiff Foster, and Linda Danhof) for all the training and analysis they did for me.

Huge thanks to my friends (Pengchao, Zeyang, Chenchen, Peggy, Pei, Yuelin, Yang, Xing,
Nusheng, and Xueliang) for all the fun we made together during my Ph.D. program. Finally, |
would like to thank my parents for their support and encouragement from the beginning to the end.

| owe them too much for this long-term absence. Lastly but not least, | want to thank my wife



Xinting for her love, support, and encouragement. This thesis would not have been possible

without your help. Thank you!

Vi



TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION ..ottt 1
CHAPTER 2. LITERATURE REVIEW ......oioiiiii e 5
CHAPTER 3. MAPPING REACTION PATHWAYS OF BIOMASS FAST PYROLYSIS USING
ISOTOPICALLY LABELED PLANT CELL CULTURE ......cciiiiiieieeeee 16
CHAPTER 4. MAPPING REACTION PATHWAYS OF CATALYTIC FAST PYROLYSIS
USING ISOTOPICALLY LABELED PLANT CELL CULTURE .......ccooiiiiiiiiccceee 47
CHAPTER 5. MONOCYCLIC AROMATICS PRODUCTION BY CATALYTIC FAST
PYROLYSIS OF BIOMASS WITH METAL MODIFIED HZSM-5........cccooiiiiiiiiieiee 63
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS .......cccooiiiiiiiiiii e 82
BIBLIOGRAPHY ...ttt bbbt e ne s 85

vii



CHAPTER 1. INTRODUCTION

More and more disasters caused by extreme weather, such storms, forest fires, floods, heat
waves and cold waves, threaten human health in recent years.[1] Climate change is one of the
greatest reasons leading to these phenomena.[2] Hansen et al. reported that the global surface
temperature has been rising with a rate of 0.2 °C per decade starting from 1970s.[3] According to
the Intergovernmental Panel on Climate Change (IPCC) synthesis report of 2023, global surface
temperature was increased by 1.1°C in 2011-202 than 1950-1900.[4] The cumulative greenhouse
gas emissions is a critical reaction caused the raised temperature.[5] IPCC indicated that 76% of
global greenhouse gas emissions were carbon dioxide and 85% of these emissions were from
petroleum and industrial activities.[6] A report from the International Energy Agency (IEA) said
CO2 emissions from energy consumption grew by 0.9% in 2022.[7] As the Paris Agreement hopes
to keep the average temperature rise below 2 degrees Celsius, an effective way to cut down carbon
footprint is to seek an environmentally friendly energy resource to reduce the reliance of
petroleum-based fuels.

Biomass is the only sustainable source of organic carbon capable of replacing petroleum-
based fuels and chemicals.[8] It is used to describe all organic materials including crops, trees,
algae, land- or water-based plants and other organic waste. What has made biomass a unique
source of energy is the stored chemical energy that is derived from the sun and stored in the bonds
within the organic matter.[9] Moreover, plant-based biomass can have low sulfur and nitrogen
contents, which can be advantageous when using many forms of heterogeneous catalysis to make
clean energy products. These factors contribute to the growing interest in utilizing biomass as a

clean and renewable energy resource.



Biomass is the largest single source of renewable energy consumption, accounting for 3.9
quadrillion of the 9.6 quadrillion renewable BTUs in 2015.[10] Various processes have been and
are being researched to convert biomass into biofuels economically. Three main processes for
bioenergy production are mentioned by McKendry: thermochemical conversion, biochemical
conversion and mechanical extraction with esterification.[11] Fermentation-based alcohol biofuels
have been and are being extensively considered, but they suffer from high cost, limited scalability,
and incompatibility with the existing hydrocarbon-based infrastructure. In addition, the carbon
efficiency is low and about 1/3 of the carbon will be released as carbon dioxide in the traditional
alcohol conversion for biomass, such as the cellulose fermentation to ethanol. Instead, biomass
fast pyrolysis (BFP) thermochemically coverts biomass into gaseous, liquid, and solid products by
heating biomass in the absence of oxygen.[12] This process can be carbon negative, an operational
mode characterized by net carbon sequestration, if the solid product “biochar’ is land applied as a
nutrient amendment.[13] The liquid product, “bio-oil,” can be upgraded and used as an alternative
to fossil fuels.[14] However, the mixture has deleterious properties, such as high viscosity, high
acidity, and thermal instability, which makes bio-oil incompatible with current infrastructure or
engine fuel systems.[15-20] As one example of an upgrading process, catalytic fast pyrolysis
(CFP), is a process that combines BFP with catalysis (typically with zeolites) in a single step, to
improve fuel quality and make valuable aromatic products which are dominantly produced by
petroleum industry.

To develop the performance of BFP and CFP, a better understanding of BFP and CFP
reaction mechanisms is sorely needed to optimize bio-oil production, select the proper feedstocks,
and design effective stabilization approaches. Prior studies have attempted to map the flux of

reactants to products using single small-molecule isotope studies such as glucose, cellulose, and



hemicellulose in BFP and CFP.[21-25] But those reaction mechanisms may be varied as
lignocellulosic biomass has such a complex structure which could cause side reactions. Using
plant tissue culture as a surrogate could be a solution to investigate pyrolysis reaction pathways.
Plant cell culture exists cell wall fractions compared to single molecular model, and it could be
harvested in a shorter time rather than a real plant. In this study, plant cell culture integrated with
13C isotopic labeling procedure has been proposed with an aim to specifically label the cell fraction
by feeding different *C labeled biosynthetic precursors into the media. Then the reaction pathway
of BFP and CFP could be gained by tracking the *3C isotope after subjecting the labeled cells into
a pyrobe-gas chromatography/mass spectrometer (Py-GC/MS).

The project goal is to improve the performance of biomass fast pyrolysis and catalytic fast
pyrolysis by mapping the reaction pathways of BFP and CFP and investigating more effective
catalyst for CFP. The objectives of this research are as follows:

e Map the reaction pathways during the fast pyrolysis of labeled T87 cell.
e Map the reaction pathways during the catalytic pyrolysis of labeled T87 cell.
e Evaluate several types of metals modified zeolite catalyst based on monoaromatic

hydrocarbon yield.

To this end, we first develop a labelling methodology to preferentially label Arabidopsis
thaliana (T87) cell wall components (Chapter 3). The characterization of T87 cells was done
to examine the existence of plant cell walls and measure the cell wall fractions. Then the
absorption of phenylalanine was observed to investigate the blocking biosynthetic pathway
from glucose to phenylalanine. Then, the pyrograms, known as GC/MS results achieved after
subjecting the materials into the py-GC/MS systems, were analyzed to map the reaction

pathways of BFP. In Chapter 4, the procedure was similar as reporting in Chapter 3, but



packing the cells with HZSM-5 catalyst with a ratio of 1.5 for running though py-GC/MS
system. Chapter 5 expands the evaluation of catalyst used in CFP. We begin with the selection
of optimum feedstocks and optimum silicon: alumina ratio of HZSM-5 catalyst. Then seven
types of metals were loaded on HZSM-5 to improve the monoaromatic hydrocarbon yield.
Once the metal with the best performance was selected, a detailed analysis was studied for

different amounts of the loadings.



CHAPTER 2. LITERATURE REVIEW

2.1 Biomass Fast Pyrolysis

The primary components of plant-based biomass (lignocellulosic biomass) are cellulose
(20-50 wt.%), hemicellulose (20-40 wt.%), and lignin (10-20 wt.%).[26] Cellulose is a linear
homopolymers of glucose linked by B-1,4-glycosidic bonds. Hemicellulose is heterogeneous
polysaccharide mainly composed of glucose, xylose, arabinose, mannose, and galactose. Lignin, a
highly branched polymer, is formed by phenyl propane units of coumaryl, coniferyl and sinapyl
alcohol. Once these polymers are heated up without oxygen. Thermal decomposition occurs and
creates three generalized products: non-condensable gas, bio-oil, and biochar. This
thermochemical process is known as pyrolysis.

Pyrolysis product yields are dependent on temperature, heating rate, residence time, and
the class of feedstock. In view of the three major fiber fractions of plant biomass, each degrades
to a different extent under different heating conditions during pyrolysis. For example, lignin
decomposes over a wide temperature range while cellulose and hemicellulose degrade fast in a
narrower temperature range.[12] Residence time is another essential factor for pyrolysis products.
Long residence time causes secondary cracking of primary products, which reduces the yield and
quality of bio-oil.[12] Figure 2.1 shows pyrolysis with moderate temperature, high heating rates,
and short residence times can convert woody biomass to bio-oil at a yield up to 70% by weight.
To maximize bio-oil yield, pyrolysis is typically conducted under conditions of moderate
temperature (~500°C), rapid heating (103-10° °C/s), and short residence time (<2s), followed by
immediate quenching of pyrolysis vapor.[27] When pyrolysis is performed under such conditions,

it is known as “fast pyrolysis”.
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Figure 2.1 Variation of products from Aspen poplar with temperature.[28]

The quality of bio-oil, which affects its value and future utilization is also a function of
pyrolysis temperature, heating rate, residence time and rapid quenching. Bio-oil is comprised of
oxygenated organic compounds that are classified into aldehydes, alcohols, ketones, carbohydrates,
aromatic hydrocarbons, and phenolics.[29] High oxygen content of bio-oil (35-40 wt.%) leads to
a low energy density, where the heating value of bio-oil is 14-18MJ/Kg while that of engine oil is
42MJ/Kg.[30] Bio-oil is highly corrosive(pH 2-3) because it contains a large amount of organic
acids (7-12 wt.%), especially acetic acid.[31] The poor thermal stability of bio-oil is due to its
polymerization when heated over 80°C, in part because of condensation reactions be alcohols and
aldehydes.[32]

Pyrolysis mechanisms of biomass are complicated because of the various composition of
each biomass species and different reaction mechanism of each component at different conditions.
Cellulose is primarily decomposed by cleaving 3-1,4-glycosidic bonds in the temperature range of

315-400 °C.[33] Lin et al. proposed that cellulose firstly depolymerized to oligosaccharides and



then decomposed to anhydro-monosaccharides. The intermediate product, levoglucosan, can
further produce to furan, ketones, and aldehydes.[23] The breakdown of hemicellulose occurs in a
lower temperature range (200-350 °C) than cellulose. Xylan is typically considered as the model
compound in the studies of hemicellulose pyrolysis due to the variance in polysaccharide
constituents of hemicellulose. Because xylose cation cannot form any stable anhydride as glucose
does, dianhydro-xylopyranose is formed from xylose by cleavage of glycosidic bond and
dehydration reactions.[34] The final decomposition products of xylan are mainly acetic acid,
furfural, hydroxy acetone, CO,, CO, and H20. Compared to cellulose and hemicellulose, lignin
has a much more complex mechanism during pyrolysis. The decomposition of lignin is classified
into two stages by temperature because aromatic methoxy groups are stable at 200-400 °C and
become highly reactive at 400-450 °C.[35, 36] As the pyrolysis temperature changes, the reaction
mechanisms of each component of biomass are different and lead to a different fraction of products.
Therefore, a study of reaction pathway is needed to improve the fuel quality and feedstock

selection.

2.2 Catalytic Fast Pyrolysis

Bio-oil from biomass fast pyrolysis is not widely used as a liquid fuel because the process
is not economically feasible compared with petroleum-based fuels. High oxygen and water content
lower the values of pyrolysis products. Therefore, upgrading is a requisite step for the application
of pyrolysis. Adding hydrogen at high pressure during pyrolysis (hydrotreating) is one way to
reduce oxygenated molecules and increase the selectivity of hydrocarbons. This bio-oil
hydrotreatment procedure typically includes two steps, 1) stabilization which transfers the
carbonyl and carboxyl functional group into alcohols in the temperature range of 100-300 °C; 2)

cracking and hydro-deoxygenation with metal catalyst, normally Ru, Ni or sulfided CoMo,



between 350-400 °C.[37] The pressure of hydrotreating process is between 50-200 bar.[38]
Considering high pressure and the danger of hydrogen, catalytic fast pyrolysis (CFP), that
combines pyrolysis and catalysis, may be a better solution to upgrade the bio-oil into desired
products.

Catalytic fast pyrolysis likely occurs in two steps. The first step is thermal decomposition,
the same as occurs during biomass fast pyrolysis.[39] Biomass is heated and converted into volatile
organics, non-condensable gas, and solid coke. The volatile organics, mostly from the
depolymerization of biomass, break up into water and dehydrated species in either the
heterogenous catalyst or the homogeneous gas phase. The dehydrated species subsequently react
in the catalyst or on the surface of the catalyst and then form the desired hydrocarbons based on

the type of the catalyst selected (Figure 2.2).[40]

Figure 2.2 Scanning electron microscopy images of (a) ZK-5, (b) SAPO-34, (c) ZSM-23, (d)
MCM-22, (e) SSZ-20, (f) ZSM-11, (g) ZSM-5, (h) IM-5, (i) TNU-9, and (j) SSZ-55.[41]

Several acid catalysts are used for catalytic fast pyrolysis, including sulfonated carbon,
zeolites, heteropolyacids and metal oxides.[42] Of these, microporous acidic catalysts are widely
known to crack the reactions that remove oxygen and catalyze the scission of carbon-carbon bonds
of heavier oil fractions in oil refineries.[43] Highly acidic catalysts, like zeolites, are effective in
selective of aromatic production during CFP.[44] Kelkar et al. found that HZSM-5 gave the highest
aromatic conversion amongst ten different catalysts (five of them were HZSM-5 with different

Si/Al ratio), while higher acidity HZSM-5 (lower Si/Al ratio) led to more monoaromatics and less
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undesired coke production when using a pyrolyzer interfaced to a gas chromatography/mass
spectrometer.[45] Aromatic compounds, especially monocyclic aromatics (benzene, toluene,
ethylbenzene and xylenes, BTEX) are high value chemicals, that can be gasoline additives or
precursors to terephthalic acid. Terephthalic acid that is used to produce polyethylene terephthalate
is commonly synthesized by oxidation of p-xylene, where most of the p-xylene comes from
catalytic re-forming of naphtha.[46, 47] Due to increasing demand, xylene isomers, along with
other aromatics such as benzene and toluene, also produced from catalytic re-forming of naphtha
are used to form p-xylene by reacting them over an acid zeolite catalyst.[48]

In this respect, catalytic pyrolysis with zeolite catalysts has been studied by many
researchers.[39, 41, 45] Jae et al. investigated the conversion of glucose to aromatics in CFP was
affected by zeolite pore size and shape selectivity. He concluded that the highest aromatic yields
were obtained in the medium pore zeolites with a pore size range of 5.2-5.9 A. Small pore zeolites
do not produce aromatics from pyrolysis of glucose, while the large pore zeolites resulted in high
coke yield, low aromatic yield and low oxygenate yields.[41] Wang et al. reported that cellulose
(a glucose polymer) provided more aromatics than lignin, even lignin is derived from monomeric
phenolics, in the catalytic pyrolysis of switchgrass.[39] On the other hand, metal modified catalysts
have been studied by many researchers aiming to increase the acidity by ion exchange or
incorporate into zeolite framework.[45, 49-57] The acid sites of ZSM-5 plays an critical role in
deoxygenation and deactivating mechanisms in CFP as described by these research. According to
Zheng’s conclusion, all metal modified ZSM-5 (M-ZSM-5) yielded a higher yield of non-
condensable gas, and the deoxygenation level of M-ZSM-5 catalysts followed the order: GaZSM-
5> Zn ZSM-5> NiZSM-5 > CoZSM-5> MgZSM-5> CuZSM-5> HZSM-5.[57] Veses et al.

investigated that the incorporation of metals doped on ZSM-5 enhanced the deoxygenation mainly



through decarboxylation and/or decarbonylation reactions.[58] To promote the performance of
CFP, a comprehensive study of its reaction pathways could support catalyst improvement,

optimum product selectivity.

2.3 Prior Pyrolysis Mechanism Studies

Understanding the mechanisms and kinetics of pyrolysis has been a pursuit since the 1960s.
Antal summarized the research output from the 1960s to early 1980s in two reviews that were
published in “Advances in Solar Energy”.[59, 60] The reviews discussed the pyrolysis of cellulose,
glucose, lignin, and whole biomass under low, moderate, and high temperature. All noncellulosic
carbohydrates began rapidly decomposing to anhydrosugars, light volatile compounds, non-
condensable gases (CO2, CO) and char when pyrolysis temperatures were above 200°C. Cellulosic
carbohydrates were found tolerant of a higher temperature (above 250°C) because of its crystalline
structure.[61] Transglycosylation reactions were more effective than polymerization reaction at
this temperature, resulting in the formation anhydrosugars composed primarily of
levoglucosan.[62] The reaction pathways of cellulose were mapped by pyrolyzing *C-labelel
materials in thermal gravimetric analysis and differential thermal analysis (TGA/DTA).[63] The
chemical mechanisms were projected to depend on using the isotopic materials labeled in different
positions (C1, C2 or C6), including acid-catalyzed degradation pathway of carbohydrates,
formation of the 3,6-anhydro rings under alkaline condition, fragmentation, dehydration and
rehydration reactions.[63]

Molecular beam mass spectrometry (MBMS), a technique developed at the National
Renewable Energy Laboratory (NREL), was applied to study pyrolysis mechanisms by Milne et
al. in 1983.[64] This technique utilizes the molecular beam produced by hydrogen-oxygen

combustion at high temperature (up to 900°C) to pass through a sample in a small orifice (~300
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am) and then the mixture is injected directly into a quadrupole mass spectrometer. The abrupt
transition caused by high temperature steam quenches the chemical reaction, inhibits condensation,
and also avoid contact with the instrument walls.[64] Evans et al. found higher than expected levels
of levoglucosan when using the MBMS system compared to low-energy electron ionization using
conventional sample volatilization (GC/MS). They also indicated that the levoglucosan formed in
the conventional pyrolysis process was underestimated because of ionization fragmentation and
thermal rearrangement.[65] Isolated lignins from different types of biomass were also subjected
into MBMS by Evans et al.[66] The analysis of MBMS results showed that the first formed and
predominant products were coniferyl and sinapyl alcohol where higher molecular weight
oligomers, even dimers, were not confirmed.[66] They also found that product distribution varied
with different lignin separation methods.[66] The same conclusion was drawn by Van der Hage et
al. who examined the pyrolysis of steam-explosion lignin, Kraft lignin, bagasse lignin, wood-
milled lignin and organsolv lignin.[67] On account of the severity of the isolation procedure, the
alky-aryl linkages were altered to different degrees, leading to the diversity of pyrolysis products.
Hence the reaction pathway of isolated lignin may not coincide with native lignin in natural
biomass during pyrolysis.

To help gain a better understanding of pyrolysis chemistry, glucans that were labeled with
13C at C1, C2 or C6 were applied to map the reaction pathways.[68] As reported by Ponder and
Richard, glycolaldehyde was mainly derived from C1 and C2 labeled materials and about 50% of
formic acid was enriched during pyrolyzing C1 labeled glucans. Acetol and acetic acid were
mostly formed by three contiguous carbons that include a terminal carbon.[68] In latter research,
Evans et al. grew Acetobacter xylinum cellulose on *3C-labeled glucose medium for the study of

pyrolysis chemistry.[21] They mentioned that glycolaldehyde was not enriched by using (1-'3C)-
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labeled cellulose even treating the sample with 0.1% aqueous KOH to increase the formation of
glycolaldehyde. In contrast to pyrolysis of (2-3C)-labeled cellulose, a significant amount of
labeled glycolaldehyde was detected by the mass spectrometer. The distinct conclusions reveal
that the pyrolysis of cellulose differs from that of glucan.

More pyrolysis studies were extended by Paine et al. using **C-labeled glycerin and
glucose.[69-73] They discovered the cyclic Grob 1,3-diol fragmentation and the tandem alkaline
pinacol rearrangement/retro-aldol fragmentation in pyrolysis of glycerin based on the position of
labeled carbon and applied the mechanism to analyze breakage of the six-carbon chain of
glucose.[70, 71] The unimolecular reaction mechanism was dominant in the formation of low
molecular weight carbonyl compounds (C1:formaldehyde, formic acid, C2: acetaldehyde, acetic
acid, glycolaldehyde,[70] C3: acetol, and C4: 2,3-butanedione[71]). Furan formation
predominantly proceeds by a unimolecular reaction pathway, while some mechanisms showed that
fructose was consistently involved during the co-pyrolysis of glucose and fructose.[72] In the
formation of light alkane and alkenes (C2-C4), the least saturated compounds were first produced
and then underwent hydrogenation induced by free radical chain reactions.[73]

A computational modeling method, density functional theory (DFT), was recently used to
gain a more accurate simulation of the pyrolysis reactions. Broadbelt et al. reported the mechanistic
models for pyrolysis of cellulose, glucose, and hemicellulose by DFT.[74-76] The activation
energies of hundreds of reactions were calculated and compared with the experimental data from
previous research. The reaction rate coefficients showed that the concerted mechanism was more
favorable than either homolytic or heterolytic cleavage during cellulose pyrolysis.[76] The array
of hemicellulose pyrolysis products were insignificantly affected by the degree of polymerization

and the polydispersity index.[75] The computational results may predict the optimal conditions
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for desired products and the modeling framework can be applied to study fast pyrolysis
mechanisms for other polysaccharides and even whole biomass.

As most pyrolysis studies are focused on examining small-molecule compounds or single
cell wall components, the pyrolysis mechanisms of whole biomass are barely investigated due to
biomass ‘complexity. Antal et al. supported the view biomass components interact during
pyrolysis.[60] He noted that the pyrolytic behavior was not a linear superposition of each
components. Therefore, further study of whole biomass pyrolysis is merited to better the

understanding of biomass pyrolysis chemistry.

2.4 Labeling strategy

Mapping reaction pathways of biomass components to pyrolysis products should consider
methodologies that aim to conserve the interactions that occur as cellulose, hemicellulose, and
lignin are co-heated. *C-labelling offers one such route, provided that it is used to map cell wall
components that are incorporated into the biomass fiber fractions. Emphasis on labelling
individual fiber components provides a methodology for ascertaining the reactant source for label-
containing products. Recognizing that sucrose, a photosynthetic sugar, is first converted into
uridine diphosphate glucose (UDP-G), then to monosaccharides, and then into cellulose and
hemicellulose polymers (Figure 2.3) is useful as **C labeled sucrose can serve as a carbon source
for heterotrophically grown plant cells. Likewise, phenylalanine is a precursor to three
monolignols—coniferyl, sinapyl, and p-coumaryl alcohol—that are incorporated into lignin
through the phenylpropanoid pathway.[77, 78] Thus, *3C labeled phenylalanine provides a tool for
ascribing pyrolysis products to lignin.

The isotope effect on plant cell wall formation was considered for **C labeled cell culture

studies. Schwender et al. described that labeling could be achieved by growing plant suspensions
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in a *C-containing medium for several hours or growing excised plant components such as root
tips in 3C labeled glucose containing medium for 12-18 hours.[79] Sielbauer et al. examined that
no significant difference in growth or isotope distribution when using universally labeled *3C
glucose or universally labeled 3C sucrose as substrates.[80] Such results are important for *3C-
mapping experiments that depend upon known initial concentrations in cellulose, hemicellulose,
and lignin fractions of plant cell walls.

Previous research has demonstrated that cell cultures from Arabidopsis thaliana (widely
referred to as T87 cells) can be used as models to perform this labeling experiment. Arabidopsis
thaliana is widely used in plant biology studies because it has a short generation period, small
space requirements for growth and prolific productions. The other potential advantage is that the
genomic sequence of Arabidopsis has been analyzed in 2000.[81] Even though mapping reaction
pathways is not related to genomic works, but it may be beneficial from altering the composition
of Arabidopsis plant via changing its genomes. Although Arabidopsis has an efficient and fast
regeneration, sufficient time is needed to ensure that the labeled precursors reach a metabolic
steady state, and the cells form secondary cell walls which have different composition than the
primary cell wall.[82] To sum up, plant cell culture, such as T87 cells, could be a surrogate in
pyrolysis reaction pathway study. If a methodology that can preferentially label plant cell wall
fraction could be developed, pyrolysis reaction pathways from reactants to products would be

easily investigated by tracking the labeled materials.
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CHAPTER 3. MAPPING REACTION PATHWAYS OF BIOMASS FAST
PYROLYSIS USING ISOTOPICALLY LABELED PLANT CELL
CULTURE

3.1 Abstract

Biomass fast pyrolysis has the potential to provide renewable fuels that can reduce
greenhouse gas emissions. However, the pyrolysis reaction mechanism is not well established,
especially for lignocellulose biomass with its complex structure. In this work, a methodology is
developed that combines *3C labeling and plant cell culture to simulate the biomass fast pyrolysis
process and to map the reaction pathways by tracing isotopes. Plant cell wall components
(carbohydrate and lignin) can be specifically labeled by feeding *C-labeled biosynthetic
precursors (glucose and phenylalanine, respectively) into Arabidopsis thaliana “T87” cell cultures
and growing the cell cultures heterotrophically. Excess phenylalanine is applied to the media to
block the biological pathway from glucose to phenylalanine. In addition, T87 cells grown in media
with high phenylalanine concentration (5 g/l) increases the lignin content 3.8-fold when compared
to the cells cultivated without phenylalanine addition. Pyrograms for T87 cells with one of the two
substrates labeled were used to map the reaction pathways. Based on the isotope distribution, light
oxygenates, such as 3-methylbutanal, were derived from the carbohydrates, while the
monoaromatic hydrocarbons were generated from lignin in pyrolysis of T87 cells. Interestingly,
phenol was formed by both carbohydrates and lignin.
3.2 Introduction

Global climate change has already caused observable effects on the environment in recent
years. With a high level of certainty, the Intergovernmental Panel on Climate Change (IPCC) and

the U.S. Environmental Protection Agency have stated that humanity is responsible for the rapid
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acceleration in climate change.[83, 84] Greenhouse gas emissions lead to a warmer climate that
melts glaciers, shifts ocean currents, and thaws permafrost, which further exacerbates climate
change. As reported by the International Energy Agency, global carbon dioxide emission from fuel
combustion and industrial processes was over 36.8 gigatons in 2022. This number has increased
by around 50% since 2000 and was raised by around 0.9% in 2022.[85] The Paris Agreement sets
a long-term goal to limit average temperature rise to 2 degrees Celsius, compared to pre-industrial
levels.[86] Reducing greenhouse gas emissions is the primary step to achieve this objective.

To replace fossil fuel and minimize the effect of climate change, a renewable and
sustainable source of fuels is clearly needed, especially liquid fuels. Biomass is the largest single
source of renewable energy consumption, accounting for 3.9 quadrillion of the 9.6 quadrillion
renewable BTUs in 2015.[10] A thermochemical technology, fast pyrolysis, provides a possible
solution to decrease fossil fuel-derived atmospheric carbon dioxide by utilizing abundant plant
biomass resources. This process converts biomass into gaseous, liquid, and solid products by
heating biomass in the absence of oxygen.[12] The liquid product, “bio-oil,” can be upgraded and
used as an alternative to fossil fuels.[14] “Biochar,” the solid product, can be land applied as a
nutrient amendment, while also sequestering carbon and promoting regenerative agriculture.[13]

Despite the growing interest in biomass fast pyrolysis, there is no consensus about its
reaction mechanisms. A better understanding of reaction mechanisms is needed to optimize bio-
oil production and design effective stabilization approaches. Due to the complex structure of
lignocellulosic biomass, many studies have attempted to map the flux of reactants to products
using single small-molecules such as glucose, cellulose, and hemicellulose.[23-25] Though such
investigations can be informative, the complexity of lignocellulosic biomass will invariably trigger

side reactions that result in difficult-to-explain product slates. Therefore, it is important to map the
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reaction pathways of biomass fast pyrolysis from reactants to products. Isotope analysis can
provide a clear material flow in the uncertain pyrolysis reaction mechanism studies. For example,
Ponder and Richards found that about 50% of formic acid was isotopically enriched when
pyrolyzing isotope-labeled glucans.[68] In another isotope study, Evans et al. grew Acetobacter
xylinum cellulose on *3C-labeled glucose medium for examining pyrolysis chemistry.[21]
However, these isotope studies used single molecules and did not consider molecular interactions
that occur as cellulose, hemicellulose, and lignin are co-heated in biomass fast pyrolysis.

This work aims to probe the reaction pathways in pyrolyzing biomass’ cell wall
components. *C-labeling is used to map reaction pathways, assuming no isotope effect leading to
unwanted changes in cell wall composition. Supporting this assumption, Schwender et al.
described that labeling could be achieved by growing plant suspensions in a *C-containing
medium for several hours or growing excised plant components such as root tips in 3C labeled
glucose containing medium for 12-18 hours.[79] Sielbauer et al. found no significant difference in
growth or isotope distribution when using universally labeled **C glucose or universally labeled
13C sucrose as substrates.[80] Compared to labeling real plant biomass in a *3C-CO; environment,
isotope labeled cell culture could be harvested every one or two weeks, resulting in a much faster
and less expensive labeling process. On the other hand, labeling biomass by using *3C-CO, will
label the entire cell wall, making it difficult to trace pyrolysis product origin to cell wall
components.

Herein, we explore a labeling strategy that specifically labels Arabidopsis thaliana “T87”
cell cultures in carbohydrate or lignin fractions by feeding *C-containing biosynthetic precursors
(sucrose or glucose for carbohydrates, phenylalanine for lignin). Sucrose, a photosynthetic

disaccharide made of glucose and fructose, is first converted into uridine diphosphate glucose
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(UDP-G), then to monosaccharides, and then into cellulose and hemicellulose polymers. The
phenylpropanoid pathway (Figure 3.1) provides the formation of three hydroxycinnamic acids
from phenylalanine, where their alcohol derivatives—coniferyl, sinapyl, and p-coumaryl
alcohol—are known as three basic building blocks of lignin. Due to a higher cost of *3C labeled
sucrose, glucose is substituted for sucrose as the source of carbon and energy in liquid medium.

However, glucose is not only a precursor to cellulose and hemicellulose, as it is also
converted to lignin. Following the glycolysis metabolism pathway (Figure 3.2), glucose is
converted into phosphoenolpyruvate (PEP) before forming pyruvate. As a key metabolite, PEP
can react with erythrose-4-phosphate and form phenylalanine through the shikimate pathway
(Figure 3.3). A reaction route to lignin starting from glucose is shown by combining these three
metabolic pathways (Figure 3.1-3.3) that occur in plants. Hypothetically, the pathway from
glucose to phenylalanine could be blocked if excess phenylalanine was provided in liquid medium.
This excess phenylalanine then serves as the sole precursor to lignin.

After cultivation of labelled plant cells, they are harvested and injected into a
micropyrolyzer-gas chromatography/mass spectrometry (py-GC/MS) system. The results of this
analysis are used to map the reaction pathways of pyrolysis for several reactants into products. An
improved understanding of how biomass is transformed into energy products is gained and will
contribute to developing biomass fast pyrolysis techniques and optimizing feedstock for desired

products.
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3.3 Methods and Materials

3.3.1 Arabidopsis thaliana liquid cell culture (T87 cells)

T87 cells from A. thaliana Columbia plants, were routinely grown in liquid media with
glucose (30 g/l), and phenylalanine (5 g/l). The liquid medium consisted of the Murashige and
Skoog basal salt mixture (4.3 g/l) supplemented with 2,4-dichlorphenoxyacetic acid (0.2 mg/l),
thiamine (1 mg/l), myo-inositol (0.1 g/l), ethylenediaminetetraacetic acid (2.9 pg/l), and potassium
dihydrogen phosphate (0.18 g/lI) in a pH value of 5.7. Briefly, each flask was filled with 10 ml of
liquid culture from a previous trial and 40 ml of fresh liquid media. The cells were incubated in
250 ml baffled culture flasks in an incubator at 21 <C with a speed of 140 rpm in darkness. After
seven days, the cells were filtered and rinsed three times in RO water and then dried at 60 <C
overnight prior to pyrolysis. *3C labeled glucose and *3C labeled phenylalanine were purchased
from Cambridge Isotopes and used without further treatment. All six carbons in glucose were

labeled and nine carbons and nitrogen in phenylalanine were labeled.

3.3.2 Labeling strategies for T87 cells

To preferentially label the cell wall fraction, T87 cells were grown heterotrophically to
avoid photosynthesis; the only carbon source was the sugar provided in the liquid medium. Using
this approach, each cell wall fraction, i.e., carbohydrate and lignin, will be labeled as its
biosynthetic precursor is labeled. T87 cells grown with labeled glucose and unlabeled
phenylalanine predominantly forms labeled carbohydrates (cellulose and hemicellulose) and
unlabeled lignin. Likewise, labeled phenylalanine mostly forms lignin when unlabeled glucose is
present. Three different feeding rates (20, 50, and 100 wt.%) of labeled materials were applied in
the labeling process to better trace the isotopes and find the relationship from the reactants to

products during pyrolysis. *C labeled glucose and phenylalanine (Cambridge Isotopes) were used
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without any purification. All six carbons in glucose were labeled, while all the carbons and

nitrogen in phenylalanine were labeled.

3.3.3 Proximate analysis of T87 cells

Harvested T87 cells were subjected to proximate analysis using a thermogravimetric
analyzer (TGA, Model TGA/DSC 1, Mettler-Toledo, OH). Three samples harvested from
different batches were run on the TGA. The temperature program was first heated to 105 °C for
removing moisture, and then to 925 °C for driving off the volatile matter. Moisture and volatiles
were removed by nitrogen carrier gas. The residue was reheated to 800 °C in the presence of air to
determine ash content at a heating rate of 10 °C/s.
3.3.4 Cell wall compositional analysis

Cell wall polymer composition was determined with an NREL method[87] that uses a two-
step sulfuric acid hydrolysis to fractionate the biomass. Polymeric carbohydrates are hydrolyzed
into the monomeric forms, which are measured by HPLC. The insoluble lignin and ash are filtered,
dried, and weighed.
3.3.5 Lignin staining

The presence of lignin was confirmed using the phloroglucinol-hydrochloric acid staining
method developed by Herr.[88] Phloroglucinol-hydrochloric acid solution was made of 1%
phloroglucinol in 20% calcium chloride solution and concentrated hydrochloric acid with a volume
ratio of 25:4. One drop of this solution was mixed with a small amount of liquid-cultured T87 cells

and placed on a glass microscope slide for observation by light microscopy.

3.3.6 Pyrolysis-GC/MS
Samples were heated using a microscale pyrolyzer (Proprobe 5250, CDS Analytical Inc,

PA) interfaced with gas chromatography/mass spectrometry (QP-5050A, Shimadzu Corp, MD) to
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simulate biomass fast pyrolysis. The input was dried at 60 °C and ground to a particle size of less
than 0.5 mm (35 mesh). Approximately 3 mg of sample was packed between quartz wool in a
quartz tube that is dropped into a pyroprobe chamber at 650 °C for 20 seconds with a heating rate
0t 999 °C/s. The pyrolysis vapor was entrained in a helium stream and sent to a GC/MS through a
heated transfer line at 300 °C. A Restek rtx-1701 column (60m =<0.25mm > 0.25um) was heated
in a GC oven to perform the chromatographic separation using a column gas flow rate of 1 cm?®/s
with an inlet split ratio of 1:100. The GC oven temperature program began at 40 °C with a one-
minute hold and then ramped to 270 °C at an 8 °C/min heating rate. Each peak’s mass spectrum

was compared with standard spectra in the 2005 NIST library for compound identification.
3.4 Results and Discussion

3.4.1 Characterization of T87 cells

Confirmation that T87 cells are forming cell walls is needed to support reaction mapping
studies. As the purpose of this study is mapping the reaction pathway using liquid cell culture,
confirmation of cell wall existence in T87 cells was necessary prior to pyrolysis. Analysis of TGA
results in Figure 3.4 revealed that oven dried T87 cells were mostly comprised of volatile matter
(Table 3.1) that was liberated from 200 to 500<C (Figure 3.4), a result consistent with cell wall
deconstruction by pyrolysis. The high ash content in Table 3.1 is likely due to intracellular mineral

salts that failed to wash away prior to TGA.
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Table 3.1 Proximate analysis of T87 cells in triplicates (wt.%).

Average Standard Deviation
Moisture 5.81% 0.32%
Volatile matter 83.62% 1.27%
Ash 7.58% 0.81%
Total 97.01%
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Figure 3.4 Thermal gravimetric analysis (TGA) of T87 cells in the presence of nitrogen.

The structural carbohydrate and lignin contents of three different feedstocks (raw A.
thaliana stem cuttings, and T87 cells, with and without feeding PHE) were examined by NREL
compositional analysis. A. thaliana has a lower cell wall mass total than woody plants, like poplar,
which can exceed 80 wt.%. As seen in Table 3.2, the amounts of cellulose, hemicellulose, and
lignin in T87 cells, without adding phenylalanine in the growth medium, were much lower than A.
thaliana stem cuttings. However, the lignin content of T87 cells was significantly increased when

adding phenylalanine into the medium.
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Table 3.2 NREL compositional analysis of feedstocks in triplicates (wt.%).

Glucan Xylan Lignin Total
Raw A.thaliana 22.79% +£0.02%  11.65% + 0.08%  16.39% =+ 0.03% 50.83%
T87 cells without PHE ~ 8.83% +0.10% 4.86% + 0.06% 1.39% =+ 0.38% 15.08%
T87 cells with PHE 11.12% £+ 0.12%  5.62% +0.03% 5.30% + 1.83% 22.03%

Elemental analysis was applied to quantify the composition of carbon, hydrogen, and
nitrogen, while oxygen content was calculated by difference. The replicated results reported that
T87 cells contained 7.19 wt.% nitrogen, much greater than 1.83 wt.% observed in raw Arabidopsis
biomass. The high nitrogen content indicated a high amount of protein in T87 cells, that reduced
the cell wall fraction of total cell weight. Also, raw Arabidopsis biomass has a higher nitrogen
content than a typical lignocellulosic biomass, such as poplar (0.15 #0.02 wt.%) or switchgrass
(0.42 #0.04 wt. %). As nitrogenous substances are indispensable for cell culture, this problem may
not be resolved. Moreover, high nitrogen content was observed because excess phenylalanine was
added to block the synthesis of phenylalanine from glucose.

Noting the low observed lignin levels, several methods were used to confirm the existence
of lignin in T87 cells. The phloroglucinol-hydrochloric acid staining method is an obvious way to
show the existence of lignin. Confirming the presence of lignin, cinnamaldehyde end groups of
lignin reacted with phloroglucinol in the acidic environment, resulting in a red color (Figure

3.5).[89]

25



Figure 3.5 Phloroglucinol-hydrochloric acid staining of T87 cells observed by light microscopy
with a 40X objective lens.

Thioacidolysis was also applied to dried T87 cells to obtain the composition of
thioethylated lignin monomers through the cleavage of p-O-4 ether linkage. Small amounts of
guaiacyl and hydroxyphenyl (376 and 197 pg/g) lignin were detected, while no syringyl lignin was
released from the T87 cells. Zhao et al. indicated that syringyl lignin was not produced in
angiosperms generally.[90] T87 cells also did not make syringyl lignin as A. thaliana is an
angiosperm. Even though the lignin monomer content was lower than that of lignocellulosic
biomass, such as poplar, similar results were reported by other researchers who analyzed A.
thaliana cell culture. As examples of prior work, Derikvand et al. found the amounts of ferulic
acid and p-coumaric acid produced were 27 and 32 g/g for A. thaliana inflorescence stems,[91]
while only 31.5 /g of ferulic acid and 2.7 |g/g of p-coumaric acid were found in T87 cells by

Yamamura et al.[92]
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3.4.2 Phenylalanine absorption

To avoid photosynthesis, T87 cells were grown heterotrophically in liquid culture with a
carbon source in the liquid medium. Hypothetically, T87 cell wall components can be
preferentially labeled by feeding 3C-labeled biosynthetic precursors. Specifically, *C-labeled
glucose only labels the carbohydrate polymers if excess phenylalanine is present to block the
pathway from glucose to phenylalanine, while *3C-labeled phenylalanine forms lignin.

Method efficacy depends, in part, on T87 cells absorbing phenylalanine from culture media.
To demonstrate uptake, 5 g/l of phenylalanine was initially added into regular trials containing
T87 cells. One ml of cell suspension was sampled daily beginning from the date that T87 cells
were originally transferred from tissue culture. These samples were filtered through a 0.22-micron
syringe filter to remove cells. The phenylalanine concentration in the filtrate was estimated by high
performance liquid chromatograph (HPLC) with a C18 column followed by a diode array detector
(HPLC-DAD) set at 260 nm. As shown in Figure 3.6, the phenylalanine concentration reduced 1
g/l after seven days, indicating that about 50 milligrams of phenylalanine were absorbed. Error
bars show the variability of plant cell culture performance between replicates. Large error bars

were due to the variability of plant tissue performance from different weeks.
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Figure 3.6 Phenylalanine absorption of T87 cells days after the cells were transferred.

To block phenylalanine synthesis from glucose, an excess of unlabeled phenylalanine was
added to block this undesired pathway (Figure 3.2-3.3). As Figure 3.7 demonstrated, about 10%
more glucose was consumed after 7 days for T87 cells when phenylalanine concentration was
reduced from 5 g/l to 1 g/l, indicating that glucose metabolism to phenylalanine could be blocked
by adding excess phenylalanine. More phenylalanine may also result in greater lignin content in
T87 cells, as lignin content rose four times when phenylalanine (5 g/l) was added into the liquid
medium when compared to T87 cells grown without adding phenylalanine (Table 3.2). Likewise,
phenylalanine consumption was measured under different amounts of glucose added in the media
(Figure 3.8). More glucose in the media lowers phenylalanine absorption by liquid cell culture, a

result confirming that glucose and phenylalanine are interconverted.
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Figure 3.7 Glucose consumption under differing phenylalanine concentrations. Each point is the
average of two replicates.
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Figure 3.8 Phenylalanine consumption under differing glucose concentrations. Each point is the
average of two replicates.
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3.4.3 Pyrolysis-GC/MS results comparison

To examine whether T87 cells are better surrogates than other materials, a series of T87
pyrograms were compared to those of A. thaliana stem cuttings in Figure 3.9. The major pyrolysis
product of A. thaliana stem cuttings is toluene with a retention time of 8.05 minutes, which was
notably different than other lignocellulosic biomass types (poplar, switchgrass, or corn stover).
Two other aromatic hydrocarbons products, ethylbenzene, and styrene were also produced in
relative abundance in its pyrograms. Such aromatic hydrocarbons are normally generated in
catalytic fast pyrolysis, not directly by BFP. T87 cell pyrograms are consistent with A. thaliana
stem cuttings, in that the dominant products are toluene, ethybenzene, and styrene. Unlike stem
cuttings, the abundance of ethylbenzene and styrene was much higher in T87 cell pyrograms
because excess phenylalanine in the media pyrolyzes to form ethylbenzene and styrene.

The pyrograms of Avicel® (cellulose) and post corn stover fermentation lignin were also
compared to the pyrolysis of A. thaliana stem cuttings. Anhydrosugars, especially levoglucosan,
were produced by pyrolyzing cellulose, while the levoglucosan peak, at a retention time of 26.30
minutes, was barely noticeable in both pyrograms of A. thaliana stem cuttings and T87 cells. Corn
stover lignin after fermentation and filtration formed phenolic compounds after pyrolysis, such as
guaiacol. However, guaiacol was rarely found in A. thaliana stem cuttings and T87 cell pyrolysis
products. Among the pyrograms listed in Figure 3.9, T87 cell pyrograms were more similar to A.
thaliana stem cuttings. Such similarity suggests that plant cell liquid culture can be used as a
surrogate for whole plant tissue to conduct *3C labeling studies.

Figure 3.9 reveals that the T87 cell pyrolysis results in aromatic hydrocarbons, some of
which may be directly made from pyrolyzing excess phenylalanine. As the T87 cells were rinsed

during harvesting, the residual phenylalanine mainly existed in the T87 cell cytosol as opposed to
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the cell wall surface. To remove cytosolic phenylalanine, harvested T87 cells were ground by a
mortar and pestle and rinsed again to remove the possible remaining phenylalanine. Approximately,
39.4 wt.% of cell mass was lost after drying the double rinsed T87 cells. Figure 3.10 represents
the pyrograms of A. thaliana stem cuttings, T87 cells, and double-rinsed T87 cells. After rinsing
away the soluble cytosol components, the aromatic hydrocarbon (toluene, ethylbenzene, and
styrene) production from double rinsed T87 cells was significantly decreased versus the harvested
T87 cells that were only rinsed once with no grinding to expose cytosolic compounds. Double
rinsing T87 cells increased the similarity of A. thaliana stem cutting pyrograms and T87 cells.
Therefore, double-rinsed T87 cells were used as the probe material for experiments. Figure 3.11
shows the double rinsed T87 cells pyrogram with ten important compound peaks. Peak
identification is provided in Table 3.3 with retention time and the similarity value provided by the
NIST library. Pyrolysis products of double rinsed T87 cells contained more heterocyclic amines,
likely due to the high nitrogen composition as described previously. Small molecule products were
mostly aldehydes, such as 2-methylpropanal, 3-methylbutanal and 2-methylbutanal. Phenol and
methyl phenol were found in the pyrogram, while other phenolic compounds, like guaiacol, were
not produced. Compared to single-rinsed T87 cells, levoglucosan is a main product after pyrolysis
of double rinsed T87 cells. This implies that interactions may occur between soluble cytosol
materials and cellulose that prevented the cellulose dehydration to form levoglucosan. Those
important compounds, such as 3-methylbutanal, toluene, and phenol, were further analyzed based
on mass spectra results under *3C labeling studies to understand the reaction route in the pyrolysis

of T87 cells.
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Figure 3.9 Pyrogram comparison between A. thaliana stem cuttings, T87 cells, Avicel®
(cellulose), and lignin after fermentation of corn stover.
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Figure 3.10 Pyrogram comparison between A. thaliana stem cuttings, T87 cells, and double
rinsed T87 cells.

32



X 10000000

,_.
=)

5

,_.
=

,_.
I

,_.
%)

k=
0.8 4
2
0.6 3 0
04 6 7 10
8

0.2

0

10 15 20 25 30

Retention Time (min)

Figure 3.11 Double rinsed T87 cell pyrograms with important compounds identified by NIST
library. 1: 2-Methylpropanal, 2: 3-Methylbutanal, 3:2-Methylbutanal, 4: Acetic acid, 5: Toluene,
6: Ethylbenzene, 7: Styrene, 8: Phenol, 9: 4-Methylphenol, 10: Levoglucosan.
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Table 3.3 Double-rinsed T87 cell pyrolysis products identified using the NIST library.

No. Eetention time (nun) Compound Somilarity
1 5. Acetone 95
2 5.39 Propanal 2-methvl- g9
3 5.51 Furan, 2-methyl- 94
4 5.92 2.3-Butanedione 93
5 595 2-Butanone 97
] 6.63 Butanal 3-methvl- 95
7 6.72 Butanal 2-methyl- 92
3 6.79 Furan, 2,5-dimethyl- 94
9 6.97 3-Buten-2-one, 3-methyl- 96
10 7.21 Acetic acid 97
11 8.05 Toluene 97
12 847 Pyridine 95
13 8.85 Butanenitrile, 3-methyl- 95
14 9.89 Ethylbenzene 91
15 9.95 Pyrrole 92
16 10.84 Styrene 97
17 11.11 Furfural 96
18 11.27 Pentanenitrile, 4-methyl- a0
19 11.70 1H-Pvrrole, 3-methyl- 92
20 11.76 L-Phenylalaninol T4
21 1191 2-Pyrrolidinone, 1-methyl- 73
22 12.11 2-Propanone, 1-(acetyloxy)- 94
23 13.35 Cyclopentanone, 2-methyl- g2
24 1346 Hexanal 79
25 13.95 Butane, 1-propoxy- 78
26 1531 1,2-Cyclopentanedione, 3-methyl- 92
27 15.79 Phenol 97
23 16.24 2. 5-Dimethyl-4-hydroxv-3(2H)-furanone 36
29 17.34 Phenol, 4-methyl- 96
30 1549 3-Pyridinol 92
31 19.36 3.4-Anhydro-d-galactosan 76
32 19.99 2.3-Anhydro-d-mannosan 87
13 20.14 1.4:3,6-Dianhvdro- alpha.-d-glucopyranose 89
34 2155 Indole o4
35 26.30 Levoglucosan 95

3.4.4 Biomass fast pyrolysis using labeled T87 cells
Two methodologies were used to enrich T87 cells with isotopes: 1) T87 cells with labeled
glucose and unlabeled phenylalanine to label cell wall carbohydrates, and 2) T87 cells with

unlabeled glucose and labeled phenylalanine to label cell wall lignin. Experiments used substrates
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that contained a labeled substrate fraction at three different levels: 20 wt.%, 50 wt.% and 100 wt.%
of the entire substrate. Note, these fractions refer to the mass percentage of fully *3C labeled
substrate used in the experiments. The other steps of the two methodologies are identical. If one
compound is partially or entirely labeled, the other is always unlabeled, i.e., if glucose is labeled,
PHE is always unlabeled and vice versa. As shown in Figure 3.12, the pyrograms for the three
different labeling levels were identical, showing no isotope effect in the GC results. As expected,
the MS results in Figures 3.13-3.15 do vary depending on the type of labeled substrate and the

labeled substrate level used in the medium.
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Figure 3.12 Results of T87 cell pyrolysis. (a) pyrogram of T87 cells with different glucose
labeling fractions and unlabeled phenylalanine, (b) pyrogram of T87 cells with different
phenylalanine labeling fractions and unlabeled glucose (all T87 cells were double rinsed).
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3.4.5 Mass spectra of T87 cells

Mass spectra results were used to measure isotopic enrichment in the major products that
were listed in Figure 3.11. T87 cells with labeled glucose showed isotopic enrichment (example
in Figure 3.13b) in 3-methylbutanal, 2-methylbutanal, and negligible isotopes (example in Figure
3.14b) in toluene, ethylbenzene, styrene, and partial isotopes in phenol (example in Figure 3.15b).
When phenylalanine was labeled, pyrograms show isotopic enrichment of toluene, ethylbenzene,
and styrene (example in Figure 3.14c). Phenol produced from T87 with labeled phenylalanine was

also partially labeled in Figure 3.15c.
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Figure 3.13 Mass spectra results of 3-methylbutanal: (a) unlabeled T87 cells, (b) T87 cells with
fully labeled glucose and unlabeled phenylalanine, (c) T87 cells with unlabeled glucose and fully
labeled phenylalanine. RI: relative intensity; m/z: mass to charge ratio.
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Figure 3.14 Mass spectra results of toluene: (a) unlabeled T87 cells, (b) T87 cells with fully
labeled glucose and unlabeled phenylalanine, (c) T87 cells with unlabeled glucose and fully
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Figure 3.15 Mass spectra results of phenol: (a) unlabeled T87 cells, (b) T87 cells with fully
labeled glucose and unlabeled phenylalanine, (c) T87 cells with unlabeled glucose and fully
labeled phenylalanine. RI: relative intensity; m/z: mass to charge ratio.

3.4.6 13C distribution and possible pathways to the products during fast pyrolysis of T87 cells
Based on Figure 3.11 and the previous mass spectra results (Figure 3.13-3.15), the main
products of biomass fast pyrolysis can be divided into three classes: 1) isotopic enrichment only
observed with labeled glucose, 2) isotopic enrichment only observed with labeled phenylalanine,
3) isotopic enrichment found with either labeled glucose or labeled phenylalanine. After

pyrolyzing different fractions of labeled material, the isotopic ratio of labeled carbon was
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Figure 3.16 represents the isotopic distribution of 3-methylbutanal formed by pyrolysis of
unlabeled T87 cells and T87 cells with different labeling levels. Unlabeled T87 cells with a 6.12
+0.86% of M+1 isotopologue (Figure 3.16) results because the natural abundance of 3C is about
1.11 wt.% and 3-methylbutanal has five carbons that leads to its M+1 isotope level of 5.55%. From
comparison to its natural abundance, 3-methylbutanal was only sparingly made from labeled
phenylalanine. Contrastingly, 88.81% of 3-methylbutanal was fully labeled when all glucose in
the media was labeled. In addition, about 9% of 3-methylbutanal was unlabeled because the T87
cell culture was started using 10 ml of liquid culture from a previous trial that was unlabeled. This
starter culture was mixed with 40 ml of new medium containing fully labeled glucose. When the
glucose labelling level increased, the 3-methylbutanal labelling level also increased. Interestingly,
all five isotopes of 3-methylbutanal were nearly equally distributed when feeding the T87 cells 50%
labeled glucose. This implies that 3-methylbutanal is not directly formed through glucose
decomposition. Instead, glucose is first decomposed, or catabolized, to light molecules, which are
then recombined to form 3-methylbutanal. Therefore, the proposed reaction routes were presented
in Figure 3.17 proposes a reaction route where leucine, formed from pyruvate that was derived
from glucose,[93] serves as an intermediate to 3-methylbutanal. In Figure 3.17A, deamination
converts the amino group to a methyl radical, which then reacts to form 3-methylbutanal.[94] A
second proposed pathway (Figure 3.17B) is the Strecker degradation that occurs between a
dicarbonyl group and an amino acid to form flavor-active aldehydes.[95] In the Strecker
degradation, leucine reacts with a sugar that is subsequently decarboxylated and then deaminated
to generate 3-methylbutanal.[96] Carbon flow through these proposed pathways can explain the
isotope distribution observed by the T87 cell labeling studies, though further interrogation of these

reaction is warranted. The same trend in isotope distribution was observed in other light
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oxygenates from T87 cell pyrolysis, including 2-methylpropanal and 2-methylbutanal. As with 3-
methyl butanal, 2-methylbutanal can follow both proposed reaction pathways in Figure 3.17 using

isoleucine as the intermediate.
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Figure 3.16 *3C distribution of 3-methylbutanal in T87 cells with different labeling strategies
after BFP indicating that 3-methylbutanal is carbohydrate derived.
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Figure 3.17 Proposed reaction pathways from leucine to 3-methylbutanal. (A) Leucine
deamination. (B) Strecker degradation of leucine (modified from Smit 2009).

Conversely to light organic oxygenates, like the aforementioned aldehydes, labeled
monocyclic aromatics were only observed when using labeled phenylalanine as substrate. As an

example, in Figure 3.18, toluene was mostly formed from labeled phenylalanine. When compared
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to the isotopic ratio of 3-methylbutanal, the result was not evenly distributed for the isotopologues.
Most of the isotopologues were M+6 and M+7, indicating that the aromatic ring was not opened
by pyrolysis. The sum of M+6 and M+7 composition was over 80% when fully labeled
phenylalanine was added into the media. As stated previously, 20 vol% of the liquid media was
from the previous trial, which contained only unlabeled carbon, resulting in an unlabeled toluene
level of 13% when pyrolyzing T87 cells with fully labeled phenylalanine. Only about 2% of fully
labeled toluene was found in the pyrogram of T87 cells grown with 100% labeled glucose. This
indicates that the biosynthetic pathway from glucose to phenylalanine was not entirely blocked.
Proposed reaction pathways from lignin to toluene or ethylbenzene are illustrated in Figure 3.19,
which starts with a lignin dimer containing a pB-aryl ether linkage to serve as a lignin model. If the
R group on C,is a hydroxy group in Pathway (A), oxidation of C,-OH to ketone is the first step.
Wang et al. investigated that the C.,-Cg bond in B-O-4 ketone was weaker than in B-O-4
alcohol.[97-100] C,-Cg cleavage followed by C-O cleavage resulted in the formation of benzoic
acid, which was then reduced to benzyl alcohol. Toluene can be generated by further reduction.
Pathway (B) shows a typical Cg-O cleavage as studied by many researchers.[101-104] Both Huang
and Shen calculated the bond dissociation energies of possible pyrolysis paths of the -O-4 lignin
dimer model and concluded that the bond dissociation energy of Cg-O was the lowest. When the
R group on C, is hydroxyl, the model compound can decompose into two radicals. The radical
containing the phenylpropane unit of the dimer is converted to 1-phenylpropane-1,3-diol by
receiving a proton and removing the side chains through demethoxylation. 1-Phenylpropane-1,3-
diol then undergoes dehydration, rearrangement, and decarbonylation to form ethylbenzene. The
other aromatic hydrocarbon products in BFP pyrograms follow a similar trend in isotope

distribution, illustrating that ethylbenzene and styrene are lignin derived.
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Figure 3.18 13C distribution of toluene in T87 cells with different labeling strategies after BFP
indicating that toluene is lignin derived.
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Figure 3.19 Proposed reaction pathway from B-aryl ether linkage to toluene. (A) C, oxidation

followed by C-C oxidative cleavage to form toluene. (B) Cg-O cleavage to form toluene if R group
on C, is -OH.

As presented in Figure 3.20, phenol appears to be made by either labeled substrate,
although by different routes. From the isotope distribution trends, the phenol from labeled
phenylalanine formed by bond scissions and not ring opening, while phenol from glucose formed

after glucose decomposition into small hydrocarbon fragments. The abundance of M+6 phenol by
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T87 cells when feeding fully either labeled glucose and phenylalanine was 51% and 27%,
respectively. As levoglucosan, furfural, 2-methyl-cyclopentanone, and methylphenol were
observed in the pyrogram, a possible reaction route including these molecules is proposed for
cellulose to phenol in Figure 3.21. Zhang et al. proposed a similar reaction route and indicated that
2-methy-2-cyclopentene-1-one, was the most important intermediate during the phenol
formation,[105] though the pyrolysis reactions from Zhang’s article were catalyzed by phosphoric
acid-activated carbon. Although this work does not include catalytic fast pyrolysis, MS salts
contain metals such as K, Ca, Mg and Fe?*, that when absorbed by T87 cells can catalyze reactions.

According to Figure 3.20, phenol can also be formed from lignin. Possible reaction
pathways were proposed in Figure 3.22. Pathway (A) shows the Cg-O cleavage reaction mentioned
previously. As S-type lignin monomer was not detected in thioacidolysis of T87 cells, a guaiacol-
like molecule is first converted when the radical absorbs a proton, after which phenol is then
formed by a demethoxylation reaction. Pathway (B), introduced by Yan et al., generates phenol by
directly deconstructing the aryl C-C bond and Cg-O bond. Aryl C-C bond breakage was catalyzed
by a zeolite via dihydroxylation, y-methyl shift, and C-C  scission under mild conditions. In this
reaction sequence, Csp2- Csps Cleavage occurs above 400 °C, a possibility noting that the pyrolysis
temperature in this work is about 550 °C, so Pathway (B) is a possible reaction route to form phenol

from lignin.
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Figure 3.20 *3C distribution of phenol in different T87 cells with different labeling strategies
after BFP indicated that phenol was produced by both carbohydrates and lignin.
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Figure 3.22 Proposed reaction pathway from B-aryl ether linkage to phenol. (A) Cp-O cleavage
followed by demethoxylation and dealkylation to remove the side chains. (B) Direct bond
scission of a C-C bond and a Cg-O bond to form phenol.[106]

3.5 Conclusion

Methodologies were developed to preferentially label A. thaliana cell culture by feeding
13C-containing biosynthetic precursors (glucose for carbohydrate and phenylalanine for lignin).
NREL compositional analysis confirms that cell wall mass content increases when T87 cells are
grown on the liquid media with added phenylalanine. Adding phenylalanine promotes cell wall
formation, especially the lignin fraction, which was observed through phloroglucinol-hydrochloric
acid staining. Thioacidolysis of the dried T87 cells detects 376 pg/g of guaiacyl lignin and 197
o/g of hydroxyphenyl lignin. A second rinsing procedure was necessary to remove the residual
cytosolic phenylalanine to improve the use of labelled T87 cells and cell wall models. Reaction
mapping studies, performed on plant cell cultures with preferential fiber labeling, can reduce the
cost and time needed to investigate heat catalyzed transformations. Upon analyzing partially
labeled materials with varying label levels, most aldehydes are derived from holocellulose while
the monoaromatic hydrocarbons generally form from lignin after BFP. Interestingly, phenol was
produced by both holocellulose and lignin, not lignin alone. Increasing reaction yields from

holocellulose and lignin might establish a viable pathway to phenol, which is a valuable
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commodity chemical. This labeling methodology, using plant cell culture, can ultimately be used

to improve feedstock selection for conversion strategies like BFP.
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CHAPTER 4. MAPPING REACTION PATHWAYS OF CATALYTIC FAST
PYROLYSIS USING ISOTOPICALLY LABELED PLANT CELL
CULTURE

4.1 Abstract

Prior research (Chapter 3) developed a methodology to investigate biomass fast pyrolysis
reaction pathways using *C labeled T87 cells. In the present chapter, this methodology was
applied to study the reaction pathways of catalytic fast pyrolysis. HZSM-5 with a silicon-to-
alumina ratio of 23:1 was selected to catalyze pyrolysis at 650 °C. A catalyst-to-biomass ratio of
5:1 was used during catalytic pyrolysis. Pyrolysis was performed in a pyroprobe, sending the vapor
products to a GC/MS for analysis. 3C distribution results confirm that the reaction pathway from
carbohydrate to BTEX began with decomposition reactions to form a “hydrocarbon pool” and then
produce BTEX. Contrastingly, the reaction pathway from lignin to BTEX was more likely by side-
chain cleavage. Carbohydrates form all BTEX products, while lignin primarily leads to benzene
while making almost no xylene.
4.2 Introduction

As global warming rates accelerate, the demand for sustainable energy resources increases.
Photosynthetic biomass, a well-known renewable source, is broadly appealing for green energy
production due to wide availability and low price.[107] Various applications to convert biomass
into energy have been investigated through either thermochemical or biochemical processes.[108]
Biomass fast pyrolysis (BFP) is one promising technique that makes “bio-oil” as a main product
by heating the biomass without oxygen.[28] Bio-oil is a complex mixture including hundreds of
organic compounds, such as alcohols, ketones, aldehydes, and phenols.[109] However, these

compounds are undesirable because of high oxygen content, high water content, low energy
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content, and high acidity.[110] Thus, catalytic upgrading is necessary prior to bio-oil’s application
as an energy intermediary.

Catalytic fast pyrolysis (CFP) integrates fast pyrolysis and catalysis to obtain valuable
chemicals either in situ or ex situ formats. Wang et al. concluded that ex situ CFP makes more
olefins and less aromatic hydrocarbons than in situ CFP.[111] Zeolites, especially ZSMD5, are
commonly used by CFP to make aromatic hydrocarbon because of ideal pore structure and
acidity.[112, 113] Kelkar et al. compared the CFP performance of HZSM-5 with different silicon-
to-alumina ratios (SAR) and concluded that low SAR resulted in strong acidity that leads to lighter
monoaromatic hydrocarbons.[45]

The main components in lignocellulosic biomass, cellulose, hemicellulose, and lignin, are
initially depolymerized and decomposed during catalytic pyrolysis. Next, the volatile products are
deoxygenated to form hydrocarbons.[114] Both cellulose and hemicellulose are polysaccharides
accounting 30-55 wt.% and 25-30 wt.% of dry biomass, respectively.[115] Compared to cellulose,
consisting of a linear chain of glucose, hemicellulose is a branched amorphous polymer composed
of various C5 and C6 sugars. Lignin, constituting 25-30 wt.% of biomass, is a much different
polymer that is highly branched and derived from three monolignols (coumaryl, coniferyl and
sinapyl alcohol).[116] Many researchers have investigated catalytic pyrolysis of induvial biomass
components with ZSM-5 catalyst.[39, 117, 118] Srinivasan et al. observed that the aromatic yield
from CFP of cellulose was about 17 wt.% at 600°C (carbon yield).[117] Wang et al. reported that
the carbon yields of aromatics from cellulose, hemicellulose and lignin CFP were 28.8%, 19.4%,
and 7.4% at 600°C, respectively.[39] They also observed no significant interaction among the three
cell wall components when pyrolyzing switchgrass. Meanwhile, Mullen et al. found an equal

conversion of cellulose and lignin to aromatic hydrocarbons during CFP.[118] These three studies
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used HZSM-5 catalyst via a micro-pyrolyzer-GC/MS system for experiments. In addition, some
researchers presented that there existed interaction when pyrolyzing the mixture.[119, 120] Wu et
al. indicated that the formation of levoglucosan was inhibited due to the interactions between
cellulose and lignin.[119] Liu et al. concluded that the interactions among biomass components
were significant. Lignin decreased the production of 2-furaldehyde and C=O containing
compounds, while hemicellulose decreased the yield of levoglucosan, and enhanced the formation
of hydroxyacetaldehyde.[120] The different behavior reveals a lack of knowledge to catalytic
pyrolysis mechanisms.

The goal of this study is to map the reaction pathways of catalytic fast pyrolysis for a better
understanding of how the cell wall components react during CFP. Our prior research developed a
methodology using *3C labeled Arabidopsis cell (T87 cell) culture as a surrogate for investigating
BFP reaction pathways, while this work uses CFP. As with the BFP study, different T87 cells with
preferentially labeled fractions (carbohydrate or lignin) were used in this investigation. T87 cells
grown with labeled substrates preferentially labeled holocellulose or lignin cell wall components,
allowing for the interaction affects during CFP to be observed. Monoaromatic hydrocarbons, such
as benzene, toluene, ethylbenzene, and xylenes (BTEX), were mainly analyzed as they are
important industrial chemicals that can be used as gasoline additives, solvents, and in leather

industry.
4.3 Methods and Materials

4.3.1 13C labeled T87 cells
The methodology to preferentially label cell wall fraction of T87 cells was introduced in
Chapter 3. The same procedure was applied to this study. Briefly, T87 cells from A. thaliana

Columbia plants, were routinely grown in liquid media with glucose (30 g/l), and phenylalanine
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(5 g/l). Ten milliliters of liquid culture from a previous trial were transferred into 40 ml of fresh
media. The cells were incubated at 21 <C with a speed of 140 rpm in darkness for a week. The
cells were then harvested by filtration and dried at 60 <T overnight. By comparing the pyrograms
for T87 cells and Arabidopsis plant, it was assumed that residual phenylalanine in the T87 cell
cytosol was the precursor to toluene, ethylbenzene, and styrene. To remove this phenylalanine,
harvested cells were ground and double-rinsed again to obtain a higher similarity of pyrolysis
performance to whole Arabidopsis plants. Double rinsed T87 cells were then filtered and dried
prior to the experiments.
4.3.2 Sample preparation and py-GC/MS settings

Commercial NH4* ZSM-5 catalyst with SAR 23 were brought from Zeolyst Co.
(Conshohocken, PA). Original ZSM-5 is in ammonium cation form and needs to be calcined at
550 °C for 4 hours to convert it into HZSM-5. The prepared zeolite catalyst was well mixed with
each type T87 cells (T87 cells, T87 cells feeding with 20, 50 and 100 wt.% 3C labeled glucose,
and T87 cells feeding with 20, 50 and 100 wt.% *C labeled phenylalanine) with a ratio of 5:1.
Approximately, 3 mg of mixed samples (~0.5 mg of cells and ~2.5 mg of catalyst) was covered by
quart wool and filled into a quartz tube with a filler rod. Then, the packed sample was injected into
the py-GC/MS (Proprobe 5250, CDS Analytical Inc, PA, QP-5050A, Shimadzu Corp, MD) for
further analysis. Three replicates of each sample were tested. Py-GC/MS settings were the same
as described in Chapter 3. Briefly, the pyroprobe holds the sample for 20 seconds in the chamber
at 650 °C and the heating rate is 999 °C/s. The vapors produced in the pyroprobe was blew into
GC/MS by a helium stream through a transfer line at 300 °C. A Restek rtx-1701 column (60m x
0.25mm = 0.25pm) was applied for the separation. The column gas flow rate was 1 cm®/s with a

split ratio of 100, The GC oven was initially at 40 °C and was heated with a heating rate of 8 °C/min
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after the first minute. Once the oven temperature reached 270 °C, the temperature was kept for 10
more minutes. The products were identified by the 2005 NIST library.
4.4 Results and Discussion
4.4.1 Pyrolysis-GC/MS results and a comparison between BFP with CFP of T87 cells
Unlabeled T87 cells were pyrolyzed with and without HZSM-5 to compare biomass fast
pyrolysis to catalytic fast pyrolysis (Figure 4.1). The products during BFP of T87 cells were
dominantly light oxygenated molecules, toluene, and levoglucosan, while aromatic hydrocarbons
were the main products during CFP. The compounds observed by T87 cell CFP are listed in Table
4.1 as identified by the 2005 NIST library. The retention times for the three xylene isomers were
verified by injecting pure standards in GC/MS. The largest peak, at a retention time of 10.1 minutes,
was a mixture of p-xylene and m-xylene owing to similar boiling points. Because of high
instrument responses and interest in them as valuable products, monoaromatic hydrocarbons were

analyzed to probe their reaction pathways.
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Figure 4.1 Pyrogram comparison of T87 cell with no catalyst (A) and HZSM-5 (B).
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Table 4.1 Catalytic pyrolysis products from double rinsed T87 cells pyrogram identified by
NIST library.

No. Retention time (min) CompoundName Similartity
1 543 Acetonitrile 98
2 6.34 Benzene 98
3 8.07 Toluene 97
4 0.91 Ethylbenzene 98
5 10.08 p-Xylene/m-Xylene 98
6 10.69 o-Xylene 97
7 11.97 Benzene, 1-ethyl-2-methyl- 97
8 12.71 Benzene, 1,2 3-trimethyl- 97
9 13.77 Indane 96
10 1434 Indene 97
11 14.56 1H-Indene, 2.3-dihydro-2-methyl 93
12 15.74 1H-Indene, 2.3-dihydro-5-methyl- 88
13 16.32 1H-Indene, 1-methyl- 95
14 17.47 Naphthalene 99
15 19.41 Naphthalene, 2-methyl- 93

4.4.2 Mass spectra of T87 cells

Three levels of labeled substrates (20 wt%, 50 wt.%, and 100 wt.%) were used to label T87
cells. A total of seven types of T87 cells were applied to this study: unlabeled T87 cells and labeled
T87 cells containing 20% Glu, 50% Glu, 100% Glu, 20% Phe, 50% Phe, and 100% Phe. “T87
cells” in the figures refer to unlabeled T87 cell, while “20% Glu” contains T87 cells grown in a
media with 20 wt.% labeled glucose and unlabeled phenylalanine.

Mass spectra results were initially compared for three types of T87 cells (unlabeled, with
fully labeled glucose and unlabeled phenylalanine, and with unlabeled glucose and fully labeled
phenylalanine). Examples of mass spectra for benzene, toluene, and m- and p-xylene are presented
in Figures 4.2-4.4, each showing the results for unlabeled, 100% Glu-labeled, and 100% Phe-
labeled experiments. T87 cells with fully labeled glucose and unlabeled phenylalanine (100%-Glu
T87 cells) displayed a 3C enrichment in all three products (Figure 4.2b, 4.3b, and 4.4b). The

isotope enrichment in 100%-Glu T87 cells follows the order: benzene < toluene < the mixture of
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p-xylene and m-xylene (Figure 4.2, 4.3, 4.4b). However, T87 cells with unlabeled glucose and
fully labeled phenylalanine (100%-Phe T87 cells) show a reversed order compared to 100%-Glu
T87 cells, with almost no labeled xylene mixture observed in 100%-Glu T87 cells. Even in mass
spectra of benzene, 100%-Glu T87 cells have much less *3C labeled product than100%-Glu T87
cells. The other two important peaks (ethylbenzene and o-xylene) were not listed, but the same

trend was found as in toluene and the xylene mixture, respectively.
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Figure 4.2 Mass spectra results of benzene during CFP: (a) unlabeled T87 cells, (b) T87 cells
with fully labeled glucose and unlabeled phenylalanine, (c) T87 cells with unlabeled glucose and
fully labeled phenylalanine. RI: relative intensity; m/z: mass to charge ratio.
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Figure 4.3 Mass spectra results of toluene during CFP: (a) unlabeled T87 cells, (b) T87 cells
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unlabeled T87 cells, (b) T87 cells with fully labeled glucose and unlabeled phenylalanine, (c)
T87 cells with unlabeled glucose and fully labeled phenylalanine. RI: relative intensity; m/z:
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4.4.3 13C distribution and possible pathways to the products during fast pyrolysis of T87 cells
The 13C distribution analysis of mass spectra results is shown in Figures 4.5-4.7. As seen
in the 3C distribution for benzene, only 20% M+6 benzene was produced when pyrolyzing T87
cells by feeding with fully labeled phenylalanine, while 26% of the total benzene was unlabeled
during CFP of T87 cells grown with fully labeled glucose. The difference in these values results
from routine cultivation that starts with a seed stock of unlabeled T87 cells that is transferred into

the media containing labeled feedstocks. The first column in Figure 4.5, for unlabeled T87 cells,
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shows that 6% of the benzene contains an M+1 label, which is caused by 1.11 wt.% of 3C natural
abundance.

Regarding aromatic compounds, the amount of labeled benzene increased significantly
when the amount of labeled phenylalanine was increased in the media. Even when only 20%
labeled phenylalanine was added into the media, the M+6 isotopologue remained the most
abundant isomer for labeled benzene while the other isotopologues were barely observed. This
trend is also found in the *3C distribution of toluene, ethylbenzene, and xylenes as seen in Figures
4.6-4.8. The dominance of the M+6 or higher isotopologue reveals that the aromatic ring of
phenylalanine was not broken as lignin was formed and then subsequently converted to benzene.
The reaction pathways from lignin to monoaromatics first proceeds by side chain removal. As in
previous work, aromatic product selectivity is a function of the internal pore size of ZSM-5
catalysts. Jae et al. reported that ZSM-5’s internal pore diameter was 6.36 A.[41] Choudhary et al.
found that the kinetic molecular sizes of benzene, toluene, ethylbenzene, p-xylene, o-xylene and
m-xylene at 308 K were 5.9 A, 6.1 A, 6.7 A 6.7 A 7.1 and 7.4 A respectively.[121] Though the
pore size is slightly smaller compared to the aromatics’ molecular sizes, molecules can still enter
pores owing to ZSM-5’s pore size variability. Even so, larger BTEX molecular size likely leads
to transport limitations through the catalyst, a view consistent with the observed **C distribution
of benzene, toluene, and ethylbenzene, which are likely formed from small molecules derived from
carbohydrate pyrolysis.

The amount of highly labeled BTEX grew with the rising amount of labeled glucose to a
greater degree than with labeled phenylalanine. However, a significant amount of smaller
isotopologues (M+1, M+2, and M+3) were generated versus using labeled phenylalanine. This

indicates that the reaction pathways from carbohydrate to BTEX is an aromatic ring formation
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process by light olefin molecules, which is consistent with the formation of a “hydrocarbon pool”
made by decomposition, decarbonylation, and decarboxylation of cellulose, hemicellulose, and
lignin.[111, 118, 122] Interaction between carbohydrates and lignin likely occurs in this
hydrocarbon pool, as evidenced by *2C in BTEX when pyrolyzing T87 cells with fully labeled
glucose, which may be explained by alkyl group excision from lignin. Finally, a proposed reaction
pathway during CFP was demonstrated in Figure 4.10.

By considering the mass fraction of cell wall components (Table 3.2) and the distribution
of BTEX production of T87 cells during catalytic pyrolysis (Figure 4.5-4.8), aromatic production
per mass could be calculated using Equation 1 and 2:

oM+ i)+ = — M *1.11%
(Glucan + Xylan)wt. %

BTEX production from carbohydrates =

€y

BTEX producti henylalanine =
production from phenylalanine Lignin wt. %

(2)

where, i represents the number of labeled carbons, a is the total carbons in the molecule,
and M+i is the relative fraction of the isotopmer M+i. As the possible proposed reaction pathways
described above, BTEX production from carbohydrates is computed by adding up the labeled
carbon from each isopomer. BTEX production from phenylalanine only counts the M+6 or higher
isotopmers as the aromatic ring does not break. The overall information is summarized in Table
4.2. As the molecular size of BTEX increases, the production from lignin decreases due to the

difficulties absorbing into the pores of catalyst.
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Table 4.2 BTEX production from carbohydrates and phenylalanine per mass compared to their
kinetic molecular sizes.

Kinetic molecular ~ Relative production  Relative Production

Compound
size (A) from carbohvdrates  from phenylalanine
Benzene 59 1 1.09
Toluene 6.1 1 0.51
Ethylbenzene 6.7 1 0.38
p-Xylene 6.7
m-Xylene 7.1 : 0.04
o-Xylene 7.4 1 0.05
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mN mM+] ®EM+2 wM+3 EM+4 EMAS BMA6

Figure 4.5 13C distribution of benzene in T87 cells with different labeling strategies after CFP
indicating that more benzene is derived from carbohydrate than from lignin.
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Figure 4.6 13C distribution of toluene in T87 cells with different labeling strategies after CFP
indicating that only a few toluene is derived from lignin and the rest is formed by carbohydrate.
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Figure 4.7 13C distribution of ethylbenzene in T87 cells with different labeling strategies after
CFP indicating that small amount of ethylbenzene is derived from lignin and the rest is formed
by carbohydrate.
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Figure 4.8 13C distribution of the mixture p-xylene and m-xylene of in T87 cells with different
labeling strategies after CFP indicating that p-xylene and m-xylene are derived from
carbohydrate.
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Figure 4.9 3C distribution of o-xylene of in T87 cells with different labeling strategies after CFP
indicating that o-xylene are derived from carbohydrate.
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Figure 4.10 A proposed reaction pathway during catalytic fast pyrolysis.

4.5 Conclusion

Previous research demonstrated that labeled T87 cell lines, one with labelled holocellulose,
the other with labelled lignin, could be used as a surrogate to investigate pyrolysis reaction
pathways. In this work, catalytic fast pyrolysis reaction pathways were investigated by the same
procedure. *C distribution results indicated that BTEX produced by carbohydrates was formed by
light olefins. Carbohydrates underwent depolymerization and decomposition reactions, followed
by deoxygenation to light hydrocarbons. Conversely, lignin’s route to BTEX by CFP of T87 cells
was different than carbohydrate’s route as the aromatic rings were not opened. Due to HZSM-5’s
pore size, BTEX production decreased when the product’s molecular size increased. In
consideration of the production per mass, the conversion from lignin to benzene was slightly more
than from carbohydrate while TEX conversions from carbohydrate were much higher than from

lignin during catalytic pyrolysis of T87 cells.
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CHAPTER 5. MONOCYCLIC AROMATICS PRODUCTION BY
CATALYTIC FAST PYROLYSIS OF BIOMASS WITH METAL
MODIFIED HZSM-5

5.1 Abstract

Six biomass types were characterized and examined for monoaromatic hydrocarbons
(benzene, toluene, ethylbenzene, and xylenes, i.e. BTEX) production during catalytic fast pyrolysis
with HZSM-5 with a silica to alumina ratio (SAR) of 23. Spent coffee grounds (SPG) yield the
highest BTEX levels compared to poplar, wheat straw, switchgrass, corn stover, and sugarcane
bagasse. Using SPG as a feedstock, HZSM-5 with different silica to alumina ratios (SAR) of 23,
50, and 80 was evaluated to determine BTEX product yields. Catalytic pyrolysis was performed
using a microscale pyrolysis unit interfaced with a GC/MS to analyze pyrolysis products. Catalytic
pyrolysis with a series of metal impregnated HZSM-5 catalysts was then performed to determine
the highest aromatic yield. HZSM-5 with a SAR of 23 produced the highest yield of aromatic
hydrocarbons. Chromium modified HZSM-5 (23) performed favorably when compared to gallium,
iron (111), nickel, cobalt, titanium and copper. 1 wt.% loading of chromium on ZSM-5 was more

selective to monoaromatic hydrocarbons and less selective to polycyclic aromatic hydrocarbons.

5.2 Introduction

Due to abundance and low cost, biomass has the potential for producing renewable energy.
According to the Billion Ton Report published in 2016, harvested biomass in U.S. could achieve
1.3 billion dry ton with a price under $60 per dry ton.[10] Determining how to effectively utilize
this energy source is needed as part of the biofuel production design process. Hydrolysis and

fermentation have been considered, but the carbon efficiency of fermentation is low and lignin,

63



constituting about 20-35 wt.% of lignocellulosic biomass and 40% of biomass energy, is not
utilized.[39, 123]

Biomass fast pyrolysis is a promising process that converts biomass into non-condensable
vapor, organic liquid fuel, and solid char in the absence of oxygen at intermediate temperature
(400-600 °C) with a rapid heating rate (>500 °C/s).[30] Co-produced non-condensable gas,
consisting of carbon monoxide, carbon dioxide, methane and hydrogen, can be combusted for
energy. Solid char, also co-produced, can be used as an adsorbent, energy, or solid amendment to
improve soil quality. The liquid product in fast pyrolysis, known as “bio-0il” is the dominant
product that includes hundreds of organic compounds. However, these highly oxygenated
compounds result in low energy content, high corrosiveness, and high acidity, that limits its
application.

An upgrading process is needed to improve the bio-oil quality. Catalytic cracking plays an
essential role in petroleum industry.[124] This application also works on upgrading bio-oil by
removing the oxygen functionalities, and the integrated process is called catalytic fast pyrolysis.
Zeolite catalyst has been commonly used in cracking since the 1960s due to their unique properties,
such as low cost, larger surface area, distinctive pore structure, and good thermal stability.[125]
Many researchers indicate that zeolites, especially ZSM-5, could yield a relatively high aromatic
production and selectivity.[43-45] Among the aromatic products, monoaromatic compounds, such
as benzene, toluene, ethylbenzene and xylenes (BTEX), are important industrial chemicals that are
used in the print industry, leather industry, and rubber manufacture or as gasoline additives and
solvents.[126] Moreover, metal modification on ZSM-5 was recommended by lliopoulou et al.
because the metal presence affects oxygen rejection by making more carbon oxides and less water,

allowing for more hydrogen to be incorporated into hydrocarbons.[54]
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Aromatic yields of catalytic pyrolysis of cell wall components have been studied.[39, 117,
118] However, results are contradictory, hindering feedstock selection. To alleviate this hindrance,
this work studies the effect of feedstock by pyrolyzing six biomass types using analytical pyrolysis
(py-GC/MS). The biomass with the highest monoaromatic yields is then selected as feedstock for

further catalyst evaluation.
5.3 Methods and Materials

5.3.1 Characterization of biomass feedstocks

Six types of biomass were selected for catalytic fast pyrolysis: Poplar (DN-34, Populus
euramericana cv. Eugenei), spent coffee grounds (The Coca-Cola Co. GA), wheat straw, corn
stover, switchgrass, sugarcane bagasse. All biomass was ground and sieved with a particle size

less than 0.5mm (35u.s. mesh) prior to the analysis.

5.3.1.1 Proximate analysis

The proximate properties of feedstocks were analyzed by a thermogravimetric analyzer
(TGA/DSC-1, Mettelr-Toledo, OH). Approximately 10-20 mg of sample was tested by TGA/DSC
with a 20 ml/min flow of flue gas for either nitrogen or air. The moisture and volatile carbon
contents were calculated by the mass difference through heating the biomass with a nitrogen flow
from room temperature to 105 € and 925 <€, respectively. The heating rate was set as 10 €/min.
After cooling the previous samples to 800 <€, the flue gas was switched to air and the residues
were combusted to measure ash content and to compute fixed carbon by difference. Every step in
the program was held at a set point temperature until the mass remained constant. The higher
heating value (HHV) of SCG was determined using a Parr 1341 Jacket Calorimeter (Parr

Instrument Company, Moline, IL).
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5.3.1.2 Elemental analysis and H/Ces
The samples were sent to Atalantic Microlabs for elemental analysis. Carbon, hydrogen,
and nitrogen contents were quantified, and oxygen content was calculated by the difference.

Chen’s effective H/C ratio was calculated using Equation 3, where C, H, and O are in moles.[127]

H—-20

HfCorr ==

(3)
5.3.1.3 Compositional analysis and thioacidolysis

Cell wall polymer composition was determined by fiber analysis invented by NREL.[87]
Biomass undergoes an acid hydrolysis with sulfuric acid to fractionate the biomass. Polymeric
carbohydrates are hydrolyzed into their monomeric forms, which are measured by a high-
performance liquid chromatography (HPLC, Angilent Technologies, Inc, CA) with a Bio-rad
Aminex HPX-87P column (300 >x7.8mm). The insoluble lignin and ash were filtered, dried, and
weighed. Thioacidolysis was also applied to each feedstock to obtain the composition of
thioethylated lignin monomers through the cleavage of 3-O-4 ether linkage.
5.3.2 Catalyst synthesis and characterization

HZSM-5 with different silicon-to-aluminum ratios (SAR) (23, 50, 80) were first tested to
evaluate SAR effects in these pyrolysis experiments. Ammonia form ZSM-5 was purchased from
Zeolyst Company (Conshohocken, PA). It was calcined in a furnace at 550 °C for 4 hours to obtain
the acidic HZSM-5 form. According to previous research[45], HZSM-5(23) has the highest
aromatic yield among five HZSM-5 catalysts with SAR ranging from 23-280. The calcined
HZSM-5(23) was also used as the support of metal modified catalysts, which were synthesized by
incipient wetness. Seven metal precursors were purchased from Sigma Aldrich, Inc (Gallium (I11)

nitrate hydrate, Chromium (I11) acetylacetone, Iron(l1l) chloride, Nickel(ll) nitrate hexahydrate,

Cobalt(Il) acetate tetrahydrate, Titanium(lIV) butoxide, and Cupric nitrate trihydrate) and were
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dissolved in ethanol before mixing with HZSM-5 with three loadings (1 wt.%, 3 wt.%, 5 wt.%).
After drying at 45 °C overnight, the catalysts were calcined at 550 °C for 4 hours to remove the
volatile components within the solution, depositing the metals on the surface of HZSM-5.

Nitrogen adsorption/desorption isotherms were acquired from a Micromeritics ASAP2010
instrument. Approximately, 0.3 g catalyst was placed in a vacuum at 220 °C for 24 hours for
pretreatment. The surface areas were computed using the standard Brunauer-Emmett-Teller (BET)
equation. Total pore volumes were obtained from the single point of P/Py value at 0.97. The
average pore diameters were calculated using Barret-Joyner-Halenda (BJH) analysis.

Temperature-programmed desorption of ammonia (NHs-TPD) was performed in a
Micromeritics AutoChem 2910 with a thermal conductivity detector (TCD). In a typical run, 0.1g
catalyst was treated in a flow of NH3z (15%NHs in He, 50ml/min) at 60 °C for 1 hour after
pretreatment at 550 °C in a flow of He (50ml/min). The physically absorbed NHs was removed by
flushing the catalyst with He (50 mL/min) at 100 <C for 120 min before starting the TPD analysis.
The amount of chemical adsorbed NHz was recorded by TCD by heating the sample from 100 <C
to 550 <C at a ramp of 10 <T/min under He (50 mL/min).
5.3.3 Pyrolysis-GC/MS

Experiments were conducted using a microscale pyrolysis unit, CDS Pyroprobe 5250 (CDS
Analytical Inc., Oxford, PA) interfaced to a Shimadzu QP-5050A gas chromatograph/mass
spectrometer (Shimadzu Corp., MD). Approximately 0.5 mg of biomass sample was loaded
between quartz wool in a quartz tube for fast pyrolysis. For catalytic pyrolysis experiments,
catalysts were well-mixed with biomass at a weight ratio of 5:1. After that, approximately 3mg of
mixture was packed between quartz wool. For each sample, three replicated experiments were

examined.
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Pyrolysis proceeded by setting the pyroprobe at 650 <Twith a resident time of 20s at a
heating rate of 999 <C/s. The GC used a Restek rtx-1701 column (Restek, Bellefonte, PA), 60 m
% 0.25 mm with a 0.25 um film thickness. The column gas flow was 1 ml/s with a split ratio of
1:100. The GC oven program started at 40 <C for 1 min, heated to 270 <C at 8.0 </min, and held
at 270 <C for 10 min. The injector and detector temperature were set at 270 <C. The mass spectra
were recorded in electron ionization mode for m/z 33-400.

Identification of compounds was performed by comparing the mass spectra of the peaks
with standard spectra of other compounds using the NIST library to obtain the most similar
matches. Pure compounds of aromatic hydrocarbon (Sigma—Aldrich Co., MO) were used to
confirm the peak identities based on matching of retention times and mass spectra. Quantification
was performed using external standards.

5.3.4 Pyrolysis-GC/FID

Pyrolysis proceeded the same as Part 5.3.4. The pyrolysis vapor was carried out by carrier
gas. And a 50ml gas bag was filled by pyrolysis vapor and carrier gas. Then the mixed gas was
injected into an Angilent-7890A GC-FID (Angilent Technologies, Inc, CA). The alkanes and
alkenes in the pyrolysis vapor were separated in the column, then detected by the FID. Standard
gases were used to all the alkanes and alkenes qualification and quantification.

5.4 Results and Discussion
5.4.1 Pyrograms of catalytic pyrolysis of spent coffee grounds with HZSM-5

Figure 5.1 represented the pyrogram of catalytic pyrolysis of spent coffee grounds with
HZSM-5 (23). The products all belong to aromatic hydrocarbons. A similar pyrogram can be
achieved by pyrolyzing other types of biomasses with HZSM-5. Table 5.1 listed the major

compounds with retention time and the similarity based on the NIST library. The peak with a
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retention time of 9.91 minute may be a mixture of p-xylene and m-xylene by checking the retention
time of pure standard. In catalytic pyrolysis, deoxygenation reactions and cracking reactions
produced more light gases hydrocarbons. In addition, more cracking and deoxygenation reactions

took place, resulting in a high yield of alkenes.
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Figure 5.1 Pyrogram of spent coffee grounds with HZSM-5.
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Table 5.1 Catalytic pyrolysis products from spent coffee grounds pyrogram identified by NIST
library.

No. Retention time (min) Compound Name Similartity
1 543 Benzene 96
2 6.34 Toluene 91
3 8.07 Ethylbenzene 98
4 991 p-Xylene 90
5 10.08 o0-Xylene 98
6 10.69 Benzene, 1-ethyl-2-methyl- 97
7 11.97 Benzene, 1,2,3-trimethyl- 96
8 12.71 Indane 94
9 13.77 Indene 95
10 14.34 1H-Indene, 2,3-dihydro-2-methyl 96
11 14.56 1H-Indene, 2,3-dihydro-5-methyl- 96
12 15.74 Naphthalene 96
13 16.32 Naphthalene, 1-methyl- 91
14 17.47 Naphthalene, 2-ethyl- 97
15 1941 Naphthalene, 2 6-dimethyl- 97

5.4.2 Biomass characterization and BTEX yield performance with HZSM-5 in CFP

5.4.2.1 Proximate analysis

As listed in Table 5.2, a proximate analysis has been completed for various feedstock. Even
though poplar has the lowest ash content and highest volatile matter content, its higher heating
value (HHV) examined by the calorimeter is lower than SCG. SCG has the lowest moisture content
and a much larger HHV than any other feedstocks. It may be revealed that water content is the
primary factor affecting HHV besides volatile carbon, fixed carbon, and ash. Wheat straw, corn
stover and switchgrass have similar properties. Surprisingly, sugarcane bagasse has both lower

moisture and ash content than wheat straw, corn stover, and switchgrass, but the lowest HHV.
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Mariyam et al. indicated that the fixed carbon had positive effect on the pyrolysis yield, but adverse
effects on biochar yield.[128]

Table 5.2 Feedstock proximate analysis. Moisture, volatile carbon, fixed carbon, and ash are in
weight percentage based on dry biomass (a: Three replicates, b: single test).

Poplar Spg?:;ﬁfi‘ee Wheat straw Corn stover Switchgrass ngzzzzge

Moisture (%)* 6.42+0.63 3.1320.09 6.05£0.39 6.31£0.26 6.31£0.72  5.55+0.18
Volatile carbon (%)°  80.89 78.45 74.23 72.25 73.22 72.11
Fixed carbon (%)° 12.05 17.18 14.98 16.29 13.49 18.06

Ash (%) 0.64+£0.10 1.22+0.30 5.07£0.35 5.15£0.39 6.67+£0.18  4.28+0.60

HHV(MI/Kg)*  19.46+0.70 23.14+0.77 16.60+1.35 16.76+1.12 16.15+0.76 14.61+1.97

5.4.2.2 Elemental analysis

Elemental analysis (Table 5.3) has been done by Atalantic Microlabs for carbon, hydrogen,
and nitrogen in weight fraction. Oxygen content was calculated differently. SCG has the highest
carbon and nitrogen content that leads to a lowest oxygen content. H/Cess was found Based on
Equation (1) and SCG with a H/Cesr value over 0.5 that indicates a higher yield may be obtained
than the other biomass. The effective H/C ratio for petroleum-based fuels is between 1 to 2, while
it is below 0.5 for pyrolysis oil and zero for glucose and cellulose. Most lignocellulosic biomass
types have H/Ceff ratio from 0 to 0.3.[129]
Table 5.3 Elemental analysis from Atalantic Microlabs. Oxygen is calculated by difference.

H/Ceft is computed by the hydrogen lost from biomass as oxygen is removed as water. The
elemental analysis results in wt.%, while H/Ces is based on molar.

Poplar Spent coffee Wheat straw Corn stover Switchgrass Sugarcane
grounds bagasse
C 46.44+ 0.13 5199+ 0.11 41.06+ 0.03 43.46+ 0.13 44.03£ 0.15 4441+ 0.11
H 6.14£0.12 7.07£0.02 5.63+0.08 591+0.08 5.83£0.08 5.75+0.06
N 0.15£0.02 226£0.05 0.55+0.03 0.60+0.06 0.42+0.04 0.22+0.08
O 4729+ 0.28 38.69+ 0.18 52.76+ 0.14 50.04+ 0.01 49.73+ 0.27 49.63+ 0.25
H/Ceff 0.06 0.51 -0.28 -0.1 -0.11 -0.12
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5.3.2.3 Compositional analysis and thiacidolysis

Table 5.4 reports the cell wall fraction measured by NREL fiber analysis. The glucan
content of SCG is low as they were processed by hot water. As glucan was removed from SCG,
the xylan and lignin contents are relatively higher than biomass components. In total, the fiber
content of SCG 88 wt.%.

Lignin is a combination of complex organic polymer consisting of three common monomer
components: p-coumaryl alcohol (H type), coniferyl alcohol (G type) and sinapyl alcohol (S type).
Table 5.5 reports the monolignol contents as molar ratios for each feedstock after using
thioacidolysis. Liu et al. found that softwood was dominantly of G-lignin, hardwood lignin was
mainly G and S type, while grass lignin included all three monomers.[130]

Table 5.4 Compositional analysis using NREL fiber analysis methods. All numbers are weight
fractions.

Spent coffee

Poplar orounds

Wheat straw Corn stover

Switchgrass

Sugarcane
bagasse

Glucan (%) 45.21+3.60 10.41%0.75
Xylan (%) 20.26=1.37 39.77+1.41
Lignin (%) 23.34=0.42 37.84=2.48
Total (%) 88.81+5.39 88.01+1.88

38.48+1.57
24.82+0.74
22.05+0.27
85.35+£2.58

37.87+3.84
22.90+3.20
22.26+4.63
83.03+£2.41

40.31=1.17
24.84+0.88
24.12+0.89
89.27+2.94

43.45+0.50
23.44+0.27
24.25+0.98
90.65+1.75

Table 5.5 Lignin monomer composition measured by thioacidolysis. The results are molar ratio.

. Spent . Sugarcane
Lignin Type Poplar coffee Wheat straw Corn stover Switchgrass bagasse
H 0.51+0.04 0.30+£0.01 5.03£0.28 4.19+£0.13  2.50+0.26  2.26+0.26

G 36.83+£1.59 49.75+0.30 41.70+1.91 44.29+221 62.37+1.01 40.45+£2.71

S 62.66+£1.62 49.95+£0.29 53.28+£2.19 51.52+2.27 35.13£0.78 57.29+2.60

5.3.2.4 BTEX yield performance of each feedstock
BTEX production levels from various biomass sources through catalytic pyrolysis with
HZSM-5 (23) are shown in Table 5.2. SCG yielded the most BTEX as H/Ces predicted. Moreover,
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the same trend as in proximate analysis in Table 5.2, wheat straw, corn stover, and switchgrass
performed a similar conversion to BTEX during CFP. SCG and poplar have larger HHV that leads
to a high BTEX production. Only for sugarcane bagasse was the prediction based on proximate
analysis in Table 5.2 was incorrect. SCG, the feedstock with the highest HHV and H/Cest, resulted
in the highest BTEX conversion. Thus, HHV and H/Cef predict BTEX conversion for a given
feedstock. Given the high yields, SCG was selected as feedstock for catalyst evaluation.

Table 5.6 BTEX yield produced by six types of biomasses during catalytic pyrolysis with
HZSM-5(23).

Feedstocks Biomass:Catalyst Ratio BTEX Yield (wt.%) Relative BTEX Yield

Poplar 1:5 7.79 £0.23 1
Spent coffee 1:5 11.27+ 0.65 1.45
Wheat straw 1:5 6.65 +=0.60 0.85
Corn stover 1:5 6.73 £0.57 0.86
Switchgrass 1:5 6.91+ 0.49 0.89

Sugarcane bagasse 1:5 7.15 £0.11 0.92

5.4.3 Catalyst properties and yield performance of HZSM-5 with different SARs (23, 50, 80)
5.4.3.1 Catalyst properties of HZSM-5 with different SARs (23, 50, 80)

Table 5.7 compares the nitrogen adsorption/desorption properties of HZSM-5 with
different SARs. The typical microporous HZSM-5 catalysts had an average pore size from 0.498-
0.510 nm and the BET surface area and pore volume decreased with the increased SAR. More
acidic sites are available if the surface area increases, resulting in a higher conversion and low
production of coke. This result matched the previous research that HZSM-5 (23) provided the
highest aromatic yield as acidity is the strong compared to ZSM-5 with a high SAR.[45]

Figure 5.2 shows the NH3 desorption amounts of HZSM-5 catalysts with different SAR in
NH3-TPD. The NHs desorption curves were correlated with the strength and amount of acid sites.

The curves of the three HZSM-5 types have a peak located around 200°C corresponding to weak

73



acid sites. Another peak corresponding to strong acid sites occurs at about 370°C. Both peaks
shifted to higher temperature with lower SAR, indicating the acid site strength increases with the
decreasing of SAR. Additionally, with decreasing SAR, the peak areas increase significantly,
demonstrating an increased number of acid sites.

Table 5.7 Structural properties of the HZSM-5 with different SARs (23, 50, 80) by nitrogen
adsorption/desorption.

BET Surface area(m?/g) Pore size(nm) Pore volume(cm’/g)

HZSM-5(23) 357.74 0.501 0.184
HZSM-5(50) 315.08 0.498 0.157
HZSM-5(80) 259.71 0.51 0.132
—— HZSM-5(23)
- - - - HZMS-5(50)
~~~~~~ HZMS-5(80)

Relative intensity

T T T T T T T T T T T T T
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Figure 5.2 NH3 desorption amount of HZSM-5(23, 50, 80) in NHs3-TPD.

5.4.3.2 Yield performance of HZSM-5 with different SARs during CFP
HZSM-5 is a crystalline aluminosilicate zeolite with a high silica and low aluminum
content. The reduction in alumina probably enhances its Brensted acid sites.[131] The gas product

distribution and yield of catalytic pyrolysis of SCG with HZSM-5 of different SAR was shown in
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Figure 5.3. HZSM-5 (23) with the most acid sites generated more alkanes and alkenes, with the
highest yields of 1.83 wt.% and 4.09 wt.%, respectively. As SAR increases, the amount and
strength of acid sites decreases. Accordingly, the alkane and alkene yield of HZSM-5(50) and
HZSM-5(80) decreases with increasing SAR.

HZSM-5 (23) produced the greatest amount of monocyclic aromatic hydrocarbons (Figure
5.4), including C6 (benzene), C7 (toluene), C8 (ethylbenzene, xylene, and other isomers) and C9
(trimethylbenzene and other isomers). HZSM-5 (23), with the highest concentration of acidic sites,
also produced the most PAH, including C10+PAH (naphthalene, methylnaphthalene, anthracene,
and other isomers), a likely result of secondary polymerization reactions of monocyclic aromatic

hydrocarbons. In total, SAR 23 produced 9.29 wt.% MAH and 4.11 wt.% PAH, respectively.
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Figure 5.3 Alkanes and alkenes yields of catalytic pyrolysis with HZSM-5(23, 50, 80).
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Figure 5.4 Aromatic hydrocarbon yields of catalytic pyrolysis with HZSM-5(23, 50, 80).

The aromatic hydrocarbon selectivity is defined as the mass of aromatic hydrocarbon
divided by the total mass of aromatic hydrocarbons in condensable products. The C6 and C7
selectivity increased with SAR suggesting that a lower concentration of acidic sites tends to
produce greater amount of benzene and methylbenzene molecules. Comparatively, SAR 50 had
the highest selectivity in C8, while SAR 80 was particularly selective for CL0+PAH. With the
increase of SAR, HZSM-5 tended to produce more aromatic hydrocarbons with less molecular
weight.

Table 5.8 Yield performance of HZSM-5 with different SARs (23, 50, 80) during catalytic
pyrolysis of SCG.

Total gas MAH MAH PAH PAH Total aromatic
Catalyst Alkane  Alkene vield yield selectivity yield selectivity yield
HZMS-5(23) 1.83%  4.09%  5.92%  9.29% 69.34% 4.11%  30.66% 13.40%
HZSM-5(50) 1.44%  342%  4.86%  7.75% 79.12% 2.05%  20.88% 9.80%
HZSM-5(80) 1.12%  243%  3.55%  539% 87.86% 0.74%  12.14% 6.13%
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5.4.4 Evaluation of metal modified HZSM-5 catalyst

Various metals were examined for the catalytic performance modified with HZSM-5 under
three different loadings. Based on the results in Table 5.9, every type of metal achieved the highest
BTEX production at 1 wt.% loading. Wherein, Ga/ZSM-5, Cr/ZSM-5 and Co/ZSM-5 yields
exceed 10.6 wt.%. Zheng et al. tested several metals doped on ZSM-5 and listed an order of
deoxygenation ability for each catalyst as follows (from low to high): H/ZSM5, Cu/ZSM-5,
Mg/ZSM-5, Co/ZSM-5, Ni/ZSM-5, Zn/ZSM-5, and Ga/ZSM-5.[57] Increasing the loadings on
ZSM5, less BTEX was produced during CFP, especially for cobalt. Haukka et al. mentioned that
the weakness of incipient wetness was pH changes during drying and the adsorptive character of
the surface changes.[132] Due to the uncertainty of metal loadings on the surface, catalyst
performance is assessed, including conversion with three metal loading amounts, for each metal.
Based on the results in Table 5.9, chromium was selected for evaluation with multiple metal
loadings.

Table 5.9 BTEX yield of metal modified ZSM-5 during catalytic pyrolysis of spent coffee
grounds.

Loading amount

Catalyst

1 wt% 3wt% 5 wt%

Ga/ZSM-5 10.63% 9.69% 9.23%
Cr/ZSM-5 10.61% 10.35% 10.13%
Fe3+/ZSM-5 10.24% 9.64% 9.99%
NV/ZSM-5 10.50% 8.99% 6.88%
Co/ZSM-5 10.64% 8.56% 4.49%
TiVZSM-5 10.40% 10.08% 10.44%
Cw/ZSM-5 9.81% 9.13% 8.29%

HZSM-5 10.07%
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5.4.5 Evaluation of multiple loading amounts of Chromium on HZSM-5

Nitrogen adsorption/desorption described in Section 5.3.2 was applied for Cr/ZSM-5 with
different loading amounts (1 wt.%, 3 wt.%, 5 wt.%) and the results are shown in Table 5.10. The
surface area of three metal modified Cr/HZSM-5 decreased with increasing of chromium loading,
which might be attributed to both the occupation of metal particles and some micropore structure
collapse after calcination in incipient wetness. However, the average pore size increased from
0.501nm to 0.589 nm after chromium impregnation, which indicates that there were more
micropores with smaller pore sizes occupied or collapsed than micropores with relatively larger
pore sizes. The large pore sizes of Cr/HZSM-5 series catalysts are expected to reduce both the
diffusion resistance of pyrolysis products and catalytic products.

Table 5.10 Structure properties of chromium modified HZSM-5 with different loading (1 wt.%,
3wt.%, 5 wt.%) by nitrogen adsorption/desorption.

Catalyst BET Surface area(in?/g) Pore size(nm) Pore volume(cm?/g)
1%C1/HZSM-5(23) 332.44 0.536 0.178
3%C1r/HZSM-5(23) 328.89 0.566 0.186
5%Cr/HZSM-5(23) 309.34 0.589 0.182

In the previous section, BTEX production of Cr/ZSM-5 with different metal loadings was
measured. More detailed yield performance was tested for Cr modified ZSM-5. As shown in
Figure 5.5 HZSM-5(23) had the highest yield of ethane, propane, and butane. Comparatively, 1%
Cr/ZSM-5 produced more alkenes, such as ethylene, propylene, and butylene. However, with the
increase of chromium loading amount, the yields of all alkanes and alkenes decreased, perhaps
because both the strong and weak acid sites decomposed. In total, HZSM-5(23) had the highest
yield of 1.83% alkanes, and 1% Cr/ZSM-5 produced 4.82% of alkenes. Both the MAH and PAH
yield of catalytic pyrolysis of SCG with HZSM-5(23) and 1%, 3% and 5% Cr/ZSM-5 are reported

in Figure 5.6. All four catalysts result in nearly the same in C6 yield. Cr/HZSM-5 series catalysts
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produced more C7, C8, and C9 MAH and less C10+PAH than HZSM-5(23). With increased

chromium loading, the MAH yield decreased slightly and more C10+PAH were formed.

k=5

AN

% HZMS-5(23)
2.0% 1NN\ 1%Cr/HZSM-5

5%CH/HZSM-5

1.5% +
1.0%

5%
0.0% -

=
(ssewolq mel Jo 94IM) pIBIA seD

Figure 5.5 Alkanes and alkenes yields of catalytic pyrolysis with HZSM-5(23) and Cr/ZSM-5 (1

wt.%, 3 wt.%, 5 wt.%).
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Figure 5.6 Aromatic hydrocarbon yields of catalytic pyrolysis with HZSM-5(23) and Cr/ZSM-5
(1 wt.%, 3 wt.%, 5 wt.%).

Table 5.11 Yield performance of with HZSM-5(23) and Cr/ZSM-5 (1 wt.%, 3 wt.%, 5 wt.%)
during catalytic pyrolysis of SCG.

Total gas MAH MAH PAH PAH  Total aromatic

Catalyst Alkane  Alkene yield yield selectivity yield selectivity yield

HZMS-5(23) 1.83%  4.09%  592%  9.29% 69.34% 4.11% 30.66% 13.40%
1%Cr/HZSM-5 1.28%  4.82%  6.10% 1038% 76.11% 3.26% 23.89% 13.64%
3%Cr/HZSM-5  1.04%  4.19%  5.23% 1036% 7437% 3.57% 25.63% 13.93%
5%Cr/HZSM-5  0.69%  3.09% 3.79%  9.80% 72.15% 3.78% 27.85% 13.58%

5.5 Conclusion

Monoaromatic hydrocarbons, mainly benzene, toluene, ethylbenzene, and xylenes, are
highly valuable chemicals. Aiming to improve BTEX production during catalytic pyrolysis, an
investigation of feedstock selection, silicon-to-alumina ratio of HZSM-5(23, 50, 80), metal
selection for modification, metal loadings on ZSM-5 (1 wt.%, 3 wt.%, 5 wt.%), and overall yield

performance during catalytic fast pyrolysis was performed. Regarding biomass selection, spent
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coffee grounds achieved the highest BTEX yields as it has the largest HHV and H/Ces value.
Compared to the results of poplar, wheat straw, corn stover, switchgrass and sugarcane bagasse,
HHYV and H/Cess value are predicitive of BTEX production. For SAR selection, the conclusion was
consistent with other researcher[45], namely that a lower SAR resulting in high acidity and more
acidic cites improved monoaromatic production. For different metal loadings, every metal type
reached the highest BTEX yield at 1 wt.% loading. However, the yield reduced with increased
metal loadings. Overall chromium modified ZSM-5 had the best performance. Compared to 3 wt.%
and 5 wt.% loadings on ZSM-5, 1 wt.% Cr/ZSM-5 produced the most alkane, alkene, MAH, and

the least PAH.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Biomass fast pyrolysis is a promising thermochemical conversion to produce renewable
energy in liquid form. A methodology was developed to investigate pyrolysis reaction pathways
by using isotopically labeled plant cell culture. Feeding *C labeled biosynthetic precursors can
preferentially label the cell wall fraction, such as glucose to carbohydrate, phenylalanine to lignin.
Adding excess phenylalanine into the media can block the biology metabolism pathway from
glucose to phenylalanine. Meanwhile, the abundance of phenylalanine in the media prompted T87
cell to form lignin, where about four times more lignin was observed compared to without adding
phenylalanine. No S-type lignin was detected through thioacidolysis.

When T87 cells were applied as a surrogate via analytical pyrolysis- GC/MS system (py-
GC/MS), the pyrogram of T87 cells demonstrated a higher similarity to pyrolysis of Arabidopsis
plant than the single compound or simple mixture, such as glucose, cellulose, and lignin. However,
excess amount of phenylalanine cannot be rinsed away during harvesting of T87 cells. The residual
phenylalanine stored in the cytosol, requiring a double rinsing procedure which needed to grind
the cell, then rinsed, filtered, and dried. The pyrolysis behavior of double rinsed T87 cells was
even closer to Arabidopsis plant, than single rinsed cells. Pyrolysis of either T87 cells or
Arabidopsis plant is quite different from pyrolyzing lignocellulosic biomass. Toluene was
observed during biomass fast pyrolysis without adding catalyst. The production of dehydrated
sugars and phenolic compounds was much less than pyrolyzing lignocellulosic biomass, like
poplar. By analyzing *3C distribution in main products, we found that most aldehydes, for example,

2-methylpropanal, 3-methylbutanal, were formed by carbohydrate, while the monoaromatic
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hydrocarbons, toluene, ethylbenzene, and styrene, were mainly derived from lignin. Phenol was
produced by both carbohydrate and lignin.

The bio-oil directly produced by pyrolysis has limited application due to high acidity, high
moisture, and low energy content. An upgrading process is needed to improve fuel quality and
make desired products. Zeolite catalyst, especially ZSM-5, is typically used to form aromatic
hydrocarbons. Monoaromatic hydrocarbons, like benzene, toluene, ethylbenzene, and xylenes,
(BTEX) are widely utilized in printing, leather, and rubber industries. To probe catalytic reaction
pathways, the same procedure was applied to obtain preferably labeled T87 cells. HZSM-5 with a
silicon to alumina ratio of 23 was mixed with the cells and then subjected into py-GC/MS system.
The tracking of ‘3C isotope in products during catalytic pyrolysis illustrated that the reaction
pathway from carbohydrate to BTEX was different than from lignin. Holocellulose was initially
depolymerized and decomposed, and then formed a “hydrocarbon pool’ via decarbonylation and
decarboxylation. BTEX was eventually produced by a ring reforming, while the aromatic ring in
lignin would not break. BTEX was generated by side chain cleavage of lignin in this respect. No
p-xylene was derived from lignin because no S-lignin was observed in T87 cells. In consideration
of pore size of the catalyst, m-xylene and o-xylene were barely produced by lignin.

Feedstock selection and catalyst behavior are critical during catalytic fast pyrolysis.
Compared to poplar, wheat straw, corn stover, and sugarcane bagasse, spent coffee grounds yield
a much higher BTEX production. The silicon to alumina ratio of HZSM-5 affects the acidity and
number of available acidic cites on ZSM-5. HZSM-5 with a lower SAR leaded to a stronger acidity
and larger amount of acidic cites, benefiting to yield higher monoaromatic production. Chromium
modified ZSM-5 provided a more competitive performance in BTEX production than other metals

including Gallium, Nickel, Iron (Il), Copper, Titanium, and Cobalt. Among of three loadings of
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Chromium on ZSM-5 (1 wt.%, 3wt.%, 5 wt.%), 1 wt.% Cr/ZSM-5 yield a highest alkane, alkene,

monoaromatic hydrocarbon production and a lowest polyaromatic hydrocarbon production.

6.2 Future Work

The following points may prompt the performance in reaction pathway mappings by
using isotopically labeled plant cell culture:
] Cultivate the plant cells for long time periods aiming to increase cell wall content.
° Investigate how toluene is formed during fast pyrolysis without adding catalyst.
° Statistically investigate how the characteristic properties of biomass are related to BTEX
production.
° Improve the catalyst quality (pore size, acidity and acidic cite, functional metals) used for

catalytic pyrolysis.
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