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ABSTRACT

Abstract

The increased energy consumption in the past decades leads to severe energy and
environmental issues, such as global warming and fossil fuel depletion.
Lignocellulosic biomass is considered as one of the promising alternative renewable
resources for substituting at least part of fossil fuels. Due to the limitations of
biomass itself as a fuel, such as low energy density and poor transportability,
pyrolysis technology has been developed to convert biomass into biochar and bio-oil.
However, the bio-oil produced from biomass fast pyrolysis exhibits poor quality such
as low heating value, high acidity, high viscosity and poor stability. It is important to
clearly understand the pyrolysis mechanism of biomass in order to produce a high-
quality bio-oil. While the pyrolysis mechanism of cellulose has been extensively
studied, the pyrolysis mechanism of lignin as one of the major components in
biomass has not been well understood, mainly due to its complicated structures.
Particularly, the formation of liquid intermediates easily takes place during lignin
pyrolysis, leading to significant operation problems during pyrolysis in a fluidised
bed reactor system. Therefore, the present research aims to carry out a systematic
work on lignin pyrolysis, focusing on the structural changes of lignin and its derived
products during pyrolysis at low temperatures where the formation of liquid

intermediates becomes significant.

The main objectives of this study is to provide new understandings in the structural
changes of solid products produced from the pyrolysis of lignin and its derived
products (i.e., pyrolytic lignin, low- and high-molecular-weight portions of lignin)
and the cellulose-lignin interactions during co-pyrolysis of cellulose and lignin at low
temperatures. To achieve the above objectives, a drop-tube/fixed-bed reactor with
pulsed-feeding system was employed to carry out the fast pyrolysis experiments of
various lignin and cellulose-lignin samples. The solid products produced from the

fast pyrolysis experiments were characterized by a series of analytical techniques.

First of all, the pyrolytic lignin, extracted from bio-oil via cold-water precipitation,

was used as a model compound of lignin to understand its structural changes during
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pyrolysis at low temperatures. In this study, the pyrolytic lignin was thermally
decomposed in a drop-tube/fixed-bed reactor under inert conditions at 100-350 °C. It
is found that the char yield of the pyrolytic lignin under such fast pyrolysis
conditions decreases rapidly from ~82% at 100 °C to ~23% at 350 °C. The majority
of the weight loss is contributed by the significant reduction in the fraction of light
aromatic oligomers (i.e., the CH2Clz-soluble fraction) retained in the pyrolytic lignin
chars, with such reductions increasing with temperature. On the contrary, there is
insignificant change in the fraction of heavy aromatic oligomers (i.e., the CH2Clz-
insoluble fraction) retained in the pyrolytic lignin chars during pyrolysis at such low
temperatures. It is evidenced that there are strong interactions between the light and
heavy aromatic oligomers during thermal decomposition of the pyrolytic lignin,
leading to the observed additional char formation. The main reactions during thermal
decomposition of the pyrolytic lignin are the release of aliphatic and small phenolic
compounds (i.e., via demethylation and decarbonylation reactions), mainly due to the
breaking of ether bonds in the pyrolytic lignin structure. The char structure becomes
more aromatic as temperature increases, due to the enhanced polymerization

reactions at high temperatures (> 250 °C).

Secondly, lignin pyrolysis was then carried out to understand the structural changes
of lignin during pyrolysis at low temperatures. It is known that lignin experiences
more complicated reactions because of its heterogeneous structure. Particularly, the
low-molecular-weight portion easily melts at low temperatures during pyrolysis to
form a liquid intermediate phase. This study presents a systematic study to
understand the structural changes of the chars produced from lignin fast pyrolysis at
100-300 °C, focusing more on the low-molecular-weight portion (i.e., the THEF-
soluble portion) of lignin. The results show that low temperature lignin pyrolysis
mainly proceeds with the THF-soluble portion via decomposition reactions into
volatiles and polymerization reactions into the THF-insoluble portion. The
decomposition of the THF-soluble portion starts at ~150 °C, mainly due to the loss of
some thermally-labile structures such as hydroxyl groups and the alkyl aliphatic
chains. Decomposition of the THF-soluble portion becomes significant as the
pyrolysis temperature increases to ~175 °C, mainly because of the cleavage of weak
ether bonds linked with B-carbon or y-carbon to release phenolic monomers or

oligomers. Meanwhile, significant polymerization also takes place at ~175 °C or
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above, leading to an increase of the THF-insoluble portion from ~31% in the raw
lignin to ~67% in the char at 250 °C. Further decomposition of the THF-insoluble
portion occurs as pyrolysis temperature increases. Because of enhanced
polymerization reactions at higher temperatures (> 250 °C), the char structure

becomes more condensed with decreased H/C atomic ratio and increased aromaticity.

Thirdly, this study further investigated the interactions between the low- and high-
molecular-weight portions of lignin during pyrolysis at 100-300 °C. THF extraction
was employed to separate lignin into the low-molecular-weight (i.e., the THF-soluble
portion) and high-molecular-weight (i.e., the THF-insoluble) portions. The raw, the
THF-soluble and THF-insoluble lignin samples were all subjected to fast pyrolysis
experiments individually to understand the structural changes of chars from each
lignin sample. Then, the results from the whole lignin pyrolysis were compared with
those calculated based on the THF-soluble and THF-insoluble lignin to examine the
interactions between the low- and high-molecular-weight portions of lignin. As
pyrolysis temperature increases, the char yield of the LMW lignin decreases more
significantly than that of the HMW lignin. During fast pyrolysis, the experimentally-
measured char yields from the whole lignin are consistently higher than those
calculated from the respective char yields of the LMW and HMW portions via
addition, increasing from ~0.5 wt % at 100 °C to ~10.7 wt % at 300 °C. Such char
yield differences provide direct evidence on the existence of interactions between the
LMW and HMW portions of lignin during fast pyrolysis of the whole lignin. The
results suggest that the formation of liquid intermediate phase from the LMW portion
suppresses the release of volatiles from both the LMW and HMW portions, resulting
in a higher char yield during fast pyrolysis of the whole lignin. Experimental results
further show that such interactions also result in changes in lignin char structures
(especially at temperatures >150 °C) due to enhanced polymerization reactions of
oxygenated functional groups and aromatic structures with fused rings of 2-5. As a
result, more condensed char structures are formed, as evidenced by the decreased

atomic O/C and H/C ratios for the chars produced from the whole lignin pyrolysis.

Fourthly, this study also investigated the cellulose-lignin interactions during fast
pyrolysis at 100-350 °C to better understand the pyrolysis mechanism of
lignocellulosic biomass. The results show that co-pyrolysis of cellulose and lignin
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(with a mass ratio of 1:1) at temperatures < 250 °C leads to a char yield lower than
the char yield calculated from those of individual cellulose and lignin pyrolysis. The
difference between the experimental and calculated char yields increases with
temperature, from ~2% 150 °C to ~6% at 250 °C. Such char yield differences
provide direct evidences on the existence of cellulose-lignin interactions during co-
pyrolysis of cellulose and lignin. At 250 °C or below, the retention of lignin
functional groups decreases and the destruction of sugar structures in the char
increases during co-pyrolysis of cellulose and lignin. This indicates that the reaction
intermediates produced from cellulose pyrolysis can stabilize the reactive species
from lignin pyrolysis as hydrogen donors, thus enhancing the release of lignin-
derived species as volatiles. In contrast, at temperatures > 250 °C, co-pyrolysis of
cellulose and lignin increases char yields, i.e., with the difference between the
experimental and calculated char yields increasing from ~1% at 300 °C to ~8% at
350 °C. This indicates that partially decomposed structures of cellulose lead to
increased char formation from cellulose pyrolysis at above 250 °C, further supported
by the increased retention of cellulose functional groups in the char from co-

pyrolysis of cellulose and lignin.

Overall, the present research provides new insights on the pyrolysis mechanisms of
lignin and its derived compounds, particularly at low temperatures. The pyrolysis of
the low-molecular-weight portion of lignin plays a key role at low temperatures,
largely affecting char structural changes during lignin pyrolysis. The interactions
between the low- and high-molecular-weight portions of lignin also lead to the
formation of more char with condensed structures. This study further elucidates the
cellulose-lignin interactions during co-pyrolysis of cellulose and lignin, which lead to
the formation of less char at low temperatures (< 250 °C) due to enhanced
evaporation of lignin-derived species, but more char at high temperatures (> 250 °C)

due to enhanced polymerization of cellulose-derived species.
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CHAPTER 1

Chapter 1 Introduction

1.1 Background and Motives

The global consumption of fossil fuels continues to increase, leading to various
energy and environmental issues such as resource depletion, global warming and
serious climate change [1, 2]. The use of alternative renewable energy sources,
particularly biomass, can reduce our reliance on fossil uses, at least partly addressing
those issues related to fossil fuels. It is estimated that the renewable energy generated
from biomass contributes ~10% on the worldwide energy consumption in 2017 [3].
Therefore, it is critical to develop biomass processing technology for the production

of bioenergy and biofuels [4].

Biomass is the most abundant organic carbonaceous materials on earth that stores
solar energy into chemical energy [5]. However, there are some limitations of
biomass for fuel production such as low volumetric energy density, high moisture
content and high transportation costs [6, 7]. Therefore, biomass must undergo
thermochemical processing to convert into biofuels. Various thermochemical
technologies have been developed to utilise biomass for producing bioenergy and
biofuels of low energy and carbon footprints such as combustion, gasification and
pyrolysis [4, 8-10]. Combustion is a conventional process which involves the direct
burning of biomass in the air for heat and energy production [10]. However, an
efficient process required extensive biomass pretreatments to ensure the feedstocks
contain very low moisture content and fine particle sizes [10, 11]. The gasification
technology is primarily designed for the production gaseous fuels. The improved
dual fluidized bed reactor configuration overcomes the ash melting issues, however
the major challenges are the presence of undesired impurities in the gasifier and high
capital and operating costs [9, 12, 13]. Recently, biomass fast pyrolysis is considered
a promising technology to convert biomass to bio-oil and biochar that are more easily
to transport for further processing in centralised centres [4, 14]. However, the quality
of bio-oil produced from biomass fast pyrolysis is poor, such as low heating value,

high acidity, high water content, high viscosity, poor stability [8, 15-18]. This largely
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limits the direct use of bio-oil as a liquid fuel. Therefore, it is of critical importance
to clearly understand the biomass pyrolysis mechanism to develop advanced biomass

pyrolysis technologies.

Biomass consists of three major components, such as cellulose, hemicellulose and
lignin. Cellulose has been widely used as a model compound to study the biomass
pyrolysis mechanism. Significant advanced have been made on cellulose pyrolysis
mechanism. It is known that the decomposition of cellulose structure leads to the
formation of intermediates (i.e., active cellulose) from both crystalline and
amorphous structures due to breakage of weak glycosidic bonds [19, 20]. The
monomeric and oligomeric sugars formed within the intermediate phase, accelerated
the dehydration and cross-linking reactions [21, 22]. The reactive oligomeric species
may thermally ejected as aerosols [23] or polymerized to form solids [20, 24, 25].
Detailed reaction mechanisms of cellulose pyrolysis have been reported in literatures.
However, the understanding of lignin pyrolysis mechanism is limited due to its

complex structure.

The three main constituents in lignocellulosic biomass are cellulose, hemicellulose
and lignin. Lignin, as the primary sources of aromatics in biomass [26, 27], however
has been less developed and utilized for the production of bio-fuels and chemicals
compared to cellulose and hemicellulose due to its complex aromatic polymer
structure [27, 28]. Previous research on lignin pyrolysis mainly focused on the
volatile products (gas and tar) released from lignin pyrolysis [29-35]. However, there
are limited works towards understanding the structural characteristics of solid
products (chars) from lignin pyrolysis, especially at low temperatures. It is reported
that lignin undergo melting and softening starts from temperature as low as 140 °C
[36], forming a “liquid intermediate” phase, similar to that have been observed in
biomass chars [37-40]. Recent research showed that the wide range of molecular
weight species that present in lignin affected the product distributions during
depolymerisation [41], but the pyrolysis behaviors related to the intermediates
formation at low temperature are rarely reported. Besides, it is well known that there
are interactions between the three components in biomass during pyrolysis [42-47].
Since cellulose and lignin are both major components in biomass, it is important to

understand the effect of cellulose species on the formation of such intermediates
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during lignin pyrolysis. Therefore, a detailed study is essential to achieve better
understanding on lignin and biomass pyrolysis at low temperatures for better biomass

utilization in various applications.

1.2 Scope and Objectives
This research study aims to provide better understanding on the mechanism of lignin
pyrolysis. The detailed objectives of the study are as follow:
e To characterize the solid products produced from the thermal decomposition
of lignin model compound (i.e., pyrolytic lignin) at low temperatures.
e To study the structural changes of chars produced from low temperature
lignin pyrolysis.
e To investigate the pryolysis behavior of different lignin components and their
interactions during pyrolysis at low temperatures.
e To provide new insights into the understanding of -cellulose-lignin

interactions during co-pyrolysis of cellulose and lignin at low temperatures.

1.3 Thesis Outline
This thesis comprised of 8 chapters including this chapter as outlined below, and the

thesis structure is schematically shown in the thesis map presented in Figure 1.1.
Chapter 1 introduces the background and objectives of the current research study.
Chapter 2 reviews the existing knowledge in the literature on the pyrolysis of
biomass-derived lignin compounds, thus leading to the identified research gaps and

the specified objectives of the study.

Chapter 3 presents the methodology employed to achieve the research objectives and

detailed description on the experimental instruments used.

Chapter 4 understands the char formation during the fast pyrolysis of lignin-derived

model compound (i.e., pyrolytic lignin) at low temperatures.




CHAPTER 1

Chapter 5 investigates the structural changes of chars produced from lignin pyrolysis
at low temperatures, particularly the lignin of low molecular weight (i.e., the THF-

soluble lignin).

Chapter 6 compares the pyrolysis behavior of the low- and high-molecular-weight

portions of lignin and study their interactions at low temperatures.

Chapter 7 studies the cellulose-lignin interactions during the co-pyrolysis of cellulose

and lignin, particularly at low temperatures.

Chapter 8 concludes the present study and lists recommendations for future research

work.




CHAPTER 1

v :

Chapter 1 Introduction Chapter 2 Literature Review Chapter 3 Methodology and i
- Research background and - Status of current knowledge in Analytical Techniques i
motives. »  literature. » - Lignin samples preparation. !

- Define overall aims and scope. - Research gaps. - Experimental apparatus. i
- Overall thesis structure. - Specific objectives. - Analytical methods. i
Chapter 7 Effect of Chapter 6 Interactions Chapter 5 Structural Chapter 4 Thermal E
Cellulose-lignin between Low-and High- Changes of Chars Decomposition of i
Interactions on Char molecular-weight Portions Produced from Fast Pyrolytic Lignin under :
Structural Changes of Lignin during Fast Pyrolysis of Lignin at Inert Conditions at Low E
during Fast Pyrolysis at Pyrolysis at Low Low Temperatures Temperatures i
Low Temperatures < Temperatures < - Characterize the - As amodel compound [~ |
- Characterize the chars - Characterize the the intermediates from to develop method for E
from lignin, cellulose chars from LMW and THF-soluble pyrolysis. characterizations. i
and its mixture. HMW portions of lignin. - Effect of temperature. - Characterize the char !

- Study the effect of - Study the interactions on - Understand the products. E
interactions on pyrolysis behavior. pyrolysis behavior. - Understand the coke
pyrolyssi behavior. formation mechanism. :

To evaluate the objectives
Chapter 8 Conclusions and Recommendations [ ___________________________________________!

A4

Figure 1.1: Thesis map




CHAPTER 2

Chapter 2 Literature Review

2.1 Introduction

Lignocellulosic biomass is considered as an important feedstock to produce
renewable energy and fuels, due to its abundant availability worldwide. In the past
few decades, pyrolysis process has been widely developed for thermal decomposition
of lignocellulosic biomass into renewable liquid fuels. However, the produced
pyrolysis liquid fuels (i.e., bio-o0il) have poor quality, such as high water content, low
heating value, high viscosity and low stability [8, 15-18]. It is of critical importance
to clearly understand the fundamental pyrolysis mechanism of biomass, in order to
develop advanced pyrolysis technologies for producing high-quality liquid fuels.
However, the biomass pyrolysis mechanism is complicated due to its complex
structures of three constituents (i.e., cellulose, hemicellulose and lignin). The
objectives of this chapter are to review the existing knowledge on biomass pyrolysis,
particularly lignin pyrolysis. This chapter first gives an introduction on biomass and
its main constituents, followed by detailed pyrolysis mechanisms of three major
constituents in biomass. Next, more attentions are paid on the pyrolysis of lignin and
its derived products, as well as the co-pyrolysis of biomass constituents to understand
the interactions of biomass constitutes during pyrolysis. Lastly, the key research gaps

are identified, which help to define the scope of the present study.

2.2 Lignocellulosic Biomass

Lignocellulosic biomass can be categorized into: agricultural wastes, wood residues
and municipal wastes and energy crops [48]. As shown in Figure 2.1, lignocellulosic
biomass consists of three major organic components: cellulose, hemicellulose and
lignin, which are chemically bounded by intermolecular and covalent bonds. The
plant cell fiber is formed by groups of parallel semi-crystalline rods (i.e., microfibrils)
which consist of bounded cellulose polymers [49], and is often associated with
hemicellulose and lignin [50]. Depending on the type of biomass, the
macromolecular compounds vary in biomass. Generally, biomass is made up of

approximately 40~60% cellulose, 15~30% hemicellulose, 10~25% lignin, as well as
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some organic extractives and minerals [51]. The different components of the

complex lignocellulosic biomass are outlined in Figure 2.2.

= == ——Cellulose

Lignin

Hemicellulose

Cellulose Bundles

Figure 2.1: The schematic structure of typical biomass structure [52]
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Figure 2.2: Main components in lignocellulosic biomass [53]

2.2.1 Cellulose

Cellulose is a linear organic polymer of repeating glucose monomer units that linked
together by B-1,4 glycosidic bonds [54] (Figure 2.3). The basic repeating of two
glucose units is known as a cellobiose unit. The degree of polymerization (DP) of
cellulose varies depending on the biomass types, such as 7000~10,000 for wood and

15,000 for cotton [55]. It is known that cellulose is insoluble in water due to its
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crystalline structure. However, this structure can be broken down into glucose upon

acid hydrolysis [56].

The molecular structures of cellulose mainly include the crystalline cellulose that
makes up the microfibrils with surrounded non-organized cellulose chains, called
amorphous cellulose [48]. The high crystallinity of cellulose is due to the strong
inter- and intra-molecular hydrogen bonds [54] (Figure 2.3), while weaker
intermolecular hydrogen bonds are present in amorphous cellulose [57]. Thus,
amorphous cellulose has higher accessibility and less thermal resistant than

crystalline cellulose.

Cellobiose unit

PE n

t%l’ i
2

v

O—H nmmmng—CHz H‘.__douull\“”“
(v}
0
Qe amn———0 r._%

Hua i

Figure 2.3: The atomic structure of cellulose with hydrogen bonding network [54]

2.2.2 Hemicellulose

In contrast to cellulose, hemicellulose comprises of various polymerized
monosaccharides of pentose (C5) and hexose (C6) sugars such as xylose, arabinose,
galactose, glucose and mannose as well as sugar-acids including galacturonic acid
and 4-O-methyl glucuronic acid (Figure 2.4) [54, 58]. The sugars are linked to each
other by B-1,4 or B-1,3-glycosidic bonds [48]. Hemicellulose consists of relatively
lower DP ranging from 50 to 200 compared to cellulose. Hemicellulose also exhibits
lower molecular weight than cellulose. Hence, it appears to be amorphous and short-

chained in nature, which makes it hydrophilic and easily hydrolysed [8]. Xylan (i.e.,
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polymer of xylose) is found to be the dominant saccharide monomers of
hemicellulose in hardwood, whereas softwood is rich in galactoglucomannan [48,

54].

OH
CH;OH o CHzOH CHOH
OH OH OH
HC 0 HO (o) HO
Glucose Galactose Manose
o] HO
H & COOH o
oH o M
HO OH OH OH
CH,OH Ha OH
Kilose Arabinose Glucuronic acid

Figure 2.4: Main components in hemicellulose [54]

Coniferyl alecohol/guaiacyl: R,=0Me, R,=H
Sinapyl alcohol’ syringyl: R =R.=0Me
pCoumaryl alcohol: R,=R,=H

OH

Figure 2.5: The three principal building blocks of lignin [59]

2.2.3 Lignin

Lignin is a three-dimensional polymer that is highly cross-linked with various
hydroxyl- and methoxy- substituted phenylpropane monomeric units, including
guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) [59, 60]. The three precursors of
the monolignols that make up lignin by the enzymatic dehydrogenative
polymerization are presented as coniferyl, sinapyl and p-coumaryl alcohol structures
(Figure 2.5). In a woody biomass, lignin is found to be tightly connected to cellulose
and hemicellulose via strong inter-chain covalent hydrogen bonds, forming a
complex and rigid plant cells protection [61]. The naturally occurring amorphous
structure of lignin is difficult to break down, thus making it difficult to access
cellulose and hemicellulose for sugars extraction. Hence, biomass will need to

undergo further pre-treatment process prior to bioconversion [59]. As seen in Figure
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2.6, the common linkages between phenylpropane units of lignin includes B-O-4, 5-5,
B-5, 4-0-5, B-1, B-B and dibenzodioxocin, in which B-O-4 linkage is dominant in
both hardwoods and softwoods lignin [59].

Lignin is also known as the major renewable aromatic resource in nature, abundantly
sourced from the pulp and paper industry and biofuels production plants [26, 62, 63].
Presently, lignin is mainly utilized as a fuel in biomass boiler for heat and power [8].
The aromatic structure of lignin makes it a potential new feedstock for the production
of aromatic chemicals and fuels [16, 62]. Lignin also exhibits widespread interests in
the field of applications including: emulsifiers, dyes, synthetic floorings,
sequestering, binding, thermosets, dispersal agents, paints and fuels to treatments for

roadways [64, 65].

Lignin appeared in many varieties as reported in literatures, including kraft lignin,
organosolv lignin, sulfonated lignin and pyrolytic lignin. All types of lignin are
isolated using different techniques, hence they possess different chemical properties

and characteristics due to their changes in structure and molecular weights [66].

e Kraft lignin. It is also known as alkali lignin, which is treated in NaOH or
mixture with Na;SOs solution at 170 °C. The cleavage of bonds within the
polysaccharides enables the dissolution of lignin fragments in the solution [67].
Some of the linkages in lignin except ether 5-5 are dislocated due to the
chemical bleaching during the process [26, 68].

o Sulfonated lignin. The traditional sulphite pulping process employs sulfonic
acid as solvent at 140 °C to extract the brown liquor as lignin [69, 70]. The
process produced lignosulfonates, which have greater molecular weight than
kraft lignin [26, 67].

e Organosolv lignin. Organic solvent such as ethanol or ethanol/water was used
to dissolve lignin from the wood treatment under sulphur-free condition [26, 69,
71]. The organosolv lignin is suitable for the production of valuable chemicals
due to its high purity and low molecular weight [71]. However, the

disadvantage is the high recovery cost of solvent during the process [26].
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e Pyrolytic lignin. Pyrolytic lignin is extracted from the pyrolysis oil of
lignocellulosic biomass pyrolysis via cold-water precipitation [54, 72, 73]. The
water insoluble fraction from pyrolysis oil is composed of mainly lignin-
derived phenolic compounds and much lower molecular weight compared to
lignin [74]. The original structure of lignin is disrupted, thus forming a mainly

alkylated aromatics structure with novel ether bonds [72, 75].

CH—CH—CH;OH

tl',} CH0 DuarEt link

HC~O— Chrbohydrates

CH;0 OCH;
OH

Figure 2.6: Schematic structure of hardwood lignin with various linkages as
indicated in dashed line: PiR (pinoresinol), PhC (phenylcoumaran), B-O-4
(arylglycerol-arylether), BiPh (biphenyl), DiArEt (diarylether) and LP (lignin-
carbohydrate links) [76]
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2.2.4 Other Components

Biomass also consists of a small amount of organic extractives, including waxes, fats,
resins, glycosides, tannin, simple sugars, starches, pigment, proteins and pectins [77].
They can be extracted via polar solvents (e.g., water, methylene chloride, or alcohol)
or non-polar solvents (e.g., toluene or hexane) [54]. Due to the nutrient uptake during
the growth, biomass also contain little amount of inorganic matters such as alkali and
alkaline earth metallic (AAEM) species (i.e., sodium, potassium, calcium and

magnesium), silicon, aluminium, iron, phosphorus and chlorine [54].

2.3 Pyrolysis of Lignocellulosic Biomass

Biomass is increasingly recognized as an alternative and significant source of
renewable energy for the production of biofuels and chemicals. The utilization of
biomass as an alternative energy has received increasing attentions due to the
abundant biomass resource worldwide and the environmental friendly nature. In fact,
there are some limitations of biomass for fuel production such as low heating value
and low energy density due to the high moisture and high oxygen content (40-45
wt%) as well as poor grindability and transportability [6, 7, 78]. However, these
undesirable characteristics can be improved via pyrolysis. Pyrolysis is a process that
thermally decomposes organic materials in the absence of oxygen to produce solid
(bio-char), liquid (bio-oil) and non-condensable gaseous products [79]. Biomass
pyrolysis can be classified into three main types: slow pyrolysis, fast pyrolysis and
flash pyrolysis [80, 81]. Slow pyrolysis involves slow heating of the particles with
long residence time (450-550 s) [79]. This reaction is usually applied for the
production of bio-char, in which the low temperatures and low heating rates allow
sufficient time for the secondary reactions (i.e., polymerization) to occur and hence
maximise the solid yields. On the other hand, fast pyrolysis is defined by the high
heating rates (10-200 K/s) and short vapour residence time (0.5-2.0 s) [79]. This
flavours the bio-oil production, with a bio-oil yield as high as 50-70 wt%, since the
secondary reactions are limited due to the rapid heating rate [80, 82]. A higher bio-
oil yields (75-80 wt%) can even achieved during the flash pyrolysis process, with
higher heating rates (> 1000 K/s) and shorter vapour residence times (< 0.5 s) [79].
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2.3.1 Properties of Pyrolysis Products

There are three main products produced from biomass pyrolysis: solid char, liquid
bio-oil and gas. These products have different properties and vary depending on the
feedstock type and pyrolysis conditions.

2.3.1.1 Bio-char

The solid product generated from biomass pyrolysis is a carbon-rich organic residue,
which is known as bio-char or charcoal. It is usually characterized by proximate
analysis for its moisture, ash, volatile matter and fixed carbon content and ultimate
analysis for carbon, hydrogen, nitrogen and oxygen content [83, 84]. A series of fast
pyrolysis experiments using different feedstock in a tubular reactor were performed
by Demirbas [85, 86] to investigate the yields and properties of bio-char at different
pyrolysis temperatures and heating rates. The results showed that the solid yields
ranged from ~90 to ~30 wt%, with the carbon content of ~53-96 % and the HHV of
20-36 MJ/kg when temperature increases from 470 K to 1050 K. Generally, chars
with higher HHV values are preferred as coal substitution [17].
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Figure 2.7: The applications of products from fast pyrolysis [87]

During the thermal decomposition of biomass, there are two different aromatic
structures formed in bio-chars: amorphous phase aromatic rings and crystalline phase

with condensed polyaromatic sheets [88]. The formation of bio-char begins from the
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organized aromatic structure, followed by the structural rearrangement forming a
larger aromatic system [89]. Depending on the size of the aromatic ring system, it is
usually quantified by the aromaticity, which describes the total carbon proportion
present in the aromatic structure of chars. It also can be characterized by the degree
of aromatic condensation that corresponds only to the carbon proportion in a
condensed structure [90]. According to McBeath et al. [89], the aromaticity of the
bio-char produced from the wood pyrolysis increased significantly from 200 to 400
°C, and reached maximum around temperature between 600 and 700 °C. Their
results indicate that the whole carbon content within the chars may be hold in the

aromatic structure.

It is important to determine the ash content in the bio-char during the product
characterization, because the amount and inorganics species type greatly affect their
further applications. The ash content of bio-chars may originate from their parent
biomass feedstocks. However, a large portion of the ash remains in the solid char
structure during the biomass conversion. As the pyrolysis temperature increases, the
continuous release of volatile matter and removal of water via dehydration reaction,
leads to the increased ash content in the bio-char [88]. Apart from that, the properties
of bio-chars may change during pyrolysis process due to the removal of functional
groups such as hydroxyl —OH and changes in solid porosity for water absorption
ability [88]. It is found out that the bio-chars appeared to be more hydrophobic with
increasing pyrolysis temperature, as most of the polar functional groups are

eliminated and increased aromaticity [91-93].

The products from pyrolysis process have achieved commercial success for the
production of chemicals and fuels as well as other applications as illustrated in
Figure 2.7. The solid product (bio-char) from biomass pyrolysis has been widely
applied in carbon sequestration for soil management [94]. Biochars act as fertilizers
or conditioners because they consist of various plant nutrients that are advantageous
in improving the soil quality and also dedicated to alleviate atmospheric carbon [95].
Another beneficial feature is the great thermodynamic stability of biochar due to its
highly aromatic configurations, which is valuable in metallurgical applications [88].

However, the high ash content in biochar is unfavourable in some applications [96].
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2.3.1.2 Bio-oil

Bio-oil from the biomass pyrolysis is appeared to be a viscous and dark brown liquid
which comprises of mostly oxygenated compounds [15, 97, 98]. Up-to-date,
hundreds of compounds have been found in the biomass-derived pyrolysis oil,
including water, acids, alcohols, sugars, aldehydes, ketones, esters, phenolic and
aromatic compounds [8, 18, 98]. However, bio-oil suffers from high moisture and
oxygen content, high acidity, low volatility, incompatible with conventional fuels
and coking issues that significantly limiting its direct use as a fuel [8, 15, 18, 99].
From the literature, it is reported that the high heating value (HHV) of the bio-oil
from biomass pyrolysis (15-20 MJ/kg) is only about 50% compared to the fossil fuels
(42-45 MJ/kg). Apart from the low HHV, bio-oil has high oxygen content of 35-40
wt% on a dry basis due to its high moisture (15-30 wt%) [16, 100]. The high water
content is originated from its biomass feedstock and also from the dehydration
reactions during the pyrolysis process [15]. Due to the presence of the carboxylic
acids, bio-oils exhibit high acidity with pH of 2 to 3.7 [17]. In addition, bio-oil is
chemically unstable and undergoes slow changes with time even at room temperature,
which is known as aging. Aging can increase the viscosity and water content and
decrease the volatility due to the polymerization reactions [99]. These problems will

lead to the difficulties in storage and for further applications or upgrading.
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Figure 2.8: Solvent fractionation method of bio-oil [101, 102]

Due to the complex nature of bio-oil, the fractionation of bio-oil is essential for
further bio-fuel or bio-chemical production. The separation of the different bio-oil

constituents may simplify the downstream upgrading processes for chemicals and
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fuels production. Since the pyrolysis oil is thermal instable, traditional separation
techniques such as distillation cannot effectively separate bio-oil into fractions [16,
103]. Bio-oil can be easily separated via solvent fractionation method as shown in

Figure 2.8.

The simplest and cheapest way to separate bio-oil is by water addition, obtaining the
two fractions with light and heavy compounds. The top aqueous layer, which is water
soluble fraction is mostly comprises of carbohydrate-derived compounds. The water-
soluble sugars can be easily separated and upgraded into chemicals or fuels (i.e.,
ethanol by fermentation) [8, 99, 104]. Whereas the water fractionation precipitated
out mostly lignin-derived fragments, called pyrolytic lignin, as bottom layer [54, 73,
87]. In bio-oil, pyrolytic lignin is regarded as a major fraction that complicates the
thermal treatment process and contributes the most to the viscosity of bio-oil
compared to other constituents in lignocellulosic biomass [74]. Difficulty in
decomposition and formation of high solid residue (i.e., coke) yield are the major
challenges of pyrolytic lignin fraction in bio-oil [75, 105, 106]. The coking in bio-oil
is due to the polymerization reaction among the lignin-derived particles in pyrolytic
lignin [107, 108]. The presence of pyrolytic lignin exhibits negative impacts on the
bio-oil properties and quality. For example, the chemical compositions from
pyrolytic lignin will affect the reactivity and viscosity as well as deteriorate the
thermal stability of bio-oil. Since pyrolytic lignin is difficult to decompose, it
requires longer time during combustion compared to other components. This
eventually leads to incomplete combustion and coking, which exhibits poor
performance in the applications such as engines and boilers combustion [75, 107,
109]. Therefore, it is significant to extract the pyrolytic lignin from bio-oil for the
upgrading and bio-refinery processes into useful chemicals or fuels. There are
ongoing efforts performed from the literature on the conversion and
depolymerization of pyrolytic lignin such as pyrolysis, catalytic hydrocracking,
supercritical water or solvent treatment [72, 107, 109, 110]. Among these
technologies, pyrolysis process is an attractive route that depolymerize the linkages
in pyrolytic lignin to yield smaller compounds [105]. The pyrolysis of pyrolytic
lignin fraction will decompose part of phenolic oligomers into monomers and also

yields some aliphatic compounds [105, 107].
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Bio-oil has been regarded as a potential energy source to replace the uses of fossil
fuels for heat and energy generation in combustors, engines, boilers and furnaces
[111]. The production of synthesis gas from bio-oil is also greatly applied and
investigated. Panigrahi et al. [112] performed pyrolysis experiments on biomass-
derived oil using tubular reactor and yields syngas products including CH4, C2Hz, Ha,
CO, CO: and hydrocarbons at 800 °C under atmospheric condition. Moreover, the
bio-oil product contains various chemical compounds that are suitable for the
production of phenols, resin, adhesives, fertilizers and pharmaceutical purposes [113].
Further upgrading of the bio-oil is necessary for the direct use as transportation fuels
or applications in engines combustion [8]. The liquid fuels can be produced through
upgrading techniques such as catalytic cracking, hydroprocessing, steam reforming

and gasification [114-118].

2.3.1.3 Gaseous Products

The gaseous product from biomass pyrolysis is known as syngas or pyrogas, which
mostly includes carbon dioxide (CO2), carbon monoxide (CO), hydrogen (H>),
nitrogen (N2) and methane (CH4).Some other gases also released in very small
amount such as propane (C3Hg), ammonia (NH3), nitrogen oxides (NOx) and sulphur
oxides (SOx) [17].The gases species and concentrations are usually identified and
quantified through gas chromatography (GC) and mass spectrometry (MS) [119-121].
The lower heating value (LHV) of the gas products is calculated from their
respective gas composition, and is typically ranging between 10 and 20 MJ/Nm?[17].
Generally, the CO, and CO gases are produced from the decomposition of carbonyl
(C=0) and carboxyl (COO-) groups during primary reaction of biomass pyrolysis
[121, 122]. The low hydrocarbon gases such as CHy are released primarily due to the
bond cleavage of methoxyl (O-CHs) and methylene (-CH»-) and some from the
secondary decomposition of oxygenated compounds. It is also suggested that the H»
gas discharged from secondary decomposition of the aromatic C=C and C-H bonds

at elevated pyrolysis temperature [33, 123].

The gaseous products (pyrogases) can be directly applied in the co-firing with coal
and the production of electricity/heat, for examples gas combustion in compression
engines [124]. The gas also can be used for the production of bio-syngas such as CHa,

Haz, COz and other gases [125]. In addition, the gas from the pyrolysis process can be
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recovered and recycled to preheat the reactor or acts as a carrier gas [17]. Some other
applications include the production of solvents such as acetone and methanol as well

as hydrocarbons [87].

2.3.2 Parameters Influencing Biomass Pyrolysis

The pyrolysis mechanism as well as the quality and quantity of the pyrolysis
products are significantly affected by several factors. These factors can be
categorized as feedstock property, pyrolysis temperature, heating rate and the

presence of inorganic species during biomass pyrolysis.

2.3.2.1 Feedstock Property

In lignocellulosic biomass, the relative dry weight ratio of the main constituents
(cellulose, hemicellulose and lignin) varies in different species type. Each of the
constituents exhibits different structural stability as they undergo thermal
decomposition, and subsequently influence the pyrolysis performance. For instance,
cellulose and hemicellulose produces higher yield of bio-oil during the pyrolysis
process, while lignin yields higher solid bio-char [126, 127]. Previous studies from
Zanzi et al. [128] showed that agricultural residues such as olive waste and straw
yield more char than wood, but lesser volatiles. They pointed out that the presence of
higher ash content in agricultural residues favours the charring reactions. While the
higher content in lignin produces a more viscous and higher molecular weight bio-
oils but lower water concentration [129]. In addition, the reactivity of the biomass
components is influenced by the existence of heteroatom and oxygen content. The
higher the amount of heteroatom and oxygen in the biomass species, the more
reactivity the biomass is during thermal decomposition. Figure 2.9 demonstrated the
changes in weight loss for different biomass type with increasing temperature and
under the same pyrolysis condition. It is observed that the conversion of the wood
pellets from wood industry residues is less significant and more thermally stable than
other biomass types such as pine wood, paper sludge, olive residue and hazelnut shell
[130]. Moreover, most of the biomass experienced significant weight loss between
300 to 400 °C due to the primary devolatilization reaction [130]. The small amount
of extractives in biomass may also affect the product distribution. This is supported
by Wang et al. [131] that the presence of extractives promote the bio-oil yield but

suppress the solid char and gas production during pyrolysis.
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Figure 2.9: Weight loss (%) of different biomass feedstock with temperatures [130]

2.3.2.2 Pyrolysis Temperature

Pyrolysis temperature is one of the major determinants for the product distribution
and their properties in thermal decomposition process. The changes in product yields
distribution and physio-chemical properties of the products such as carbon content,
aromatic rings, high heating value, surface area and conductivity produced from
biomass pyrolysis at different pyrolysis temperature ranges were focused in the past
[132-138]. Generally, the reaction begins with the release of more volatile gaseous
product and the formation of char as the temperature increases above 150 °C [119].
Figure 2.10 shows the typical trends of the changes in products (bio-char, bio-oil and
syngas) yield with increasing temperature between 425 to 625 °C under the same
pyrolysis conditions [134]. Higher pyrolysis temperature releases more gaseous and
liquid products but reduce the solid bio-char yield. However, the bio-oil production
reached its maximum yield at temperature about 500 °C and decreases beyond the
point [134]. It is also figured out that the bio-oil with its best caloric value and H/C
ratio is obtained at high temperature of 500 °C [136]. Moreover, the yield of lignin-
derived oligomers were observed to be the most at temperature around 450 to 500 °C
[104]. The chars produced from higher pyrolysis temperature are with higher carbon
content [139]. Beyond the temperature range of 550°C, the release of volatile gases

from converted liquids become dominant due to secondary cracking reactions [135].
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According to Luo et al. [140], the pyrolysis reaction released more CO and CHy
gases compared to CO: at temperature above 450 °C, which will resulting in higher

heating value pyrogases.
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Figure 2.10: Typical yield of end products from biomass pyrolysis [134]

2.3.2.3 Heating Rate

Another key factor that affects the biomass pyrolysis and products distribution is the
heating rate of the reaction. In fast pyrolysis process, the heating rate is generally
higher than that of slow pyrolysis, thus increase the volatile products due to the
enhanced decomposition of biomass components. Fast heating rate also minimizes
the occurrence of secondary reactions such as polymerization and cracking reactions,
leaving a lower char yield [126, 141]. Many studies have been carried out to
investigate the effects of heating rate on the product yields and their properties.
Ozbay et al. [142] observed an increase in the bio-oil yield from 26 wt% to 35 wt%
when the heating rate increased from 5 °C/min to 300 °C/min for cottonseed cake
pyrolysis. Similar results also obtained by Salehi et al. [143], oil yields increased
from sawdust pyrolysis with increasing heating rate 500 °C/min to 700 °C/min.
Shorter residence time favours bio-oil production due to the quick removal of
organic vapours from reactors which minimises the secondary reactions [144]. For

the pyrolysis of raw sorghum bagasse at 525 °C, Scott et al. [145] observed that an
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increase in vapour residence time from 0.2 to 0.9 s resulted in a decrease in the bio-

oil yields from 75% to 57%, while the char and gas yields increased.

2.3.2.4 Inorganic Matters

As mentioned earlier in section 2.2.4, biomass consists of traces amount of inorganic
species such as K, Na, Ca and Mg, which is categorized as pyrolysis ash. The
presence of inorganic species is one of the important parameter for the pyrolysis
mechanism and solid product reactivity. Generally, the presences of inorganic
matters lower the liquid oil yields but favoured the solid and gaseous products yields,
mainly due to the enhanced dehydration and charring reactions during the pyrolysis
[146-148]. The different types and composition of the inorganic species influenced
the products distribution of the biomass. The inorganic species especially the alkali
(i.e., K and Na) and alkaline earth (i.e., Ca and Mg) metal ions significantly
influenced the biomass pyrolysis mechanism and the products yield distributions
[149, 150]. For example, high concentration of alkali metals such as K, Na and Ca
reduced the formation of tars during the secondary reaction of pyrolysis [126]. The K
metals in biomass also reported to enhanced the low molecular weight components
formation and suppressed the levoglucosan formation from cellulose pyrolysis [146].
The alkaline metals also tends to promote the formation of alkali-oxygen surface
cluster, through the reaction with carbonates and oxides groups [151]. Raveendran et
al. [152] found out that the biomass types which comprise of higher concentration of
lignin and potassium content clearly resulting higher char product and lower volatiles
yields. The behaviour is explained by the secondary reactions such as tars cracking

as well as the easier pathway for the tars diffuse into the mineral pores.

2.3.3 Pyrolysis Mechanism of Biomass

The pyrolysis of biomass involves complex reaction mechanisms as the
decomposition varies with different constituents in biomass as illustrated in Figure
2.11, which also depending on the operating conditions and reactor configuration.
During the heating up of biomass, it involves different reactions which can be
classified into primary reactions (i.e., depolymerization, fragmentation and char
formation as illustrated in Figure 2.12) [153] and secondary reactions (i.e., cracking
and polymerization) [154, 155]. Generally, biomass experiences major

decomposition during primary reaction range from temperatures 200 to 400 °C,
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yielding solid char as residue. Volatile products are also released due to the breaking
of bonds linked between the monomers in the polymers. The depolymerization
reaction results in the reduction of the DP of the carbon chain and those volatiles
which are condensable can be recovered as liquid oil [156]. While some of the
volatile compounds were unstable in the reactor and tend to undergo secondary
reaction via cracking or polymerization [154, 157]. Cracking reactions involve the
bond cleavage between the volatile compounds to form low molecular weight
compounds. The polymerization reaction may take place among the polymers to
form secondary char or deposited on the char surface [157, 158]. To gain better
understanding on the biomass pyrolysis behaviour, it is important to first study the
decomposition pathways of cellulose, hemicellulose and lignin components

individually.
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Figure 2.11: The proposed pathway of biomass pyrolysis [159, 160]

1. Cellulose. It is well accepted that the thermal decomposition of cellulose has
been widely investigated and achieve the best understanding compared to that of
hemicellulose and lignin. From the TG analysis of cellulose component
presented in Figure 2.13, the decomposition mainly takes place between
temperatures 300 and 400 °C, and reaches it maximum around ~355 °C [45, 127,
161]. The minor weight loss of the cellulose during pyrolysis at T < 300 °C is

mainly due to the dehydration reaction, either in terms of intermolecular or
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intramolecular, by releasing the H>O molecules as well as promoting the C=C
bonds formation [45, 154]. After 300 °C, the depolymerisation reaction is
responsible for the major weight loss and reduction in degree of polymerization
(DP) of cellulose, which resulting from the breakage of glycosidic bonds [21, 45,
127]. It is reported that the depolymerisation of cellulose structure gives rise to
the formation of active cellulose, also known as intermediates in liquid phase,
which leads to the formation of anhydro-oligosaccharides and anhydro-
saccharides (i.e., levoglucosan) [19, 20]. In the liquid phase, the intermediate
species could react to produce smaller molecules that can be thermally ejected as
aerosols [23] or undergo polymerization to form solid [20, 24, 25]. Some
intermediates may turn into furans such as 5-HMF, furfural and furfuryl alcohol
via dehydration reaction [21, 22]. Functional groups such as carbonyl and
carboxyl are also formed during the primary depolymerisation reactions,
however they are unstable and easily decompose to yield CO2 and CO [45, 127,
162]. The proposed reaction mechanisms during the cellulose pyrolysis are

illustrated as shown in Figure 2.14.
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Figure 2.12: The three main primary reactions in biomass pyrolysis [153]
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Figure 2.14: The proposed reaction mechanisms during cellulose pyrolysis [163]

2. Hemicellulose. Unlike the uniform structure of cellulose, hemicellulose

composes of amorphous and random short chains structure with different
saccharides (e.g., xylose, glucose, galactose, mannose, etc.) [54-56]. The thermal
decomposition of hemicellulose may be complicated because
polysaccharides show different chemical properties and pyrolysis behaviours.
Therefore, xylan has been long regarded as the model compound to represent

hemicellulose for pyrolysis study in the literatures [122, 127, 164] since xylose

each
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3.

is the basic building block of hemicellulose. Compared to cellulose,
hemicellulose can be easily decomposed at lower temperature range usually
between 220 to 315 °C (Figure 2.13) [127, 161]. It was found out that the major
products identified from the pyrolysis of hemicellulose are acids, furans, ketone
and anhydro-sugars. Furans such as furfural can be formed through the Cs-O
bond breaking of xylose monomer, and then rearrange between carbon Cz and Cs
in the form of ring structure via dehydration reaction [161, 165]. While the acids,
mostly acetic acid produced from the removal of O-acetyl groups in the xylan
and the scission carbon chain of uronic acid [166]. At elevated temperatures, the
acetic acid may undergo secondary decomposition into gases such as CO and
CO; [165]. In addition, the mono-sugar units in hemicellulose may undergo ring
opening reactions to form ketones and some low molecular weight compounds.
At temperature 300 °C, hemicellulose pyrolysis mostly yields acids and ketones.
Lv and Wu [161] reported that approximately half percentage (~46%) of the
pyrolysis products from hemicellulose pyrolysis are ketones group compounds,
including  1-hydroxy-2-butanone, 1-hydroxy-2-propanone, 3-methyl-1,2-
cyclopentanedione, acetone, cyclopentenone and etc. The decomposition of
hemicellulose with more pentose and side chains is most likely to form higher
char yield due to the enhanced polymerization between the large molecular

radicals produced from the glycosidic bonds cleavage [167].

Lignin. Among the three major components in biomass, lignin is the most
complex and highly branched with mainly aromatic rings structure, which led to
difficulties in fully understanding the knowledge of its pyrolysis behaviour.
Yang et al. [127] carried out the research of lignin decomposition using a
thermogravimetric analyser (TGA) and the results showed that lignin decompose
slowly over a wide range of temperature from 160 to 900 °C, with ~46 wt%
solid residue remaining. This is due to the activity of various chemical bonds,
namely ether bonds and carbon-carbon bonds in lignin structure such as -1, a-1,
B-5, a-O-4, B-O-4, 4-O-5 and 5-5 [168-171], however each of the linkages
exhibit different thermal stability. Upon thermal decomposition, the strengths of
the ether bonds were reported following the descending order: 4-O-5 > -O-4 >
a-O-4 (Figure 2.15) [169]. The main decomposition of lignin was observed
between temperature from 200 to 450 °C [34, 172]. The pyrolysis products of

25



CHAPTER 2

lignin generally include monomeric phenols, heterocyclic compounds,
hydrocarbon gases, H>O, CO and COz [34, 105, 127, 161]. The presences of the
lignin-derived molecules in lignocellulosic biomass or extracted lignin are
seemed to easily melt and agglomerate upon heating [36, 108]. In order to
achieve sustainable source of bio-fuels, it is important to investigate lignin
pyrolysis in order to tackle the significant challenges in depolymerisation of

lignin into smaller molecules for further upgrading purposes.
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values that exist in lignin structure [169]

Mechanisms of Lignin Pyrolysis

A good understanding on the chemical reactions involved in lignin decomposition is

essential for process development and enhancement. It is well known that the

abundant aromatic contents in lignin [26, 27] make it as a potential feedstock for

high value chemicals and energy-densed bio-fuels [27, 28]. However, the complex
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aromatic polymer structure in lignin [27, 28] leads to the difficulties on lignin
conversion technologies in most bio-fuels refineries and industries. The
depolymerization of lignin component into smaller compounds is the key challenge
to produce high quality fuels and valuable chemicals from lignocellulosic biomass

[26].

The lignin structure undergoes decomposition or transformation as the temperature
increases during the pyrolysis process. At low temperature of 150 — 200 °C, the
weight loss initiated is mainly due to dehydration reactions including the loss of
moisture [29, 44, 153, 171]. The less thermally stable alkyl chains in the lignin
polymer begin to rupture by the cleavage of ether linkages and carbon-carbon bonds
at temperature between 200 to 420 °C [34, 173]. It is known that the weakest ether
linkage in lignin, a-O-4, which can easily break at temperature 200 °C [169, 171].
While the main linkages f-O-4 in lignin become unstable and started to rupture at a
slightly higher temperature ~245 °C [169, 171]. Hence, most of the ether linkages
that implied between the monomer units in lignin can be broken at temperature
higher than 300 °C, releasing a significant amount of mono-phenols or oligomers
compounds [33, 34, 174].This is proven by the research studies by Lv et al. [161],
who reported that ~48% of the lignin-derived phenolic compounds generated from
the lignin pyrolysis process were due to the rupture of the linkages of the aliphatic
chains. Majority of the phenols derived from guaiacyl and syringyl units in lignin
structure (i.e., ~11% of 2-methoxy-4-vinylphenol and ~9% was 2,6-dimethoxy-
phenol) [161]. The reactions involving the depolymerization of aliphatic propyl side
chains, breaking of linkages and C-C bonds mostly contributed to the maximum
decomposition rate at low temperatures (T< 420 °C). With increasing temperature,
most of the connections between lignin monomers are broken except those with
higher stability such as diaryl ether 4-O-5 and phenyl 5-5 may be still remained [171,
175].

Some researchers studied the pyrolysis behaviors of lignin using various lignin
model compounds or lignin substructure such as dimers to provide better
understanding on the overall lignin pyrolysis [170, 171, 176, 177]. Kawamoto et al.
[170] reported the reactivity of different lignin model dimers with the main linkages

(i.e., a-O-4, B-1, B-O-4 and biphenyl) in lignin structure on depolymerization and
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condensation reactions during pyrolysis at 400 °C. The results suggested major
depolymerization on a-O-4 and B-O-4 types, whereas B-aryl and phenolic B-ether
types contribute more to condensation or carbonization reactions in pyrolysis.
Nakamura et al. [171] compared pyrolysis of milled wood lignin (MWL) with dimers
and found out that phenolic linkage types are important for condensation reaction at
low temperature of 250 °C, to form C,=Cp structures. The authors proposed a
pyrolysis pathway based on the reactivity of linkage types and from that of MWL
with increasing temperature, as summarized in Figure 2.16. The study on these
model dimers derived from lignin may be useful to understand the reactions involved,
but there is still some differences when apply to that in lignin pyrolysis due to the

highly reactive types, particularly phenolic dimers [176].
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Figure 2.16: Proposed pyrolysis mechanism from MWL pyrolysis with various
model dimers [171]

In the past few decades, great efforts have been done on the studies of volatile
products (gas and tar) released from lignin pyrolysis [29-35]. The breaking of the
ether bonds leads to the formation of low molecules gases such as CO, CO; and H,O
as volatiles [29, 33, 34, 173]. In addition, some other small molecules such as acetic
acid, acetaldehyde, methanol and CH4 may also form from the reactions [33, 161].
Acetic acid can be produced from the bonds scission and reforming of the side

propyl chains in lignin [161]. Methanol and light hydrocarbon such as CHj4 are
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produced most likely due to the removal of the weakly bonded methoxyl groups (-
OCHa) [33, 171, 173, 174]. The reactive chemical groups that attached to the v-
carbon of the side chains were responsible for the dehydration reactions and yield
different gaseous products. For instance, when the hydroxyl group is joined to the vy-
carbon in lignin, the bonds between y-carbon and B-carbon fragmented and released
formaldehyde compounds [33, 173]. Likewise, if the y-carbon is attached to carbonyl
or carboxyl groups, the C-C bonds will also undergo fragmentation but the reactions
generated CO and CO> gases [34, 173]. Various reactions occurred subsequently or
simultaneously which leads to the release of volatile products with increasing

temperature are summarized in Figure 2.17.
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Figure 2.17: Types of reactions occurring over the temperature ranging from 100 to

800 °C [153]

Limited studies have been focused on the structural analysis of another major
product from pyrolysis, which is the solid product (i.e., char), especially at low
temperatures. Sharma et al. [37] characterized the chars produced from lignin
pyrolysis from 250 to 750 °C in a tubular reactor. The results showed the decreased
in char yield and the solid char from lignin pyrolysis becomes more condensed with

higher aromatic structure as temperature increased due to the loss of aliphatic,
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methoxyl and carboxyl groups. The results were supported by Foston et al. [178] in
their findings using '*C NMR analysis to study the structural changes in solid char
produced from lignin pyrolysis. The authors observed significant reduction in the
number of aliphatic chains, methoxyl and oxygenated chemical moieties,
nevertheless accompanied with increasing condensed carbons amount in aryl
structure, which promote the char carbonization. Similar results were reported by
Shrestha et al. [36], who observed the existence of aromatic clusters formation at
temperature T > 400 °C, which coincided with the release of maximum exothermic
heat which corresponded to the cross-linking reactions between the aromatics to form

char from DSC analysis.
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Figure 2.18: Rheological properties of lignin during thermal decomposition [36]
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However, it was recently reported that the lignin softening leads to the formation of a
“liquid intermediate” phase at very low temperature of ~150 °C, which affected the
pyrolysis product distributions [36, 37, 39]. Upon the thermal decomposition, the
lignin structure was initially melts and undergo softening/shrinking at the
temperatures ranging from 140 to 250 °C [36], as shown in Figure 2.18. The
softening process of the lignin structure was evidenced by the formation of vesicles
from the released volatiles that stimulate the soften surface on lignin char mainly
occurred at temperature 250 °C via SEM analysis [37, 38]. Further elevating the
temperature, the intermediates formed in the liquid phase may turn out to be unstable
under pyrolysis temperature in reactors also react and undergo secondary reactions
[179-181], similar to that of intermediates found in cellulose pyrolysis [19, 162, 182].
The liquid intermediates species produced from lignin pyrolysis in a wire mesh
reactor at 300-650 °C observed by Zhou et al. [38] seems to responsible for the
lignin oligomers production at early stage, but promoted the release of monomers at

elevated temperature due to secondary reactions (see Figure 2.19).

Since it was revealed that the intermediates play important roles in cellulose
pyrolysis, hence it must not be neglected in lignin pyrolysis. The information on the
pyrolysis behaviour related to the intermediates formation at such low temperatures
are still unclear. Therefore, the characterizations and structural analysis on solid
products are the main focus of this study especially at low temperatures, as
intermediates most likely to form at low temperature ranges and higher char yield

can be obtained from lignin pyrolysis.

2.5 Interactions of Components during Biomass Pyrolysis

A significant finding from the pyrolysis of biomass is the existence of interactions
between the three main constituents in biomass. Cellulose, hemicellulose and lignin
interact with each other and influence the product distribution and pyrolysis
behaviour [42, 44, 45, 183, 184]. For instance, a study from Greenhalf et al. [185]
showed that the higher lignin content in hardwoods compared to straws and grasses,
resulting in a lower decomposition rate at higher temperature range during pyrolysis.
According to Qu et al. [122], the pyrolysis of peanut vine yields more carbohydrates
in the bio-oil product because it contains higher cellulose content than rice straw and

corn stalk. They pointed out that the bio-oil from corn stalk pyrolysis produced the
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most aldehydes due to its higher hemicellulose content. From the results, it seems
that the pyrolysis mechanism can be affected by the interactions between the biomass
components. The interactions between cellulose-hemicellulose, hemicellulose-lignin
and cellulose-lignin mixtures are further investigate respectively to better understand

the pyrolysis mechanism during thermal processing.

2.5.1 Cellulose-Hemicellulose Pyrolysis

Compared to cellulose, the decomposition of hemicellulose occurred at a lower
temperature range during pyrolysis as discussed earlier. Therefore, hemicellulose
started to melt and soften while the cellulose was enclosed within the molten
structure before it reacted [42]. The presence of hemicelluloses hindered the volatile
formation from cellulose, thus decreased the product yields [42]. According to the
TG-FTIR study on pyrolysis of biomass components mixture by Liu et al. [43], the
results showed the reduction in the levoglucosan yield but increased the formation of
hydroxyacetaldehyde from cellulose affected by hemicellulose. In contrast, cellulose
promoted the volatilization of hemicelluloses-derived products such as acetic acid
and furfural [44]. As seen from experimental results of cellulose-xylan/glucomannan
pyrolysis at gasification temperature, Hosoya et al. [42] observed negligible changes
in the char compared to calculated data, gas and tar production, with only slight
increase of char (from 14.3 wt% to 13.7 wt%) and decreased of total tars (from 73.3
wt% to 72.3 wt%). It seemed that the interaction between the cellulose-hemicellulose

during thermal decomposition is not strong.

2.5.2 Hemicellulose-Lignin Pyrolysis

During the pyrolysis of hemicellulose-lignin, most of the weight loss contributed by
hemicellulose component below temperature ~320 °C, while the solid residues are
mainly generated from lignin [43]. The presence of hemicellulose will enhance the
production of lignin phenols and its derivative products including 2,6-
dimethoxyphenol, 2-methoxy-4-ethylphenol and 2-methoxy-4-vinylphenol [44]. In
addition, negative effect is observed on the formation of hydrocarbon gases such as
CHa4, C2H4 and CoHe during hemicellulose-lignin pyrolysis. In another way, lignin
affected hemicellulose pyrolysis by reducing the formation of furfural and mostly
C=0 group containing compounds (aldehyde and ketone groups) [43]. The pyrolysis

of hemicellulose-lignin mixture shows minor effect on the pyrolysis behaviour.
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2.5.3 Cellulose-Lignin Pyrolysis

The interactions involved for the pyrolysis of cellulose-lignin are found to be more
significant on the product formations and distributions. Hosoya et al. [42] proposed
the mechanism during the co-pyrolysis of cellulose and lignin and their interactions
as illustrated in Figure 2.20. The authors suggested the presence of cellulose
suppressed the carbonization of lignin-derived molecule products, thus yielding a
lower char formation. It is nevertheless enhanced the formation of lignin products
such as guaiacol-derived compounds. It is supposed that the decomposition of
cellulose and lignin structures released some reactive intermediates that affected the
reactions, leading to higher formation of total tar but lower char yields [184]. In
addition, the interactions between cellulose and lignin was explained to follow the
reactions involving hydrogen transfer, in which the cellulose-derived compounds act
as hydrogen donors and lignin-derived compounds as hydrogen acceptors [184]. The
hydrogen transferred from cellulose-derived compounds stabilizes the radicals from
lignin pyrolysis products and thus enhanced the formation of low molecular weight
compounds in the tar [see Figure 2.21 (a)]. From Figure 2.21 (b), the char formation
from the lignin pyrolysis is less favored, compared to the formation of phenolic-type

compounds.

On the other hand, cellulose pyrolysis mainly produced anhydro-sugars especially
levoglucosan during primary depolymerization reaction. At elevated temperature, the
unstable active cellulose may undergo ring opening polymerization to form
polysaccharide intermediates, which may then transform into char by polymerization
reactions [186]. In cellulose-lignin pyrolysis, the lignin content inhibits the
polymerization reaction of levoglucosan from cellulose, thus decreasing the char
formation. The co-pyrolysis of cellulose and lignin also enhanced the formation of
low molecular weight products such as furans, 5-HMF, glycoaldehyde,
hydroxyacetone and acetic acid [47, 187]. A study on the pyrolysis of components
mixture using a wire mesh reactor conducted by Yu et al. [46] reported that the solid
residue decreased ~1 wt% than calculated value from cellulose-lignin mixture at 525
°C, while the light gaseous products increased from ~18 wt% to ~28 wt%, indicating
more low molecular volatiles are released from the process. Similar results were
reported by Hosoya et al. [184], who suggested the loss of hydrogen in cellulose-

derived compounds enhanced the evaporation of volatile products into vapor phase.
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2.6 Conclusions and Research Gaps

The abundant sources of lignocellulosic biomass materials have great potential for
the production of energy, fuels and chemicals via pyrolysis technology. Lignin, as
the main constituent in biomass, is difficult to be valorized due to its complicated and
heterogeneous structure. The significant interactions between the main constituents
in biomass also make biomass pyrolysis mechanism more complicated. Upon heating,
the formation of liquid intermediates tends to promote the polymerization of phenolic
compounds in lignin, leading to the formation of carbonaceous solid. This
phenomenon leads to operation problems in some industry processes, such as the
agglomeration in fluidised reactors. Therefore, the key challenge is to gain
fundamental understanding of lignin pyrolysis mechanism, especially at low

temperatures where the formation of liquid intermediates is significant.

Further research and development is required for the identified research gaps,

including:

e Systematic study to achieve fundamental understanding on the detailed pyrolysis
mechanisms of lignocellulosic biomass pyrolysis. The interactions between the
three biomass components, particularly cellulose and lignin have to be clearly
understood for efficient production of high-quality bio-oil. It is important to
examine their effect on char structure, as the intermediates can be generated
from both cellulose and lignin components during pyrolysis reactions.

e Systematic study to achieve fundamental understanding on the detailed pyrolysis
mechanisms of lignin pyrolysis. The development of analytical method is
required to characterize the pyrolysis products produced from the pyrolysis of

lignin and its derived compounds, focusing more on the solid products. It is
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2.7

important to clearly understand the structural changes of the chars during lignin
pyrolysis, as lignin composed of a wide variety of aromatic compounds that
decomposed over a wide pyrolysis temperature ranges. The characterization of
solid products from lignin pyrolysis is important in facilitating the understanding
of the intermediates formation from the reactions.

Understanding the pyrolysis behavior of different portions of lignin during the
pyrolysis, as both low- and high-molecular-weight species exist in lignin
structure. The reactive species produced from low-molecular-weight lignin
pyrolysis affects the pyrolysis reactions. Therefore, the changes in char structure
need to be understood to discover their interactions during pyrolysis.
Investigating the evolution of liquid intermediates formed from lignin pyrolysis.
The intermediates are most likely to generate at low temperatures, but rapidly
decomposed or reacted with other lignin-derived species via secondary reactions.
Therefore, the study on the char structure is important to discover their effect on

pyrolysis reactions.

Research Objectives

To address the research gaps identified in the previous section, the scope of this

study will focus on the systematic investigation on the formation and characterization

of solid products from fast pyrolysis of lignin and its derived compounds,

particularly at low temperatures. It is known that the intermediates are most likely to

form at low temperature ranges. In addition, higher char yield can be obtained from

lignin pyrolysis at low temperatures to ease the char collection for further structural

analysis. The main objectives of this thesis are listed as below:

To characterize the solid products produced from thermal decomposition of
pyrolytic lignin at low temperatures;

To study the structural changes of solid products from lignin pyrolysis at low
temperatures;

To examine the pyrolysis behavior of different portions (i.e., the low- and high-
molecular-weight portions) of lignin and their interactions during pyrolysis at
low temperatures;

To provide better understanding on the cellulose-lignin interactions during the

pyrolysis at low temperatures.
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Chapter 3 Research Methodology and Analytical Techniques

3.1 Introduction
This chapter provides the overall research methodology employed to achieve the
thesis objectives outlined in Chapter 2. The detailed experimental setups and

analytical techniques used will be describes in this chapter.

3.2 Methodology

In this study, a series of experiment procedures had been performed to achieve the
research aims. The procedures include the preparation of samples: cellulose, lignin
and its derived compounds including sieving (particle size 75-106 um), washing,
drying and solvent extracted into different fractions. Pyrolysis of different samples
(cellulose, lignin-cellulose, lignin and its derived compounds) were then carried out
in a pulse-feeding drop-tube/fixed bed quartz reactor for the char production at
various temperatures for 15 minutes. The samples and solid products from pyrolysis
were analyzed and characterized via a series of analytical instruments, such as
elemental analysis, Fourier transform infrared (FTIR) and UV fluorescence
spectroscopy, thermogravimetric analysis (TGA), '3C cross-polarization magic angle
spinning nuclear magnetic resonance (CP/MAS NMR) spectroscopy, 2D 'H-'*C
heteronuclear single-quantum correlation nuclear magnetic resonance (HSQC-NMR)
and high performance anion exchange chromatography with pulsed amperometric
detection (HPAEC-PAD). All the experiments were performed at least in duplicates
in order to ensure the repeatability of the results for this research study. Figure 3.1

illustrated the overall research methodology to achieve the objectives in section 2.7.
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3.2.1 Thermal Decomposition of Pyrolytic Lignin under Inert Conditions at
Low Temperatures

In this study, the pyrolytic lignin, extracted from bio-oil via cold-water precipitation,
consists of mostly lignin-derived oligomers compounds, was used as a model
compound of lignin. The pyrolytic lignin sample was pyrolyzed in a drop-tube/fixed
bed reactor with a pulse feeder under inert condition from 100-350 °C. The char
products were then extracted using CH>Cl> into light and heavy aromatic oligomers
to study the product distributions after the fast pyrolysis. The chars were further
characterized via FT-IR, UV fluorescence, 3*C CP/MAS NMR and elemental

analysis. Through these analyses, the structural change of the chars was investigated.

3.2.2 Structural Changes of Chars Produced from Fast Pyrolysis of Lignin at
Low Temperatures

In order to gain better understanding on the structural changes of the chars produced
from lignin fast pyrolysis at 100-300 °C, focusing more on the low-molecular-
weight portion (i.e., the THF-soluble portion) of lignin. The solid products produced
from the THF-soluble portion and raw lignin were characterized and examined the
structural changes of char via analysis including TGA, UV, FT-IR, GPC and "*C
CP/MAS NMR. The transformation of lower molecular weight lignin-derived

compounds to a more condensed structure was further investigated in this study.

3.2.3 Interactions between Low- and High-molecular-weight Portions of
Lignin during Fast Pyrolysis at Low Temperatures

To investigate the interactions between the lignin-derived compounds during
pyrolysis, the raw lignin sample was separated into low-molecular-weight and high-
molecular-weight of lignin via THF solvent extraction. The raw lignin and its
portions were pyrolyzed individually in a pulse-feeding drop-tube/fixed bed reactor
under inert condition from 100-300 °C for comparison and further evaluation. The
solid product obtained from pyrolysis of lignin and its derived portions were
determined and characterized by a series of analysis such as elemental analysis, FT-
IR and UV fluorescence to reveal the interactions occurred between different

molecular weight.
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3.2.4 Effect of Cellulose-lignin Interactions on Char Structural Changes
during Fast Pyrolysis at Low Temperatures

In this study, the homogeneous mixture of cellulose and lignin were prepared by wet-
impregnation method and pyrolyzed in a pulse-feeding drop-tube/fixed bed reactor at
low temperatures from 100-350 °C. To study the influence of interactions between
the components on the pyrolysis mechanism, both cellulose and lignin samples were
pyrolyzed individually under the same pyrolysis conditions. The solid products from
cellulose, lignin and cellulose-lignin pyrolysis were analysed by HPAEC-PAD to
determine the changes in glucose amount after the post-hydrolysis. Other analysis
also carried out such as FT-IR, UV fluorescence, '*C CP/MAS NMR and elemental
analysis to study the structural changes of char. The interactions between cellulose

and lignin during the co-pyrolysis were discussed in detailed in Chapter 7.

3.3  Experimental

3.3.1 Raw Materials

The bio-oil sample used in this study was produced from fast pyrolysis of pine wood
using a fluidised-bed reactor at 500 °C. The THF solvent (HPLC grade, purity > 99.9
%), kraft lignin (alkali) and cellulose (Avicel PH-101) samples used were purchased
from Sigma-Aldrich. Before further experiments, all the solid samples were sieved to
a size fraction of 75-106 um to ensure homogenous samples and stored in a freezer at

around -10 °C prior to experiment.

3.3.2 Samples Preparation

In Chapter 4, the pyrolytic lignin sample was prepared from bio-oil by cold-water
extraction [101]. The pyrolytic lignin sample was further separated into the CH2Cls-
soluble and CH2Clz-insoluble fractions via CH2Cl, extraction. Generally, the CH2Cle-
soluble and CH:Clr-insoluble fractions represent the light and heavy aromatic
oligomers in the pyrolytic lignin [188, 189], respectively. The solvent in all samples
was removed using rotary evaporator at 40 °C, and the dry residues were stored in a

freezer for subsequent experiments.

In Chapter 5, the lignin was sieved to a size fraction of 75-106 pm (referred to as
“raw lignin”) for subsequent experiments. Table 3.1 lists the properties of the raw

lignin which contains 62.62% of C, 5.51% of H, 0.60% N and 31.23% of O (by
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difference) on a dry ash free basis. It is known that THF is a good solvent for lignin
dissolution [190]. The raw lignin sample was also extracted by THF to quantify the
content of the THF-soluble portion, and the THF-soluble lignin was also recovered

for further structural analysis.

Table 3.1: Properties of the lignin used in this study

sample | raw lignin
proximate analysis
moisture (wt%, ar®) 2.9
ash (wt%, dbP) 3.8
volatile matter (wt%, db®) 60.8
fixed carbon (wt%, dbP) 35.4
ultimate analysis (Wt%, daf®)
C 62.62
H 5.51
N 0.60
0¢ 31.27
inorganic species (wt%, dbP)
Na 1.142
K 0.200
Mg 0.020
Ca 0.024

aar = air-dried (as received). °db = dry basis. °daf = dry ash free. 9By difference.

In Chapter 6, prior to the solvent extraction, the inorganic species in the raw lignin
were removed by leaching in ultrapure water under agitation to eliminate their effect
on lignin pyrolysis. The leaching of lignin was repeated for several times until no
further inorganic species were released. The lignin sample after leaching (hereby
referred to as the raw lignin) was then recovered and separated into the THF-soluble
and THF-insoluble portions via THF extraction. Table 3.2 lists the properties of the
lignin samples used in this study on a dry ash free basis. It is known that the THF-
soluble and —insoluble fractions portion represents LMW and HMW portions of
lignin (hereby referred to as the LMW and HMW lignin), respectively. After the
extraction, the THF in both portions was removed via rotary evaporator under
vacuum condition at 40 °C to recover the LMW and HMW lignin samples. Both
lignin samples were sieved to a size fraction of 75-106 um and stored in a freezer for

experiment use.
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Table 3.2: Properties of the raw, LMW and HMW lignin samples used in this study.

Sample Moisture Proximate (wt%, db) Ultimate (wt%, daf®)
(Wt%, ar®) Ash VM® FC¢ C H N O
Raw lignin 3.0 0.83 58.8 404 63.33 6.08 037 30.22
LMW lignin 1.3 0.55 62.5 37.0 65.11 6.14 0.17 28.57
HMW lignin 2.1 1.55 57.0 415 62.87 6.05 047 30.61

aar = air-dried (as received). °db = dry basis. VM = volatile matter. ‘FC = fixed
carbon. °daf = dry ash free. By difference.

In Chapter 7, both cellulose and lignin samples were leached in ultrapure water under
agitation to remove the water-soluble compounds and the inorganic species. The
leaching of both samples was repeated for several times until no further water-
soluble compounds or inorganic species could be detected in the washing solution.
The cellulose-lignin mixture sample (with a mass ratio of 1:1) was then prepared by
wet mixing method to obtain a more homogeneous mixture compared to dry mixing.
Table 1 lists the properties of the cellulose, lignin and cellulose-lignin mixture
samples used in this study. All samples were dried at 40 °C in oven to remove

excessive moisture for experiment use.

Table 3.3: Properties of the raw cellulose, lignin and cellulose-lignin mixture used in

this study.
Sample Moisture ~ Proximate (wt%, db®) Ultimate (wt%, daf®)

P (Wt%, ar) Ash VM°  FCY C H N of
Cellulose 2.4 002 915 85 427 62 - 511
Lignin 3.0 0.83 563 429 633 61 04 302
Cellulose- —» 3 o34 719 2738 528 61 0.1 409
lignin

aar = air-dried (as received). °db = dry basis. VM = volatile matter. ‘FC = fixed
carbon. °daf = dry ash free. by difference.

3.3.3 Reactor System
A series of pyrolysis experiments were carried out using a drop-tube/fixed-bed quartz
reactor system with pulsed-feeding. The reactor configuration was employed to

achieve fast heating of pyrolysis on lignin and its derived compounds in this study.

Pulsed-feeding System

A schematic of the designed pulsed-feeding system for the reactor is shown in Figure

3.2. The sample was first weighed and loaded into the ball valve of the sample holder.
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A stream of argon gas (ultra-high-purity, ~1.1 L/min) was purged from the inlet line.
After 15 min of purging, the gate valve 1 near the inlet line closed, followed by the
opening of gate valve 2 for complete degassing of all tubing lines for 5 min. The
degassing line was then blocked until the pressure reached ~30 kPa within the system
to enable the feeding in one shot into the reactor, with residence time of ~0.1 sec.
The weight of the sample holder before and after were weighed and recorded to

determine the sample added to the system.

Outlet gas

Valve 2

- 1
|

'« Sample holder

| with ball valve

Inlet gas >

(argon)

Valve 1

N
To reactor system

—3 Degassing tube line for sample
—3 Degassing tube line for reactor system
—— Connecting tube line

Figure 3.2: Schematic of pulsed-feeding system

Drop-tube/Fixed-bed Reactor

The reactor system consists of a drop-tube reactor connecting with a fixed-bed
reactor with internal diameter of ~30 mm in quartz material as demonstrated in
Figure 3.3. Briefly, the reactor was preheated in a furnace with a stream of argon as
carrier gas to provide inert atmosphere. The temperature of the reactor was
monitored by mounting a thermocouple just above the quartz frit. Once the reactor
reached the desired temperature, approximately 0.4 g of the sample was fed into the
reactor in one shot. The particles of the sample experienced fast pyrolysis in the

drop-tube reactor section, with the volatiles subsequently passing through (but the
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char particles remaining on) the quartz frit of the connected fixed-bed reactor section.
The reactor was then held at reaction temperature for 15 min. After the experiment
was completed, the reactor was immediately lifted out of furnace and allowed to cool
to room temperature, with the inert carrier gas continuously flowing through the
reactor. The condensed tar on the reactor outlet was burned off and the char yield
was calculated by the weight difference of the reactor before and after the experiment.
It should be noted that the char in this study is defined as the remaining solid residue
after fast pyrolysis experiment. The above pyrolysis experiments were repeated to

obtain the required amount of chars for further analysis.

Sample feeding +
thermocouple

Argon gas

Feeding tube

Char bed

Quartz reactor

Quartz frit
Sl

| Heating furnace

To vent

Figure 3.3: Schematic of drop-tube/fixed-bed reactor system for pyrolysis process
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34 Instrument and Analytic Techniques

3.4.1 Analysis of Solid Products

3.4.1.1 Proximate and Ultimate Analysis

The proximate analysis of lignin and its chars were obtained from a
thermogravimetric analyser (TGA METTLER) according to method following
ASTM E&70-82 [191].The ultimate analysis of all samples was determined using a
CHN/O elemental analyser (Perkin Elmer 2400 Series II). The contents of carbon,
hydrogen and nitrogen were obtained directly from the analyser, while the oxygen

content was calculated by difference on dry ash-free basis (daf).

3.4.1.2 Thermogravimetric (TGA) analysis

The decomposition curves of the samples were obtained from a thermogravimetric
analyser (TGA METTLER). In each experiment, ~10 mg of the sample was loaded
in an alumina crucible and analyzed at a heating rate of 5 °C/min from 30 °C to 600
°C and hold for 10 min. A stream of argon gas flowing at 60 mL/min acts as a carrier
gas throughout the analysis. The weight loss results were obtained from the TGA

while the DTG curve was calculated to study the maximum rate of decomposition.

3.4.1.3 BC Cross-Polarization Magic Angle Spinning (CP/MAS) NMR Analysis

The solid state '3C CP/MAS NMR spectra of solid samples were acquired to study
the changes of carbon structures in the lignin char samples, via a Varian 400 MHz
NMR spectrometer equipped with a 4 mm CP/MAS probe. A high power decoupling
sequence with a MAS spinning speed of ~7000 Hz was employed to produce high
resolution '3C solid NMR spectra. The rotor loaded with a sample was spun at 25 °C
with a 90° pulse, 0.04 s acquisition time and 4 s relaxation delay. Adamantane was
used as an external standard for chemical shift calibration. The acquired spectra were

processed using the software MestRenova.

3.4.1.4 Fourier Transform Infrared (FT-IR) Spectroscopy

The functional groups of lignin and char samples were analyzed using a FTIR
spectrometer (Bruker IFS 66) with a potassium bromide (KBr) pellet method [192].
Briefly, 2 mg of the sample was ground with 150 mg of KBr for 3 min grinding time
and the resulting mixture was pressed into a pellet via a hydraulic pellet press under

7 tons pressure for 5 min. The final pellet sample was obtained at a diameter of 10
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mm and 0.43 mm thickness. The FTIR spectra were acquired at a resolution of 4 cm™,
and 32 scans were taken to produce an absorbance spectrum for each sample. All
spectra were corrected for background (e.g., water vapour and CO, contributions)

and baseline then normalized to the unit mass (per gram on a dry basis) of the

pyrolytic lignin.

It is important to point out that the FT-IR analysis was undertaken under the
conditions that the absorbance intensities linearly change with the char concentration
in the KBr pellet (see Figures 3.4 and 3.5). Therefore, the absorbance intensities of
the char can be directly compared for understanding the changes in functional groups

during the pyrolysis.
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Figure 3.4: Absorbance changes of the functional groups with different samples
concentration for FT-IR analysis. (a) 1 mg of pyrolytic lignin ground with 150 mg
KBr; (b) 2 mg of pyrolytic lignin ground with 150 mg KBr; (c¢) 3 mg of pyrolytic
lignin ground with 150 mg KBr.

3.4.2 Analysis of Liquid Products

3.4.2.1 Two Dimensional (2D) 'H-*C Heteronuclear Single Quantum
Correlation Nuclear Magnetic Resonance (HSQC NMR)

The lignin and char samples were also analyzed by liquid state 2D HSQC NMR
technique via a Bruker Advance IIIHD 500 MHz spectrometer. The frequencies of
'H and 3C for the Bruker AV500 NMR spectrometer are 500.132 and 125.771 MHz,
respectively. For each NMR analysis, ~100 mg of sample was dissolved in ~600 pL
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of dimethyl sulfoxide (DMSO)-ds, which acts as a solvent for chemical shift
calibration. The solution was filtered before added into the NMR tube for analysis.
The HSQC NMR spectrometric data (1024 points for 'H or 256 points for 1*C) were
recorded for at 90° pulse angle, 1.5 s relaxation delay, and 0.08 acquisition time for a

total of 48 scans. The acquired spectra were processed using the software

MestRenova.
®  OH stretch (3419 cm™) ®  Conjugated C=0 (1612 cm™)
®  Aromatic CH (3064 cm™) Aromatic ring (1513 cm™)
®  Aliphatic CH (2860-3000 cm™) C-H in guaiacyl ring (1155 cm’™)
= O-CH, Stretch (2844 cm’) C-H in syringy! ring (1125 cm™)
Unconjugated C=0 (1704 cm™) m  C-O in 1° alcohol (1033 cm™)
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Figure 3.5: Linear relationship of the functional groups with different samples

concentration for FT-IR analysis.

3.4.2.2 UV Fluorescence Spectroscopy

The UV fluorescence spectra of solid samples were obtained using a fluorescence
spectrometer (Perkin-Elmer LS 55), following a method detailed elsewhere [104], to
determine the size and concentration of aromatics in the samples. It is noted that the
solvent used to dissolve pyrolytic lignin was mixture of chloroform-methanol solvent
mixture (4:1 v/v) in Chapter 4, while THF solvent for lignin samples in Chapter 5, 6
and 7, for their best dissolution in different lignin structure. Briefly, the sample was
dissolved in solvent, and the dissolved solution after filtration was diluted to a final
concentration of 4 ppm for analysis. The spectra were recorded at the excitation

wavelength range of 200-550 nm with a constant energy difference of -2800 cm.
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3.4.2.3 Gel Permeation Chromatography (GPC)

The molecular weight distributions of the lignin and chars samples were analyzed by
gel permeation chromatography (GPC) using a Varian ProStar, equipped with an
ultraviolet (UV) detector. A set of two Agilent PLgel 5 um (10° A, 300 x 7.5 mm)
columns was used in this GPC analysis, following a method detailed elsewhere [193].
Briefly, THF solvent was used as a mobile phase at a flowing rate of 1.0 mL/min. All
the samples were diluted to 1000 ppm in THF solvent and then filtered with 0.45 um
polyvinylidene fluoride (PVDF) syringe filter before the analysis. Polystyrenes with
molecular weight range from 800 to 35000 Da were used as standards for the
calibration curve. In order to investigate the structural difference in solvent-extracted
lignin fraction for Chapter 5 and 6, acetylation of lignin was carried out by dissolving
the lignin in acetic anhydride/pyridine (1:1 v/v) mixture at 70 °C for 6 hours. The

residue from the acetylation process was solvent evaporated via rotary evaporator.

3.4.2.4 High-Performance Anion Exchange Chromatography with Pulsed
Amperometric Detection (HPAEC-PAD)

Before the sugar analysis, the samples were first subjected to acid hydrolysis
experiments to determine total sugar content (i.e., glucose monomer), following the
NREL method [194]. In brief, ~100 mg of sample was added into a pressure tube
with 72% sulfuric acid in a water bath at 30 °C for 1 hour. Before the solution was
treated in autoclave at 121 °C for 1 hour, the final concentration of acid was altered
to 4% by addition of ultrapure water. The post hydrolysis was accompanied by a
glucose standard in the same batch with samples for the sugar recovery calculation.
After the post hydrolysis, the contents with sugar monomers were diluted and
quantified using a HPAEC-PAD via a Dionex ICS-3000 ion chromatography (IC)
system equipped with CarboPac PA20 analytical and guard columns. Post-column
addition of NaOH was introduced via an HPLC pump for adequate linear detector
response. A special gradient program developed in our previous work [195] was used
for achieving a good separation of the sugars of interest as summarized in Table 3.4.
The eluent A, B and C used in the analysis were 0.3 M NaAc in 0.1 M NaOH, 0.3 M
NaOH and water respectively, with a total flow rate of 0.5 mL/min. To validate the
results obtained from HPAEC-PAD, the calibration curve for the glucose standard
based on peak height is shown in Figure 3.6.
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Table 3.4: Gradient program for sugar analysis in HPAEC-PAD

Time (min) Eluent A (%) Eluent B (%) Eluent C (%)
0.0 0 0 100
20.0 0 0 100
20.5 100 0 0
23.0 100 0 0
23.5 0 100 0
29.5 0 100 0
30.0 0 0 100
40.0 0 0 100
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Figure 3.6: Calibration curve for glucose standard by HPAEC-PAD.

3.4.3 Inorganic Species Analysis

The content of AAEM species in the lignin and char solid samples such as Na, K,
Mg and Ca were analyzed and quantified following a method detailed elsewhere
[196]. In brief, ~10 mg of sample was loaded in a platinum crucible, and then
undergo ashing heating program as shown in Figure 3.7. The ash residue was
digested with mixture of concentrated acids of HF and HNO;s for 24 hours. After the
acid solution was evaporated, the leftover residue was dissolved in 0.02 M
methanesulfonic acid (MSA). To quantify the AAEM species, the solution was then
injected into an ion chromatography (Dionex ICS-3000) that equipped with IonPac
CS12A 4x250 mm column and IonPac CS12AG 4x50 mm guard column.
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Figure 3.7: Ashing temperature program for AAEM species analysis

3.5 Summary

All samples of lignin and its derived components were extracted and prepared in
uniform size fraction of 75-106 um for experiments use. The lignin sample was pre-
treated and extracted into different portions for further investigation on the pyrolysis
mechanism, particularly at low temperatures. The lignin pyrolysis experiments were
conducted in a drop-tube/fixed-bed reactor with pulsed-feeding system to achieve
fast heating reaction with minimum residence time. The solid product was then
collected and subjected to a series of analysis to examine their structural changes.
The analytical techniques including: elemental, FT-IR, UV fluorescence, solid and
liquid state NMR for char structural change analysis; TGA for decomposition
behaviour analysis; GPC for molecular weight distributions; HPAEC-PAD for

glucose monomers quantification; and AAEM species quantification.

50



CHAPTER 4

Chapter 4 Thermal Decomposition of Pyrolytic Lignin under Inert

Conditions at Low Temperatures

4.1 Introduction

Bio-oil from biomass fast pyrolysis is considered as an important feedstock that may
be further refined into liquid transportation fuels in existing petroleum refineries [8,
14]. However, bio-oil is of low quality (e.g., high acidity, low heating value, high
viscosity, poor stability, and immiscibility with petroleum fuels) and needs to be
upgraded before it can be processed in existing petroleum refinery infrastructure [14,
102, 111, 113]. There may be various technologies for bio-oil upgrading, such as
catalytic hydrotreating, steam reforming, cracking, and esterification [97, 115, 116,
197-200]. One of the key problems associated with bio-oil upgrading is related to the
poor thermal stability of bio-oil [8]. The reactive functional groups in bio-oil, i.e.,
organic acids, carbonyl groups, sugars and aldehydes [188], have the tendency for
decomposition, polymerization and/or condensation upon heating, resulting in coke
formation during upgrading [106, 201, 202]. Coke formation causes significant
operation problems (e.g., catalyst deactivation and reactor plugging) during bio-oil

upgrading [203, 204].

Bio-oil has very complex chemical composition and consists of compounds with a
wide range of different functional groups and molecular weights [72]. Due to the
large molecular weight, the lignin-derived oligomers (so-called pyrolytic lignin) in
bio-oil can easily polymerize upon heating, contributing significantly to coke
formation [105, 107, 201]. Pyrolytic lignin can be isolated from bio-oil as the water-
insoluble fraction via cold-water extraction [73, 205]. Previous studies were devoted
to characterize the physical and chemical properties of pyrolytic lignin [72-74, 192,
205]. However, the knowledge on the thermal decomposition of pyrolytic lignin is
still scarce, especially the fundamental mechanisms responsible for coke formation.
A previous TG-FTIR study [206] reported that pyrolytic lignin is thermally unstable
and can even start to decompose at temperatures as low as 160 °C. Therefore, it is of

critical importance to understand the fundamental reaction mechanisms during the
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thermal decomposition of pyrolytic lignin at low temperatures. Consequently, this is
the main objective of this study that carries out a systematic investigation into the
formation and characteristics of chars during thermal decomposition of the pyrolytic

lignin at 100-350 °C.

4.2 Yields and Elemental Compositions of Chars Produced from Thermal
Decomposition of the Pyrolytic Lignin

Figure 4.1 shows that char yield from thermal decomposition of the pyrolytic lignin
decreases with increasing pyrolysis temperature, from ~82% at 100 °C to ~23% at
350 °C. It is interesting to note that a large weight loss even takes place at a
temperature as low as 100 °C. This can be attributed to the presence of some light
aromatic compounds in the pyrolytic lignin as these light aromatic compounds can
easily evaporate at low temperatures [206]. The pyrolytic lignin and char samples
were further extracted with CH>Cl; to obtain the distribution of the CH2Clz-soluble
and CHxClz-insoluble fractions in the char samples (see Figure 4.1). It has been
proven that the CH>Cl>-soluble fraction of the pyrolytic lignin mainly consists of low
molar mass aromatic oligomers, while the CH>Clz-insoluble fraction is composed of
relatively high molar mass aromatic oligomers [188, 189]. The pyrolytic lignin
contains ~70% of the CH2Cl-soluble fraction, indicating that the pyrolytic lignin
mainly consists of light aromatic oligomers. During thermal decomposition, an
increase in pyrolysis temperature leads to asubstantial reduction in the CHxClz-
soluble fraction remained in the pyrolytic lignin char, from ~50% at 100 °C to ~2%
at 350 °C. In contrast, there is only a small reduction in the CH2Clz-insoluble fraction
remained in the char, from ~30% at 100 °C to~21% at 350 °C. It seems that majority
of the weight loss during thermal decomposition of the pyrolytic lignin is due to the
release of light aromatic oligomers that are less thermally stable. As a result, the
structure of the pyrolytic lignin char becomes more condensed as temperature
increases. Table 4.1 further lists the elemental compositions of the pyrolytic lignin
and its derived chars. It can be seen that as the temperature increases from 100 to 350
°C, the carbon content in the char slightly increases from ~66.1 to ~68.5%, together
with a significant decrease in hydrogen content from ~6.4 to ~4.6%. This is
translated into a significant reduction in the atomic H/C ratio progressively from 1.17

at 100 °C to 0.82 at 350 °C, in contrast to only a slight reduction in the atomic O/C
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ratio from 0.31 at 100 °C to 0.29 at 350 °C. Therefore, the continuous decrease in the
atomic H/C ratio clearly indicates that the char structure becomes more condensed as

temperature increases.

Table 4.1: Properties of the pyrolytic lignin and its chars prepared at various

temperatures.

Pyrolytic Chars prepared at various temperatures

lignin 100°C  150°C  200°C  250°C  300°C 350°C
C (%) 66.07 66.16  65.66 66.52  67.05 68.44  68.52
H (%) 6.41 6.41 6.01 5.64 5.54 5.25 4.63
N (%) 0.1 0.18 0.16 0.18 0.17 0.18 0.20
0O (%) 27.32 2726  28.17 27.66 2724  26.53  26.65
atomic H/C 1.19 1.17 1.10 1.02 0.99 0.93 0.82
atomic O/C 0.31 0.31 0.32 0.31 0.30 0.29 0.29
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Figure 4.1: Char yield from thermal decomposition of the pyrolytic lignin at 100-350
°C and the distribution of the CH>Clz-soluble and CH2Clz-insoluble fractions in the

char samples.

4.3 Char Yields of Thermal Decomposition of the Light and Heavy Aromatic
Oligomers in the Pyrolytic Lignin

To gain insights into the thermal decomposition of the light and heavy aromatic
oligomers in the pyrolytic lignin, the CH2Clz-soluble and CH2Cl-insoluble fractions
were separated from the pyrolytic lignin. Each individual fraction was then subject to

thermal decomposition experiments under similar conditions. Figure 4.2 presents the
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data on char yields from thermal decomposition of the CH:Clx-soluble and the
CH:Clz-insoluble fractions at different temperatures, along with those from the
pyrolytic lignin. As temperature increases, there is a significant reduction in char
yield for the CH2Clz-soluble fraction from ~64% at 100 °C to ~7% at 350 °C. It is
noted that over 35% of light aromatic oligomers are lost even at 100 °C. This can be
mainly attributed to the evaporation of volatile compounds in the CH2Clz-soluble
fraction. Surprisingly, there is also a significant reduction in char yield for the
CHxClr-insoluble fraction from ~97% at 100 °C to ~34% at 350 °C. There is little
weight loss during thermal decomposition of heavy aromatic oligomers at 100 °C but
the weight loss becomes appreciable (~10%) at 150 °C. The results clearly
demonstrate that both the light and heavy aromatic oligomers in the pyrolytic lignin
experience substantial weight loss during thermal decomposition at 100-350 °C,
although the light aromatic oligomers are less thermally stable. A larger weight loss
for the light aromatic oligomers is expected because this fraction can easily
evaporate and/or decompose as volatiles at lower temperatures. Although the weight
loss for the heavy aromatic oligomers is less but it is still over 65% at 350 °C.
Clearly, significant decomposition reactions take place during the pyrolysis of the

heavy aromatic oligomers at elevated temperatures (e.g., 350 °C).
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Figure 4.2: Char yields from thermal decomposition of the pyrolytic lignin and its
CHxClz-soluble and CH>Clz-insoluble fractions at 100-350 °C
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Figure 4.2 also presents the char yields of the pyrolytic lignin at different
temperatures, along with those calculated based on the initial percentages of the
CH:zClz-soluble and CH2Clz-insoluble fractions in the pyrolytic lignin, assuming that
the thermal decomposition of the individual fractions proceed independently. Figure
4.2 shows an increase of ~8% in char yield for the experimental results in
comparison to the calculated results. The results clearly demonstrate that there are
strong interactions between the light and heavy aromatic oligomers during thermal
decomposition of the pyrolytic lignin. It appears that the polymerization reactions of
light aromatic oligomers into heavy aromatic oligomers are enhanced during thermal

decomposition of the pyrolytic lignin.

4.4  Structural Changes of Chars Produced from Thermal Decomposition of
the Pyrolytic Lignin

4.4.1 FT-IR Analysis

Figure 4.3a presents the FT-IR spectra of the pyrolytic lignin and char samples, with
the absorbance intensities expressed on a basis of per gram of the pyrolytic lignin.
The assignments of FT-IR peaks to functional groups are based on those reported in
the literature [35, 192] and summarized in Table 4.2. It is important to note that the
FT-IR analysis was undertaken under the conditions that the absorbance intensities
linearly change with the char concentration in the KBr pellet. Therefore, the
absorbance intensities in Figure 4.3a can be directly compared for understanding the
changes in functional groups during thermal decomposition of the pyrolytic lignin.
Furthermore, the reduction in each functional group in char is also calculated as the
percentages of its initial intensity in the pyrolytic lignin and the results are presented
in Figure 4.3b. It can been clearly seen in Figure 4.3a and b that the absorbance
intensities of all functional groups decrease with increasing the temperature. The —
OH stretch at 3419 cm! decreases rapidly with increasing temperature, indicating the
removal of hydroxyl groups. This is not surprising because it was reported that the
predominant reactions during the pyrolysis of the pyrolytic lignin at 200-450 °C are
the removal of hydroxyl groups in alkyl side chains and the release of some phenolic
monomers due to the unstable ether linkages (e.g., a-O-4, -1 and B-O-4) [35]. The
removal of aliphatic C—H can be seen from the decreased intensity of band at region

2860-3000 cm!, mostly due to the release of instable propyl chains in the pyrolytic
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lignin. At 200 °C, the aliphatic -CH2OH groups of the alkyl side chains in the
pyrolytic lignin tend to release as volatile products [172], probably via C-C
fragmentation of phenylpropane chains [207]. From the spectra, the aromatic C—H
stretch at 3064 cm'and C—H stretch of methoxyl group at 2844 cm! start to reduce at
150 °C.
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Figure 4.3: Panel (A) FT-IR spectra of the pyrolytic lignin and its chars prepared at

100-350 °C; legends: (a) pyrolytic lignin; (b) char prepared at 100 °C; (c) char

prepared at 150 °C; (d) char prepared at 200 °C; (e) char prepared at 250 °C; (f) char

prepared at 300 °C; and (g) char prepared at 350 °C. Panel (B) % Functional groups
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in chars prepared at 100-350 °C, expressed as % the intensity of respective FT-IR
spectra for the pyrolytic lignin.

It is known that the most common bond linkages in the pyrolytic lignin such as a-O-
4, B-1 and B-O-4 can be easily broken at low temperatures of ~200 °C [171]. The
bond cleavage between the monomers in the pyrolytic lignin leads to the formation
of volatile phenolic monomers or oligomers that linked to a methoxy substituents or
alkyl chain with 2-3 carbon structures [153]. The intensities of unconjugated C=0
stretching at 1704 cm™ and conjugated C=0 with aromatic ring at 1612 cm™, also
decrease with increasing temperature. The existence of unconjugated C=O bands in
the pyrolytic lignin can be attributed to the breakage of ether bonds that are known to
be abundant in the pyrolytic lignin structure [181], suggesting the elimination of the
carbonyl group or carboxylic acids in the pyrolytic lignin structure. It is also
observed that at higher temperatures (i.e., 350 °C), some of the conjugated C=0
bands still remains while unconjugated C=0O bands almost disappear in the char. This
can be due to the fact that the conjugated C=0 groups with aromatic structures have
better thermal stability than the unconjugated C=O groups [35]. The decrease of
main aromatic ring stretches intensity at 1513 cm'is due to the release of phenolic
compounds. The bands at 1155 cm™ and 1125 cm™! indicate the presence of guaiacyl
and syringyl units in the pyrolytic lignin. The aromatic structures in the pyrolytic
lignin usually consist of the phenols such as guaiacol and syringol [35], and can be
easily released as volatiles at above 160 °C [206]. The peak at 1033 cm™! shows the
presence of hydroxyl groups of primary alcohol. A decrease in its intensity is
attributed to the dehydration of terminal hydroxyl groups in propane side chains of
the pyrolytic lignin structures. It is also noted that the band from region 1000 to 1100
cm’! indicates the presence of sugars in the samples [37]. This is consistent with the
findings from our previous work proving that the sugar structure bonded to the

water-insoluble fraction of pyrolysis oil [208].

4.4.2 1BC CP/MAS NMR Analysis
FT-IR is unable to detect larger aromatic ring systems, which may be present in the
chars especially those prepared at temperatures above 300 °C while the changes in

these carbon structures are important for coke formation during thermal
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decomposition. Therefore, 3*C CP/MAS NMR spectra were further acquired for the
pyrolytic lignin and the char samples and the results are presented in Figure 4.4. The
typical carbon structures are assigned based on literatures [72, 209, 210]. The signals
at 10-50 ppm are assigned to aliphatic carbons including lignin propyl side chains.
The signals between 50-90 ppm correspond to oxygenated alkyl carbons, such as
methoxy groups, alkyl-O-aryl ether (i.e., B-O-4, 0-O-4) structures. The region
between 102—-155 ppm indicates the presence of aromatics structures, such as
syringyl and guaiacyl units. The signals at 160—200 ppm correspond to carbonyl
groups. The spectra presented in Figure 4.4 clearly show that the char contains more

structures of aromatic characteristics as temperature increases.

Table 4.2: Peak assignments for FT-IR spectra [35, 192]

Wavenumbers (cm!)  Assignments

3419 O-H stretch

3064 Aromatic C—H stretch

2860-3000 Aliphatic C—H stretch

2844 CHjs stretch of methoxyl group

1704 C=0 stretch unconjugated to ketones, carbonyl and estel
groups

1612 C=0 stretch conjugated to aromatic ring

1513 Aromatic ring stretch

1463 CH3, CHz deformations

1368 Syringyl ring breathing with C-O stretching

1268 Guaiacyl ring breathing with C—O stretching

1221-1234 C—C plus C-O

1155 Aromatic C—H deformations of guaiacyl ring

1125 Aromatic C—H deformations of syringyl ring

1033 C—O stretch in primary alcohol
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Figure 4.4: Solid *C CP/MAS NMR spectra of the pyrolytic lignin and its chars
prepared at 100-350 °C. Legends: (a) pyrolytic lignin; (b) char prepared at 100 °C;
(c) char prepared at 150 °C; (d) char prepared at 200 °C; (e) char prepared at 250 °C;
(f) char prepared at 300 °C; and (g) char prepared at 350 °C.

To obtain some semi-quantitative changes of different carbon structures, the
contribution of each carbon structure was calculated based on the integrated intensity
of each carbon structure normalized to the total intensity of the sample. The results
are listed in Table 4.3 which summarizes the contribution of each carbon structure
for the pyrolytic lignin and char samples at 100-350 °C. The aromaticity was also
calculated based on the ratio of aromatic carbon to the total aliphatic and aromatic
carbons in the sample (following a definition previously [211]). The aliphatic
carbons at 10-50 ppm and oxygenated aliphatic carbons including methoxyl groups
at 50-90 ppm decrease gradually with increasing temperature, indicating the
increased decomposition of propyl side chains and methoxyl substituents of aromatic
ring due to the breakage of less stable ether bonds. The aromatic carbons at 102—155
ppm increase at temperatures above 250 °C, leading to the increase in the aromaticity
of char from ~61% for the pyrolytic lignin to ~72% for the char at 350 °C. This
indicates that the char structures at high temperatures become more condensed, in

consistent with the decreased H/C ratio at increased temperatures.
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4.4.3 UV Fluorescence Analysis

The pyrolytic lignin and char samples were also extracted using chloroform-
methanol solvent mixture (4:1 v/v), which is known to be a good candidate for
dissolution of pyrolytic lignin [212, 213]. It is noted that while ~85% of pyrolytic
lignin is soluble in the solvent, the solubility of char decreases with pyrolysis
temperature, from ~80% for the char prepared at 100 °C, to ~70% for the char
prepared at 200 °C then to only ~30% for the char prepared at 350 °C. The solutions
were then characterized via UV fluorescence analysis, with the results presented in
Figure 4.5. To enable comparison among the samples, the UV fluorescence
intensities were normalized to the mass of the pyrolytic lignin (i.e., on a basis of per
gram of the pyrolytic lignin). The wavelength of the UV spectrum indicates the size
of the fused rings in the aromatic structures, e.g., wavelength < 290 nm represents
mono-ring, 290-340 nm represents 2—3 fused rings and 340-390 nm represents 3—5
fused rings [214]. The results in Figure 4.5 show that pyrolytic lignin mainly
contains aromatic structures with 2—5 fused rings (i.e., with wavelength of 290-390
nm) but little amount of mono-ring aromatics. For the char sample at 100 °C, there
are only slight changes in the fluorescence intensity. A further increase in
temperature leads to the gradual decrease in the UV fluorescence intensity for
aromatic structures of different fused ring sizes. Small aromatic rings (< 290 nm for
mono-ring), which are mostly phenolic monomers, release easily at 150 °C and
almost disappear at temperatures above 250 °C. There is also a significant reduction
in the UV fluorescence intensity for the aromatic structures with 2-3 fused rings at
150 °C. It is also evident that the peak shifts towards larger aromatic ring structures
(with 3-5 fused rings) as temperature increases, especially at temperatures above 250
°C. At 350 °C, almost all the aromatic structures with 2—5 fused rings are released as

volatiles or polymerized into char.

Table 4.3: Relative content analysis for 3*C CP/MAS NMR spectra

Pyrolytic Chars prepared at various temperatures
lignin
100°C  150°C  200°C  250°C  300°C 350°C
Aliphatic (%) 28.05 28.02  27.68 2722 2692  25.69  20.69
Methoxyl (%) 20.06 20.84  20.11 19.02 1742 16.09 14.96
Aromatic (%) 44.40 43.84 44.16 4432  46.04 48.11 53.68
Carbonyl (%) 7.49 7.30 8.04 9.43 9.62 10.12  10.66

Aromaticity (%)  61.28 61.01 6147 61.95 63.10 65.19 72.18
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Figure 4.5: UV Fluorescence spectra of the solutions obtained from the extraction of
pyrolytic lignin and its chars prepared at 100-350 °C using chloroform-methanol

solvent mixture (4:1 v/v)

4.5  Discussions on Thermal Decomposition Mechanism of Pyrolytic Lignin

The above results on the yields and structural changes in chars during thermal
decomposition of pyrolytic lignin provide some new insights into reaction
mechanisms of pyrolytic lignin at 100-350 °C. First, the thermal decomposition of
the pyrolytic lignin starts with the light aromatic oligomers at a temperature as low as
100 °C, while the heavy aromatic oligomers start to decompose at a higher
temperature of ~150 °C. The chars at temperatures above > 300 °C consist of mainly
heavy aromatic oligomers that are insoluble in CH>Cl>. Second, chars prepared at
elevated temperatures (e.g., 350 °C) are primarily formed from the heavy fraction of
pyrolytic lignin, due to the considerably higher char yield (i.e., ~34% at 350 °C) of
the CH2Cl-insoluble fraction compared to that (~7% at 350 °C) of the CH2Clx-
soluble fraction. Interactions take place between the light and heavy fractions during
thermal decomposition, leading to the formation of more char. This is evident by the
fact that the char yields of the pyrolytic lignin at different temperatures are ~8%
higher than those calculated based on the percentages of the CH>Cl-soluble and
CH:Clz-insoluble fractions in the pyrolytic lignin. The results indicate that the
presence of heavy aromatic oligomers suppress the release of light aromatic species,

promoting the polymerization reactions to produce more char. Third, the thermal
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decomposition of the pyrolytic lignin leads to the reductions in various functional
groups (i.e., hydroxyl, aliphatic C—H, carbonyl, guaiacyl and syringyl groups) at 100
°C, while the aromatic C—H and the methoxyl groups start to decrease at 150 °C.
Such functional groups continue to reduce with increasing temperature. In contrast,
the contribution of aromatic structure increases as temperature increases as a result of
enhanced polymerization reactions. The elemental composition and NMR results
suggest that such polymerization reactions become important at temperatures > 250
°C, leading to an increase in char aromaticity. Therefore, the bio-oil upgrading

temperature should be lower than 250 °C in order to suppress the coke formation.

4.6  Conclusions

The study reports the formation and characteristics of chars produced from the
thermal decomposition of pyrolytic lignin under inert conditions at 100-350 °C. The
results show that thermal decomposition of the pyrolytic lignin starts from the light
aromatic oligomers (i.e., the CH2Clz-soluble fraction) in the pyrolytic lignin at a
temperature as low as 100 °C, while the heavy aromatic oligomers (i.e., the CH>Cl>-
insoluble fraction) is more stable and starts to decompose at ~150 °C. The chars
prepared at high temperatures (e.g., 350 °C) are mainly produced from the heavy
aromatic oligomers, due to the low char yields of the light aromatic oligomers at high
temperatures. Strong interactions also take place between the light and heavy
aromatic oligomers, resulting in an increase in the char yield (by ~8%) during the
pyrolysis of the pyrolytic lignin. The decrease in H/C ratio with increasing
temperature suggests the formation of more condensed char. The reduction of
various function groups during the thermal decomposition of pyrolytic lignin is
mostly due to the release of aliphatic and phenolic compounds (monomers or
oligomers). As pyrolysis temperature increases, the char structure becomes more
aromatic due to the enhanced polymerization reactions, especially at temperatures

above 250 °C.
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Chapter 5 Structural Changes of Chars Produced from Fast

Pyrolysis of Lignin at Low Temperatures

5.1 Introduction

Lignin is one of the major components in lignocellulosic biomass and regarded as the
largest renewable source of aromatic polymers [215-218]. It is highly branched and
composed of mainly phenylpropane units that linked to each other via ether bonds
and C-C bonds [219-222]. The composition and nature of lignin samples are
dependent on biomass type and isolation process (e.g. organosolv [30, 223], alkali

[37, 224], acid hydrolysis [225] or soda pulping [225, 226]).

Compared to those of other major components in biomass, valorization of lignin is
more challenging because of lignin having heterogeneous structures with different
interunit linkages. Fast pyrolysis is a promising thermochemical technology for
converting lignocellulosic biomass into fuels and chemicals [163]. During fast
pyrolysis, lignin can be converted to liquid (bio-oil), solid (biochar) and gas and the
products derived from lignin pyrolysis have important roles in the chemical
properties of bio-oil [227]. Similar as biomass fast pyrolysis [228-230], one of the
major challenges for lignin fast pyrolysis technologies is its high tendency to
agglomerate at temperatures pertinent to bio-oil production [27, 37, 110], because
lignin easily softens and melts during pyrolysis. The formation of agglomerates can
result in significant operation problems in some reactor systems (e.g., fluidized bed
reactor) [225]. To develop advanced process for lignin fast pyrolysis, in-depth

knowledge on lignin pyrolysis mechanism is essential.

Previous studies on lignin fast pyrolysis mainly focused on the characterization of
volatile products from lignin pyrolysis using TGA or Py-GC/MS [32, 69, 172, 231].
Only scattered studies dealt with the structural changes of lignin during fast pyrolysis
[37]. It is known that biomass pyrolysis proceeds with the formation of a molten
intermediate liquid phase, as an important phenomenon of biomass pyrolysis [39,

163]. Those intermediates are important precursors of volatiles thus determining the
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formation and properties of volatiles during pyrolysis. Extensive works have been
carried out on the formation and characterisation of reaction intermediates from
cellulose pyrolysis [19, 232]. For example, our previous studies [19, 233, 234] have
successfully collected and characterised the reaction intermediates from cellulose
pyrolysis, and identified the presence of sugar and anhydro-sugar oligomers with a
wide range of degrees of polymerization (DPs) in the liquid intermediate from
cellulose pyrolysis. The effect of inorganic species (i.e., Na, Ka, Mg, Ca) on the
formation of the reaction intermediates have also been systematically investigated

[235-237].

While the formation of liquid intermediates from cellulose pyrolysis have been
extensively studied [19, 232, 233], the formation of such intermediates during lignin
fast pyrolysis is not well understood. Some recent works [23, 36, 38] have been
carried out to improve the understanding of liquid intermediates from lignin
pyrolysis. For example, Garcia-Perez et al. [38] has reported the formation of liquid
intermediate plays important roles in the distribution of pyrolysis product during
lignin pyrolysis, i.e., via thermal ejection [23]. Dufour et al. [36] employed some in
situ techniques (i.e., in situ 'H NMR, in situ high-temperature rheology) to provide
new insights into lignin softening and pyrolysis. It has been found that lignin
softening and solidification start at ~140 and ~250 °C, respectively. Most likely, the
low-molecular-weight portion of lignin is responsible for the formation of liquid
intermediates during lignin pyrolysis. However, there have been no studies so far to
characterise the structural changes of the low- and high-molecular-weight portions of
lignin during pyrolysis. Therefore, it is important to understand the structure changes
of the low-molecular-weight portion of lignin during pyrolysis, especially at low
temperatures (< 300 °C) where the formation of liquid intermediates becomes

important.

This study employs solvent extraction [i.e., tetrahydrofuran (THF)] to separate the
lignin and its char products from lignin pyrolysis into the THF-soluble (low
molecular weight) and THF-insoluble (high molecular weight) portions. The

structural changes of the THF-soluble portion and the whole char are then
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characterised by a series of techniques to provide new insights into the lignin

pyrolysis mechanism at low temperatures of 100-300 °C.

5.2 Char Yield of Lignin during Fast Pyrolysis and Distribution of the THF-
Soluble and the THF-Insoluble Portions in the Char

Figure 5.1 presents the char yield (on a dry ash free basis) of lignin fast pyrolysis at
100-300 °C. It can be seen that lignin starts to decompose from ~150 °C, and the
char yield decreases with the pyrolysis temperature, i.e., from ~92% at 150 °C to
~57% at 300 °C. To understand the change of the THF-soluble portion in the char
during lignin pyrolysis at different temperatures, the raw lignin and char samples
were extracted by THF to produce the THF-soluble sample, and then the solvent in
the sample was removed by evaporation at 40 °C for determining the content of the
THF-soluble portion. As shown in Figure 5.1, ~69% of the raw lignin is the THF-
soluble. The GPC analysis results show that the Mw of the raw lignin (after
acetylation) is ~4918 Da, while the weight-average molecular weight (Mw) of the
THF-soluble lignin is only ~1315 Da. This is expected since the THF-soluble portion
is mainly composed of the low-molecular-weight lignin, while the THF-insoluble
portion consists of the high-molecular-weight lignin. The THF-soluble portion
continues to decrease with increasing pyrolysis temperature, from ~69% in the raw
sample to ~37% at 175 °C, then to ~11% at 225 °C. At 250 °C, the THF-soluble
portion almost completely disappears. In contrast, while there is little change in the
THF-insoluble portion at temperatures < 150 °C, the THF-insoluble portion increases
significantly at higher temperatures, from ~31% in the raw sample to ~52% at 175
°C, then to the maximum ~67% at 250 °C. As the temperature further increases to

300 °C, the THF-insoluble portion starts to decrease.

The results indicate that lignin pyrolysis at low temperatures (i.e., < 250 °C) mainly
takes place via the decomposition and polymerization of the THF-soluble portion.
Since lignin softening starts at ~140 °C [36], such decomposition and polymerization
reactions mainly occur in the liquid phase. The results in Figure 5.1 indicate that the
decomposition reactions start at ~150 °C due to weight loss as volatiles, while the
polymerization reactions start at ~175 °C as evidenced by a large increase in the

THF-insoluble portion. At 250 °C, around half of the THF-soluble portion is
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polymerized into the THF-insoluble portion, while the other half is decomposed as
volatiles. To clearly understand the structural changes of the THF-soluble portion
during lignin pyrolysis, the THF-soluble portion in the raw lignin and char samples
produced from lignin pyrolysis at 100-250 °C were collected and analysed via a

series of techniques, and the results are presented in the following subsections.
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Figure 5.1: Char yield from the pyrolysis of lignin at 100-300 °C and the distribution
of the THF-soluble and THF-insoluble fractions in all samples

5.3 Structural Changes of the THF-Soluble Portion in the Chars Produced
from Lignin Fast Pyrolysis

5.3.1 Elemental Composition

Table 5.1 lists the elemental compositions of the THF-soluble portions in the raw
lignin and char samples produced from lignin fast pyrolysis at 100-250 °C.
Compared to the raw lignin, the THF-soluble portion has slightly higher carbon and
hydrogen contents but lower oxygen content. These lead to a higher H/C atomic ratio
and a lower O/C atomic ratio, suggesting that the THF-soluble portion is less
condensed compared to the THF-insoluble portion. As the pyrolysis temperature
increases from 100 to 250 °C, the carbon content of the THF-soluble portion slightly
increases from ~65.7 to ~67.0%, while the oxygen and hydrogen contents decrease
from ~28.0% and ~5.7% to ~27.4% and ~5.1%, respectively. Overall, the H/C
atomic ratio of the THF-soluble portion reduces from 1.00 at 100 °C to 0.91 at 250
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°C, while there is only little change in the O/C atomic ratio of the THF-soluble
portion. Therefore, increasing pyrolysis temperature from 100 to 250 °C only leads

to small changes in the elemental composition of the THF-soluble portion.

Table 5.1: Elemental compositions of the THF-soluble portion in the raw lignin and

chars prepared from lignin fast pyrolysis at various temperatures

Raw  THF-soluble portion prepared at various temperatures

lignin 100 °C 150 °C 200 °C 250 °C
C (wt%, daf) 64.97 65.72 66.74 66.85 67.03
H (wt%, daf’) 5.72 5.47 5.36 5.14 5.09
N (wt%, daf) 0.63 0.81 0.49 0.49 0.36
O (wt%, daf) 28.67 28.00 27.41 27.52 27.42
Atomic H/C 1.06 1.00 0.96 0.92 0.91
Atomic O/C 0.33 0.32 0.31 0.31 0.31
0.4
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Figure 5.2: TG and DTG curves of the THF-soluble portion in the raw lignin and

chars prepared at various temperatures

5.3.2 TG Analysis

Figure 5.2 presents the TG and DTG curves of the THF-soluble portions in the raw
lignin and char samples produced from lignin fast pyrolysis at 100250 °C. For the
THF-soluble portion in the raw lignin, the weight loss starts at 150 °C after the loss
of moisture or water from dehydration at 100 °C. The DTG curve has several peaks

at 200, 250, 300 and 370 °C, indicating the different thermal stabilities of various
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functional groups in the THF-soluble portion in the raw lignin. However, significant
weight loss mainly takes place at ~370 °C. For the THF-soluble portion in the char
samples, the functional groups of lower thermal stability gradually disappear in the
DTG curves as the pyrolysis temperature increases. The structural changes appears to
be minimal for the THF-soluble portions in the char samples obtained at
temperatures < 150 °C, since only the peak at 100 °C disappears in the DTG curves.
However, for the THF-soluble portion in the char sample obtained at 250 °C, several
peaks (at 100, 200 and 250 °C) disappear. The losses of functional groups of low

thermal stabilities also lead to a decreasing consumption of char in the TG analysis.
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Figure 5.3: Weight-average molecular weight (Mw) and number-average molecular
weight (Mn) of the THF-soluble portion in the raw lignin and chars prepared at

various temperatures

5.3.3 GPC Analysis

Figure 5.3 presents the average molecular weight (determined by GPC) of the THF-
soluble portions in the raw lignin and char samples produced from lignin fast
pyrolysis at 100-250 °C. Surprisingly, there is no significant difference in the Mw of
the THF-soluble portion in the chars produced at temperatures < 200 °C. However,
as the pyrolysis temperature increases to 250 °C, the Mw of the THF-soluble portion
decreases substantially, by almost half from ~1407 at 200 °C to ~756 Da at 250 °C.
This indicates that the THF-soluble portions produced at different temperatures have

similar average molecular weight, in despite of the significant differences in thermal
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stabilities. At 250 °C, the amount of low-molecular-weight compounds in the THF-

soluble portion becomes very small.
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Figure 5.4: UV Fluorescence spectra of the THF-soluble portion in the raw lignin
and its chars prepared at 100-300 °C

5.3.4 UV Fluorescence Analysis

The THF-soluble portions in the raw lignin and char samples produced from lignin
fast pyrolysis at 100250 °C were also dissolved in THF solvent for the UV
fluorescence analysis. Figure 5.4 presents the UV fluorescence intensities of the
THF-soluble portions normalized to the mass of the raw lignin fed into the reactor
(i.e., on a basis of per mg of lignin) for comparison. It is noted that the intensities at
wavelength < 290 nm, 290-340 nm and 340-390 nm represent the relative
abundances of aromatic structures with mono-aromatic rings, 2—3 fused rings and 3—
5 fused rings, respectively [214]. Figure 5.4 shows that the THF-soluble portion of
the raw lignin mainly consists of aromatic structures with 2—5 fused rings. As the
pyrolysis temperature increases, the abundance of aromatic structures of different
fused rings decreases. Such a decrease is insignificant at temperatures < 150 °C,
likely due to the release of less thermally stable light aromatic oligomers into
volatiles. However, such a decrease becomes significant at 200 °C. Considering the
significant increase in the THF-insoluble portion at 200 °C, it is concluded that the
majorities of aromatic structures in the THF-soluble portion are polymerized into

more condensed aromatic structures which are insoluble in THF.
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5.3.5 2D 'H-13C HSQC-NMR Analysis

The THF-soluble portions in the raw lignin and char samples produced from lignin
fast pyrolysis at 100-250 °C were also analyzed by 2D 'H-'3C HSQC-NMR (see
Figure 5.5). The allocation of signals in the 2D 'H-'*C HSQC spectra are based on
[238-240] and summarized in Table 5.2. It can be found that the THF-soluble portion
in the raw lignin mainly includes the guaiacyl and p-hydroxyphenyl units linked by
B-O-4, resinol and phenylcoumaran substructures. Similarly, there are little changes
in the THF-soluble portions at temperatures < 150 °C. However, when the
temperature increases to 175 °C, the abundance of B-O-4, resinol and
phenylcoumaran substructures start to decrease, along with part of the guaiacyl and
p-hydroxyphenyl units. At 250 °C, there is only a small portion of guaiacyl units
remaining in the THF-soluble portion, and the p-hydroxyphenyl units almost

disappear.

Table 5.2: Assignment of the main signals in the 2D "H-*C HSQC spectra [238-240]

Label  0c/on Assignments

Aq 71.8/4.86 Cuo-Hq in B-O-4 substructures and y-acylated B-O-4
substructures

Ap 83.6/4.38 Cp-Hp in B-O-4 substructures and y-acylated p-O-4
substructures

Ay 60.0-60.8/3.59- C,-H, in B-O-4 substructures and y-acylated B-O-4

3.69 substructures

B 84.8/4.66 Ceu-Hq in resinol substructures

Bg 53.5/3.06 Cg-Hjp in resinol substructures

By 71.1/3.82 C,-H, in resinol substructures

Ca 86.9/5.55 Cu-Hy in phenylcoumaran substructures

Cs 53.2/3.57 Cg-Hp in phenylcoumaran substructures

Gy 62.8/3.74 C,-Hy in phenylcoumaran substructures

G2 110.9/6.98 C2-H; in guaiacyl units

Gs 114.9/6.77 Cs-Hs in guaiacyl units

Gs 119.0/6.79 Cs-Hs in guaiacyl units

Iy 61.4/4.10 C,-Hy in p-hydroxycinnamyl alcohol end groups

Hzs 127.8/7.19 C2,6-Ha6 in p-hydroxyphenyl units

-OCHs  55.9/3.73 C-H in mehyoxyls

5.4 Structural Changes of the Chars Produced from Lignin Fast Pyrolysis
5.4.1 Elemental Composition
To further understand the structural changes of the whole char during lignin

pyrolysis, the chars produced from produced from lignin fast pyrolysis at 100-300
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°C were also analysed via elemental analysis, FT-IR and NMR. The elemental
compositions of the raw lignin and char produced at 100-300 °C are summarized in
Table 5.3. As the pyrolysis temperature increases from 100 to 300 °C, the carbon
content of the char increases from ~63.0 to ~68.1%, while the oxygen and hydrogen
contents decrease from ~31.0% and ~5.4% to ~27.1% and ~4.5%, respectively.
These lead to a significant reduction in char H/C atomic ratio from 1.02 at 100 °C to
0.78 at 300 °C, but only a slight reduction in char O/C atomic ratio from 0.37 at 100
°C to 0.30 at 300 °C. This is expected because char structure becomes more
condensed as the pyrolysis temperature increases. Compared to the elemental
analysis results of the THF-soluble portion, the carbon and hydrogen content of the
char are slightly lower, but the oxygen content is higher. For the H/C atomic ratio,
there are no significant differences at temperatures < 200 °C. However, the H/C
atomic ratio of char (0.85) is lower than that of the THF-soluble portion (0.91) at 250
°C, mainly due to the polymerization of the THF-soluble portion into more

condensed structures in the THF-insoluble portion.

Table 5.3: Elemental compositions of chars prepared from lignin fast pyrolysis at

various temperatures

100°C 150°C 175°C 200°C 225°C 250°C 300°C

C (wt%, daf) 63.01 63.84 64.55 65.02 65.36 65.91 68.10
H (wt%, daf) 5.35 5.29 5.25 5.02 4.82 4.65 4.45
N (wt%, daf)  0.64 0.45 0.42 0.38 0.40 0.41 0.40
O (wt%, daf) 31.01 30.42 29.78 29.58 29.42 29.03 27.06
Atomic H/C 1.02 0.99 0.98 0.93 0.88 0.85 0.78
Atomic O/C 0.37 0.36 0.35 0.34 0.34 0.33 0.30

Table 5.4: Peak assignments for FT-IR spectra [35, 37, 172]

Wavenumbers (cm™!) Assignments

3419 —OH stretches

2860-3000 Aliphatic C—H stretches

2844 O—-CHg3; stretch of methoxyl group

1612 C=0 stretching conjugated to aromatic ring
1513 Aromatic ring stretch

1221-1234 C—C plus C-O

1155 Aromatic C—H stretching of guaiacyl ring
1125 Aromatic C—H stretching of syringyl ring
1033 C—O stretch in primary alcohol
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Figure 5.5: 2D 'H-13C HSQC spectra
and its chars prepared at 100-300 °C. (a) THF-soluble portion in the raw lignin; (b)

of the THF-soluble portion in the raw lignin

THF-soluble portion in the char prepared at 100 °C; (c) THF-soluble portion in the
char prepared at 150 °C; (d) THF-soluble portion in the char prepared at 175 °C; (e)
THF-soluble portion in the char prepared at 200 °C; (f) THF-soluble portion in the
char prepared at 250 °C
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intensity of respective FT-IR spectra for the raw lignin

5.4.2 FT-IR Analysis

The FT-IR spectra of the lignin and char samples were acquired to study the changes
in functional group during lignin fast pyrolysis at 100-300 °C. The peak assignment
of FT-IR spectra was based on previous literature [37, 172] and summarized in Table
5.4. As shown in Figure 5.6a, the main functional groups of the FT-IR spectra are
observed to be —OH stretching (3419 c¢m™'), aliphatic C-H (2938 c¢m'!), methoxyl
CH3 stretch (2844 c¢cm™), C=0 stretch (1704 cm™'), aromatic ring stretch (1513 cm™)
and C-O (1033 c¢cm™). To compare the changes of various functional groups during

lignin pyrolysis at various temperatures, the absorbance intensities of the spectra
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were normalized to per mg (daf) of the raw lignin, as presented in Figure 5.6a. The
intensities of all functional groups decrease as the pyrolysis temperature increases.
The reductions in the functional groups were further calculated as the percentages of
the initial intensities in the raw lignin and the results are presented in Figure 5.6b.
The broad peak of the —OH stretching at 3300-3450 cm! shows a decreased intensity
as the pyrolysis temperature increases. This indicates the loss of some
alcoholic/phenolic groups mainly from the THF-soluble portion of the raw lignin.
This can be attributed to the cleavage of hydroxyl groups bonded to the carbon Cg or
C, on the aliphatic side chains (resulting in releasing H>O as volatiles) [31]. The peak
at 2938 cm’! corresponding to the aliphatic C—H bonds exhibits a similar trend as the
O—H stretching. This can be attributed to the fragmentation between § and y-carbons
in the alkyl aliphatic chains, which are thermally unstable and start to decompose at
~120 °C [31]. The CHs stretching of the methoxyl groups at 2844 cm’! gradually
decreases with increasing temperature. The ether linkages (i.e., a-O-4, B-1 and f-O-4)
bonded to the alkyl chains are known to be less stable and mostly break at ~200 °C
[171] so that these O—CH3z groups can be easily removed from the substituted
aromatic rings. The band at 1612 cm™! shows the presence of conjugated C=0 with
aromatic rings in the samples and the reduction in intensity only becomes significant
at temperatures > 150 °C. This is not surprising because the ether bonds linked to the
y-carbon are more resistant to the thermal decomposition [173]. The peak identified
at 1513 cm! is associated with the aromatic ring skeletal vibrations while the bands
appeared at 1155 cm™! and 1125 ¢cm™! show the existence of guaiacyl and syringyl
rings in the samples. It can be seen that the intensities of these peaks decrease slowly
as temperature increases from 150 °C, then rapidly at elevated temperatures up to
350 °C. This can be attributed to the rupture of the bonds between those monomers
(e.g., guaiacol, syringol and catechol), resulting in the release of the phenolic
compounds in the form of monomers or oligomers. Some of the aromatic rings are
still present in the structure because the temperature is not high enough to break the

more thermally stable bonds such as phenyl 5-5 and ether 4-O-5 [171, 175].

5.4.3 1BC CP/MAS NMR Analysis
To provide detailed information about the carbon structure of the raw lignin and its

char samples, °C CP/MAS NMR spectra were acquired to semi-quantitatively

74



CHAPTER 5

determine the changes in the carbon structure, as shown in Figure 5.7. The
assignment of different carbon structures is based on the literature [72, 209, 210].
Generally, the chemical shift at 10-50 ppm and 50-90 ppm are assigned to the
aliphatic C—C carbon and the oxygenated alkyl carbons (i.e., Ar-OCH3 and C-a,,y),
respectively. The signals at 102—-155 ppm correspond to aromatic carbons (i.e.,
guaiacyl, syringyl and p-hydroxyphenyl units). The region between 160-200 ppm is

assigned to the carbonyl or carboxyl groups.

To compare the changes of carbon structure at different temperatures, the
contributions of typical carbon structures were determined based on the integrated
intensity of each carbon structure normalized to the total intensity of all carbon
structures, and the results are presented in Table 6. It can be seen that the raw lignin
is mainly composed of aromatic and methoxyl carbon structures, with contribution of
~60 and ~28%, respectively. Only small portions of aliphatic (~10%) and carbonyl
(~2%) carbon structures are present in the raw lignin. As the pyrolysis temperature
increases from 100 to 300 °C, the aliphatic carbon structures gradually decrease.
This is expected due to the release of less thermal stable alkyl side chains as volatiles,
such as the phenylpropane chains in lignin. The relative intensity of the methoxyl
group shows a slightly reduction at 200 °C, but decreases drastically at 300 °C. This
can be attributed to the loss of methoxyl substituents from the aromatic rings as a
result of the decomposition of the common ether bonds linkages in lignin (i.e. a-O-4,
B-1 and B-O-4), known to commence at ~200 °C [171]. It is important to highlight
that the aromatic carbon of the chars increases significantly from ~59% at 100 °C to
~73% at 300 °C. This clearly demonstrates that the char is mainly composed of
aromatic structures at 300 °C, in consistence with the results on char aromaticity
presented in Table 6. As a result, the aromaticity of the char increases progressively
as the pyrolysis temperature increases, i.e., from ~86% for lignin to ~91% for the
char prepared at 300 °C. It was suggested that the highly aromatic char structures are
likely formed from the liquid intermediate structures via homolytic radical reactions
during lignin pyrolysis [212]. The softened lignin particles formed a mass of matrix
with mobile species in liquid phase, mainly due to the side chain cleavage and loss of
some volatile gases when heating, as supported by other literature works [36,37]. As

temperature increases, the mobile species that stabilized the intermediates decrease,
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resulting in the formation of cross-linked and condensed aromatic char structures

[36].

Methoxy/
Carbonyls Aromatics C-a, B,y Aliphatics

(160-200 ppm)(102-155 ppm) (50-90 ppm) (10-50 ppm)
L A L L
r r

1 r 1r

250 200 150 100 50 0 .50
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Figure 5.7: Solid '3C CP/MAS NMR spectra of the lignin and its chars prepared at
100300 °C. Legends: (a) lignin; (b) char prepared at 100 °C; (c) char prepared at
200 °C; (d) char prepared at 300 °C

Table 5.5: Relative content analysis for 3*C CP/MAS NMR spectra

Chars prepared at various temperatures

e lijzmin 100 °C 200 °C 300 °C
Aliphatic (%) 9.66 9.06 8.59 7.01
Methoxyl (%) 28.49 28.24 27.60 19.51
Aromatic (%) 59.54 59.48 62.40 73.30
Carbonyl (%) 231 3.22 1.41 0.18
Aromaticity (%) 86.04 86.78 87.90 91.27

5.5 Conclusions

The work presents a systematic study to understand the structural changes of chars
(particularly the low-molecular-weight portion) produced from fast pyrolysis of
lignin at low temperatures of 100—300 °C. Our results show that the low temperature
pyrolysis of lignin mainly proceeds with the pyrolysis of the low-molecular-weight
portion (i.e., the THF-soluble portion) via decomposition reactions into volatiles and
polymerization reactions into the high-molecular-weight portion (i.e., the THF-

insoluble portion). The decomposition of the THF-soluble portion starts at ~150 °C,
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mainly due to the loss of the hydroxyl groups as well as the alkyl aliphatic chains.
Significant decomposition of the THF-soluble portion occurs at ~175 °C, mainly
because of the cleavage of weak ether bonds linked with B-carbon or y-carbon,
resulting in demethoxylation and release of some phenolic monomers or oligomers.
Significant polymerization reactions start at ~175 °C, leading to the increase of the
THF-insoluble portion from ~31% in the raw lignin to ~67% in the char produced at
250 °C. Majority of the functional groups such as hydroxyl, methoxyl, aliphatic and
carbonyl/carboxyl gradually decrease with increasing pyrolysis temperature,
resulting in the formation of more condensed char as evidenced by the decreased H/C
atomic ratio (i.e., 0.78 at 300 °C) and the increased aromaticity (i.e., ~91% at 300 °C)

from NMR analysis.
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Chapter 6 Interactions between Low- and High-molecular-weight

Portions of Lignin during Fast Pyrolysis at Low Temperatures

6.1 Introduction

Lignocellulosic biomass has received increasing attentions as a potential feedstock
for renewable fuels and chemicals production due to its abundant availability
worldwide [16, 26, 54, 218]. Lignin is a major component in lignocellulosic biomass,
which is cross-linked by three main monomers (i.e.,synapyl, coniferyl and p-
coumaryl alcohols) [241, 242]. Lignin is considered as an important feedstock for
producing renewable aromatic biochemicals and biofuels [243-250]. However, due to
its heterogeneous, complex and highly branched polymeric structure, the valorization

of lignin in biorefineries is very challenging [219, 221].

Lignin pyrolysis has been widely studied to understand the fundamental pyrolysis
mechanism [27, 225, 251-254]. However, the softening and melting of lignin easily
take place during pyrolysis at low temperatures [36, 38], leading to significant
operation problems in fluidised bed reactor systems due to the formation of
agglomerates [228, 230, 255, 256]. This is mainly because of the heterogeneous
nature of lignin, which consists of both the low-molecular-weight (LMW) and high-
molecular-weight (HMW) portions. The pyrolysis of LMW portion of lignin easily
produces some species of low melting points, which form a liquid intermediate phase
at low temperatures. Therefore, it is important to have a better understanding of the

pyrolysis behaviours of different portions of lignin and their interactions during

pyrolysis.

Solvent extraction is a good method to separate the lignin into different portions of
various molecular weights. Our previous work [257] has separated the pyrolytic
lignin into the light and heavy portions using CH>Cl, in order to understand their
behaviours and potential interactions during pyrolysis. Indeed, strongly interactions
were identified between the light and heavy aromatic compounds in pyrolytic lignin,
leading to the formation to additional char. However, CH2Cl: is not suitable for

lignin extraction due to much higher molecular weight of lignin. Recently, various
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solvents have been tested for lignin dissolution [190], and tetrahydrofuran (THF) was
identified as a suitable solvent to dissolve majority of lignin due to its close solubility
parameter to the solubility parameter of lignin [190]. In fact, THF has been widely
used in gel permeation chromatography (GPC) analysis of lignin-derived products
for determining the molecular weight distribution [258, 259]. Using the THF
extraction, our recent study [260] has successfully characterised the structures of the
THF-soluble and -insoluble portions of chars produced during lignin pyrolysis at low
temperatures. It was found that lignin pyrolysis at low temperatures mainly
proceeded with the THF-soluble portion via decomposition reactions into volatiles

and polymerization reactions into the THF-insoluble portion [260].

To further understand the interactions between different portions of lignin during fast
pyrolysis, this study employs the THF extraction to separate the lignin into the LMW
(THF-soluble) and HMW (THF-insoluble) portions. Then, both the LMW and HMW
lignin samples were subjected to fast pyrolysis experiments individually to
understand their pyrolysis behaviours. Special attentions are paid to investigate the
interactions between the LMW and HMW portions of lignin during fast pyrolysis,

and the effect of interactions on char structural changes during the whole lignin

pyrolysis.

6.2 Characterization of the Raw, LMW and HMW Lignin Samples

Via THF extraction, ~68.7 wt% of the raw lignin was recovered as the LMW portion,
and ~31.3 wt% of lignin was precipitated as the HMW portion. The physical and
chemical properties of the raw, LMW and HMW lignin samples were characterised
using a series of techniques to understand their structural differences. Compared to
the raw lignin, the LMW lignin has a higher volatile matter content but a lower fixed
carbon content, while the HMW lignin has a lower volatile matter content but a
higher fixed carbon content. As for elemental analysis, the carbon and hydrogen
contents of the LHW lignin are slightly higher, but the oxygen content is lower. In
contrast, the carbon and hydrogen contents of the HMW lignin are slightly lower, but
the oxygen content is slightly higher.Determined by GPC analysis, the weight-
average molecular weight (Mw) of the LMW lignin is ~1315 Da. After the

acetylation pretreatment, the Mw of the raw and HMW lignin samples are
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determined to be ~4918 and ~6378 Da, respectively, which are considerably higher
than that of the LMW lignin.
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Figure 6.1: Weight losses and DTG curves of the raw, LMW and HMW lignin

samples

To better understand the thermal stability of the three lignin samples, TGA
experiments were performed and the results are shown in Figure 6.1. It can be seen
that the HMW lignin is more thermally stable than the LMW lignin, due to its higher
onset temperature and lower weight loss. The thermal decomposition of the LMW
lignin starts at ~90 °C, and the DTG curves have several peaks at 100, 200, 250, and
370 °C, respectively, demonstrating the presence of various functional groups that
have different thermal stabilities in the LMW lignin. On the other hand, the HMW
lignin starts to decompose at ~150 °C, and the DTG curves have mainly three peaks
at 175, 250 and 350 °C, with much lower weight loss. This leads to a higher final
char yield for the HMW lignin, obviously due to its higher molecular weight. In
contrast, the weight loss of the raw lignin is only slightly lower than that of the LMW

lignin.

The functional groups of the three lignin samples were also investigated via the FT-
IR spectroscopy and the results normalized to the unit mass of each lignin sample are
compared in Figure 6.2. The peak assignments of the FT-IR spectra were based on

existing literature [37, 172], as summarized in Table 6.1. It can be seen that most of
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the common groups such as hydroxyl —OH, aliphatic C—H, carbonyl C=0, aromatic
rings and C-O groups are present in all lignin samples but with slightly different
intensities. However, the LMW lignin has higher intensities of the aromatic rings
stretching at 1513-1125 cmland the C=0 stretching that unconjugated to
ketones/carbonyl/esters groups at 1704 ¢cm™! than the other two lignin samples. This
can be contributed to more aromatic structures that could be detected from the LMW
lignin, since part of the highly condensed structures in the HMW lignin may be
hardly detected by FT-IR analysis.

1.4
——Raw lignin
1.2{ —— LMW lignin
1 —— HMW lignin
1.0 4
0.8 1
0.6 1
0.4+

0.2

0.0

Absorbance normalized to per mg
of the dry lignin (arb. unit)

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 6.2: FT-IR spectra of the raw, LMW and HMW lignin samples normalized to

the unit mass (per mg on a dry basis) of each sample.

Table 6.1: Peak assignments for FT-IR spectra [35, 37, 172]

Wavenumbers (cm!)  Assignments

3419 —OH stretches

2860-3000 Aliphatic C—H stretches

2844 O—CH3; stretch of methoxyl group

1704 C=0 stretching unconjugated to ketone, carbonyl and ester
1612 C=0 stretching conjugated to aromatic ring

1513 Aromatic ring stretches

1221-1234 C—C plus C-O

1155 Aromatic C—H stretching of guaiacyl ring

1125 Aromatic C—H stretching of syringyl ring

1033 C—O stretches in primary alcohol
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6.3 Interactions between the LMW and HMW Portions of Lignin Evidenced
by Char Yields
The raw, LMW and HMW lignin samples were pyrolyzed at 100 — 300 °C under fast

pyrolysis conditions and the char yields (on a daf basis) at different temperatures are
compared in Figure 6.3. The char yields during the fast pyrolysis of the lignin
samples at the same temperature follow an order of the HMW lignin > the raw lignin
> the LMW lignin. For the raw lignin sample, the char yield decreases with
increasing pyrolysis temperature, from ~96 wt% at 100 °C to ~59 wt% at 300 °C.
The HMW lignin exhibits the highest thermal stability, with its char yield gradually
decreasing from ~99 wt% to ~71 wt% when the temperature increases from 100 to
300 °C. Compared to the HMW lignin, the LMW lignin decomposes more rapidly as
the temperature increases, with the char yield decreasing from ~94 wt% at 100 °C to
~38 wt% at 300 °C. As expected, the LMW lignin has the highest weight loss among
the lignin samples under the same pyrolysis conditions, due to the presence of mostly

light compounds in the LMW lignin.

The char yields of the raw lignin at various temperatures are further compared with
those calculated based on the percentages of the LMW and HMW portions in the raw
lignin and their corresponding char yields via addition, in order to identify the
potential interactions between the LMW and HMW portions of lignin during
pyrolysis. As shown in Figure 6.3, the char yield from the raw lignin is consistently
higher than that calculated from its LMW and the HMW portions via addition,
confirming the existence of interactions between the LMW and the HMW portions of
lignin during pyrolysis under the same conditions. In addition, such a difference
gradually increases with temperature, i.e., from 0.5wt% at 100 °C to 10.7wt% at 300
°C, indicating that such interactions lead to the formation of more char at higher
temperatures. Compared to the pyrolysis of the LMW and HMW portions of lignin
individually, the volatiles produced are more difficult to evaporate when the LMW
and HMW lignin samples are pyrolyzed together (i.e., the pyrolysis of the raw lignin).
This can be contributed to the formation of the liquid intermediate phase from the
pyrolysis of the LMW lignin. Once a liquid intermediate phase is formed during
pyrolysis, the formed volatiles must diffuse from liquid bulk to gas-liquid interface to

escape the liquid intermediate phase, leading to reduced release of volatiles and
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enhanced secondary reactions of volatiles in the liquid intermediate phase to form

more char [163].
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Figure 6.3: Char yields from the pyrolysis of the raw, LMW and HMW lignin
samples at 100300 °C. The calculated char yields are based on percentages of the
LMW and HMW portions in the raw lignin and their corresponding char yields

6.4 Interactions between the LMW and HMW Portions of Lignin Evidenced
by Char Structural Changes

6.4.1 Changes in Elemental Composition

Table 6.2 presents the elemental compositions of chars produced from the fast
pyrolysis of the raw, LMW and HMW lignin samples at various pyrolysis
temperatures. The carbon contents of char samples increases with temperature,
accompanied by the decreased hydrogen and oxygen contents. The gradual loss of
oxygen in the char indicates that the oxygen-containing functional groups in the
pyrolysing sample is thermally unstable and start to rupture even at 100 °C. The
atomic H/C and O/C ratios of the char samples decrease with increasing pyrolysis
temperature. For instance, the atomic H/C and O/C ratios of the char from the raw
lignin pyrolysis decrease from 1.08 and 0.34 at 100 °C to 0.85 and 0.26 at 300 °C,
respectively. Similarly, for the chars from the LMW and HMW lignin, the atomic
H/C ratios decrease from 1.10 and 1.15 at 100 °C to 0.92 and 0.87 at 300 °C,
respectively. This indicates the formation of at least two-ring aromatic structures in

the char at high temperatures, since the atomic H/C ratio of char at 300 °C is <I. The
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atomic O/C ratios also slightly decrease from 0.33 and 0.36 at 100 °C to 0.27 and

0.28 at 300 °C, respectively. Such experimental results demonstrate that the char
structure becomes more condensed as the pyrolysis temperature increases. It should
be noted that the atomic O/C and H/C ratios of char from the raw lignin at high
temperatures (i.e., 300 °C) are even lower than those from the LMW and HMW
lignin. Such results show that the interactions between the LMW and HMW portions
of lignin lead to enhanced polymerization reactions of oxygenated groups to form

more condensed structures in the char.

Table 6.2: Elemental compositions of the chars produced from the fast pyrolysis of

the raw, LMW and HMW lignin at various temperatures.

Elemental Analysis (wt%, daf) Atomic  Atomic

T C H N O* H/C o/C

100 64.59 5.81 0.32 29.29 1.08 0.34

150 65.36 5.80 0.24 28.60 1.07 0.33

Raw lignin 200 65.89 541 0.24 28.46 0.99 0.32
250 66.83 5.17 0.23 27.77 0.93 0.31

300 70.04 4.98 0.27 24.71 0.85 0.26

100 65.47 5.98 0.18 28.38 1.10 0.33

LMW 150 65.68 5.83 0.20 28.29 1.07 0.32
lignin 200 66.99 5.56 0.20 27.25 1.00 0.31
250 67.33 542 0.20 27.04 0.97 0.30

300 69.45 5.34 0.20 25.01 0.92 0.27

100 63.17 6.07 0.38 30.38 1.15 0.36

HMW 150 63.78 6.06 0.33 29.83 1.14 0.35
lignin 200 63.85 5.44 0.32 30.39 1.02 0.36
250 65.84 5.23 0.33 28.60 0.95 0.33

300 68.96 5.00 033 25.71 0.87 0.28
*By difference.

6.4.2 Changes in Functional Groups

The chars produced from the raw, LMW and HMW lignin samples were
characterized by FT-IR spectroscopy to understand the differences in functional
group changes. Figure 6.4 shows the FT-IR spectra of the chars produced from the
pyrolysis of the raw, LMW and HMW lignin samples at 100-300 °C. The main
functional groups to be examined are —OH stretches (3419 cm!), aliphatic C-H
bonds (2938 cm™), methoxyl O—CHj3 stretches (2844 c¢cm™), C=0 bonds stretches
(1704 ¢cm™), aromatic ring vibrations (1513 ¢cm™) and C-O bonds (1033 c¢cm™). The
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presented spectra of the char samples were all normalized to the unit mass (per mg

on a dry basis) of the lignin sample fed into the reactor for direct comparisons.
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Figure 6.4: FT-IR spectra of the chars from the pyrolysis of the raw, LMW and
HMW lignin samples at 100-300 °C, normalized to the unit mass (per mg on a dry
basis) of each lignin sample. Panel (a) chars from the raw lignin: (1) raw lignin; (2)
char at 100 °C; (3) char at 150 °C; (4) char at 200 °C; (5) char at 250 °C; (6) char at
300 °C. Panel (b) chars from the HMW lignin pyrolysis: (1) HMW lignin; (2) char at
100 °C; (3) char at 150 °C; (4) char at 200 °C; (5) char at 250 °C; (6) char at 300 °C.
Panel (c) chars from the LMW lignin pyrolysis: (1) LMW lignin; (2) char at 100 °C;
(3) char at 150 °C; (4) char at 200 °C; (5) char at 250 °C; (6) char at 300 °C.
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Similar trends are observed for all the lignin samples. The intensities of functional
groups of the chars all reduce with increasing pyrolysis temperature. The broad peak
at above 3000 cm! decreases with increasing temperature, due to the loss of hydroxyl
groups that are mostly bonded with Cp or C; of carbon side chains [31, 173]. The
peak in the region of 2860 — 3000 cm! corresponds to the aliphatic C-H stretching.
For the HMW lignin, its pyrolysis begins with the decomposition of aliphatic carbons,
since negligible reductions in the —OH and other groups can be found at 100 °C, but
those functional groups gradually decrease as temperature increases to 300 °C. On
the other hand, most of the functional groups such as hydroxyl-OH, aliphatic C—H,
carbonyl C=0 and aromatic C—H bonds in the LMW lignin decrease noticeably at a
low temperature of 100 °C. The methoxyl groups at 2844 cm! indicate the losses of
O—CHs groups from the substituted aromatics structures by the ether linkages (i.e., a-
0O-4, B-1 and B-O-4) [171, 261, 262]. The bands between 1704 and 1612 cm 'which
represent the carbonyl groups that are unconjugated and conjugated to aromatic rings
also decrease with increasing temperature. The bands at 1513 — 1125 cm™! comprise
of aromatic ring vibrations, aromatic C—H of guaiacyl and syringyl rings. For the
LMW lignin, the intensities of various functional groups reduce sharply when
temperature increases from 100 to 300 °C. In contrast, those for the HMW lignin
decrease slowly as temperature increases from 100 to 300 °C, because of the higher

intensities of various functional groups for the chars from HMW lignin pyrolysis.

In order to understand the effect of the interactions between the LMW and HMW
portions of lignin on the changes in functional groups during the raw lignin pyrolysis,
the differences between the FT-IR spectra of the raw lignin chars and those
calculated based on the percentages of the LMW and HMW portions in the raw
lignin and their corresponding FT-IR spectra of chars produced at various pyrolysis
temperatures were determined at various pyrolysis temperatures, and the results are
shown in Figure 6.5. It can be found that the differences between the FT-IR spectra
of the raw lignin char and the calculated spectra initially increase when temperature
increases from 100 to 150 °C, suggesting that more functional groups are retained in
the chars due to the interactions between the LMW and HMW portions of lignin.
This is consistent with the increased char formation as pyrolysis temperature
increases (see Figure 6.3). However, the FT-IR signals start to reduce as the

temperature further increases, and almost reach zero when the temperature increases
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to 200 °C. At higher temperatures > 200 °C, the differences between the FT-IR

spectra of the raw lignin char and the calculated spectra even become negative,
indicating that less intensities could be detected in the raw lignin chars compared to
those calculated based on its LMW and HMW portions. Generally, the loss of
oxygenated functional groups can be due to two reasons: (1) the evaporation of the
oxygenated species after diffusion through the liquid intermediate phase and (2) the
polymerization of the oxygenated species in the liquid intermediate phase [263].
High temperature enhances the formation of liquid intermediate phase, further
suppressing the release of the oxygenated species in the volatiles due to increased
polymerization reactions. Therefore, such increased polymerization reactions can
lead to the loss of more oxygenated functional groups at increased temperatures. This
can be confirmed by the lower atomic O/C ratios for the chars from the raw lignin
sample at high temperature (i.e., 300 °C), showing more condensed structures in the

chars.
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Figure 6.5: Differences between the FT-IR spectra of the raw lignin chars and the

calculated spectra based on the percentages of the LMW and HMW portions in the

raw lignin and their corresponding FT-IR spectra of chars produced at 100-300 °C

6.4.3 Changes in Aromatic Structures
Since lignin mainly consists of aromatic structures, it is important to understand the

changes of the aromatic structures during lignin pyrolysis. The lignin and its char
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samples were dissolved in THF, and the THF-soluble fractions of the samples were
analysed by a UV fluorescence spectrometer to investigate the changes in the
aromatic ring structures during lignin pyrolysis. The UV fluorescence spectra of the
lignin samples and their chars produced at different temperatures are shown in Figure
6.6. It should be mentioned that the UV fluorescence intensities of the chars
produced from the HMW lignin are extremely weak, hence the data are not presented
in this study. It can be seen that the LMW lignin is mainly composed of aromatic
ring structures with fused rings of 2-5 (e.g., mono-ring for wavelength <290 nm, 2—
3 fused rings for wavelength at 290-340 nm and 3-5 fused rings for wavelength at
340-390 nm [257, 260]). To facilitate the comparison, all the UV fluorescence
intensities were normalized to the unit mass (per mg on a dry basis) of the lignin
sample fed into the reactor for direct comparisons. For the pyrolysis of the LMW
lignin, the UV fluorescence intensities decrease gradually when temperature
increases from 100 to 300 °C, due to the decomposition of the weakly bonded light
aromatic compounds. For the pyrolysis of the raw lignin, the UV fluorescence
intensities decrease slowly as temperature increases to150 °C. However, significant
reductions in the UV fluorescence intensities can be found when temperature

increases to 200 °C, and almost no signals can be detected at temperatures > 250 °C.

To understand the effect of the interactions between the LMW and HMW portions of
lignin on the changes in aromatic structures during the raw lignin pyrolysis, the
differences between the UV fluorescence intensities of the raw lignin chars and the
calculated UV fluorescence intensities based on the percentage of the LMW portion
in the raw lignin and their corresponding UV fluorescence intensities of chars
produced at various pyrolysis temperatures were determined. As shown in Figure 6.7,
the differences in the UV fluorescence intensities between the raw lignin chars and
the calculated results are small at 100 °C, indicating there are only minor interactions
at low temperatures. However, such differences increase as temperature increases to
150°C, mainly in the wavelength range of 320-370 nm, suggesting the formation of
more aromatic structures of 3—4 fused rings in the char from the raw lignin. At 200
°C, it is interesting to see the large negative intensities in the wavelength range of
290-390 nm, indicating that less aromatic structures of 2—5 fused rings are present in
the char from the raw lignin. Since only the THF-soluble portion of char sample can

be detected by the UV fluorescence analysis, it seems that the interactions between
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the LMW and HMW portions of lignin lead to the formation of more condensed
aromatic structures which are insoluble in THF, thus showing the negative intensities.
As the temperature further increases, such negative intensities starts to decrease, due
to reduced UV fluorescence intensities for the char from the LMW lignin at
increased temperatures. The results are consistent with the char yields and the FT-IR

results presented above.
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Figure 6.6: UV Fluorescence spectra of the chars from the pyrolysis of the raw and
LMW lignin samples at 100-300 °C. Panel (a) chars from the raw lignin. Panel (b)

chars from the LMW lignin
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Figure 6.7: Differences between the UV fluorescence intensities of the raw lignin
chars and the calculated UV fluorescence intensities based on the percentages of the
LMW portion in the raw lignin and their corresponding UV fluorescence intensities

of chars produced at 100-300 °C

6.5 Discussion on the Interactions between the LHW and HMW Portions of
Lignin during Pyrolysis

The above results clearly demonstrate the interactions between the LMW and HMW
portions of lignin during pyrolysis. Due to the presence of mainly light compounds in
the LMW lignin, the pyrolysis of the LMW lignin can start at a temperature of ~100
°C, lower than that (i.e., ~150°C) of the HMW lignin. The interactions between the
LMW and HMW portions of lignin can be clearly seen at 150 °C, because a
difference between the char yield of the raw lignin and that calculated based on the
LMW and HMW portions of lignin can be found at that temperature. This is
probably due to the softening and melting of lignin to form a liquid intermediate
phase at ~140 °C [36]. Due to the formation of a liquid phase, the evaporation of
small compounds produced from the HMW portion becomes more difficult,leading
to a higher char yield for the raw lignin. Such a difference in the char yield increases
with pyrolysis temperature, indicating the enhanced interactions between the LMW

and HMW portions of lignin at increased temperatures.
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The interactions between the LMW and HMW portions of lignin can affect the char

structural changes during lignin pyrolysis. At 100 °C, such interactions have small
effect on the char structure during lignin pyrolysis, as shown from the differences
between the FT-IR (see Figure 6.5) and UV Fluorescence spectra (see Figure 6.7) of
the raw lignin char and those calculated based on the THF-soluble and the THF-
insoluble lignin. However, the effect of interactions increases with temperature. At
150 °C, obvious differences in the FT-IR and UV Fluorescence spectra between the
raw lignin char and those calculated results can be seen. At higher temperatures (>
200 °C), the effect of interactions become more significant, since the differences
between the FT-IR and UV Fluorescence spectra of the raw lignin char and those
calculated results even become negative. This clearly shows that the interactions
between the LMW and HMW portions of lignin lead to the enhanced polymerization

of various functional groups to form more char.

Therefore, the results in this study provide direct evidence to show the interactions
between the LMW and HMW portions of lignin during pyrolysis. Due to the
presence of mainly light compounds, the LMW lignin can easily melt during
pyrolysis at a low temperature, leading to the formation of a liquid phase. The
formation of a liquid phase suppresses the release of the volatiles produced from both
the LMW and HMW portions of lignin, hence promoting the secondary reactions
(i.e., polymerization reactions) within the liquid phase to form more char with more

condensed structures.

6.6 Conclusions

This study reports the interactions between of the LMW and HMW portions of lignin
during pyrolysis at low temperatures of 100-300 °C. Due to the present of mostly
light compounds in the LMW lignin, its pyrolysis starts at a lower temperature (i.e.,
100 °C) than that (i.e., ~150°C) of the HMW lignin, and its char yield reduces more
significantly as pyrolysis temperature increases. When comparing the differences in
the char yields between the raw lignin pyrolysis and those calculated based on the
LMW and HMW portions of lignin, obvious interactions between the LMW and
HMW portions of lignin can be observed even at a low temperature of ~150°C,
leading to the formation of more char from the whole lignin pyrolysis. Such

interactions are enhanced at higher pyrolysis temperatures, evidenced by an increase
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in the char yield difference between the raw lignin and the calculated results as

temperature increases, i.e., from 0.5wt% at 100 °C to 10.7wt% at 300 °C. The
interactions not only increase the char yield but also change the char structures
during the whole lignin pyrolysis. Our results show that the interactions between the
LMW and HMW portions of lignin enhance the polymerization reactions of
oxygenated functional groups and aromatic structures with fused rings of 2—5 to form

more condensed aromatic structures with lower atomic O/C and H/C ratios.
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Chapter 7 Effect of Cellulose-Lignin Interactions on Char

Structural Changes during Fast Pyrolysis at Low Temperatures

7.1 Introduction

Lignocellulosic biomass is a renewable feedstock widely utilized in thermochemical
processes such as pyrolysis [264] and comprises of three major components
(cellulose, hemicellulose and lignin) [265]. Each component exhibits different
pyrolysis behaviour upon heating. Under non-catalytic conditions, hemicellulose
decomposes rapidly at ~220 °C, followed by cellulose decomposition at ~300 °C,
while lignin decomposes over a wide range of temperatures from 160 to 900 °C [127,
266]. The differences in properties and compositions of these biomass components

strongly affect both pyrolysis mechanisms and product distributions [267, 268].

During lignocellulosic biomass pyrolysis, different biomass components may interact
with each other. Hosoya et al. [268] observed significant interactions between
cellulose and lignin at 800 °C, while interactions between cellulose and
hemicellulose are weak. On one hand, the presence of cellulose inhibits the
polymerization of lignin-derived species and enhances the formation of light
compounds (such as guaiacol) from lignin. On the other hand, the presence of lignin
also influences cellulose pyrolysis. It is known that cellulose pyrolysis mainly
produces anhydro-sugars (i.e., levoglucosan) as primary products [233], which tend
to polymerize into char within the liquid intermediate phase, or evaporate into
volatiles [269]. The presence of lignin not only suppresses the polymerization of
levoglucosan into char, but also promotes the formation of some light compounds

such as furfural, 5S-HMF and acetic acid [269, 270].

However, previous studies on the interactions of cellulose and lignin mainly focused
on the characterisation of the volatiles from co-pyrolysis of cellulose and lignin [46,
268, 270, 271]. The knowledge on the characteristics and properties of chars
produced from co-pyrolysis of lignin and cellulose is limited, while such knowledge

is essential to understanding the pyrolysis mechanism of lignocellulosic biomass.
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Therefore, the main objective of this study is to understand the effect of cellulose-
lignin interactions on char structure changes during co-pyrolysis of cellulose and

lignin at 100—350 °C.

7.2 Yields and Properties of the Chars Produced from the Fast Pyrolysis of
Cellulose, Lignin and Cellulose-lignin Mixture

Figure 7.1 presents the char yields of the fast pyrolysis of cellulose, lignin and
cellulose-lignin mixture at 100-350 °C. Cellulose decomposition is slow at
temperatures < 250 °C, with char yields reducing from ~99% at 100 °C to ~96% at
250 °C, but becomes substantial at temperatures >250 °C with a char yield of only
~6% at 350 °C. Compared to cellulose, lignin decomposes gradually as temperature
increases, with char yields reducing from ~96% at 100 °C to ~46% at 350 °C. For
cellulose-lignin mixture, the char yield decreases gradually from ~98% at 100 °C to
~64% at 300 °C, but decreases rapidly to ~34% at 350 °C. The char yields were also
calculated based on the mass ratio (1:1) of cellulose and lignin in the mixture and the
individual char yields at various temperatures, assuming the pyrolysis of cellulose
and lignin takes place independently. The experimental and calculated char yields are
also compared in Figure 7.1. It can be clearly seen that the calculated char yields are
higher than the experimental results at 250 °C or below, with the difference
increasing from ~2% at 150 °C to ~6% at 250 °C. There is almost no difference
between the char yields from experiment and calculation at 300 °C, but such a
difference increases to~8% at 350 °C. These results clearly demonstrate the existence

of cellulose-lignin interactions during co-pyrolysis of cellulose and lignin.

The sugar contents (i.e., glucose) of char samples from the fast pyrolysis of cellulose,
lignin and cellulose-lignin at 100-350 °C were determined via acid hydrolysis, with
the results presented in Figure 7.2. After post hydrolysis, all sugar structures in the
char samples are converted into glucose. Very little amount of glucose (i.e., ~0.1%)
could be detected from lignin post hydrolysis.The glucose yield of the char from
cellulose decreases progressively with temperature, from ~98% at 100 °C to ~58% at
300°C, then to zero at 350 °C, indicating the complete destruction of sugar structures
at 350 °C. For the cellulose-lignin mixture, the glucose yield of the char reduces
from ~49% at 100 °C to ~22% at 300 °C, then to zero at 350 °C. To study the effect

of cellulose-lignin interactions on the sugar structures, the sugar yields of the chars
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were also calculated based on the mass ratio (1:1) of cellulose and lignin in the
mixture and their corresponding glucose yields at various temperatures, and the
experimental and calculated results are also presented in Figure 7.2. It can be seen
that there are no obvious differences between the experimental and calculated sugar
yields at 150 °C or below. However, the glucose yields from experiments are slightly
lower than the calculated results at temperatures > 150°C, demonstrating that the
presence of lignin indeed affects the decomposition of sugar structures during
cellulose pyrolysis. The difference between the experimental and calculated sugar
yields increases slightly from ~5% at 200 °C and ~7% at 300 °C. At 350°C, since all
sugar structures are decomposed, there are no differences between the experimental
and calculated results. Clearly, these results demonstrate that the presence of lignin
enhances the decomposition of sugar structures during cellulose pyrolysis, leading to

reduced sugar yields in the char.
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Figure 7.1: Char yield from the pyrolysis of lignin, cellulose and cellulose-lignin
mixture at 100-350 °C

The elemental compositions of all raw samples and chars are listed in Table 7.1. The
carbon content of cellulose char only increases slightly from ~42.7% at 100 °C to
~47.5% at 350 °C, accompanied by the decreasing hydrogen and oxygen contents
from ~6.1 to ~51.2% at 100 °C to ~5.5and ~46.9% at 350 °C, respectively. This
leads to reductions in the atomic H/C and O/C ratios from 1.72 and 0.90 at 100 °C to

1.39 and 0.74 at 350 °C, respectively. In comparison, the carbon content of lignin
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char increases from ~64.6 to ~71.4% with increasing temperature from 100 to 350 °C,
accompanied by the decreasing hydrogen and oxygen contents from ~5.8 and
~23.9% at 100 °C to ~5.0 to ~23.4% at 350 °C, respectively. This leads to a
reduction in the H/C atomic ratio from 1.08 at 100 °C to 0.84 at 350 °C, as expected
because lignin char becomes more condensed as temperature increases. As for the
chars from the cellulose-lignin mixture, the carbon content also increases from
~52.8% at 100 °C to ~58.8% at 350 °C, with the hydrogen and oxygen contents
reducing from ~6.0 to ~40.2% at 100 °C and ~5.4 to ~35.7% at 350 °C. The atomic
H/C and O/C ratios also decrease from 1.33 and 0.56 at 100 °C to 1.10 and 0.46 at
350 °C, respectively. To further investigate the effect of cellulose-lignin interactions
on elemental composition of char during co-pyrolysis, the calculated atomic ratios of
H/C and O/C based on the mass ratio (1:1) of cellulose and lignin in the mixture and
their corresponding elemental compositions at various temperatures are also
presented in Table 7.1 for comparisons. The experimental H/C ratio is slightly lower
than the calculated H/C ratio at 250 °C or below, but higher at temperatures >250 °C.
Similar trends can be observed for the O/C ratio. The results further demonstrate that
the cellulose-lignin interactions enhance cellulose decomposition at temperatures <

250 °C but suppress the condensation reactions at temperatures > 250 °C.
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Figure 7.2: Glucose yields from pyrolysis of cellulose, lignin and cellulose-lignin

mixture at 100-350 °C
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Table 7.1: Elemental compositions of the chars from the pyrolysis of cellulose, lignin
and cellulose-lignin mixture at 100-350 °C.

T Elemental Analysis (Wt%, daf)  Atomic H/C  Atomic O/C

Samples

(°0) C H N 0? exp cal® exp cal®

RT 427 6.2 - 51.1 1.74 - 0.90 -

100 427 6.1 - 51.2 1.72 - 0.90 -

150 42.8 6.1 - 51.1 1.72 - 0.90 -

Cellulose 200 43.0 6.1 - 51.0 1.70 - 0.89 -

250 43.6 6.0 - 50.4 1.66 - 0.87 -

300 452 59 - 48.9 1.56 - 0.81 -

350 47.5 5.5 - 46.9 1.39 - 0.74 -

RT 63.3 6.1 0.4 30.2 1.15 - 0.36 -

100  64.6 5.8 0.3 29.3 1.08 - 0.34 -

150 654 5.8 0.2 28.6 1.07 - 0.33 -

Lignin 200 65.9 54 0.2 28.5 0.99 - 0.32 -

250  66.8 5.2 0.2 27.8 0.93 - 0.31 -

300 70.0 5.0 0.3 24.7 0.85 - 0.26 -

350 714 5.0 0.2 23.4 0.84 - 0.25 -

RT 528 6.1 0.1 40.9 1.39 139 058 0.58

100  53.8 6.0 0.1 40.2 1.33 1.34 056 0.57

Cellulose 150 54.0 5.8 0.1 40.1 1.28 132 0.56 0.57

. 200 54.7 5.6 0.1 39.6 1.23 131 054 0.55
-Lignin

250 549 5.6 0.1 39.4 1.21  1.22 054 0.53
300 56.1 5.5 0.1 38.3 1.18 1.13 051 048
350 58.8 54 0.1 35.7 1.10 1.06 046 0.44

7.3 Structural Changes of the Chars Produced from the Fast Pyrolysis of
Cellulose, Lignin and Cellulose-lignin Mixture

The structures of chars from cellulose, lignin and cellulose-lignin mixture were
further characterised by a series of analytic instruments including FT-IR, UV
fluorescence and NMR. The FT-IR spectra of the raw samples and their chars
produced from pyrolysis at 100-350 °C are shown in Figure 7.3. The presented
spectra of the char samples were all normalized to the unit mass (per mg on a dry
basis) of the raw sample for direct comparisons. The peak assignments of various
functional groups are summarized in Table 7.2. For the cellulose chars, the main
peaks identified are —OH stretches (3352 cm!), C—H bonds (2900 cm!), C=0 bonds
(1730 cm™), OH of methyl or absorbed H>O (1638 c¢cm) and C-O-C vibrations
(1050 cm™). According to the spectra shown in Figure 7.3, the absorbance intensities
of the char show slight decreases at low temperatures (< 250 °C), and significant
changes are only observed when the temperature increases to 300 °C. The slow

decrease of —~OH stretching at 3352 cm!can be attributed to dehydration reactions of
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hydroxyl groups [272, 273]. The band associated to C—H at 2900cm™ shows the

rupture of aliphatic groups of alkyl compounds in cellulose char. It is important to
point out that the peak at 1730 cm™ begins to form at > 300 °C, indicating the
formation of new C=O functional groups (via mechanisms such as dehydration, ring
opening and polymerization reactions [274]). The band observed at 1638 c¢cm™ is
reported as the —OH bending (due to the absorption of water [273]), known to be
produced from dehydration reactions of polysaccharides to form anhydro-sugars
[274]. The peak at 1050 cm! is the C—O—C bridge stretching of pyranose saccharide
rings, and its intensity decreases with temperature.
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Figure 7.3: FT-IR spectra of the chars from the pyrolysis of cellulose, lignin and
cellulose-lignin mixture at 100-350 °C. Panel (a) cellulose and its chars: (1)
cellulose; (2) 100 °C; (3) 150 °C; (4) 200 °C; (5) 250 °C; (6) 300 °C; (7) 350 °C.
Panel (b) lignin and its chars: (1) raw lignin; (2) 100 °C; (3) 150 °C; (4) 200 °C; (5)
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250 °C; (6) 300 °C; (7) 350 °C. Panel (c) cellulose-lignin mixture and its chars: (1)
cellulose-lignin mixture; (2) 100 °C; (3) 150 °C; (4) 200 °C; (5) 250 °C; (6) 300 °C;
(7) 350 °C.

As for the lignin chars, the main functional groups also reduce as temperature
increases, including —~OH stretches (3419 c¢cm™), aliphatic C-H (2938 cm™), —-CH3
stretches (2844 c¢cm™), C=0 bonds (1704 cm™), aromatic ring vibrations (1513 c¢m™)
and C-O bonds (1033 ¢cm™). However, the absorbance intensities of the lignin chars
show obvious reductions even at 150 °C, which is expected since lignin
decomposition starts at a lower temperature (i.e., ~100 °C) than that (~200 °C) for
cellulose [260]. It is noted that the intensities at 350 °C are very weak. This can be
attributed to the transformation of these functional groups into highly aromatic
structures (invisible to FT-IR) via various reactions (e.g. fragmentation,
demethylation and decarbonylation [275]), eliminating aliphatic and phenolic

components [276, 277].

Table 7.2: Peak assignments for FT-IR spectra of lignin [35, 37, 172] and of
cellulose samples [278-280].

Components Wavenumbers (cm™) Assignments
3352 OH stretching
2900 CH stretching
1730 C=0 groups
Cellulose 1638 Absorbed.wate.r by .—OH fibers
1430 CH; bending vibrations
1375 CH deformation vibrations
1240 OH in plane bending
1050 C—O-C of pyranose ring
3419 OH stretching
2860-3000 Aliphatic CH stretching
2844 CHjs stretching of methoxyl group
1704 C=0 unconjugated to ketones, carbonyl and
esters
Lignin 1612 C=0 stretching conjugated to aromatic ring
1513 Aromatic ring stretching
1221-1234 C—C plus C-O
1155 Aromatic CH stretching of guaiacyl ring
1125 Aromatic CH stretching of syringyl ring
1033 C—O stretch in primary alcohol
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For the chars from cellulose-lignin mixture, all the absorption bands decrease with
increasing temperature. The major difference lies in the wavenumber of 1000—1700
cm’!. The intensities of various functional groups gradually decrease as temperature
increases. However, the spectra of the chars at 1000-1700 cmappear to decrease
greatly at 200 °C, mainly due to lignin pyrolysis. The —OH stretching and aliphatic
groups C—H decrease with increasing temperature, showing the release of alkyl
chains substituent and phenolic compounds (monomers or oligomers). The aromatic
bands mostly between 1513 and 1125 cm™! also decrease with increasing temperature.
Major reductions in functional groups take place at 300 °C, mainly due to cellulose
pyrolysis. The C—O—C bonds derived from saccharides decrease rapidly and majority
of them diminish at 350 °C.
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Figure 7.4: Differences between the experimental and calculated FT-IR absorbance

intensities of chars for the pyrolysis of cellulose-lignin mixture at 100-350 °C

The FT-IR spectra of the chars from experiments were compared with the calculated
spectra based on the mass ratio (1:1) of cellulose and lignin in the mixture and the
corresponding FT-IR spectra of chars produced from pyrolysis individually. The
differences between the experimental and calculated intensities of the spectra (i.e.,
subtracting the calculated spectra from the experimental spectra) are presented in
Figure 7.4. At temperatures < 200 °C, negative intensities between the experimental
and calculated FT-IR spectra can be seen, i.e. the experimental results are lower than
the calculated results. Since the reactions of cellulose pyrolysis are minimal at

temperatures < 200 °C, the results indicate that the releases of lignin-derived
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volatiles are enhanced during co-pyrolysis of cellulose and lignin. However, positive
intensities between the experimental and calculated FT-IR spectra can be found at
temperatures > 300 °C, indicating that more chemical functional groups from

cellulose are retained in the chars at 300 °C and above.
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Figure 7.5: UV fluorescence spectra of the chars from the pyrolysis of lignin and
cellulose-lignin mixture at 100-300 °C. Panel (a) lignin and its chars: (1) lignin; (2)
100 °C; (3) 150 °C; (4) 200 °C; (5) 250 °C; (6) 300 °C. Panel (b) cellulose-lignin
mixture and its chars: (1) cellulose-lignin mixture; (2) 100 °C; (3) 150 °C; (4) 200 °C;
(5) 250 °C; (6) 300 °C

The lignin, cellulose-lignin mixture and respective char samples were dissolved in
THF, and the dissolved samples were analysed by UV fluorescence spectrometer to
investigate the changes of the aromatic fused ring structures during pyrolysis. Figure
7.5 shows the UV fluorescence spectra of the chars produced from the pyrolysis of
lignin and cellulose-lignin mixture at 100-300 °C. It should be noted that there are

no UV fluorescence intensities from the cellulose chars. For the chars from lignin
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and cellulose-lignin mixture, a broad peak can be seen from the spectra in the
wavelength range of 250-400 nm, with mono ring at < 290 nm, 2-3 fused rings at
290-340 nm, 3-5 fused rings at 340-390 nm [257]. To enable direct comparisons, all
the UV fluorescence spectra were normalized to the unit mass (per mg on a dry basis)
of the raw sample, and the results are shown in Figure 7.5. For lignin pyrolysis, the
UV fluorescence intensities decrease slowly as temperature increases to 150 °C,
indicating the slow release of light lignin compounds (i.e., the so-called low-
molecular-weight portion of lignin [281]). However, significant reductions in the UV
fluorescence intensities can be found at 200 °C, and almost no signals can be
detected at 250 °C. This can be attributed to the softening and melting of lignin at
~140 °C, generating a liquid intermediate phase that suppresses the release of volatile
compounds from lignin hence forming a char with more aromatic characteristics. The
UV fluorescence intensities of the chars from the pyrolysis of cellulose-lignin
mixture follow a similar trend, but the reductions in aromatic fused ring structures
are much slower at 200 °C, indicating polymerization of lignin-derived aromatic

structures being suppressed during co-pyrolysis.
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Figure 7.6: Differences between the experimental and calculated UV fluorescence

intensity of the chars for the pyrolysis of cellulose-lignin mixture at 100—300 °C

The UV fluorescence intensities of the chars from experiments were also compared
with the calculated spectra based on the mass ratio (1:1) of cellulose and lignin in the
mixture and their corresponding UV fluorescence intensities of chars produced at

various temperatures. The differences between the experimental and calculated UV
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fluorescence intensities (i.e., subtracting the calculated intensities from the
experimental intensities) are plotted in Figure 7.6. The experimental results are
higher than the calculated results, due to the positive UV fluorescence intensities
between the experimental and calculated results. As the temperature increases, the
differences of UV fluorescence intensities increase slowly and reach maximum at
200 °C, followed by decreases as temperature further increases. More aromatic
structures of 2—5 fused rings are retained in the char during co-pyrolysis of lignin
and cellulose, especially at 200 °C, demonstrating that the presence of cellulose
suppresses the polymerization of aromatic structures in lignin during co-pyrolysis of

cellulose and lignin.

The solid state '*C CP/MAS NMR analysis was also used to study the changes of
carbon structure in the chars from the pyrolysis of cellulose, lignin and cellulose-
lignin mixture, and the results are presented in Figure 7.7. The assignment of carbons
in cellulose are listed as: C1 at 100-108 ppm, combination of C2/C3/C5 at 70-78
ppm, C4 at 81-91 ppm and C6 at 60—66 ppm [282]. For cellulose pyrolysis, there are
negligible changes in the spectra of chars at temperatures < 200 °C, as expected. At
300 °C, the spectrum shows the decomposition of sugar structures, since cellulose
decomposition starts at 250 °C. The sharp resonance peaks of the NMR spectra of
cellulose char also disappear at 300 °C. For lignin pyrolysis, the carbon groups are
assigned as follows: aliphatic C at 10-50 ppm, methoxyl C at 50-90 ppm, aromatic
C at 102—155 ppm and carbonyl C at 160-220 ppm [283]. The spectra of lignin chars
show decreasing peaks of aliphatic and methoxyl carbons, but increasing peaks of
aromatic carbons as temperature increases from 100 to 300 °C. The NMR spectra
indicate that the aliphatic and methoxyl carbon structures are gradually transformed

into more condensed aromatic structures as temperature increases during lignin

pyrolysis.

The spectra of chars from the pyrolysis of cellulose-lignin mixture show overlapping
characters from both lignin and cellulose structures. As the temperature increases
from 100 to 300 °C, the NMR spectra show decreasing aliphatic and methoxyl
carbon structures from lignin, while the sugar structures from cellulose only
experience slight reductions at 300 °C. It is interesting to see that the sugar structures

are still present in the char from cellulose-lignin co-pyrolysis even at 300 °C, in
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contrast to the significant destruction of sugar structures during cellulose pyrolysis
alone. The results demonstrate that part of sugar structures are preserved during co-

pyrolysis of cellulose and lignin.
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Figure 7.7: 3C CP/MAS NMR spectra of the chars from the pyrolysis of cellulose,

lignin and cellulose-lignin mixture at 100—300 °C. (a) Cellulose and its chars; (b)

lignin and its chars; (c) cellulose-lignin mixture and its chars.
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7.4  Discussion on the Cellulose-lignin Interactions during Co-pyrolysis of
Cellulose and Lignin

The experimental results presented in this study clearly demonstrate the existence of
interactions between cellulose and lignin during co-pyrolysis. The cellulose-lignin
interactions affect both char yields and char structures during co-pyrolysis. At
temperatures < 250 °C, pyrolysis of cellulose-lignin mixture leads lower char yields
than the theoretically-calculated values (assuming no synergies), with the differences
between the experimental and calculated char yields increasing from ~2% at 150 °C
to ~6% at 250 °C. This demonstrates the presence of cellulose enhances the release
of lignin-derived compounds, due to the hydrogen donation from the cellulose-
derived compounds to stabilize the reactive species from lignin pyrolysis. The
hydrogen could be the mobile protons possibly generated from the cellulose-derived
products in the liquid intermediates during cellulose-lignin pyrolysis, as evidenced
by Shrestha et al. [36] in their in situ '"H NMR experiments. It is known that reaction
intermediates (mainly sugar and anhydro-sugar oligomers) can be produced from
cellulose pyrolysis even at 150 °C [284]. Those intermediates can easily participate
in lignin pyrolysis reactions as hydrogen donors. Eventually, this leads to suppressed
polymerization of lignin-derived species and increased release of light compounds
from lignin pyrolysis, resulting in reduced char yields. Meanwhile, the UV
fluorescence spectra (see Figure 7.6) also indicate more retention of aromatic
structures with 2-5 fused rings during co-pyrolysis of cellulose and lignin. Since the
reaction intermediates from cellulose pyrolysis are involved in lignin pyrolysis
reactions as hydrogen donors, the sugar content in the char from co-pyrolysis of

cellulose and lignin is also slightly reduced, compared to the calculated sugar content.

At temperatures > 250 °C, cellulose pyrolysis becomes more important. Due to the
enhanced destruction of sugar structures at temperatures < 250 °C, the volatiles
released from cellulose pyrolysis are reduced hence increasing the char formation
from cellulose. This is supported by the FT-IR and NMR results (see Figure 7.4),
which show increased retention of cellulose structures at temperatures > 250 °C. As a
result, pyrolysis of cellulose-lignin mixture leads higher char yields than the
theoretically-calculated values, with the difference between the experimental and

calculated char yields increasing from ~1% at 300 °C to ~8% at 350 °C.
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7.5  Conclusions

This study reports the effect of cellulose-lignin interactions on the structural changes
of chars during fast pyrolysis at 100-350 °C. Co-pyrolysis of cellulose and lignin
leads to a reduced char yield at low temperatures (< 250 °C) but an increased char
yield at high temperatures (> 250 °C), compared to the calculated char yield from the
pyrolysis of cellulose and lignin individually. At temperatures < 250 °C, the retention
of lignin functional groups is found to reduce in the char from co-pyrolysis of
cellulose and lignin, likely due to the formation of reaction intermediates (i.e.,
anhydro-sugars) from cellulose pyrolysis, which can stabilize the reactive species
from lignin pyrolysis as hydrogen donors. This leads to enhanced evaporation and
suppressed polymerization of lignin-derived species, thus reducing the char yield.
The differences between the experimental and calculated char yields increase with
temperature, from ~2% 150 °C to ~6% at 250 °C. As a result, the destruction of
sugar structures in cellulose is enhanced at temperatures < 250 °C, as evidenced by
reduced sugar content of the char. This leads to increased char formation from
cellulose pyrolysis at temperatures > 250 °C, as evidenced by increased retention of
cellulose functional groups in the char from co-pyrolysis of cellulose and lignin. The
difference between the experimental and calculated char yields increases from ~1%

at 300 °C to ~8% at 350 °C.
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8.1

Chapter 8 Conclusions and Recommendations

Conclusions

This research work leads to a better understanding on the current knowledge of lignin

and its derived compounds pyrolysis mechanisms, particularly at low temperatures.

This chapter summarizes the key findings from this present study and outlines the

recommendations for future study in this research area.

8.1.1

Thermal Decomposition of Pyrolytic Lignin under Inert Conditions at

Low Temperatures

The major reduction in char yield is contributed by the light lignin-derived
aromatic oligomers, which can easily decomposed during fast pyrolysis.

The presences of both light and heavy lignin-derived aromatic oligomers
interact with each other and enhanced the char formation during the thermal
decomposition reaction.

The main reactions take place during the pyrolysis of pyrolytic lignin include
the cleavage of aliphatic, demethylation and decarbonylation, mainly due to
the rupture of ether linkages in the pyrolytic lignin structure, resulting in the
release of phenolic compounds.

The chars produced from pyrolysis of pyrolytic lignin at higher temperature
(i.e., T > 300 °C) consist of mainly heavy lignin-derived aromatic oligomers.
The presence of mostly heavy aromatic oligomers in the char from pyrolytic
lignin pyrolysis at temperature > 250 °C tends to polymerize, leads to the

formation of more char.

8.1.2 Structural Changes of Chars Produced from Fast Pyrolysis of Lignin at

Low Temperatures

The low-molecular-weight portion of lignin is appeared to be an important
precursor of not only volatiles formation due to decomposition but also char
formation via polymerization reactions.

The low-molecular-weight portion of lignin can be easily undergo melting
and softening to form a liquid intermediate phase at low temperatures, and

affects the char structures during pyrolysis.
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The polymerization reactions become increasingly significant at temperature
> 175 °C, resulting in the transformation of THF-soluble portion into the
THF-insoluble portion.

Further elevating the pyrolysis temperature > 250 °C leading to the formation
of more condensed char structure due to the major depletion of hydroxyl,

aliphatic, methoxyl and carbonyl/carboxyl groups.

8.1.3 Interactions between Low- and High-molecular-weight Portions of

Lignin during Fast Pyrolysis at Low Temperatures

The interactions between the low- and high-molecular-weight portions of
lignin also lead to the formation of more char with condensed structures.

The formation of liquid intermediate mainly due to the decomposition of the
low-molecular-weight species in lignin at low temperature of 100 °C,
suppressed the release of volatiles from both THF-soluble and THF-insoluble
portions.

The reaction temperature seems to affect the interactions between the low-
molecular-weight species in lignin, thus change the char structures during
pyrolysis.

Above temperature of 200 °C, the polymerization reactions of the oxygenated
compounds are greatly enhanced to form char with larger aromatic ring and

condensed structure.

8.1.4 Effect of Cellulose-lignin Interactions on Char Structural Changes

during Fast Pyrolysis at Low Temperatures

The interactions between cellulose and lignin not only affect the char yield
but also the char structure during the co-pyrolysis of cellulose and lignin even
at low temperatures.

The reduction in char yield is mainly due to the enhanced evaporation of
lignin-derived species and the cellulose-derived products suppress the
polymerization of aromatic structure in lignin at low temperatures (< 250 °C).
The presence of reaction intermediates in molten phase, mainly produced
from cellulose pyrolysis at lower temperature of 150 °C, actively participate

as hydrogen donors to stabilize the reactive species from lignin pyrolysis.
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e At higher temperatures (> 250 °C), additional char formation apparently due

to enhanced polymerization of cellulose-derived species.

8.2  Recommendations
Based on the findings from the present study, the following new research gaps are

recommended for future work:

e It is desired to further characterize the char products, especially those
produced from higher pyrolysis reaction temperatures to understand the form
of the structure that retained in char, as some analysis techniques could only
analyse the soluble portion via solvent extraction.

e Further investigations on the reaction intermediates formation in liquid phase,
considering the in situ analysis.

e It is also desired to study the effect of loading various AAEM species (e.g.,
NaCl, KCl, MgCl, and CaCl,) on the intermediates formation mechanisms
during the pyrolysis reaction of lignin and its derived compounds.

e Current study focusing on the homogeneous mixture of cellulose and lignin,
in a mass ratio of 1:1 for the interactions investigation. Extended research can
be studied on the heterogeneous structure of cellulose-lignin mixture or in

variety of mixing ratio, to examine their influence on pyrolysis mechanisms.
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APPEDICES

1II. Chapter 6, reprinted with permission from (Yee Wen Chua, Hongwei Wu and
Yun Yu. Interactions between Low- and High-molecular-weight Portions
of Lignin during Fast Pyrolysis at Low Temperatures, Energy &Fuels
2019, DOI: 10.1021/acs.energyfuels.9b02813.) Copyright (2019) from
American Chemical Society.
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