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The Biofuels and Biorefineries Series aims at being a comprehensive and integrated
reference for biomass, bioenergy, biofuels, and bioproducts. The Series provides
leading global research advances and critical evaluations of methods for converting
biomass into biofuels and chemicals. Scientific and engineering challenges in bio-
mass production and conversion are covered that show technological advances and
approaches for creating new bio-economies in a format that is suitable for both
industrialists and environmental policy decision-makers

The Biofuels and Biorefineries Series provides readers with clear and concisely-
written chapters that are peer-reviewed on significant topics in biomass production,
biofuels, bio-products, chemicals, catalysts, energy policy, economics, thermochem-
ical and processing technologies. The text covers major fields of plant science, green
chemistry, economics and economy, biotechnology, microbiology, chemical engi-
neering, mechanical engineering and energy.
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Annual global biomass production is about 220 billion dry tons or 4,500 EJ,
equivalent to 8.3 times the world’s energy consumption in 2014 (543 EJ). On the
other hand, world-proven oil reserves at the end of 2011 reached 1652.6 billion
barrels, which can only meet just over 50 years of global production. Therefore,
alternative resources are needed to both supplement and replace fossil oils as the raw
material for transportation fuels, chemicals and materials in petroleum-based indus-
tries. Renewable biomass is a likely candidate, because it is prevalent over the Earth
and is readily converted to other products. Compared with coal, some of the
advantages of biomass are: (i) its carbon-neutral and sustainable nature when
properly managed; (ii) its reactivity in biological conversion processes; (iii) its
potential to produce bio-oil (ca. yields of 75%) by fast pyrolysis because of its
high oxygen content; (iv) its low sulphur and lack of undesirable contaminants
(e.g. metals, nitrogen content) (v) its wide geographical distribution and (vi) its
potential for creating jobs and industries in energy crop productions and conversion
plants. Many researchers, governments, research institutions and industries are
developing projects for converting biomass including forest woody and herbaceous
biomass into chemicals, biofuels and materials and the race is on for creating new
“biorefinery” processes needed for future economies. The development of
biorefineries will create remarkable opportunities for the forestry sector, biotechnol-
ogy, materials, chemical processing industry, and stimulate advances in agriculture.
It will help to create a sustainable society and industries that use renewable and
carbon-neutral resources.
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Preface

Lignocellulosic biomass consists of biopolymers (cellulose, hemicellulose and lig-
nin) that form a matrix with structural similarities but with uniqueness among its
many forms. As one of the most abundant renewable resources, lignocellulosic
biomass can be transformed into materials, chemicals and energy with sustainable
chemistry and engineering. The substitution of traditional fossil resources by the
three major biopolymers as sustainable feedstocks is being extensively investigated
for the manufacture of high value-added products including biofuels, commodity
chemicals, bio-based functional materials, and heterogeneous catalysts that can be
directly applied to promoting the development of sustainable manufacturing pro-
cesses. Aimed at improving the awareness of effective conversion protocols and for
developing innovative biomass conversion processes, this text was conceived as a
collection of studies on state-of-the-art techniques and know-how for producing
biofuels and chemicals from biomass by pyrolysis. Discussion on related topics in
terms of recent advances and their assessment and the promise and prospects of new
methods or new technological strategies are provided to readers in a concise and
informative format. Each individual chapter was contributed by globally-selected
experts or professionals and was peer-reviewed and edited for content and consis-
tency in terminology.

This book is the tenth book of the series entitled, “Biofuels and Biorefineries”,
and contains 13 chapters contributed by leading experts in the field. The text is
arranged into five key areas:

¢ Part I. Fundamentals of pyrolysis (Chapters 1-4)

¢ Part II. Production of liquid biofuels by pyrolysis and catalytic pyrolysis
(Chapters 5 and 6)

e Part III. Production of Liquid biofuels with microwave pyrolysis (Chapters
7 and 8)

e Part IV. Production of bio-chemicals by pyrolysis (Chapters 9-11)

e Part V. Design of pyrolysis units and models (Chapters 12 and 13)



vi Preface

Chapter 1 introduces thermo-chemical conversion methods that produce
biochar, bio-oil and bio-gases via slow pyrolysis, torrefaction, intermediate pyroly-
sis, fast pyrolysis, flash pyrolysis, and catalytic pyrolysis. Pyrolysis chemistry of
biomass, especially for biomass-related compounds such as cellulose, hemicellulose
and lignin is summarized. Chapter 2 introduces catalytic effects of ash on pyrolysis
products, secondary or successive gas phase reactions of pyrolysis products and
covers kinetic models that allow study of optimal conditions for bio-oil production,
mathematical modeling of the thermochemical processes and coupled transport and
kinetic processes on the scale of both the particle and the reactor. Chapter 3 focuses
on experimental and theoretical studies regarding free radical and concerted reac-
tions of lignin model compounds for the production of phenolic and aromatic
compounds, and provides the essence of fast pyrolysis chemistry of lignin and its
model compounds, and associated reaction kinetics. Chapter 4 focuses on individ-
ual reaction mechanisms for cellulose, hemicellulose, and lignin, and their interac-
tion as well as the effect of inorganic species, based on the formation mechanism of
bio-oil, char and gaseous products. Chapter 5 introduces upgrading of bio-oils by
use of several typically highly-active solid catalysts with metal modification, and
gives a state-of-the-art overview of the effects of pore size and acidic-basic proper-
ties of the solid catalysts on their activity, selectivity, stability and deactivation.
Chapter 6 presents a comprehensive review of the development of biomass catalytic
fast pyrolysis (CFP) and bio-oil upgrading routes via choice of catalysts, feedstocks,
reaction methods and reactors. Chapter 7 discusses mechanisms of microwave-
assisted pyrolysis (MAP) of lignocellulosic biomass and developments in MAP in
use of microwave absorbers, modeling and simulation of MAP of biomass, reaction
kinetics and mass transfer, and challenges in the scaling up of MAP from laboratory
to industrial scales. Chapter 8 introduces MAP of waste biomass together with an
exhaustive coverage of interactions of microwave with materials that shows the main
mechanisms involved. Chapter 9 shows approaches for integrating pyrolysis and
microbial processes and summarizes opportunities and challenges involving micro-
bial conversion of pyrolysis products. Chapter 10 presents a comprehensive strat-
egy for lignocellulose saccharification and investigates pretreatment of components
and structures of lignocellulose and the influence of alterations on levoglucosan
production. Chapter 11 deals with production of renewable phenols, especially
phenol, from lignocellulosic biomass pyrolysis, and discusses types of lignocellu-
losic biomass used in pyrolysis processes, and the effect of reaction conditions on
phenol production along with applications for phenolic-rich bio-oils. Chapter 12
analyzes syngas production through pyrolysis and gasification, its compression and
its use in gas turbines, and discusses important points related to syngas ignition,
syngas explosion limits at high-temperatures and high-pressures and syngas com-
bustion kinetics. Chapter 13 introduces three main biomass conversion models
denoted as the molecular model, the single particle model and the reactor model
and provides applications and how they can be used in analysis from a practical point
of view.

The text should be of interest to professionals in academia and industry who are
working in the fields of natural renewable materials, biorefinery of lignocellulose,
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biofuels and environmental engineering. It can also be used as comprehensive
references for university students with backgrounds of chemical engineering, mate-
rial science and environmental engineering.

Nanjing, China Zhen Fang
Sendai, Japan Richard L. Smith Jr
Nanjing, China Lujiang Xu
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Part 1
Fundamentals of Pyrolysis



Chapter 1 ®)
Introduction to Pyrolysis e
as a Thermo-Chemical Conversion

Technology

Lujiang Xu, Liqun Jiang, Huan Zhang, Zhen Fang, and Richard L. Smith Jr

Abstract Pyrolysis is the thermal decomposition of materials under an inert atmo-
sphere to produce biofuels or chemicals. This chapter introduces the following
thermo-chemical conversion methods that produce biochar, bio-oil and bio-gases:
slow pyrolysis, torrefaction, intermediate pyrolysis, fast pyrolysis, flash pyrolysis,
and catalytic pyrolysis. Pyrolysis chemistry of biomass, especially for biomass-
related compounds such as cellulose, hemicellulose and lignin is summarized.
Pyrolysis is compared with other common technologies to define its scope as a
method for biomass conversion.

Keywords Pyrolysis - Classification - Products - Chemistry - Parameters

1.1 Introduction

Energy is an important part of social development and provides the basis for health,
welfare and economic security of a country or region [1, 2]. Present energy con-
sumption (2018) in units of tonne of oil equivalent (toe) is 13,978 Mtoe that is
derived from roughly 32% oil, 22% gas, 27% coal, and 10% biomass [3]. The
Energy consumption for 2030 is forecast to increase at a rate of 2% per year based on
2015-2018 trends, which is driven by changing lifestyles of the present population.
The United Nations Sustainable Development Goals (UN SDGs) were initiated to

L. Xu - H. Zhang - Z. Fang (b))

Biomass Group, College of Engineering, Nanjing Agricultural University, Nanjing, Jiangsu,
China
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promote efficient use of resources for human and world development including the
environment. As the world’s population increases from its present value of 7.7
billion (10°) people to 8.6 billion people in 2030, it can be expected that many
environmental issues will emerge related to energy consumption. For example, the
world carbon dioxide emissions reached 37.1 x 10” tonnes (37.1 Gt) in 2018 and are
rising at a rate of more than 2% per year [4]. The consumption of oil, gas and coal
produces not only a large number of greenhouse gases, but also many environmental
pollutants such as nitrogen oxides and sulfur oxides, which greatly affects the
environment and the health of living beings [5]. Biomass, on the other hand, if
converted to energy and chemicals with efficient and sustainable methods, offers a
resource that can be used beneficially for human welfare.

Biomass (wood, grass, agricultural waste, palm oil processing residues, lipids and
animal wastes) is potentially a carbon neutral feedstock [6]. Biomass is a mixture of
organic compounds and usually contains minor amounts of inorganic compounds,
and includes carbon, oxygen, hydrogen elements, but also can contain nitrogen,
sulphur, or chlorine elements depending on its source and its contamination. Pres-
ently, biomass is the third most important resource used to generate heat and
electricity in the world. Biomass is used for the production of renewable bio-fuels
via appropriate technologies, such as physical, bio-chemical and thermo-chemical
processes as shown in Fig. 1.1 [7, 8]. Physical processes (Fig. 1.1) use crushing, heat
or pressure for converting biomass into solid fuels [9]. Bio-chemical processes
(Fig. 1.1) use enzymes and micro-organisms for converting biomass into desired
chemical products such as ethanol or biogas [10]. Thermo-chemical processes
(Fig. 1.1) use heat for converting biomass into energy products [11] or combustion
in air to directly produce heat or gas [12], whereas gasification of biomass uses the
presence of air and steam to produce syngas and fuel gas [13]. Pyrolysis, on the other
hand, is a thermo-chemical method that uses heat in an inert atmosphere for
converting biomass into gaseous, liquid or solid products [14].

Compared with physical methods, thermo-chemical methods have realized a
large number of practical bio-products [15], whereas compared with bio-chemical
methods, the thermo-chemical methods tend to be more efficient (short conversion
time) and more robust (variable feedstocks, insensitive to presence of impurities).
Among the thermo-chemical conversion methods (Fig. 1.1), pyrolysis is one of the
most simple and economic methods to convert biomass into liquid fuels, and has
therefore attracted a great deal of research over the past two decades [16]. Techno-
economic analysis of three conversion methods (pyrolysis, gasification, and bio-
chemical) for near-term biomass-to-liquid fuels technology scenarios shows that
pyrolysis has the lowest capital and operating costs [17]. Thus, the method has
achieved commercialization in many aspects of biomass processing.
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1.2 Composition of Biomass

Biomass is a diverse resource derived from plant or animal materials such as wood,
bark, agricultural waste, lipids, algae, microalgae, animal residues or municipal solid
wastes [18]. Table 1.1 summarizes the main components of several major biomass
resources [19-23]. Lignocellulosic biomass is mainly composed of cellulose, hemi-
cellulose and lignin, while the main component in chlorella biomass is extractives.
For lignocellulosic biomass, the content of cellulose, hemicellulose and lignin is in
the range of 35-55%, 15-31%, and 10-30%, respectively. Besides cellulose, hemi-
cellulose and lignin, a certain amount of ash and extractives exist in biomass. Certain
amounts of cellulose, hemicellulose and lignin are found in the animal residues of
manure.
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Table 1.1 Component analyses (%) of selected types of biomass [19-23]

Biomass Cellulose Hemicellulose Lignin Ash Extractives®
Bamboo 39.8 19.5 20.8 6.7 1.2

Birch wood 53.1 20.4 17.2 0.4 8.9

Cattle manure 25 22 13 - -

Chlorella - - - - 67.2
Miscanthus 344 254 22.8 1.2 6.8

Pine bark 24.9 31.1 29.6 10.7 4.6

Pine wood 44.5 229 27.7 0.3 5.1

Spruce wood 45.6 20.0 28.2 0.3 5.9

Rice straw 37 16.5 13.6 13.1 19.8

“Extractives in chlorella are mainly composed of proteins and lipids

1.2.1 Lignocellulose

Lignocellulose (Fig. 1.2) is composed of C, H and O elements with the total content
of these three elements being more than 95%. Cellulose is the major component of
the plant cell walls of lignocellulosic biomass and is composed of D-glucose through
polymerization of (1-4) glycoside bonds that form of a linear polymer [24]. Hemi-
cellulose is typically the second most abundant component of lignocellulosic bio-
mass (Table 1.1), and is present along with cellulose in almost all plant cell walls.
Hemicellulose is composed of sugar monomers through the polymerization linked
by glycoside bonds, however, it is composed of C5 and C6 sugar monomers
including glucose, galactose, mannose, xylose, and arabinose [25]. Lignin is a
complex three-dimensional polymer of propyl-phenol groups bound together by
C-O (B-O-4, a-O-4, 4-O-5 linkage) and C-C (B-5, 5-5, pB-1, p—p linkage) bonds
[26]. Lignin forms a “ligno-cellulosic” structure to provide a natural shield against
rapid microbial or fungal destruction of cellulosic fibers. The three basic phenol-
containing components of lignin are p-coumaryl/p-hydroxylphenyl, coniferyl/
guaiacyl, and sinapyl/syringyl alcohol units [27].

1.2.2 Microalgae

Microalgae is a photosynthetic microorganism, and its three major chemical com-
ponents are lipids, proteins and carbohydrates (Fig. 1.2b), making it very different
from lignocellulosic biomass. The primary elemental constituents of microalgae
are C, H, O and N [28]. The lipid content of microalgae is around 7~23%, thus it
is considered to a promising energy or food source [29]. The content of proteins in
microalgae is around 6-52% and they are mainly composed of amino acids, which
are the source of nitrogen in microalgae [30]. The content of carbohydrates in
microalgae is much less than that of lignocellulosic biomass. The carbohydrates in
microalgae are homopolymers consisting of D-glucopyranose units linked via
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[B-glycosidic bonds or a-glycosidic bonds, and they are the main components of the
cell walls [31]. Microalgae contain more functional groups than lignocellulosic
biomass giving it high potential for producing many different kinds of value-
added chemicals.

1.2.3 Lipids

Lipids, namely triglycerides, are usually defined as organic components of biomass
rather than water-soluble components, and they are the main constituents of vege-
table oils, microalgae and animal fats [32]. Lipids are composed of a glycerol
molecule attached to three fatty acid molecules (Fig. 1.2b). The length of the carbon
chains and number of the double bonds in the fatty acids vary depending on the
source. Presently, lipids can be readily converted into liquid bio-fuels compared with
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lignocellulosic biomass because of their properties and their relatively uniform
chemical structure that contains the glycerol backbone [33].

1.3 Classification of Pyrolysis Technology

Since the production of charcoal thousands of years ago, biomass pyrolysis has been
used to manufacture many chemical products, such as levoglucosan,
levoglucosenone, furfural, pyrrole, phenols and aromatics. Pyrolysis yields tar
(mixtures of aromatic liquid fuel components), acetic acid, various gaseous species,
and products that are of interest in recent years such as levoglucosan, furan, furfural,
guaiacols, and 5-hydroxymethylfurfural. Pyrolysis operating conditions (tempera-
ture, heating rate, reaction time, catalyst, carrier gas) affect the yield and composition
of the obtained products so that names are given to each process as shown in
Table 1.2: slow pyrolysis, intermediate pyrolysis, fast pyrolysis (catalytic fast
pyrolysis), flash pyrolysis, torrefaction and gasification based on the different
parameters [34]. Different pyrolysis processes are described below to help distin-
guish between the conditions and application.

1.3.1 Slow Pyrolysis

Slow pyrolysis (Table 1.2) uses low heating rate, has longer reaction time and low
reaction temperature [35]. The main product of slow pyrolysis is biochar and
biogases, which results from the longer reaction time and secondary reactions of

Table 1.2 Overview of pyrolysis process name and key parameters

Feedstock

characteristics Pyrolysis parameters

Feed Reaction

mass temperature Pressure | Heating Reaction
Type scale Moisture | (°C) (bar) rate (°C/s) | time/min
Slow M-L low <500 1 <1 10-2000
pyrolysis
Intermediate | S-L low 400-500 1 1-1000 1-10
pyrolysis
Fast S low 450-650 1 ~1000 0.5-5
pyrolysis
Flash S low 500-850 0.1-1 ~1000 <0.5
pyrolysis
Torrefaction | S-L low <250 1 - 60-2000
Gasification S-L low- 700-1450 1-100 - -

high

S small, M: moderate, L large
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pyrolytic products during the pyrolysis process to give yield of biochar and biogases,
and low yields of pyrolytic bio-oil [14]. Brown et al. found the higher yield of
biochar than the yield of bio-o0il could be obtained during the slow pyrolysis of corn
stover process, the biochar yield could up to around 40 wt% at round 500 °C
[36]. Slow pyrolysis produces lower bio-oil yields and higher biochar and biogases
yields than other pyrolysis processes.

1.3.2 Intermediate Pyrolysis

Intermediate pyrolysis of biomass (Table 1.2) is carried out at process conditions
between slow pyrolysis and fast pyrolysis [37]. Compared with slow pyrolysis, the
intermediate pyrolysis process uses a faster heating rate and shorter reaction time
[38]. Bio-oil obtained from intermediate pyrolysis is stable and can be used directly
as a fuel in engines and boilers. The intermediate pyrolysis process is suitable for
converting agricultural waste, woody materials, grass, and sewage sludge into
bio-oils and biochar [39]. Ahmed et al. studied conversion of Acacia cincinnata
and Acacia holosericea species into bio-oil and biochar through the intermediate
pyrolysis process (the pyrolysis temperature at 500 °C and at heating rates at 25 °C/
min, and the highest yield of bio-oil reached 53% from the trunk of A. cincinnata
species [40].

1.3.3 Fast Pyrolysis
1.3.3.1 Direct Fast Pyrolysis

Fast pyrolysis process has the following characteristics: (1) high heating rate and
high heat transfer rate (10-100) °C/s; (2) pyrolytic temperature strictly (450-600)
°C; (3) short reaction time (0.5-5) s; and (4) rapid cooling of pyrolytic vapors that
form water-soluble/-insoluble components in the bio-oil [41]. The short reaction
time of the fast pyrolysis process prevents secondary reactions and reduces the
biochar formation, thus leading to high pyrolytic oil yields.

1.3.3.2 Catalytic Fast Pyrolysis (CFP)

Although high yields of bio-oil can be produced by fast pyrolysis, bio-oil has the
disadvantages of having relatively high oxygen content, low calorific value, complex
composition, high corrosiveness and low stability, and it is difficult to be used
directly as a fuel [42]. To solve the above issues, researchers have proposed to
improve bio-oil quality by introducing a catalyst during the fast pyrolysis process,
and the process is known as catalytic fast pyrolysis (CFP). The advantages of CFP
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[44]. Copyright © 2013 Royal Society of Chemistry)

process are the simplification of the thermo-chemical conversion process, since it
avoids condensation and re-evaporation of the bio-oil [43]. Currently, CFP process
is one of the most attractive processes to remove the oxygen and improve the bio-oil
quality. CFP process configurations can be divided into two different types (in situ
CFP and ex situ CFP) according to the use of catalysts internal to the pyrolyzer or
external to the pyrolyzer [44]. Figure 1.3 shows block flow diagrams of the in situ
CFP and ex situ CFP processes. The process that the catalyst is packed/fed together
with the feedstock in the pyrolysis reactor is referred to as in situ catalytic fast
pyrolysis (in situ CFP, Fig. 1.3a). In the in situ CFP process, catalysts intimately mix
with biomass and intervene in the pyrolysis and cracking reactions, which enhances
the decomposition of large fragments and reduces the secondary char formation. In
the ex situ CFP process, catalysts are placed in a reactor separated from the pyrolyzer
and only contacted with the pyrolysis vapor is referred to ex situ catalytic fast
pyrolysis (ex situ CFP, Fig. 1.3b). During the ex situ CFP process, the catalyst is
separated from the feed. The deoxygenating and upgrading operation can flexibly
run under the environment independent of pyrolysis, and thus enable the optimum
catalyst performance to obtain the desired products under the optimized conditions.

1.3.4 Flash Pyrolysis

Flash pyrolysis process is characterized by rapid heating rates (>1000 °C/s) and high
reaction temperatures (500-850) °C and affords high yields of bio-oil and low water
content with conversion efficiencies being high as 70% (based on mass) [45]. The
reaction time of flash pyrolysis process is typically less than 0.5 s, which is shorter
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than that of fast pyrolysis. To obtain such high heating and heat transfer rates, the
particle size of the biomass feedstock must be as small as possible [46].

1.3.5 Torrefaction

Although torrefaction is not strictly pyrolysis, it may be regarded as a low temper-
ature variant of pyrolysis, which is typically carried out at (200-300) °C under
atmospheric pressure with low particle heating rates (<50 °C/min) and in the
absence of oxygen [47]. The torrefaction of biomass is generally used as a
pre-treatment method to ensure that biomass materials are roasting as this makes
biomass raw materials become less tough and more brittle, so that they can be fed
into a pyrolysis reactor [48]. During torrefaction, biomass partially decomposes and
releases CO, and CO, but retains most of its hydrogen to improve its pyrolytic
characteristics (e.g. density and calorific value) [49]. Therefore, torrefaction is a
promising thermal pretreatment technology that improves the properties of biomass
and allows a bio-oil of high quality to be obtained by pyrolysis.

1.3.6 Gasification

Gasification has been well studied more than 100 years and is a high temperature
variant of pyrolysis of biomass with catalyst under a partial oxidizing atmosphere, in
which the reaction temperature is usually (700-1450) °C [50]. The partial oxidation
gasifying agents are mixtures of air, HO, N, or Ar/He [51]. Gasification is divided
into four steps: drying, pyrolysis, oxidation, and reduction [52]. During gasification,
thermal degradation of biomass at high temperatures takes place and results in
intermediates (bio-oil) and final products (syngas). The components of syngas are
CO, CO,, H,, and CHy, which can be used for the production of energy, chemicals,
and bio-fuels. Because of the advantages of the obtained product being easily
accessible and requiring less post-recovery work, the gasification of biomass is
practiced on commercial scale [53]. Currently, the global capacity of biomass
gasification installation is more than 2600 MW [54].

1.4 Pyrolytic Products

Three different products, solid products (biochar), liquid products (bio-oil) and gas
products (bio-gases) can be produced from biomass pyrolysis process. All products
have commercial merit, whereas the chemical composition and the properties of the
products is regulated by changing pyrolysis conditions, reactor types and feedstock
components and quality. When fine particles of feedstock are pyrolyzed under
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Table 1.3 Pyrolysis mechanisms and products of cellulose pyrolysis at different temperatures

Temperature
({®)] Pyrolytic mechanism Pyrolytic products
<350 * Free radical formation » Carbonyl and carboxyl containing spe-
* Water elimination cies
* Depolymerization * CO and CO,
* Charred residue
350450 * Split of glycosidic connec- * Levoglucosan
tions * Anhydrides
* Substitution « Oligosaccharides as a tar segment
450-500 * Dehydration » Carbonyl compounds
* Rearrangement
* Fission of sugar units
500-700 » Combination of above * Combination of above
>700 » Combination of above * Combination of above products
* Thermal cracking * Mainly gas products

conditions of high heating rates, short reaction time and medium pyrolytic temper-
atures, high yields of bio-oil can be produced. In contrast, when large particles are
pyrolyzed under conditions of low temperature, low heating rate and long reaction
time, the main pyrolytic product is biochar. Yields of gaseous can be maximized by
changing pyrolytic conditions to high temperatures, low heating rates and long
reaction time [55].

Table 1.3 shows pyrolysis mechanisms and the main products for cellulose
pyrolysis at different temperatures. Herein, the chemical and physical properties of
three main pyrolytic products are introduced [56].

1.4.1 Biochar

Biochar is the solid residue remaining at the end of the pyrolysis process, and it is a
stable carbon-rich solid. Pyrolytic conditions that use low pyrolytic temperatures,
low heating rates and long reaction times promote formation of biochar. The
chemical and physical properties of biochar vary with pyrolysis conditions
[57]. Low pyrolytic temperature produce biochars with more functional groups,
and with higher oxygen content than that obtained at higher temperatures. However,
biochar of high pyrolytic temperature is more stable than that produced at low
temperatures. The content of ash of biochar prepared at high temperatures and
with long reaction times is higher. In addition, if the biochar is prepared under an
atmosphere of CO, or steam, the specific surface area of obtained biochar will be
much larger than that obtained under inert atmospheres (N,, Ar) [58].

Biochar is made by varying ratios of a highly carbonaceous material (sometimes
referred to as charcoal) and ash, which comprises various inorganic residues with the
carbon content being usually more than 50% [59]. Therefore, biochar is a rich stable
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carbon, that has a microporous structure, and functional groups of C=C, —OH, CH,-
and C=0, and rich N P, K, Ca, Mg [60]. Biochar has been used in industrial
applications that include: (1) as alternative solid fuel in industrial boilers [61];
(2) as raw material for production of activated carbon [62]; (3) as reagent for
sustainable production of syngas via the further gasification processes [63]; (4) as
a soil improver or as the basis for fertilizer [64]; (5) as a carbon raw material for
synthesis of carbon nanotubes/supercapacitor [65]; and (6) as a renewable catalyst/
catalyst support for catalytic reactions [66].

1.4.2 Gases

Gases are another product of biomass pyrolysis process. In gasification processes,
light gases are the main products. The yields, components and contents of the gas
products are linked to the pyrolytic conditions and type, including pyrolytic temper-
ature, heating rate, reaction time, feedstock size, and feedstock type [52]. In the slow
pyrolysis process, the yield of gases is similar to char and reaches around 10-35%,
while a higher yield of gases can be obtained with gasification process, in which the
yield of gases can reach around 80%. He et al. investigated gas production from
biomass with a bench-scale downstream fixed bed reactor using flash pyrolysis of
municipal solid wastes, and the gases yield reached 79% [67]. The gas yield is highly
affected by pyrolytic temperature, and in general it is possible to increase gas yields
by increasing pyrolytic temperature. With the increasing pyrolytic temperature,
heating and mass transfer during the inner biomass become fast, and thermal
degradation and devolatilization of biomass increase, too. Simultaneously, tar is
found during the pyrolysis process, which easy undergoes a series of secondary
reactions, such as decarboxylation, dehydrogenation, deoxygenation, and cracking,
to form gas products [55]. Therefore, higher pyrolytic temperature promotes tar
decomposition and thermal cracking of tar that increases the proportion of gas
products.

The main components of the gas products are hydrogen (H,), methane (CHy,),
carbon oxide (CO), carbon dioxide (CO,), ethane (C,Hg), ethane (C,H,), propane
(CsHg), propylene (C3Hg), and butane (C4H;(). In addition, the gas products may
also contain small amounts of larger carbon-containing molecules, such as hexane
(CeH14) or benzene (CgHg). The gas products from biomass pyrolysis have many
applications that include use as: (1) an alternative fuel to generate electricity or heat
[68]; (2) a gas fuel for internal combustion engines in vehicles [69]; or (3) raw
materials for synthesis of gasoline and diesel via Fischer-Tropsch synthesis [70].
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1.4.3 Bio-0il

Liquid product formed in biomass pyrolysis is referred to as pyrolytic oil, and it is
also called bio-oil. Other names for bio-oil are crude bio-oil, pyrolytic tar, pyrolytic
liquor, wood liquid, wood oil, smoke condensate, or distillate [71]. Typically, the
collected bio-oil is dark-colored and free-flowing, but it is a viscous fluid. Bio-oil is
the main product of most biomass pyrolysis processes. As with biochar and gases,
the yields and quality of bio-oil are affected by the pyrolytic conditions and
feedstock types. High heating rates, short reaction times and medium pyrolytic
temperatures prefer production of bio-oil. Bio-o0il has many applications that include
use as: (1) a transport fuel after the further upgrading process [72]; (2) a source for
producing chemicals via the subsequent separation and purification [73]; or (3) an
alternative fuel for turbines and electric power generation engines [74].

Bio-oil is a complex mixture of water, oxygenated compounds, hydrocarbons,
and lignin-derived oligomers [75]. Therefore, the quality of bio-oil obtained by
direct pyrolysis is typically very poor and the bio-oil is difficult be used directly.
To use the bio-oil, understanding of its chemical composition and physical proper-
ties is necessary. Details of bio-oil properties, namely water content, composition,
oxygen content, corrosiveness and stability are introduced as next.

Water Content The water content of bio-oil is very high, and is around 15-30 wt%
[76]. Water in the bio-oil is both directly from moisture present in the biomass feed
and also that generated from dehydration reactions of pyrolytic intermediates during
the pyrolysis process. High content of water of the bio-oil gives it a low heating
value and flame temperature, and bigger ignition delay, and a lower combustion rate.

Oxygen Content Generally, the oxygen content in bio-oil can also reach 35-40%
[77]. Oxygen mainly exists in the water of bio-oil and in the oxygenated compounds
of the bio-oil. High oxygen content gives a bio-oil a low calorific value and low H/C
ratio.

Composition The composition of the bio-oil is mainly determined from the char-
acteristics of the starting biomass raw material. The composition of a typical bio-oil
is very complex and contains more than 400 organic compounds (Table 1.4)
[78]. The complex composition of bio-oil makes it corrosive and unstable.

Corrosiveness Based on component analysis of bio-oil, many kinds of acidic
organic compounds are present in bio-oil that generally has a pH in the range of
2.5-3.0, and so that it is incompatible with common metal materials such as carbon
steel and aluminum [79].

Stability The high acidity (low pH about 2.5) and complex chemical composition
of bio-oil causes its stability to be low. Large amounts of aldehydes, ketones and
phenols in the bio-oil easily undergoes reaction, such as dehydration or polymeri-
zation to generate macromolecular compounds that leads to deterioration and aging
of the bio-oil and affects its direct use [80].
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Table 1.4 Categories of organic compounds in bio-oil via direct pyrolysis of pine wood at 500 °C

Category Typical organic compounds

Acids Formic acid, acetic acid, propionic acid

Alcohols Methanol, ethanol, ethylene glycol, 2-propene-1-ol

Aldehydes and Formaldehyde, acetaldehyde, 2-butenal, pentanal, glyoxal, acetone,

ketones 2-butanone, 2-pentanone, 2-cyclopentanone

Esters Methyl formate, methyl propionate, butyrolactone

Furans Furan, 2-methyl furan, 2-furanone, furfural, 5-hydroxylmethyllfurfural

Hydrocarbons 2-methyl propene, dimethylcyclopentene, alpha-pinene, benzene, toluene,
xylenes, naphthalenes

Oxygenates Hydroxyacetaldehyde, hydroxyacetone, dimethyl acetal, acetal

Nitrogen Pyrrole, methylamine, pyridine, methylpyridine

compounds

Oligomers Lignin dimers, trimers

Phenols Phenol, methyl phenols, guaiacol, 4-methyl guaiacol, ethyl guaiacol, euge-

nol, methyl syringol, 4-ethyl syringol, propyl syringol

Sugars Levoglucosan, glucose, fructose, d-xylose, d-arabinose

Due to the above characteristics, bio-oils cannot be used directly but require
further refining and upgrading.

1.5 Biomass Pyrolysis Chemistry

Pyrolytic products of biomass tend to be complex so that mechanistic studies on
biomass pyrolysis are important to achieve production of value-added chemicals and
high quality bio-oil [81]. Currently, studies on biomass pyrolysis mechanisms focus
on two aspects: (1) reaction kinetics in the biomass pyrolysis process; (2) chemical
reactions in the biomass pyrolysis process, especially formation mechanisms
[22, 82-84]. Biomass pyrolysis mechanisms are readily studied by
thermogravimetric differential thermogravimetry (TG-DTG), Fourier transform
infrared spectroscopy (FT-IR), pyrolysis-chromatography-mass spectrometry
(Py-GCMS) and quantum chemical theoretical calculation [9, 22, 85-87]. Three
possible biomass pyrolysis mechanisms have been proposed: free radical mecha-
nisms, concerted mechanisms, and ionic mechanisms [88-90]. Herein, the pyrolysis
chemistry of lignocellulosic biomass components (cellulose, hemicelluloses and
lignin) is briefly introduced.
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1.5.1 Pyrolysis Chemistry of Cellulose

Many studies on the pyrolysis of cellulose and its mechanism have been reported
[22]. During the pyrolysis process, cellulose first forms a liquid and then decom-
poses to pyrolytic products via two pathways [91]. The first pathway in cellulose
pyrolysis is that it directly undergoes reactions to form small molecular products
(acetaldehyde, hydroxyl acetone, furans, and anhydrosugars); the second pathway is
that cellulose pyrolyzes to form oligomers and then further pyrolyzed to form the
liquid pyrolysis products. Figure 1.4 shows the pyrolysis chemistry of cellulose [92—
94]. Cellulose is depolymerized into oligosaccharides, and then the glucosidic bonds
of the oligosaccharides are broken to produce D-glucopyranose, which undergoes an
intramolecular rearrangement to form anhydrosugars (e.g. levoglucosan).
Levoglucosan can be converted to form levoglucosone (LGO) via further dehydra-
tion reactions. The pyran ring-based glucose can also break the C-O bond to form a
glucose chain compound, and then undergo isomerization reaction to form interme-
diates having furan structures to form 5-hydroxylmethylfurfural (5-HMF). The
obtained 5-HMF can undergo further cracking reactions to form furfural (FF).
Furfural can also be obtained via five-carbon intermediates formed by glucose
fracture. Besides dehydration compounds and furans, some small molecule com-
pounds (e.g. formaldehyde, acetaldehyde, hydroxyl acetone) can also be produced
during the pyrolysis process. The small molecule compounds can be produced via
the three pathways: (1) is directly from glucose via the cracking reaction; (2) via
glucose that undergoes cracking to form formaldehyde and five-carbon intermediate;
and (3) five-carbon intermediates undergo cracking reactions to from glycolic
aldehyde and glyceraldehydes.
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1.5.2 Pyrolysis Chemistry of Hemicellulose

Actual hemicelluloses are difficult to separate from biomass completely so that xylan
is often used as a model compound to investigate pyrolysis chemistry of hemi-
celluloses [95]. Because the structure of hemicelluloses is similar to that of cellulose,
the pyrolysis chemistry of hemicelluloses is also similar to that of cellulose. The
chemistry of hemicellulose pyrolysis is mainly through a free radical mechanism
with some hydrosugars, furans and small molecule compounds being formed during
hemicellulose pyrolysis [96]. Figure 1.5 shows the pathways of xylan pyrolysis.

1.5.3 Pyrolysis Chemistry of Lignin

The structure of lignin is more complex and disordered than that of cellulose and
hemicelluloses, the pyrolysis chemistry of lignin is more complex than those of
cellulose and hemicelluloses [26, 27]. The lignin pyrolysis process occurs over a
very broad temperature range and consists of three stages from low pyrolysis
temperature to high pyrolysis temperature: drying, fast degradation, and slow deg-
radation stages [97]. Lignin pyrolysis starts with the breaking of weaker bonds (e.g.
hydrogen binding and C—OH binding) at low temperature and proceeds through
cleavage of stronger bonds (e.g. p-O-4, 5-5) with increasing temperature [98]. The
phenolic compounds (e.g. phenol type, guaiacol type, syringol type, and catechol
type) are the main products of the lignin pyrolysis. Similar to cellulose and hemi-
cellulose, lignin pyrolysis is mainly through free radical chemistry [99]. Figure 1.6
shows the main lignin pyrolysis reaction pathways. In the pyrolysis oflignin, free
radicals are generated in the breaking of the p-O-4 linkage of the lignin molecules,

oH l =5 HO  OH
O O OoH OH/

Fig. 1.5 Pathways of xylan pyrolysis
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which is the initial step for the reaction of free radical chain. More pyrolytic biochar
is produced in lignin pyrolysis than that when cellulose and hemicelluloses is used.

1.6 Pyrolysis Process Parameters

The biomass conversion, yield and quality of the products are affected by the
feedstock type and operating conditions. Herein, some important parameters (e.g.
feedstock type, feedstock particle size, heating rate and pyrolytic temperature,
reaction time and reactor type) that affect biomass pyrolysis are discussed.

1.6.1 Feedstock Type

Lignocellulosic biomass is composed of cellulose, hemicellulose, lignin, extractives
and ash; microalgae are mainly composed of proteins, lipids, carbohydrates and ash.
The different components ratios of biomass will affect the composition and quality
of the pyrolytic products [100]. During pyrolysis, the contribution of biomass
components to product quality and yield can be summarized as follows. Cellulose
and hemicellulose in the lignocellulosic biomass mainly contribute to produce the
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bio-oil and gas products. Lignin mainly contributes to form the biochar and gases
[101]. Proteins, lipids and carbohydrates in the microalgae are prone to produce
bio-oil and gases [102]. Sugars, furans, acids and ketones in the bio-oil are mainly
derived from the cellulose and hemicellulose; the phenols and oligomers in the
bio-oil are derived from the lignin; long chain hydrocarbons and long-chain fatty
acids are derived from the lipids; and nitrogen compounds are derived from proteins.
Extractives in biomass have similar contributions as cellulose and hemicelluloses
and are prone to produce bio-oil and gases via simple volatilization or decomposition
reactions [103]. Ash in the biomass usually remains in the biochar after pyrolysis,
and has an effective catalytic effect on the formation of biochar and gas products,
and has a negative effect on the yield of bio-oil [104].

1.6.2 Heating Rate and Pyrolytic Temperature

In addition to direct pyrolysis to form pyrolysis vapors, the secondary reactions
readily occur during biomass pyrolysis that can reduce bio-oil yield and have a
negative impact on bio-oil quality [105]. To obtain maximum bio-oil yield, fast
heating rates and cooling of primary vapors are required [41]. Slow pyrolysis is
prone to produce biochar. Fast pyrolysis and flash pyrolysis can produce more
bio-oil rather than biochar. Safdari et al. found the average tar yield was 58 wt%
for fast pyrolysis compared with 49 wt% for slow pyrolysis [106].

Pyrolytic temperature also has a significant effect on pyrolytic product yields.
Hemicellulose usually decomposes from 200 to 300 °C, cellulose decomposes from
300 to 380 °C, and lignin decomposes from 200 to 500 °C [107]. Higher tempera-
tures promote to gases formation and less biochar during pyrolysis that may be due
to by higher pyrolytic temperatures causing more volatiles to be released from
biochar [108]. Qin et al. studied the effect of temperature on physicochemical
characteristics of pine nut shell pyrolytic products for the range of 300-700 °C
and found that biochar yields gradually decreased from 52% (300 °C) to 27%
(700 °C), and gas yields increased from 17% (300 °C) to 42% (700 °C) [109]. The
optimal pyrolytic temperatures for obtaining the maximum yields of bio-oil depend
on the biomass source [110]. Generally, maximum bio-oil yields are obtained with
pyrolysis of biomass in the range of 450—-600 °C. For cellulose, Gao et al. found that
maximum bio-oil yields were obtained at around 450 °C from cellulose in a fixed
bed reactor [111]. For pine nut shell, maximum bio-oil yields were obtained at
500 °C. For wheat straw, rice straw, rape stalk and cotton stalk, the highest bio-oil
yield were obtained around 500 °C, while corn stover required a lower temperature
of 450 °C [111].

The content of volatile matter in biochar decreases with increasing pyrolytic
temperature, while the contents of fixed carbon and ash in biochar increase
[112]. For gas products, CO, concentration decreases with increasing temperature
whereas that of CO increases [113]. For components of bio-o0il, more light molecules
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are formed with increasing pyrolytic temperature [114]. Therefore, pyrolytic tem-
perature is an important parameter for biomass pyrolysis.

1.6.3 Residence Time

The residence time is the contact time between pyrolytic vapors and biochar during
pyrolysis [115]. Biomass firstly undergoes thermal cracking to form primary pyro-
Iytic vapors during biomass pyrolysis. The primary pyrolytic vapors readily undergo
secondary reactions of thermal cracking, re-polymerization, and re-condensation
with biochar that can lead to a decrease in bio-oil yield and also affect volatile
product properties. Thus, rapid removal of pyrolytic vapors from the reaction zone
(short residence time) is necessary to minimize secondary reactions and to improve
bio-oil yield [34]. The residence time can be varied by changing the flow rate of the
carrier gas. A higher gas flow rate in the process leads to a shorter vapor residence
time in the hot pyrolysis zone. Asadullah et al. observed an increase of 14% in
bio-oil yield and reduction of char and gas by increasing N, flow rate from 1 to 2 L/
min in the pyrolysis of palm kernel shell with a fluidized bed reactor [116]. Putun
et al. studied the effect of vapor residence time in different biomass pyrolysis
processes [117-119]. For Euphorbia rigida, higher liquid yields were achieved at
400 mL/min, while for sunflower pressed residual and hazelnut shell flow rates were
100 and 200 mL/min, respectively, which indicate means that biomass composition
also influences the process. Akhtar and Amin found that high temperatures and
longer residence times are suitable for the production of oxygen-free bio-oil
[105]. Therefore, the optimization of the vapor residence times, considering the
other variables can help to obtain bio-oil of desired quality better quality and yields.

1.6.4 Feedstock Particle Size

The mass and heat transfer in the feedstock is affects production of pyrolytic
products can be controlled by changing the feedstock particle size. Larger feedstock
particle size causes larger thermal gradients and increases reaction time that leads to
secondary reactions [120]. Smaller particles allow faster and possibly more uniform
heating. Therefore, reducing feedstock particle size for improving heat and mass
transfer is essential to maximizing bio-oil yield. Shen et al. found an increase in
bio-oil yield of 12-14 wt% by reducing particle size from 1.5 to 0.3 mm with a
fluidized bed reactor [121]. Kang et al. found the similar results for bio-oil yield
increases with particle size reduction for Radiana pine pyrolysis with a fluidized bed
reactor [122]. However, the smaller particle sizes do not necessarily gives higher
bio-oil yields. Abnisa et al. found that for palm shell pyrolysis, increasing particle
size from 0.5 to 2 mm caused an increase in liquid production to 70 wt% [123]. Onay
et al. found particle sizes of (0.6—1.8) mm are suitable for obtaining high liquid
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yields for fast pyrolysis of rapeseed with a fixed bed reactor [124]. Conflicting
information about feedstock particle size found makes it difficult to generalize this
parameter for a pyrolysis system. Guedes et al. concluded that the suitable particle
size for obtaining the maximum bio-oil yield may varies depending on the type of
biomass and other conditions (e.g. pyrolysis type, pyrolysis reactor type) [125]. A
small particle size is required for total decomposition of biomass with fast pyrolysis
method.

1.6.5 Pyrolytic Reactor Types

Pyrolytic reactor types also influence the overall yield and energy requirements of
biomass pyrolysis processes. Pyrolytic reactor types commonly used are shown in
Table 1.5. Differences in pyrolysis reactors given in Table 1.5 are mainly due to
heating transfer, solid removal, liquid collection and scale-up aspects [126]. Cur-
rently, fluidized bed reactors are one of the most studied and applied pyrolysis
reactors, and these can classified into three basic types, namely bubbling and
circulating [127]. The advantages of the fluidized bed reactors are that they have
high heat and mass transfer coefficients, a simpler design, easy scale-up and profi-
cient control over reaction time, and they can produce high yield of bio-oil from
different feedstock types [128].

Ablative pyrolysis reactor is another kind of pyrolysis reactor, in which biomass
pyrolysis takes place by pressing feed against a hot reactor wall. The advantages of
the ablative pyrolysis reactor are: (1) it can deal with biomass feedstock having large
particle sizes; (2) it allows good mechanical abrasion of char; and (3) it has great
biomass handling capacity (up to 2 t/h) [129]. Ablative pyrolysis reactors have
disadvantages such as low heat transfer co-efficient, coke formation, clogging and
incomplete biomass conversion [130].

Table 1.5 Commercial and development pyrolysis reactors [126—129]

Reactor Operational | Particle | Biomass | Inert gas | Capacity

type complexity | size variability | flow rate | (t/h) Organization

Fluidized |M S M H 0.3 BEST Energy,

bed Australia, Ensyn,
USA

Fixed bed |M L H S 2 Bio-alternative,
USA

Ablative |H L M S 0.2 PYTEC, Germany

Rotating |M M-L S S 0.2 BTG, The

cone Netherlands

Screw/ L M S S 0.02 University of Sas-

auger katchewan, Canada

S small, M medium, L large, H high
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Rotating cone reactors feed biomass feedstock on the bottom of a rotating cone
and biomass spirals along the wall surface of the cone under centrifugal force. The
advantages of rotating cone reactors are those of rapid heating, high heat transfer and
no carrier gas being required [131].

The entrained flow reactor is similar to a fluidized bed reactor, and it also has the
advantage of simplicity. The entrained flow reactor can handle large gas flow rate,
but has high capital cost, scale-up limitations and gives low bio-oil yield [45]. Thus,
it has not been applied on a large scale yet, and is only studied on the laboratory
scale.

Screw/auger reactor is a tubular, continuous reactor, in which solid biomass is
transported through a rotating screw [132]. Different from other pyrolysis reactor
types, the heat required for pyrolysis in screw/auger reactor is transported along the
tubular wall of the reactor. The advantages of screw/auger reactor is that it can be
built very compact as a mobile pyrolysis unit and it can save operation cost for
biomass pyrolysis, while its disadvantages are longer reaction time; low heat transfer
and lower liquid yield. Therefore, the important factors for selecting the suitable
pyrolysis reactor are the medium of heat transfer to biomass particles inside the
reactor and the bio-oil yield during the pyrolysis process.

1.7 Conclusions and Future Outlook

Pyrolysis is a promising method for converting biomass into fuels and chemicals.
Pyrolysis products are greatly affected by biomass source, feedstock composition
and reactor type such that feedstock characterization, choice of proper conditions
and reactor configuration are important in obtaining the desired products. Areas of
research interest are:

1. To further investigate the biomass pyrolysis mechanism using biomass compo-
nents that have been obtained with little damage as feedstocks. For example, mild
extractions and oligomers with specific linkages and functional groups can be
obtained with many methods so that the materials can be used as feedstock.
Advanced and in-situ technologies, such two-dimensional perturbation correla-
tion infrared spectroscopy (2D-PCIS), TG-MS, Py-GC-MS should be employed
to study pyrolysis mechanisms.

2. Although pyrolytic bio-oils are composed of hundreds of compounds, the main
compounds are oxygenated compounds so that suitable reaction methods should
be developed to obtained useful fractions. According to the properties and
composition of bio-oil, pathways can be designed to convert bio-oil into higher
value-added chemicals, such as producing aromatics from phenolic-rich bio-oil
via selective HDO reactions, producing value-added chemicals via catalytic
pyrolysis.

3. Biomass pyrolysis process is greatly affected by many parameters, such as
particle size, pyrolysis temperature, heating rate, reaction time and reactor type.
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For future work, it is recommended to establish relationships between pyrolysis
operating parameters and product yields and properties through optimization
studies, and to identify key parameters needed to obtain desired products. The
understanding of factors to scale-up laboratory experiments should be investi-
gated to further promote industrial application.

4. Pyrolytic bio-oils cannot be used directly but require further refining and
upgrading. The properties of acidity/basicity, porosity, hydrothermal stability,
and resistance to deactivation are keys to understanding the reaction chemistry
and bio-oil reactivity. Therefore, technologies for upgrading the bio-oil should be
developed, such as catalytic pyrolysis, catalytic hydrogenation/
hydrodeoxygenation. Furthermore, the catalysts for the bio-oil upgrading should
be studied for improving the bio-oil quality. Further research is needed to explore
fundamental reaction mechanisms, inactivation mechanisms of reactants on
active sites and the desorption of biomass or bio-oils from the catalysts, and to
synthesize stable and active catalysts.
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Chapter 2 ®)
Kinetic Modeling of Solid, Liquid and Gas =@
Biofuel Formation from Biomass Pyrolysis

P. Debiagi, T. Faravelli, C. Hasse, and E. Ranzi

Abstract Modeling of biomass pyrolysis can be understood as several critical
multicomponent, multiphase and multiscale processes. The characterization of the
biomass and selection of the reference species of cellulose, hemicellulose, lignins
and extractives have a major effect on the results. Intrinsic differences exist between
hardwood, softwood and grass/cereals and must be taken into account. Thermo-
chemical processes such as pyrolysis, gasification and combustion involve several
kinetic mechanisms, first in the solid phase for the devolatilization of the biomass,
then in the gas phase for the secondary reactions of released products, and finally for
the heterogeneous reactions of the char residue. These mechanisms involve a large
number of chemical species and reactions and make modeling computationally
intensive. For reactor-scale simulations, mechanistic equations need to be simplified,
while maintaining their descriptive capability. For example, lumping procedures can
allow detailed compositions of oil, gas and char residue to be obtained. In this
chapter, the catalytic effect of ash on pyrolysis products is discussed. Secondary or
successive gas phase reactions of pyrolysis products complete the kinetic model and
allow optimal conditions for bio-oil production to be determined. On the scale of
both the particle and the reactor, mathematical modeling of the thermochemical
process requires descriptions of coupled transport and kinetic processes. Examples
and comparisons with experimental data are used to show the validation and the
reliability of a general model. Additional examples for the application of models are
taken from the large-scale German project Oxyflame, which works on combustion of
solid fuels in oxy-fuel atmospheres.
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Nomenclature

Bi  Biot number

C specific heat

Da  Darcy tensor

D diffusion coefficient

g gravitational acceleration

h heat exchange coefficient

I specific mass enthalpy

| Identity matrix

J gas diffusive flux

ke convective mass exchange coefficient
kg rate constant

m mass flow rate

n outward pointing unit normal

NC  number of species
N, number of particles

P pressure
Py  pyrolysis number
q conductive heat flux

graa  radiative heat flux
’ reaction heat

surface
temperature
time
Th  Thiele number
velocity
relative velocity
diffusion velocity of gas species
volume

Or

r radius
S

T

t

= =

< <

Greek symbols

solid porosity
thermal conductivity
dynamic viscosity
emissivity

density

mass fraction

Q, net formation rate
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V  nabla - vector differential operator
®  vertex position

Superscripts

bulk region outside the particle
G gas phase

(1) interface

S solid phase

Subscripts

eff effective

J species solid
k  species gas
p  particle

2.1 Introduction

Pyrolysis is the thermal treatment of biomass in the absence of oxygen producing a
liquid fuel and/or a gas stream consisting mainly of CO,, CO and CH,, together with
minor amounts of C, hydrocarbons and H, [1, 2]. Syngas can be used as a raw
material for the synthesis of methanol (CH3;OH) and liquid fuels [3] or directly as a
fuel for electricity generation. Gasification is the partial oxidation of the solid fuel
with steam and air and has several potential advantages compared to traditional
combustion, mainly related to the possibility of combining the temperature and
equivalence ratio to obtain an appropriate syngas [4, 5]. BTL (biomass-to-liquids)
and IGCC (integrated gasification combined cycle) are emerging technologies based
on biomass gasification [6, 7].

Chemical kinetics influence the pyrolysis of biomass particles at three different
levels: pyrolysis or devolatilization of the biomass, heterogeneous reactions of the
residual char and successive or secondary gas-phase reactions of released volatile
products.

Pyrolysis is also often the initial step in gasification and combustion processes
and represents the primary release of volatile products. Gases, condensable hydro-
carbons and oxygenated species (tars), and char residues are always produced by
biomass pyrolysis, but their nature and quantity vary significantly depending on the
nature of the biomass and the process conditions.

The mathematical modeling of biomass pyrolysis is a challenging problem,
because it is complex on several levels [8, 9]:
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Figure 2.1 offers a schematic representation of the complexity of this problem.
The development of a comprehensive model for biomass conversion is challenging
because of the complex composition of biomass, the feed material, and the complex
physicochemical interactions that take place in multiple phases and across the wide
range of time and length scales [10].

Modeling the thermochemical conversion processes which produce solid fuels
clearly requires these multiple complexities to be taken into account. The multiscale
nature of this problem is evident when the size of the molecules (order of angstroms)
and size of pyrolysis reactors (order of meters) are taken into account. Timescales
also vary from the very short lifetimes of the radicals in the reacting system, passing
through the minutes required to heat and devolatilize large biomass particles, to the
hours of residence time of fuels in the reactor. Thus, the multi-scale mathematical
modelling of thermochemical units of solid fuels requires complex chemical mech-
anisms to be combined with transport phenomena, on both the particle and the
reactor scale. A further complexity of the problem derives from the non-ideal,
anisotropic nature of the biomass particles, with possible fractures and comminution
during the decomposition process. Moreover, for this reason, the thermal and
transport properties of the solid residue vary continuously as the conversion pro-
gresses. This complexity demands considerable simplification and lumping pro-
cedures in the solid and gas-phase kinetic mechanisms and an appropriate level of
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description in the mass, momentum and energy balance equations. As usual, well-
balanced efforts are required to develop a mathematical model of pyrolysis, gasifi-
cation and combustion units, on both the particle and the reactor scale [11].

This chapter updates and summarizes the research activities carried out at
Politecnico di Milano in the field of the mathematical modeling of biomass pyrol-
ysis, gasification and oxidation. The multistep kinetic mechanism of biomass pyrol-
ysis discussed here is an extension of that originally presented by [12] and
progressively extended and upgraded [13] to account for new available experimental
data and theoretical findings. One of the peculiarities of this model lies in its ability
to provide detailed information on the composition of released volatiles and solid
residues. The chemistry in the model also involves secondary gas phase reactions of
volatiles released during the biomass pyrolysis. This very large number of kinetic
mechanisms of pyrolysis and combustion of hydrocarbon and oxygenated species
takes advantage of well-consolidated experience, both in pyrolysis [14] and in
combustion processes [15].

After this general introduction, the chapter is structured as follows. Section 2.2
describes the characterization and the kinetic mechanisms of biomass pyrolysis.
Namely, biomass is first characterized by means of a limited number of reference
components. Then, biomass pyrolysis products are obtained simply from a linear
combination of char, tar and gas products released by the individual reference
components. Attention is also devoted to the catalytic effect of ash and to the
characterization of algae, as third-generation biofuels. Section 2.3 discusses the
secondary gas-phase reactions of volatile species released from biomass pyrolysis,
paying special attention to phenolic species. Section 2.4 presents mass and energy
balances on the particle and the reactor scales, emphasizing the effect of reaction
kinetics being coupled with mass and heat transfer resistances. The fast pyrolysis of
biomass and the crucial role of the residence time of the gas and the biomass to
maximize bio-oil production is then discussed. Finally, some conclusions are drawn
in Sect. 2.5.

2.2 Biomass Characterization and Multi-Step
Pyrolysis Model

The characterization of biomass is briefly discussed in this section, along with
corresponding devolatilization models. Choosing several reference components,
together with their multistep pyrolysis models, allows the biomass decomposition
reactions to be described [8].
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2.2.1 Lignocellulosic Biomass Characterization
and Reference Species

Much of the literature contains one of the three typical compositional analyses of
biomass samples (proximate, biochemical and ultimate), but few papers contain all
three analyses on the same sample. A large collection of data from the literature, in
the form of a database, was reported by Debiagi et al. [16]. Table 2.1 reports the
composition of several typical biomass samples for which all the three analysis were
performed.

It is well known that cellulose (25-60) wt%, hemicellulose (15-40) wt%, and
lignin (15-45) wt% are the building blocks of lignocellulosic biomass [21]. The
abundance of each component is connected to the type of biomass considered, which
can be roughly grouped as softwood, hardwood and grass/cereals because of their
similarities. The softwood category groups all gymnosperms—coniferous trees—of
which the most common species are pine, fir, larch and spruce. Hardwood encom-
passes all woody flowering angiosperms, including beech, birch, oak and olive. The
grass/cereals category includes all non-woody biomass, some of which is grown for
energy purposes, such as Miscanthus and short rotation coppice (SRC), while others
are a residue from agriculture, such as wheat straw, rice husks and corn stalks.

Lignocellulosic biomass has a porous structure, with cellulose micro-fibrils being
the most important element, surrounded by hemicellulose and pectin that act as
ligands and embed lignin materials in the cell walls, resulting in the biomass’s
macroscopic structure [22]. Present in minor amounts, extractives are bio-active,
non-structural compounds which play many important roles in plant metabolism.
The inorganic matter is usually measured and accounted for as ash, which is mostly
metal oxides, formed during the devolatilization and oxidation of the original
inorganic compounds in the biomass [16]. Moisture is found as hygroscopic water,
capillary water in the lumens, and water vapor in the gas phase [23].

Cellulose is a long chain polymer built by monomeric units of a six-carbon sugar
(glucose), bonded through p-1,4 glycosidic bonds. The chains are kept together by
hydrogen bonds, which endow the polymer with a crystalline structure whose
elementary micro-fibrils contain 36 chains. Cellulose is the most abundant structural
component in biomass (25-60%, dry mass basis). Hemicellulose is a second struc-
tural compound, consisting in a polymeric chain of hexoses (six-carbon sugars,
mainly glucose and mannose) and pentoses (five-carbon sugars, mainly galactose
and arabinose). It forms a microfibril network which is closely connected to the rigid
cellulose structure. Compared with cellulose, hemicellulose has shorter chains and
more amorphous structures because of the branches present on the chain and its less
regular composition. The amount of hemicellulose usually present in biomass ranges
from 15% to 40%, rarely in quantities greater than cellulose. Hardwood plants have
average hemicellulose contents of 10-15%, lower than that of softwood and herba-
ceous materials (20-30%) [24]. Table 2.2 shows the average composition of mono-
saccharides in hemicellulose and the significant variability among the different types
of biomass.
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Table 2.2 Average monomeric composition of hemicellulose in different biomass types [24]

Distribution of monomers (mol %)

Biomass type | Mannose | Glucose | Galactose | Arabinose | Xylose | Uronic Acids
Hardwood 6.3 3.9 5.9 2.8 65.2 15.9
Softwood 34.7 19.4 12.3 7.2 13.3 13.2
Grass/Cereals 33 24.2 3.6 9.8 52.1 6.9

Holocellulose is commonly referred to as a combination of cellulose and hemi-
cellulose. Lignin is typically present in biomass in amounts ranging from 15% to
45%. Lignin is a racemic polymer made up of monomeric units of aromatic alcohols
(coniferyl, sinapyl and p-coumaryl), whose composition differs widely in hardwood,
softwood and grass/cereal biomass.

Biomass offers important advantages as a solid fuel due to the high volatility and
high reactivity of the fuel and the residual char. In comparison with coal, biomass
has a lower density and a lower heating value, because of the higher oxygen and
moisture content. Biomass is primarily composed of C, H and O elements, with
smaller amounts of N, S and Cl. Several correlations between the heating value and
ultimate or elemental analysis have been proposed in the literature [18]. The more
complete structural analysis of biomass samples provides significant information on
the relative content of carbohydrates (glucose, xylose, galactose, arabinose and
mannose), lignin, extractable materials, protein and ash. Compared with elemental
analysis, the analytical techniques and methods required are more complex and
involve thermal, chemical and/or enzymatic separations which could also modify
the original biomass structure. Despite several research efforts in this direction [25],
data reporting both elementary and biochemical composition are not easily available
in the open-access literature. This lack of information creates some difficulties when
characterizing biomass for modeling purposes.

Several years ago, a method to characterize the biomass feedstock was proposed
based only on elemental analysis [12]. As already mentioned, cellulose, hemicellu-
lose and lignin, together with extractives, constitute the largest portion of the
biomass, and these are the main reference species. Biomass pyrolysis products are
then assumed to be a linear combination of the pyrolysis products of these reference
compounds. When direct information on biochemical composition is unavailable,
the cellulose, hemicellulose, lignin and extractive content are derived from the
elemental biomass composition in terms of H/C/O [8, 21]. As well as cellulose
and hemicellulose, three different types of lignin which are rich in carbon, hydrogen
and oxygen, respectively, are used as reference species [26]. Two more lumped
reference species account for the hydrophobic and the hydrophilic extractives.
Figure 2.2 reports the structure and formula of seven typical reference species. To
reduce the total number of degrees of freedom, the characterization procedure is
based on different empirical parameters, which reflect the nature of the biomass.
Therefore, the ratio between hemicellulose and cellulose, and the internal composi-
tion of hemicellulose, lignins and extractives, are defined on an empirical basis
according to the different types of biomass considered. Three reference mixtures
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Fig. 2.2 Reference species for lignocellulosic biomass characterization

(linear combinations of the seven reference components) can then describe a wide
range of lignocellulosic biomasses. Full details of biomass characterization methods
are reported in previous papers [16].

The chemical percolation devolatilization model (bio-CPD) uses a very similar
approach, assuming that biomass pyrolysis occurs as a weighted average of the
individual cellulose, hemicellulose and lignin components. The light gas and tar
yields of a particular biomass are then calculated, together with the residual char, as a
weighted average of the pyrolysis products of the reference components [27].

2.2.2 Kinetic Model of Biomass Pyrolysis

As summarized by Dhahak et al. [28], two simplified approaches are generally
proposed to describe the thermal conversion of biomass.
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In the first approach, one or more global chemical reactions may be sufficient to
describe how biomass devolatilizes into volatile compounds and a solid residue. This
type of mechanism is generally used to model coupled chemical kinetics and
physical phenomena, for example using a CFD (Computational Fluid Dynamics)
approach [29-33]. Unlike the global one-step mechanism, independent reactions can
competitively form tar, gas and coal [34]. Usually, these models are coupled with
secondary reactions of the volatile products [35-38].

In the second approach, the contribution of each biomass constituent is taken into
account [12, 39]. The pyrolytic behavior of the overall biomass is derived from that
of its major constituents through independent parallel reactions, representing cellu-
lose, hemicellulose and lignin decomposition, respectively. These types of mecha-
nisms can be applied to a variety of biomasses, since the content of cellulose,
hemicellulose and lignin differs from one type to another. This allows a better
prediction of product yields. The mechanisms are an extension to the lignocellulosic
material used in Broido-Shafizadeh’s scheme to model cellulose pyrolysis [40]. Bio-
mass is first converted into intermediate ‘metaplastic and active species’, which
account for the depolymerization of long chains, forming smaller molecules that then
evaporate or decompose through competitive reactions into gaseous, liquid and solid
products. A pioneering semi-detailed, multi-step mechanism is that described by
Ranzi et al. [12], who first extended Broido-Shafizadeh’s approach to include
lignocellulosic biomass pyrolysis.

More advanced approaches involve micro-kinetic mechanistic models based on
theoretical calculations as proposed by the team around Broadbelt, who extensively
studied the fast pyrolysis of cellulose and hemicellulose [41-45], from both theo-
retical and experimental points of view. They developed a detailed mechanistic
model, which involved 100 species and ~300 reactions and described the decompo-
sition of cellulosic polymer chains, reactions of intermediates, and the formation of
species of low molecular weight. Seshadri and Westmoreland [46] highlight the
implications of concerted molecular reactions for cellulose and hemicellulose kinet-
ics, and Horton et al. [47] present a biomass pyrolysis and gasification model at the
molecular level. Yanez et al. [48] published a detailed microkinetic model of lignin
pyrolysis based on more than 1500 species and 4000 reactions.

Modeling the pyrolysis of large molecules at the molecular level is still very
computationally expensive and impractical. Even at today’s most powerful clusters,
it would take decades to simulate the pyrolysis of one cellulose chain composed of
100 monomeric units, and thousands of years of CPU time to simulate the pyrolysis
of one cellulose micro-fibril via Car-Parrinello molecular dynamics [10]. Thus,
model compounds which are smaller in size, such as a-cyclodextrin and glucose,
are first studied as surrogates to extrapolate the fundamental chemistry of biomass
pyrolysis [24]. The main possibilities and drawbacks of the molecular modeling of
wood as a composite of cellulose, hemicellulose and lignin have been very recently
recapped by Westmoreland [49]. Research efforts have obtained an increasingly
clear picture for cellulose pyrolysis. Modeling hemicellulose decomposition and
char formation remains very challenging, while the modeling of lignin seems
generally good, despite its structural complexity [49].
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The Polimi lumped and multistep kinetic mechanism of biomass decomposition
is discussed and analyzed here in terms of its main characteristics. The differences in
the composition of biomass and in the operating conditions of the thermal treatment
significantly change the resulting product distribution, but similar products are
always formed (on a qualitative basis): light permanent gases, water and sugars
together with small quantities of oxygenated species (alcohols, ketones, aldehydes,
phenols, etc.) and a char residue. The species formed and their distribution can be
tracked back to the initial reference components of the biomass. Table 2.3 reports the
multicomponent and multistep kinetic mechanism of primary biomass pyrolysis for
the seven reference components given in Fig. 2.2.

Each reference component independently decomposes through a multi-step,
branched mechanism of first-order reactions. These lumped reactions describe the
formation of char, solid and chemisorbed intermediate species, tars and permanent
gases. The apparent and global reactions, both in terms of rates and stoichiometries,
have been derived from experimental findings [12] and are progressively extended
and updated based on the latest experimental data and the range of experimental
conditions. Experimental data on temperature profiles in large particles with over-
shooting of the center temperature have allowed the endothermic devolatilization of
tars and the exothermic carbonization process to be validated [50]. More recent
works are also dedicated to describing the thermophysical properties of the species
involved in the mechanism [51].

One peculiarity of the kinetic model is the detailed characterization of pyrolysis
products, including not only water vapor and permanent gases (H,, CO, CO,, CHy
and C,H,), different alcohols and carbonyl compounds, but also different carbohy-
drates together with phenolic and heterocyclic components. At high temperatures,
different chemisorbed species contribute to describing the successive charification
steps through the progressive release of Hp, CO and CO, [16].

Both cellulose and hemicellulose are characterized by polymeric sugar chains,
which are released together with tar components, permanent gases and several
oxygenated species [52]. The pyrolysis mechanism of cellulose [53-55] is charac-
terized by the production of active cellulose through an initial depolymerization step,
with an apparent activation energy of 47 kcal/mol and with no significant release of
volatile species. Active cellulose then decomposes with two competitive reactions: a
main reaction that releases levoglucosan and a slow reaction that forms char and
permanent gases. At high temperatures, the decomposition reaction prevails over the
release of tar (levoglucosan). Similarly, the multistep kinetic mechanism of hemi-
cellulose pyrolysis produces two different active intermediates, with a successive
release of tar and gas components. The ratio of the two intermediates depends on the
nature of the biomass and is different for hardwood, softwood and grass/cereals
[16, 56].

The multistep kinetic scheme of lignin pyrolysis in Table 2.3 is a considerable
simplification of the detailed mechanism described by Faravelli et al. [57]. The
pyrolysis reactions of the three lignins are active across a wide temperature range
and explain the formation of phenolic components. Phenol, anisole and a few
selected lumped species are representatives of these compounds. This kinetic
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Fig. 2.3 TG Pyrolysis of: almond shell at 2 K/min (top); Pinus radiata (bottom-left) and wheat
straw (bottom-right) at 80 K/min. Comparisons between experimental data (points) and model
predictions (lines) [62—64]. DTG curves of individual reference components are also shown for the
almond shell. Reprinted with permission from [8]. Copyright © 2017 American Chemical Society

mechanism is in agreement with the most recent mechanism discussed by Zhou et al.
[42]. As already shown in previous papers [8, 16], the model of cellulose, hemicel-
lulose and lignin pyrolysis agree well with the experimental data at different heating
rates [58—61]. Similar considerations can be applied to the pyrolysis of tannins and
triglyceride species, representing hydrophilic and hydrophobic extractives. The
tannin mainly forms phenolic species, while the triglycerides easily decompose to
produce a lumped species representative of free fatty acids (FFAs) [21].

As discussed further in the next section, the kinetic model and related reaction
heats have also been validated by comparing model predictions with different
experimental pyrolysis data on large biomass particles [50].

Figure 2.3 shows a comparison between predicted and experimental TG pyrolysis
curves for three different kinds of biomass: almond shell [62], Pinus radiata [63] and
wheat straw [64]. The biomass pyrolysis is treated as a linear combination of the
pyrolysis of the seven reference components, derived from the ultimate or elemental
composition. For instance, the almond shell composition (C/H/O = 0.509/0.061/
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Table 2.4 Analysis and characterization of walnut shell (“Oxyflame project”, DFG TRR 129)

Proximate analysis Analysis of Ultimate
Components (DAF wt%) Analysis (DAF wt%)
Moist.| Ash| Volatile| Fixed| Cellulose| Hemicellulose| Lignins| Extractives| C H (6] N
C
Analysis of 2 0.9 - 60.8 42 324 n.a.
fibers
Biochemical | - |0.42| 81 18.5 339 39.2 153 11.6
analysis
Ultimate 52.16| 5.77| 41.79| 0.28
analysis

0.430) [21] corresponds to the distribution of reference species as follows: cellulose
= 0.446, hemicellulose = 0.203, lignin = 0.283. Along with these main species, a
small number of triglycerides and tannins are also considered. The composition and
corresponding characterization of the other samples is reported elsewhere [65]. In
the almond shell example, the differential contributions (DTG—Derivative
ThermoGravimetry) of the individual reference components to the overall TG
curve is also shown. While cellulose shows a single visible peak, both hemicellulose
and lignins exhibit a three-step decomposition path over a wide temperature range.
For wheat straw and Pinus radiata, the overall predicted DTG of the samples are
reported, and they clearly show the peak of cellulose devolatilization at about
400 °C. Pinus radiata presents a shoulder before the cellulose peak, which corre-
spond to GMSW hemicellulose decomposition. On the other hand, wheat straw has a
smaller peak before 300 °C, corresponding to the thermal behavior of XYGR
hemicellulose pyrolysis.

To further explore the subject, a more recent example of walnut shell pyrolysis is
presented. Walnut shell is one of the standard biomass samples being investigated in
the “OxyFlame” project (DFG — TRR 129). The composition of this sample was
analyzed employing several analytical methods, which are summarized in Table 2.4.
Proximate analysis was obtained with the standard procedure ASTM DS5142
[19]. The components were analyzed in two ways: (1) using the detergent method
(analysis of fibers) [66] and (2) by a combination of procedures, isolating and
quantifying the sample’s extractives [67], holocellulose [68] and hemicellulose
[69], while cellulose and lignin contents were obtained by difference. Lastly, an
ultimate analysis was carried out in accordance to the EN ISO 16948 standard and as
reported previously in Senneca et al. [70].

Characterization in terms of reference components (DAF wt%)

Cellulose | Hemicellulose | Lignin_C | Lignin_H | Lignin_O | Tannins | Triglycerides
From ultimate 32.8 17.8 53 3.4 315 7.1 2.1
analysis
From fiber analysis |  62.1 4.3 11.2 11.2 11.2 0 0

(continued)
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Characterization in terms of reference components (DAF wt%)

Cellulose | Hemicellulose | Lignin_C | Lignin_H | Lignin_O | Tannins | Triglycerides

From biochemical 33.9 39.2 5.1 5.1 5.1 10 1.6
analysis

The walnut shell example provides an indication of the sensitivity of the model, in
terms of decomposition profiles and product distribution, to the different methods
and procedures used to characterize the biomass. Here, the simulations of the TGA
of walnut biomass are analyzed during the characterization step based on three
different assumptions. The first assumption uses the triangulation procedure based
on the ultimate analysis [16]. The second assumption directly correlates the analysis
of fibers with the reference species. Finally, the third assumption correlates the
component or biochemical analysis to the reference species.

The left panel of Fig. 2.4 reports on the TGA of this biomass sample in an inert
atmosphere at 10 [70] and 20 K/min [19]. The experimental procedures adopted are
described in detail elsewhere [70, 71]. Comparison of the experimental results is
useful to verify the reproducibility of the data in different facilities and for varying
heating rates.

The center panel of Fig. 2.4 shows TGA under inert gas at a heating rate of 20 K/
min and in comparison with model predictions. The differences between the TGA
simulations and the experimental data are clear but not very extensive. It should be
noted that the fiber method is usually applied for the nutritional value of animal feed
and does not seem sufficiently precise for the characterization of biomass as a fuel.
The uncertainty of the analysis is high; in fact, the amount of hemicellulose seems
excessively low and far from the typical composition of almond and walnut shells
[17]. However, not explicitly reported in Fig. 2.4, the distribution of volatiles is
significantly different, since each reference component will release different pyrol-
ysis products. It can be concluded that each analytical method has its flaws and
uncertainties, and the best way to effectively characterize a biomass sample is to
combine the results of the available analyses and cross-compare them with data from
the literature, thus reducing invalid assumptions and the possibility of large errors.
Finally, the right panel of Fig. 2.4 compares TGA in a CO, atmosphere at a heating
rate of 10 K/min [70] with model predictions. The characterization applied is that
used in biochemical analysis and confirms that the pyrolysis step is not clearly
influenced by the CO, atmosphere, which is only reactive at higher temperatures,
when the char is consumed by gasification reactions. The kinetic parameters for char
gasification reactions were obtained from Tufano et al. [72].

The lumped mechanism in Table 2.3 is oversimplified, but effective for use not
only on the particle scale, but also on the reactor scale. In fact, the computational
time limits are very serious when simulating thermochemical conversions of bio-
mass on the reactor scale [73, 74]. However, it is evident that this multistep kinetic
mechanism has been and can be further improved and extended in terms of new
reactions, kinetic parameters, and details of pyrolysis products, based on continuous
research in biomass pyrolysis [56, 75-77].
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Fig. 2.4 Left: Experimental pyrolysis of walnut shell at (10 and 20) K/min in TGA. Center:
Comparison between experimental TGA at 20 K/min (marks) and model predictions with different
characterization assumptions (lines). Right: Experimental and model prediction of TGA at 10 K/
min in CO, atmosphere

It is worth emphasizing that the interactions among reference species are not
addressed in the present model [78]. Cellulose-lignin interaction can lead to a
decrease in the levoglucosan yield [79] and an increase in light (C;-C3) compounds,
especially glycolaldehyde and furans. This effect on pyrolysis products is most
pronounced in grasses and softwood, possibly due to the increased prevalence of
covalent bonds between cellulose and lignin in the cell wall. Hemicellulose—lignin
interactions, and especially xylan—lignin interactions, may increase coniferyl alcohol
yields. Further compositional features that may impact product distributions are the
moisture content and the degree of acetylation of hemicellulose [80].

2.2.3 Catalytic Effect of Ash

Together with C/H/O, elemental analysis reveals the nitrogen and sulfur content by
measuring NOx and SOy formation. The ash content is typically less than 1 wt% in
wood, while it can reach more than 10% and 25% in grass and rice husks, respec-
tively. The major elements in ash include Al, Ca, Fe, Mg, P, K, Si, Na and Ti and are
usually expressed in terms of their oxides. Grass materials are rich in K and Na, and
have a higher Si and lower Ca content than wood. Minor elements include As, Cd,
Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, V and Zn.

It is well known that ash catalyzes and significantly modifies the overall biomass
pyrolysis process. Lv et al. [81] investigated and observed a significant interaction
between alkali and alkaline earth metals (AAEMSs) and biomass components in terms
of a decrease in initial gasification temperature with an increase in peak gasification
value. The DFT study by Arora et al. [82] provides a detailed mechanistic insight
into the catalytic effect of AAEMs on the first step of biomass pyrolysis
(i.e. glycosidic bond cleavage). Zhou et al. [83] and Zhu et al. [84] investigated
the catalytic effects of Na and Ca on the pyrolysis of carbohydrates from experi-
mental and theoretical viewpoints. The sharp reduction in levoglucosan is mainly
caused by the catalytic effect of Na on dehydration reactions, while Ca is more active
than Mg in promoting the progressive decomposition of levoglucosan into char and
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permanent gases. With respect to levoglucosan reduction, the following reactivity
trend was observed [85]:

K > Na > Ca> Mg (2.1)

Accordingly, the ash catalytic effect is further confirmed by a decrease in bio-oil
yields from fast biomass pyrolysis in the presence of a high ash content [2]. In
several other investigations, the effect of minerals in the decomposition of single
components and in biomass was investigated [71, 85-93]. These works show that
similar effects in the decomposition of cellulose and hemicellulose are observed in
the presence minerals. However, no clear understanding of the effect on lignin
decomposition was achieved, and the authors mention that the extraction method
employed lead to different effects of the minerals. To take into account the ash’s
effect on pyrolysis products, some simple modifications of the pyrolysis mechanism
of cellulose and hemicellulose shown in Table 2.3 have been proposed
[8, 94]. Because of the inconclusive effects on lignin decomposition, the
corresponding changes were not employed in the lignin mechanism.

2.2.4 Characterization and Kinetic Model of Algae Pyrolysis

Macro- and microalgae-derived fuels are known as third-generation biofuels and
have a promising role as alternative energy sources due to several advantages
compared with lignocellulosic biomass: they do not compete with agriculture and
produce better yields than oleaginous crops, their growth is fast, they are more
capable of fixing CO,, they have a high oil content and high heating value, and are
often rich in proteins. Algae harvesting is important in terms of achieving high
energy levels. The biochemical composition of algae is very complex and varies
widely among species and cultivation conditions. Both micro- and macroalgae
contain lipids, proteins, carbohydrates and ash. Ross et al. [95] discussed the
differences in the pyrolysis behavior of algal and cellulosic biomass samples.
Figure 2.5 shows a comparison between the TGA of almond shell and Macrocystis
sp. (a macroalgae species). It is clear that the onset of pyrolytic decomposition
occurs at a lower temperature for algae compared with lignocellulosic biomass. In
the region of 250 °C, the main weight loss of macroalgae is consistent with high
carbohydrate content, even if the catalytic effect of ash cannot be neglected. Then, a
progressive loss of mass is observed from 300 °C to 800 °C, accounting for about
30% of the total mass. These behaviors reveal the different reactivity of algae
carbohydrates compared with cellulose, and the presence of large amounts of
complex non-crystalline compounds.

Algae have constituents of proteins, carbohydrates and lipids, which are present
in various amounts depending on the taxonomy and growing conditions, but gener-
ally contain higher quantities of these constituents than lignocellulosic biomass.
Debiagi et al. [96] developed a large database listing the main features of algae and
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characterization methods together with a multistep pyrolysis mechanism for algae
fuels. Starting out from the ultimate analysis and ash content, the biochemical
composition of algal species is defined in terms of proteins, carbohydrates and
lipids. A limited number of reference species are first defined, based on the atomic
mass balances, i.e. on the elemental analysis. Three reference proteins were consid-
ered, which were rich in carbon, hydrogen and oxygen, respectively. Then, a multi-
step semi-detailed kinetic mechanism of algae pyrolysis was developed for the
reference components, following the same approach applied for lignocellulosic
biomass. Moreover, the further release of ammonium, nitrates and carbonate groups
is taken into account and related to the ash content. A complete description of the
pyrolysis model is found in Debiagi et al. [96].

Figure 2.6 refers to the pyrolysis of Spirulina (Arthrospira platensis), which is
among the richest sources of proteins. This figure compares the model prediction and
experimental data obtained with a Pyroprobe 5150 pyrolyzer [98] and in a thermo-
gravimetric unit at a heating rate of 10 K/min [97].

2.3 Secondary Gas-Phase Reactions of Released Products

During biomass pyrolysis, primary volatile products can be exposed to high tem-
peratures, with successive gas phase reactions playing a significant role [10, 28, 99,
100]. These secondary reactions of gas and tar products need to be taken into account
using detailed kinetic mechanisms of pyrolysis and the combustion of hydrocarbon
and oxygenated fuels [101].
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Fig. 2.6 Pyrolysis of Arthrospira platensis (Spirulina) in a TG unit at 10 K/min [97] (left) and in a
pyroprobe [98] (right). Comparisons between experimental data (symbols) and model predictions
(lines). Reprinted with permission from [96]. Copyright © 2017 Elsevier B.V

Biomass pyrolysis products are typically carbohydrates, phenols, alcohols and
aldehydes, together with species containing two or more oxygenated groups. To
limit the species and reactions in the kinetic scheme to a reasonable number, tars and
heavy species are grouped into equivalent or lumped components representative of
species and/or isomers with similar reactivity. Table 2.5 provides a list of major
oxygenated species considered in the CRECK kinetic mechanism. Since alcohols
and aldehydes have been discussed previously [57, 102—-105], the discussion here is
limited to aromatic species, which are particularly relevant as potential precursors of
PAHs and soot particles. Thus, substituted aromatic compounds will be discussed in
greater detail below [106-108]. Due to the large dimension of the kinetic mecha-
nism, it is not feasible to perform ab-initio high-level calculations of the rate
constants for all reactions of the biomass pyrolysis products. It is more suitable to
systematically derive the kinetic law for a reaction class from first-principle calcu-
lations, based on a series of small and simple reactants. Then, the rate estimation
rules can be extrapolated to all members of the same reaction class [99, 109].

Because of the hierarchical and modular structure of the kinetic scheme, its
extension to include new species released by the pyrolysis of biomass simply
requires the inclusion of the primary reactions of these species. Usually, the reaction
classes to be included are initiation, H-abstraction and addition reactions, together
with successive propagation reactions until products form which were already
considered in the mechanism. At high temperatures, the decomposition reactions
of volatile products from biomass pyrolysis are mainly responsible for decreases in
bio-oil yields and increases in gas products. Therefore, it is possible to find the
conditions which produce the highest yield of bio-oil and the corresponding optimal
temperature and operating conditions [1, 9, 110, 111].

Mainly for oxygenated species, molecular reactions constitute a further important
class. As a simple example, the two successive dehydration reactions in the pyrolysis
of glycerol, through four center molecular reactions, are very important to explain
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Table 2.5 Formation enthalpy AH;298 and entropy AS;298 of relevant oxygenated species

released from biomass pyrolysis and involved in secondary gas-phase reactions

Chemical name Formula AHy [kcal/mol] | ASy [cal/(mol K)]
Glyoxal C,H,0, —50.6 65.4
Acetaldehyde C,H,O0 —-39.5 63
Acetic acid C,H,0, —103.9 67.4
Hydroxy-acetaldehyde C,H40, —73.5 73.6
Ethylene-glycol C,HgO, -92.0 76.3
Acrolein C;H,0 —20.3 67.4
Propanedial C3H,0, —62.4 73.7
3-Hydroxy-2-oxo-propanal C;H,05 —102.7 88.4
Propanal C3HsO —45.3 72.8
1-Propanol C;3HgO —-60.9 76.4
2-Propanol C;3HgO —65.5 74.5
Acetol C3HgO, —87.4 80.6
3-Hydroxypropanal C3;HgO, —80.3 83.3
1,3-Propanediol C;Hg0, —45.5 86.0
Glycerol C53HgO; —137.1 95.8
Furan C4H40 —-10.2 60.2
Butanedione C,H¢O, —78.4 84.2
C4 O-heterocycles C4HgO —-27.7 73.6
Furfural CsH,0, -36.1 77.8
Xylosan CsHgO, —151.6 104.8
Phenol Ce¢HgO —-23.0 75.3
Catechol CeHgOo —65.9 86.3
Hydroxymethyl-furfural CgHgO5 —79.8 98.2
Levoglucosan CeH 005 —200.9 113.5
Anisole C;HgO —17.1 84.0
Guaiacol C;HgO, —60.0 94.9
Syringol CgH; 005 —95.3 111.0
Vanillin CgHgO; —88.7 116.4
Coumaryl alcohol CoH (0, —49.2 109.0
Heavy Molecular Weight Lignin (HMWL) | C,4H,504 40.0 186.7

the initial formation of the reactive acetol and 3-hydroxypropanal intermediates,
which rapidly decompose to form the most stable species: acetaldehyde and acrolein

[112, 113].

The complete kinetic scheme in CHEMKIN format is available on the website:
www.creckmodeling.chem.polimi.it, together with the thermodynamic and transport

properties of all species involved.


http://www.creckmodeling.chem.polimi.it
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2.3.1 Reference Kinetic Parameters and Rate Rules
for H-Abstraction Reactions

The H, OH and CHj; are the dominant reactive radicals in pyrolysis and oxidation
conditions. The rate rules of H-abstraction or metathesis reactions of hydrocarbons
have been well defined for several years [15, 114]. H-abstraction reactions can be
written in the generic form:

R-+RH < RH+R- (2.2)

where R @ is the H-abstracting radical and R’H the hydrocarbon. The rate constant of
this reaction can be decomposed into the product of two terms:

ky = kg~ Cru (2.3)

where k?ef,R is the reference kinetic parameter of the R radical to abstract an H atom
from a methyl group and Cg-g is the reactivity of the specific H atom with respect to
the primary one. Figure 2.7 shows the rate constants of H-abstraction reactions of H,
OH and CHj; radicals from primary, secondary, tertiary and vinyl positions. These
rate constants are strongly correlated with the corresponding C-H dissociative bond
dissociation energies (BDEs). The rate constants of H abstraction reactions from
aromatics, forming phenyl-like radicals, are similar to those in the case of
H-abstraction from a vinyl H atom, while the rate constants attributed to benzyl
radicals formation are more similar to the ones required to form allyl radicals
[115, 116]. Very similar rate rules have recently been summed up in a review by
Wang et al. [109]. Generic rate rules can be formulated for abstraction reactions
involving different H sites not only in hydrocarbons but also in oxygenated species.
The difference in BDEs explains the relative selectivities of H-abstraction reactions
of the different H sites [104].

Removal of the acyl H atom is highly favored in aldehydes due to the low BDE of
the C-H bond in the carbonyl group [117], as only short-range forces (i.e. in the order
of magnitude of the bond length) can affect the reaction rates [118]. Therefore, the
influence of the acyl or hydroxyl group on the reactivity of C-H bonds practically

H Abstraction of H radical H Abstraction of CH, radical H Abstraction of OH radical
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Fig. 2.7 H-abstraction reactions. Rate constants (per H atom) for primary, secondary, tertiary and
vinyl H atoms
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vanishes after the p position, which is in agreement with the conclusions drawn by
Carstensen et al. [99].

All of these rate rules for H-abstraction reactions are useful to produce an initial
set of rate parameters for secondary gas phase reactions. Successive rate and
sensitivity analyses are then able to highlight sensitive reactions which require
more detailed evaluation.

2.3.2 Phenols and Substituted Aromatic Species

Together with the kinetics of benzene and toluene, phenol reactions are important,
firstly for their presence as tar components released by lignins and secondly for their
role as precursors of dibenzofurans, dibenzodioxins and PAHs. Kinetic studies on
phenol and cresol chemistry highlight the importance of CO elimination from
unsubstituted and substituted phenoxy radicals [99]; successive reactions of
cyclopentadienyl radicals are responsible for the formation of naphthalene and
heavier PAHs [119]. While phenol and cresol have been investigated to define
their role in combustion systems, anisole (C¢gHsOCHj3) has been studied as a simple
surrogate of tar from lignin pyrolysis [107, 120, 121]. Chain initiation reactions of
aromatic species containing one or more methoxy groups (-OCHj3) involve the
breaking of the weak O-CHj bond. The presence of different functional groups on
the aromatic ring greatly affects the bond dissociation energies of vicinal bonds.
Figure 2.8 compares the BDEs of a series of mono- and poli-substituted aromatic
components calculated at the CCSD(T)/aug-cc-pVTZ level, corrected for basis-size
effects on M06-2X/6-311+G(d,p) geometries (T = 298 K) [108]. These BDEs
provide the basis for defining rate rules to describe the pyrolysis and oxidation of
the aromatic species.

Catechol has the lowest BDE of O-H bond (78 kcal/mol), while salicylaldehyde
has the highest value (94.1 kcal/mol). Similarly, there is a difference of 8 kcal/mol
for the phenyl-OH bond energy between salicylaldehyde (118.1 kcal/mol) and

a) PhO--H b) Ph--OH c) PH--OCH;

95 120 65
90
85 115 60
. ' 188 R
75 1 110 = 55

N S S & o & S S & o & N

N & 3 & S & & X & N

& & & & W

Fig. 2.8 Comparison of bond dissociation energies (BDEs) [kcal/mol] in different aromatic
compounds. Panel (a) PhO--H bond. Panel (b) Ph--OH bond. Panel (c¢) Ph--OCH3 bond
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Fig. 2.9 Chain initiation and H abstraction reactions of vanillin

phenol (110.7 kcal/mol). Finally, the bond energy of the methoxy group is lowest in
guaiacol (57.1 kcal/mol) and highest in anisole (64.7 kcal/mol). These large differ-
ences in BDEs not only allow different selectivities to be defined in H-abstraction
reactions, but also involve great variability in the initial decomposition reactions.

As an example, Fig. 2.9 shows favored chain initiation and H-abstraction reac-
tions of vanillin pyrolysis based on BDEs. The phenoxy radical produced by the
most favored vanillin initiation reaction easily forms 3,4-dihydroxybenzaldehyde, an
important intermediate whose subsequent extraction reactions form the guaiacol
radical and 4-hydroxy-isophthalaldehyde.

While further details on the chemistry of these aromatic species are reported in
Pelucchi et al. [108], Fig. 2.10 shows a very detailed comparison of pyrolysis
products from catechol decomposition. Experiments were conducted at temperatures
from 600 °C to 1000 °C and with a residence time of 0.3 s [122]. It is clear from the
data that catechol decomposition is very significant after 700 °C, reaching total
conversion in this very short residence time at temperatures above 800 °C. Despite
the fact that little decomposition is observed below 700 °C, it is important to
highlight that the residence time is very short (0.3 s). In industrial scale reactors,
such a short residence time of the vapor phase is difficult to attain, typically resulting
in a few seconds of contact time before being swept out of the reacting zone.
Therefore, decomposition of lignin-derived tars cannot be completely neglected
below 700 °C when the operating conditions allow longer exposition time for the
released volatiles. Satisfactory agreement is shown for both light hydrocarbons and
aromatic species. There is a notably high yield of butadiene, formed mainly through
a molecular reaction and a subsequent high quantity of PAH species.

Norinaga et al. [123, 124] and Yang et al. [125] developed a two-stage tubular
reactor for evaluating the rapid biomass pyrolysis and then the successive decom-
position of biomass pyrolysis products, while minimizing the interactions amongst
char and volatile species. These data are very useful to validate the secondary
gas-phase reactions of biomass pyrolysis products and the time evolution of the
most abundant light products (CO, H,0, CHy4, H, and methane) as well as the
formation of benzene, PAHs and soot [100]. Saggese et al. [126, 127] revised and
discussed the high temperature reactions of benzene and aromatics, paying particular
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attention to the successive reactions forming PAHs and soot particles. Pejpichestakul
et al. [128] analyzed and discussed the soot kinetic model in premixed laminar
flames under fuel-rich conditions.

2.4 Biomass Pyrolysis and Balance Equations
on the Particle and Reactor Scales

The type of biomass and process operating conditions greatly influence the gas, tar
and residual char products from biomass pyrolysis. Torrefaction, pyrolysis and
gasification are three modes of thermal treatment for biomass, depending on the
heating rate, temperature and residence times. Table 2.6 shows the operating tem-
peratures, timescales and product yields of different pyrolysis and gasification
processes [1, 110].

Torrefaction is a mild, gentle heat treatment useful for improving energy density
and biomass grindability. Slow pyrolysis maximizes biochar production at low
temperatures (300-500 °C) and when released volatiles have long residence times.
Tar species favor the charification process through cross-reticulation and condensa-
tion reactions. By contrast, fast pyrolysis operates at high heating rates and short
vapor residence times, and optimizes bio-oil yields. Small biomass particles in
fluidized-bed reactors are optimal for the fast heating process, whereas large particles
(3-6 cm), pellets, or biomass briquettes in packed-bed reactors are the usual biomass
feed for the slow pyrolysis process. Safarian et al. [129] published an interesting
review on the modeling of biomass gasification.

The fast pyrolysis process centers on the reactor, and research efforts are mostly
devoted to developing new reactor configurations, with particular attention paid to
the optimal way of providing process heat. Bridgwater [1] recapped and discussed
the major features of fast pyrolysis reactors.

* Bubbling and circulating fluid beds are simple, proven technologies, which
provide efficient heat transfer and good temperature control. Char products can

Table 2.6 Biomass pyrolysis, torrefaction and gasification processes [1]

Temperature Residence time Product yields (wt%)
Mode (°C) Vapor | Solid Liquid | Solid | Gas
Torrefaction 280 (10-60) 0 80 20

min
Carbonization (Slow 400 days hours 30 35 35
Pyrolysis)
Intermediate Pyrolysis 500 (5-30) 50 25 25
S

Fast Pyrolysis 500 1-2) s 75 12 13
Gasification 750-900 (1-5) s 3 1 95
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be used to provide the pyrolysis heat. Because of the high velocities, char attrition
in circulating beds can become a negative issue.

* The rotating cone reactor, with rapid heating and a short solid residence time,
produces the flash biomass pyrolysis with negligible char formation.

* In ablative pyrolysis, heat is transferred from the hot reactor wall to the wood
surface. The pyrolysis front moves through the biomass particle, and the reaction
rate strongly depends on the pressure applied to the wood on the heated surface.

» The auger pyrolysis reactor is characterized by a double screw, where chopped
biomass particles are mixed with hot sand and decomposed into vapors and char.

¢ Hydropyrolysis combines pyrolysis and hydrocracking, adding hydrogen to
reduce the oxygen content of the bio-oil product.

* Heating and pyrolysis in microwave reactors are largely different from previous
techniques as biomass particles are rapidly heated from the inside. The reduction
of thermal gradients allows us to study the fundamentals of fast pyrolysis kinetics.

Intra- and inter-phase heat and mass transfer phenomena need to be considered
and coupled with kinetics when modeling reactors treating large particles. According
to previous works [73], a convenient way to present the mass and energy balance
equations is to distinguish between the particle and the reactor scale. The particle
model should be able to predict temperature profiles and product distribution as a
function of time. This means that the model requires not only reaction kinetics, but
also reliable rules for estimating effective transport properties to account for mor-
phological changes during the pyrolysis process. Biomass particles shrink by as
much as 60—70% in different directions during the conversion process. Heat transfer
should account for variable transport properties of the reacting biomass and the char
residue [130, 131].

2.4.1 Balance Equations on the Particle Scale

The mathematical model for the evolution of the biomass particle is based on
fundamental governing equations of conservation of total mass, momentum and
energy, for both the fluid and solid phases. The particle is considered as a porous
medium, i.e. the solid volume and the fluid contained inside its pores. Heat transfer
occurs by means of conduction, convection and radiation. There is assumed to be a
local thermal equilibrium between the solid and the gas phase, with the Péclet
number for heat transfer being sufficiently large. Rigorous governing equations are
discussed in depth in Gentile et al. [132].

The simplified condition of isotropic spherical particles is considered here. These
equations include the gas and solid phase conservation equations. In particular, in the
solid phase it is possible to refer to Egs. (2.4) and (2.5):

Continuity equation:
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NCS

0
s PU-e]+ V- ZQ (2.4)
Species equations:
% [ps(l - e)wﬂ +V- (psuwa) —Q[j=1,...,NC"] (2.5)

whereas the gas phase conservation equations (Egs. (2.6), (2.7), (2.8), and (2.9)) are:
Continuity equation:

NCC

aa (p%) + V- ng (2.6)
Species equations:
aa(p e0l) + V- (p%u%0f) = =V - (p%0IvE) + @ [k=1,...,NC%] (2.7)
Momentum equation:

%(pGeu) + V. (pGuf;®u) =-Vp+V

. [y(Vu + VuT) — %y(v ~u)1} +p°g

+ (uDa)u (2.8)
Energy equation:
~ ~ S —_ ~
CGLPa eT) | CON - (pulT) + et 2wl = oT) (lat 1) | 259 (p5u’T)
NCS
=V (et VT)+Op —p Z k@ Vi (2.9)

The conservation equations above require the proper definition of boundary
conditions at the particle surface for pressure, velocity, the species mass fractions
(for both the gas and the solid phase) and temperature, as summarized below
(Egs. (2.10), (2.11), (2.12), (2.13), and (2.14)):

Pressure:
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P = Pext (2.10)
Velocity:
Vu=0 (2.11)
Solid phase species mass fraction:
V' =0[j=1,....NC°] (2.12)
Gas phase species mass fraction:
0 (= Desipp Vo ) = kexip® (@) o, — @f ) [k =1, ..., NC] (2.13)
Temperature:
—n(—2etVT) = hex(T. — T) + Eo(Ty — T*) (2.14)

This system can be conveniently simplified in the case of isotropic spherical
particles, discretizing the particles with an onion-like structure of concentric
iso-volumetric shells [11].

The specific heats are evaluated neglecting mixing effects, and the very
low-pressure work induced by gas expansion is not considered.

A couple of examples of biomass pyrolysis are investigated on the particle scale,
including the effect of secondary gas-phase reactions. The model is first applied to
analyze the temperature profiles during the pyrolysis of large biomass particles. A
second example discusses fast pyrolysis of biomass and the optimal operating
temperature for the highest bio-oil yield.

2.4.2 Pyrolysis of Large Biomass Particles

Large biomass particles are often used when charcoal is the desired product or when
rapid heating rates are not required. Slow pyrolysis of wood chips and centimeter-
scale wood particles is useful to optimize the production of biochar or charcoal for
soil amendment [133, 134]. From a modeling point of view, the pyrolysis of large
particles provides a sensitive and useful test for kinetic models of biomass pyrolysis,
mainly with respect to thermochemical properties.

Park et al. [135] studied the pyrolysis of large spherical particles in the temper-
ature range of 638—879 K and measured global mass loss and temperature evolution
at the surface and center of the particle. The center temperature profile exhibits an
initial increase, then a plateau followed by a sharp peak which can exceed the surface
temperature. Corbetta et al. [50] discuss how the competition between the char
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Fig. 2.11 Surface and center temperature profiles in a wood sphere at 688 K. Comparison between
experimental data (dashed lines) and model predictions (solid lines) [135]

formation exothermic reactions and the heat transport resistance in the wood particle
can explain the possible overshooting of the internal temperature.

Figure 2.11 shows the experimental and predicted temperature profiles of center
and surface temperatures from the pyrolysis experiment on a wood sphere which is
2.54 cm in diameter at 688 K [135]. The center temperature initially increases until
reaching an inflection point at about 600-650 K, where there is a plateau due to the
latent heat required for the devolatilization of tar products. Thereafter, the temper-
ature increases, exceeding the nominal surface temperature.

Following the approach proposed by Paulsen et al. [136], it is convenient to use
the pyrolysis number and the Biot number to compare the timescales of heat transfer
and pyrolysis reactions for the fuel particle. The Biot number (Eq. (2.15)), which is
the ratio of the conduction and convection timescales, provides the relative impor-
tance of external and internal heat transfer:

(2.15)

where h is the external heat-transfer coefficient, k), is the thermal conductivity of the
particle and R), is the particle radius. The high external heating rates and low thermal
conductivity of large particles correspond to a large Biot number, which causes large
temperature gradients within the particle. Biomass particles larger than (100-200)
pm usually have Biot numbers greater than 1.

Pyrolysis numbers (Py, and Py,) (Egs. (2.16) and (2.17)) are the ratios of the
reaction timescale and the conduction or the convection timescales:
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k 1
Py =0 = 2.16
Py, = —" — py, .Bi (2.17)
pkaR P

where kg is the rate constant of the biomass devolatilization reaction and Py; is
equivalent to the reverse of the squared thermal Thiele modulus (Th).

By using Pyrolysis and Biot numbers and comparing the timescale of pyrolysis
reactions and conductive and convective heat transfer, it is possible to distinguish
between thermally thin and thermally thick particles, highlighting at least two typical
regimes. At Bi < 1 and Py > 1, there is an isothermally and kinetically limited region
where the thermally thin particle has a uniform temperature. At Bi > 1 and Py < 1,
there is a region of limited conduction where there are significant temperature
gradients within the thermally thick particle [50, 136].

At temperatures higher than 750 K, secondary reactions in the gas surrounding
the particle can play an important role. A large fraction of tar components can
therefore decompose with a corresponding increase in the gas fraction. The effect
of secondary gas phase reactions will be further discussed in Sect. 2.4.3, where
biomass fast pyrolysis and bio-oil formation are analyzed.

2.4.3 Fast Biomass Pyrolysis and Bio-0il Formation

The fast pyrolysis process typically involves high biomass particle heating rates and
released products with short residence times. Bio-oil yields can be as high as
50-70% on a weight basis, while the flash pyrolysis process can produce even
higher bio-oil yields [137]. Small biomass particles in fluidized-bed reactors, with
or without recirculation, are common practice for fast biomass pyrolysis, where the
contact times of bio-oil products at high temperatures are minimized. Namely, fine
biomass particles are rapidly heated to the optimum temperature, with minimal
exposure to low temperatures which favor secondary char formation. There are
two reasons for the lower bio-oil yield at low temperatures: incomplete
devolatilization of the solid particles and a favored charification process due to the
condensation reactions of tar species. Moreover, the gas-phase decomposition reac-
tions of tar components at high temperatures lower yields of bio-oil. Thus, it is clear
that both chemical processes and heat and mass transfer play a fundamental role in
identifying optimal operating conditions to maximize the bio-oil yields from the fast
pyrolysis process.

Currently, bubbling and circulating fluidized-bed processes produce bio-oil on a
commercial scale, using wood or wood waste [1]. Circulating fluidized-bed reactors
are suitable for larger throughputs than bubbling reactors even though their hydro-
dynamics are more complex.
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Table 2.7 Optimal conditions for fast biomass pyrolysis

Biomass composition | Pine spruce sawdust Sesame stalk Pine wood
Cellulose 48.7 26.1 35.0
Hemicellulose 214 21.3 29.0

Lignin 21.9 43.9 28.0
Moisture 8.0 8.7 8.0

Reactor type Spouted bed Fixed bed Fluidized bed
Temperature (K) 720 770 750

Weight fractions Model |Experiment | Model |Experiment | Model |Experiment
Solid residue 0.14 0.12 0.23 0.22 0.27 0.17
Gases 0.17 0.17 0.23 0.26 0.18 0.23
Total liquids 0.69 0.70 0.54 0.52 0.55 0.58
—H,0 0.12 0.09 0.14 0.16 0.13 0.12
—organic liquids 0.57 0.61 0.40 0.36 0.42 0.45

Comparison of experimental data and model predictions [141-143]

Schematically, in a fast pyrolysis process, small particles of dried and grinded
biomass are fed into a fluidized-bed reactor. The residence time of the product gases
must be short. After the tar products have condensed, a dark red-brown liquid bio-oil
with a density of ~1200 kg/m’ is obtained. The combustion of the char product
provides the heat required by the endothermic pyrolysis reactions. Although large
particles produce slightly lower oil yields, grinding to these sizes is less expensive
than to finer particles.

Torrefaction, which is a light thermal pre-treatment of the biomass in anoxic
conditions, is very useful to improve the quality of the feed in terms of energy
density and grindability properties. Through the initial decomposition of hemicellu-
loses, coupled with the partial depolymerization of cellulose and the thermal soft-
ening of the lignin, the cell wall in the biomass sample is considerably weakened.
For pyrolysis and combustion processes, torrefaction also guarantees that the bio-
mass fuel is more homogeneous [7, 138-140].

As discussed by Calonaci et al. [111], Table 2.7 compares experimental data and
model predictions for the fast pyrolysis of three different biomass samples:

* pine spruce sawdust in a conical spouted-bed reactor [141];
¢ sesame stalk in a fixed-bed reactor [142];
e pine wood in a fluidized-bed reactor [143].

In line with the experimental data, the model predicts the highest bio-oil yields to
be between 50 and 70% in the temperature range of 720-770 K.

The model predictions in Table 2.7 have been obtained using a comprehensive
mathematical model of biomass pyrolysis on the particle scale, including the sur-
rounding gas phase. Therefore, bio-oil yields are evaluated considering the coupling
of chemical and transport processes within the biomass particles, as well as fluid
dynamics inside the reactor, which play a crucial role in defining the residence times
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of volatile products and therefore the evolution of secondary pyrolysis reactions of
tar components in the gas phase.

For small particles, the model predicts flat bio-oil yields and gas formations in a
temperature range of £50 K around the maximum, where biomass devolatilization
goes to completion. Carbon oxides and water, together with small quantities of CH,
and C, hydrocarbons, are the main gas species from the primary devolatilization.
The H; yield is very limited and only occurs at high temperatures, where the residual
char is nearly constant. The chemical compositions of product liquids predicted by
the model agree fairly well with other experimental data available in the literature, as
reported in more details in [8, 16]

Fast pyrolysis bio-oil is non-flammable, non-distillable and has only limited
volatility. It contains both an oil and an aqueous fraction (15-30% water), and for
this reason it is immiscible with traditional liquid hydrocarbon fuels. The aqueous
fraction contains low-molecular-weight oxygenated compounds, whereas the tar
fraction is constituted by high-molecular-weight, water-insoluble lignin fragments
(pyrolytic lignin). Besides water, bio-oils are composed of complex mixtures of
hundreds of organic compounds such as phenolic components, acids, aldehydes,
ketones, alcohols, esters, anhydro-sugars, furans and nitrogen-containing com-
pounds, as well as large anhydro-oligosaccharides and lignin-derived oligomers.
Oxygenated compounds make up 50-60 wt% of the products [108].

Because of its complexity, the kinetic modeling of bio-oil combustion benefits
from the definition of a limited number of reference species accounted for in
surrogate fuel formulations. Surrogate mixtures for bio-oils typically include, along-
side phenol, a relevant amount of more complex phenolic components, such as
guaiacol, catechol and vanillin. Table 2.8 reports on a surrogate mixture of pyrolysis
bio-oil as proposed by Pelucchi et al. [108]. Vanillin (4-hydroxy-3-
methoxybenzaldehyde) is one of the most interesting representatives of the phenolic
fraction derived from lignin pyrolysis.

To highlight the variability in the bio-oil yield from the pyrolysis of different
biomass samples, Fig. 2.12 illustrates model predictions from the pyrolysis of pure
cellulose, beech and pine wood, switchgrass and rice husks. This figure shows that
the highest bio-oil yields vary between 45% and 75%, and also shows that in these
pyrolysis conditions, the primary biomass pyrolysis ends before 650-700 K, while
the decomposition reactions of tar species are particularly relevant at temperatures
above 800 K. The biomass with the highest cellulose content produces the highest

Table 2.8 Surrogate mixture of pyrolysis bio-oil

Component wt% Component wt%
Water 22 Acetic acid 3.9
Ethylene glycol 5.5 Glycol aldehyde 5.5
Vanillin 17.9 Lignin, alkali 7.8
Levoglucosan 29.6 2,5-Dimethylfuran 5.5
Oleic acid 2.34
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Fig. 2.12 Predicted yields of organics, char and gas from the fast pyrolysis of typical biomass
samples. The residence time of biomass particles was set to 5 min, and that of released volatiles was
setto2s

bio-oil yields, and yields continuously increase with the temperature. At tempera-
tures below 700 K, an appropriate residence time (mainly based on the particle size)
is essential to complete the pyrolysis process and maximize the bio-oil yield. The
bio-oil yields shown in Fig. 2.12 refer to average ash conditions, while a higher or
lower content of inorganics can modify the bio-oil production by up to about 10%
due to the catalytic effect of alkali and alkali-earth metals [9].

2.4.4 Biochar Formation, Yield and Composition

As discussed in depth in Debiagi et al. [16], the pyrolysis model also accounts for the
formation of biochar, which consists of a solid carbonaceous structure containing
significant amounts of oxygen and hydrogen, a minor amount of nitrogen and sulfur,
together with metal oxides (i.e. ash). The carbon content of biochar usually ranges
between 65% and 95% depending on the initial biomass composition and pyrolysis
operating conditions. The hydrogen and oxygen content of biochar progressively
drop when the pyrolysis temperature increases [144], and their content directly
influences the rate of biochar conversion during oxidation and gasification processes.
In particular, H and O sites disturb the organization of the crystalline carbon matrix,
with the formation of amorphous areas and weakly bonded functional groups in the
biochar. At high temperatures (7' > 1000 °C) biochar undergoes progressive graph-
itization or annealing [145]. Heterogeneous secondary reactions during slow pyrol-
ysis can strongly affect biochar reactivity, mainly in the case of large particles. The
mechanism reported in Table 2.3 is able to predict the biochar formation process, as
clearly shown by the parity diagram in Fig. 2.13.

Being able to reliably predict the yield and composition of the residual solid is
essential when seamlessly describing the heterogeneous reactions taking place
during the biochar conversion step of biomass combustion.
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2.4.5 Balance Equations on the Reactor Scale

While the description of entrained and fluidized-bed reactors can simply refer to the
previous particle model, the modeling of packed or fixed-bed reactors can greatly
benefit from the definition of an elemental reactor layer that characterizes gas-solid
interactions. The packed bed of biomass particles can be described as a series of NR
elemental layers [11, 73] with the height of each layer being in the order of the
dimension of the biomass particle to account for vertical dispersion. Both the gas and
solid phases are assumed to be perfectly mixed inside the layer. In fact, mixing of the
gaseous phase within the layer is further improved by jets of volatile species released
during biomass pyrolysis [146].

The mass balance equations (Egs. (2.18) and (2.19)) for the gas phase of each
elemental reactor are:

dmk

. . -G
— = tkin = titou + TSN + Vi€, (2.18)

where my is the mass of the kth gas species within the reactor volume Vg, rig i and
. . -G, .
My oy are the inlet and outlet flow rates, Vg€, is the net formation from gas-phase
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reactions, the term J; is the gas-solid mass exchange multiplied by the particle
surface Sand N, is the number of particles inside the layer. The energy balance
equation for the gas phase of each elemental reactor is:

NCC
d mkh G G ¢
1; koONCS NS L N
- ka,inhkm - E itk outt ou + E Jehy SN,
k=1 k=1 =)

+h(T — T )SN, + VzOj (2.19)

NC© ~G  Nc¢ ~G
where7""'* is the gas-phase temperature, the terms > iy in — D Mk outlly oy AT€
k=1 k=1

the species enthalpies of the inlet and outlet flow rates and Jkﬁ,? is the flux of
enthalpy relating to the mass transfer of each component of a single particle. Finally,
Q,ff is the overall heat of gas-phase reactions. The size of the global problem easily
becomes prohibitive in terms of calculation time due to the discretization of both
the particle and the reactor, and due to the large number of species involved, both in
the solid and in the gas phase. Especially considering the large dimension of the
problem, and the relative numerical difficulties in solving the corresponding balance
equations, it has been and is still necessary to adopt key simplifications and lumping
procedures when describing the chemistry of the process.

A couple of application examples relating to a traveling grate combustor [73] and
to a biomass gasifier [147] have been discussed elsewhere, and are beyond the main
scope of this chapter. Nevertheless, it seems relevant to observe that the model for
biomass pyrolysis, gasification and combustion described in this chapter is able to
provide a wide range of useful predictions in a feasible way.

2.5 Conclusions and Future Outlook

This chapter presents the CRECK modeling group’s approach in the field of the
detailed kinetics of biomass pyrolysis and combustion; a complex multicomponent,
multiscale and multiphase process. The first step is the characterization of the
biomass, which is discussed in detail for lignocellulosic biomass. Suitable reference
species are introduced for cellulose, hemicellulose, lignins and extractives, requiring
an appropriate determination of the biochemical composition. For each of these
species, a multi-step kinetic model for pyrolysis is formulated. The combination of
these parallel reactions yields a comprehensive mechanism which also considers the
catalytic effects of the different ash components. An extension to include algae is
presented and the differences to lignocellulosic biomass are discussed in detail. To
understand the final spectrum of products resulting from biomass pyrolysis, it is
crucial to include the secondary reactions of the released small gas-phase and tar
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species. This is achieved by coupling with the modular gas phase CRECK
mechanism.

Finally, to understand and predict the pyrolysis in technical systems, the kinetic
description must be coupled to particle-scale models and eventually to reactor-scale
models. This coupling is especially necessary for larger biomass particles for which
intra-particle transport processes, characterized the pyrolysis and Biot numbers,
cannot be neglected. A model with full chemistry-transport coupling is presented
and the results are discussed. Corresponding equations are formulated for the reactor
scale.

This kinetic model offers a favorable compromise between predictiveness and
efficiency. As computational power is ever-increasing, it is now suitable for coupling
with 3D CFD approaches which will allow the interplay to be investigated between
heat, mass and momentum transport with gas- and solid-phase chemistry, even
locally, with high temporal resolution. Such comprehensive approaches will provide
new insights and will have a substantial impact on future reactor and process
designs.
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Chapter 3 )
Production of Valuable Chemicals and Fuel
Molecules from Lignin Via Fast Pyrolysis:
Experimental and Theoretical Studies Using
Model Compounds

Attada Yerrayya, Upendra Natarajan, and R. Vinu

Abstract Lignin is the second-most abundant compound in lignocellulosic biomass
(up to 30% dry weight) and a major by-product of the pulp and paper industries.
Even though it is projected as a primary source of renewable phenolic compounds,
its complex and highly-condensed structure with phenyl propane monomers, viz.,
p-hydroxyphenyl, guaiacyl, and syringyl sub-units, makes lignin conversion chal-
lenging. The use of lignin as a source of phenolic compounds is also exacerbated by
its wide molecular weight distribution and branching. Pyrolysis and catalytic fast
pyrolysis have emerged as promising thermochemical conversion technologies to
convert lignin into phenols and aromatic hydrocarbons. Pyrolysis of lignin model
compounds is valuable to unravel the mechanism of formation of phenols through
the cleavage of specific linkages in lignin, and their secondary gas phase decompo-
sition reactions. This chapter focuses on experimental and theoretical studies of free
radical and concerted reactions of lignin model compounds for the production of
phenolic and other aromatic compounds. The purpose of this chapter is to provide
an essence of fast pyrolysis chemistry of lignin and its model compounds, and the
associated reaction kinetics. Challenges in obtaining a mechanistic understanding of
lignin pyrolysis are highlighted, and the need for a synergistic combination of
experimental and computational studies is emphasized.

Keywords Lignin - Fast pyrolysis - Catalytic pyrolysis - Density functional theory -
Kinetic model - Phenolics
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3.1 Introduction

Lignin is a major by-product from paper and pulp-making industries, and second
generation biorefineries that produce ethanol from agricultural residues. An esti-
mated 70 million tons out of the 20 billion tons of lignin that are synthesized in
nature are generated as a by-product of the Kraft pulping process. Sulfate pulp or
Kraft pulp constitutes nearly 58.2% of the total pulp generated in the world, followed
by 21.2% of mechanical pulp and only 9.2% of sulfite pulp [1]. Nevertheless, nearly
99% of lignin produced via Kraft pulping is used in paper and pulp industry for
energy recovery. Present day paper and pulp industries are highly integrated facil-
ities wherein the black liquor is initially concentrated in multiple effect evaporators
to remove water, and then combusted in a recovery boiler. The high-pressure steam
generated in the boiler is used to run a turbine, which in turn generates electricity
[2, 3]. Simultaneously, the oxidized sulfur compounds are reduced to sulfides, and
thus, the initially added reagents are recovered. The low-pressure steam exhaust
from the turbine is used for process heat applications in the paper and pulp mill.
Therefore, lignin that is available for other applications is only about 2% of the total
processed quantity [4]. A major portion of nearly one million tons of the marketed
lignin is available in the form of sulfonated lignin or lignosulfonates from the sulfite
process, followed by 60,000 tons of non-sulfonated or hydrophobic lignin from
Kraft pulping process, and 10,000 tons from soda pulping process.

Energy production is presently the high volume, yet a low value utilization of
lignin. Available lignosulfonates from sulfite process and hydrophobic lignin from
Kraft and soda pulping processes are being used for high value, low volume
applications in the production of additives, binders, adhesives, composites, phenolic
resin substitutes, oxidized products like vanillin and its derivatives, and syngas
products [4—7]. Nearly two thirds of the lignosulfonates are used for dispersant
applications while the remaining one third is used for making concrete admixtures,
binders, adhesives and emulsifiers [4—7]. Sulfonated or sulfomethylated Kraft lignin
also finds similar applications, while unmodified Kraft lignin is used as a stabilizer in
asphalt formulations, as an antioxidant, as carbon black and in rubber reinforcements
[4, 5]. Importantly, Kraft lignin contains aliphatic thiol moieties in minor amounts
that are beneficial for the manufacture of alip