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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)
• Part III. Production of Liquid biofuels with microwave pyrolysis (Chapters

7 and 8)
• Part IV. Production of bio-chemicals by pyrolysis (Chapters 9-11)
• Part V. Design of pyrolysis units and models (Chapters 12 and 13)
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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 I
Fundamentals of Pyrolysis



Chapter 1
Introduction to Pyrolysis
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
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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 (109) 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� 109 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.

Fig. 1.1 Primary methods and pathways for biomass conversion into energy and chemical products
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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 β(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 (β-O-4, α-O-4, 4-O-5 linkage) and C-C (β-5, 5-5, β-1, β–β 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

Table 1.1 Component analyses (%) of selected types of biomass [19–23]

Biomass Cellulose Hemicellulose Lignin Ash Extractivesa

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 34.4 25.4 22.8 1.2 6.8

Pine bark 24.9 31.1 29.6 10.7 4.6

Pine wood 44.5 22.9 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
aExtractives in chlorella are mainly composed of proteins and lipids
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β-glycosidic bonds or α-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

Fig. 1.2 Composition of lignocellulose (a) and microalgae (b)
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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

Type

Feedstock
characteristics Pyrolysis parameters

Feed
mass
scale Moisture

Reaction
temperature
(�C)

Pressure
(bar)

Heating
rate (oC/s)

Reaction
time/min

Slow
pyrolysis

M-L low <500 1 <1 10–2000

Intermediate
pyrolysis

S-L low 400–500 1 1–1000 1–10

Fast
pyrolysis

S low 450–650 1 ~1000 0.5–5

Flash
pyrolysis

S low 500–850 0.1–1 ~1000 <0.5

Torrefaction S-L low <250 1 – 60–2000

Gasification S-L low-
high

700–1450 1–100 – –

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-oil 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) oC/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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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

Fig. 1.3 The schematic of in situ CFP (a) and ex situ CFP (b) (Reproduced with permission from
[44]. Copyright © 2013 Royal Society of Chemistry)
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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 CO2 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, H2O, N2 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, CO2, H2, and CH4, 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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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 CO2 or steam, the specific surface area of obtained biochar will be
much larger than that obtained under inert atmospheres (N2, 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

Table 1.3 Pyrolysis mechanisms and products of cellulose pyrolysis at different temperatures

Temperature
(�C) Pyrolytic mechanism Pyrolytic products

<350 • Free radical formation
• Water elimination
• Depolymerization

• Carbonyl and carboxyl containing spe-
cies
• CO and CO2

• Charred residue

350–450 • Split of glycosidic connec-
tions
• Substitution

• Levoglucosan
• Anhydrides
• Oligosaccharides as a tar segment

450–500 • Dehydration
• Rearrangement
• Fission of sugar units

• Carbonyl compounds

500–700 • Combination of above • Combination of above

>700 • Combination of above
• Thermal cracking

• Combination of above products
• Mainly gas products
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carbon, that has a microporous structure, and functional groups of C¼C, –OH, CH2-
and C¼O, 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 (H2), methane (CH4),
carbon oxide (CO), carbon dioxide (CO2), ethane (C2H6), ethane (C2H4), propane
(C3H8), propylene (C3H6), and butane (C4H10). In addition, the gas products may
also contain small amounts of larger carbon-containing molecules, such as hexane
(C6H14) or benzene (C6H6). 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-Oil

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-oil 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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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.

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
ketones

Formaldehyde, acetaldehyde, 2-butenal, pentanal, glyoxal, acetone,
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
compounds

Pyrrole, methylamine, pyridine, methylpyridine

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
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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.

Fig. 1.4 Pathways of cellulose pyrolysis
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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. β-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 β-O-4 linkage of the lignin molecules,

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

Fig. 1.6 Pathway of lignin pyrolysis
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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, CO2 concentration decreases with increasing temperature
whereas that of CO increases [113]. For components of bio-oil, 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-
lytic 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 N2 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
type

Operational
complexity

Particle
size

Biomass
variability

Inert gas
flow rate

Capacity
(t/h) Organization

Fluidized
bed

M S M H 0.3 BEST Energy,
Australia, Ensyn,
USA

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

Ablative H L M S 0.2 PYTEC, Germany

Rotating
cone

M M-L S S 0.2 BTG, The
Netherlands

Screw/
auger

L M S S 0.02 University of Sas-
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 numberbC specific heat

Da Darcy tensor
D diffusion coefficient
g gravitational acceleration
h heat exchange coefficientbh specific mass enthalpy

I Identity matrix
j gas diffusive flux
kc convective mass exchange coefficient
kR rate constant
_m mass flow rate
n outward pointing unit normal
NC number of species
Np number of particles
p pressure
Py pyrolysis number
q conductive heat flux
qrad radiative heat flux
_QR reaction heat
r radius
S surface
T temperature
t time
Th Thiele number
u velocity
u� relative velocity
v diffusion velocity of gas species
V volume

Greek symbols

ε solid porosity
λ thermal conductivity
μ dynamic viscosity
ξ emissivity
ρ density
ω mass fraction
_Ωk net formation rate
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∇ nabla – vector differential operator
� vertex position

Superscripts

bulk region outside the particle
G gas phase
(I) 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 CO2, CO and CH4, together with
minor amounts of C2 hydrocarbons and H2 [1, 2]. Syngas can be used as a raw
material for the synthesis of methanol (CH3OH) 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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• Multicomponent. Biomass is a complex material and requires detailed
characterization.

• Multiphase. Biomass reacts in a condensed phase forming a solid, a liquid and a
gas phase. Heterogeneous gas-solid reactions involve the residual char, whereas
gas and tar species react in the gas phase.

• Multiscale. Kinetic and transport processes need to be coupled on both the
particle and the reactor scale.

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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Fig. 2.1 Multicomponent, multiphase and multiscale nature of thermochemical conversion of
biomass
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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 β-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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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

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 3.3 24.2 3.6 9.8 52.1 6.9
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(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 α-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 (H2, CO, CO2, CH4

and C2H4), 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 H2, CO and CO2 [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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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 ¼ 0.509/0.061/
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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
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0.430) [21] corresponds to the distribution of reference species as follows: cellulose
¼ 0.446, hemicellulose ¼ 0.203, lignin ¼ 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 D5142
[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
analysis

32.8 17.8 5.3 3.4 31.5 7.1 2.1

From fiber analysis 62.1 4.3 11.2 11.2 11.2 0 0

(continued)

Table 2.4 Analysis and characterization of walnut shell (“Oxyflame project”, DFG TRR 129)

Proximate analysis Analysis of
Components (DAF wt%)

Ultimate
Analysis (DAF wt%)

Moist. Ash Volatile Fixed
C

Cellulose Hemicellulose Lignins Extractives C H O N

Analysis of
fibers

2 0.9 – 60.8 4.2 32.4 n.a.

Biochemical
analysis

– 0.42 81 18.5 33.9 39.2 15.3 11.6

Ultimate
analysis

52.16 5.77 41.79 0.28
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Characterization in terms of reference components (DAF wt%)

Cellulose Hemicellulose Lignin_C Lignin_H Lignin_O Tannins Triglycerides

From biochemical
analysis

33.9 39.2 5.1 5.1 5.1 10 1.6

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 CO2 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 CO2 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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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 (C1-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 SOX 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 (AAEMs) 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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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 CO2 atmosphere
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permanent gases. With respect to levoglucosan reduction, the following reactivity
trend was observed [85]:

K > Na > Ca > Mg ð2:1Þ

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 CO2, 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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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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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
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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.

Table 2.5 Formation enthalpy ΔHf,298 and entropy ΔSf,298 of relevant oxygenated species
released from biomass pyrolysis and involved in secondary gas-phase reactions

Chemical name Formula ΔHf [kcal/mol] ΔSf [cal/(mol K)]

Glyoxal C2H2O2 �50.6 65.4

Acetaldehyde C2H4O �39.5 63

Acetic acid C2H4O2 �103.9 67.4

Hydroxy-acetaldehyde C2H4O2 �73.5 73.6

Ethylene-glycol C2H6O2 �92.0 76.3

Acrolein C3H4O �20.3 67.4

Propanedial C3H4O2 �62.4 73.7

3-Hydroxy-2-oxo-propanal C3H4O3 �102.7 88.4

Propanal C3H6O �45.3 72.8

1-Propanol C3H8O �60.9 76.4

2-Propanol C3H8O �65.5 74.5

Acetol C3H6O2 �87.4 80.6

3-Hydroxypropanal C3H6O2 �80.3 83.3

1,3-Propanediol C3H8O2 �45.5 86.0

Glycerol C3H8O3 �137.1 95.8

Furan C4H4O �10.2 60.2

Butanedione C4H6O2 �78.4 84.2

C4 O-heterocycles C4H8O �27.7 73.6

Furfural C5H4O2 �36.1 77.8

Xylosan C5H8O4 �151.6 104.8

Phenol C6H6O �23.0 75.3

Catechol C6H6O2 �65.9 86.3

Hydroxymethyl-furfural C6H6O3 �79.8 98.2

Levoglucosan C6H10O5 �200.9 113.5

Anisole C7H8O �17.1 84.0

Guaiacol C7H8O2 �60.0 94.9

Syringol C8H10O3 �95.3 111.0

Vanillin C8H8O3 �88.7 116.4

Coumaryl alcohol C9H10O2 �49.2 109.0

Heavy Molecular Weight Lignin (HMWL) C24H28O4 40.0 186.7
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2.3.1 Reference Kinetic Parameters and Rate Rules
for H-Abstraction Reactions

The H, OH and CH3 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 � þR’H $ RHþ R’� ð2:2Þ

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:

k f ¼ k0ref,R � CR0H ð2:3Þ

where k0ref,R is the reference kinetic parameter of the R radical to abstract an H atom
from a methyl group and CR’H 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 CH3 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

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 β 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 (C6H5OCH3) 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 (-OCH3) involve the
breaking of the weak O-CH3 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 ¼ 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

75

Van
illi

n

Phenol

Cate
ch

ol

Sa
licy

l-A
ld.

Guaia
co

l

Van
illi

n

Phenol

Cate
ch

ol

Sa
licy

l-A
ld.

Guaia
co

l

Van
illi

n

Guaia
co

l

Aniso
le

80

85

90

95

a) PhO--HH

110

115

120

b) Ph--OH

55

60

65

c) PH--OCH33

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

54 P. Debiagi et al.



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, H2O, CH4, H2 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

Fig. 2.9 Chain initiation and H abstraction reactions of vanillin
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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]

Mode
Temperature
(�C)

Residence time Product yields (wt%)

Vapor Solid Liquid Solid Gas

Torrefaction 280 (10–60)
min

0 80 20

Carbonization (Slow
Pyrolysis)

400 days hours 30 35 35

Intermediate Pyrolysis 500 (5–30)
s

50 25 25

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 Eqs. (2.4) and (2.5):

Continuity equation:
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∂
∂t

ρS 1� εð Þ� �þ∇ � ρSuSr
� � ¼ XNCS

j¼1

_ΩS
j ð2:4Þ

Species equations:

∂
∂t

ρS 1� εð ÞωS
j

h i
þ∇ � ρSuSrω

S
j

� �
¼ _ΩS

j j ¼ 1, . . . ,NCS
� � ð2:5Þ

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

∂
∂t

ρGε
� �þ∇ � ρGuGr

� � ¼ XNCG

k¼1

_ΩG
k ð2:6Þ

Species equations:

∂
∂t

ρGεωG
k

� �þ∇ � ρGuGr ω
G
k

� � ¼ �∇ � ρGωG
k v

C
k

� �þ _ΩG
k k ¼ 1, . . . ,NCG
� � ð2:7Þ

Momentum equation:

∂
∂t

ρGεu
� �þ∇ � ρGuGr

O
u

� �
¼ �∇pþ∇

� μ ∇uþ∇uT
� �� 2

3
μ ∇ � uð ÞI

h i
þ ρGg

þ μDað Þu ð2:8Þ

Energy equation:

bCG

p
∂ ρGεTð Þ

∂t
þ bCG

p∇ � ρGuGr T
� �þ bCS ∂ ρS 1� εð ÞTð Þ

∂t
þ bCS

∇ ρSuSrT
� �

¼ ∇ � λeff∇Tð Þ þ _QR � ρG
XNCG

k¼1

bCG

p,kω
G
k vk ð2:9Þ

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
(Eqs. (2.10), (2.11), (2.12), (2.13), and (2.14)):

Pressure:
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p ¼ pext ð2:10Þ

Velocity:

∇u ¼ 0 ð2:11Þ

Solid phase species mass fraction:

∇ωS
j ¼ 0 j ¼ 1, . . . ,NCS

� � ð2:12Þ

Gas phase species mass fraction:

�n �Deff,kρ
G∇ωG

k

� � ¼ kextρ
G ωG

k,ext � ωG
k

� �
k ¼ 1, . . . ,NCG
� � ð2:13Þ

Temperature:

�n �λeff∇Tð Þ ¼ hext Te � Tð Þ þ ξσ T4
e � T4

� � ð2:14Þ

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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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:

Bi ¼ h � Rp

kp
ð2:15Þ

where h is the external heat-transfer coefficient, kp is the thermal conductivity of the
particle and Rp 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)
μm usually have Biot numbers greater than 1.

Pyrolysis numbers (Py1 and Py2) (Eqs. (2.16) and (2.17)) are the ratios of the
reaction timescale and the conduction or the convection timescales:
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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]

2 Kinetic Modeling of Solid, Liquid and Gas Biofuel Formation from Biomass. . . 61



Py1 ¼
kp

ρpbCkRR2
p

¼ 1
Th2

ð2:16Þ

Py2 ¼ h

ρpbCkRRp

¼ Py1 � Bi ð2:17Þ

where kR is the rate constant of the biomass devolatilization reaction and Py1 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-Oil 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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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/m3 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];
• 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

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 21.4 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

�H2O 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]
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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 CH4

and C2 hydrocarbons, are the main gas species from the primary devolatilization.
The H2 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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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 (T > 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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set to 2 s
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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 (Eqs. (2.18) and (2.19)) for the gas phase of each
elemental reactor are:

dmk

dt
¼ _mk,in � _mk,out þ JkSNp þ VR

_ΩG
k ð2:18Þ

where mk is the mass of the kth gas species within the reactor volume VR, _mk,in and

_mk,out are the inlet and outlet flow rates, VR
_ΩG
k is the net formation from gas-phase
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reactions, the term Jk is the gas-solid mass exchange multiplied by the particle
surface Sand Np is the number of particles inside the layer. The energy balance
equation for the gas phase of each elemental reactor is:

d
PNCG

k¼1
mk

bhGk
dt

¼
XNCG

k¼1

_mk,in
bhGk,in �XNCG

k¼1

_mk,out
bhGk,out þXNCG

k¼1

JkbhGk SNp

þ h T � Tbulk
� �

SNp þ VR _Q
G
R ð2:19Þ

whereTbulk is the gas-phase temperature, the terms
PNCG

k¼1
_mk,in

bhGk,in � PNCG

k¼1
_mk,out

bhGk,out are
the species enthalpies of the inlet and outlet flow rates and JkbhGk is the flux of
enthalpy relating to the mass transfer of each component of a single particle. Finally,
_Q
G
R 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.
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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 aliphatic sulfur compounds like dimethyl
sulfide and methyl mercaptan in small volumes, which find application in solvent
and agrochemical industries. Nevertheless, the presence of sulfur causes an irritating
odor during thermal processing [8]. Recently, sulfur-free, water insoluble lignins
obtained via (1) biomass conversion techniques, (2) solvent/organosolv pulping and
(3) soda pulping processes are becoming common owing to their interesting prop-
erties like structural similarity to native lignin and low glass transition temperature
[8, 9]. Even for power generation, organosolv lignin is superior to Kraft lignin owing
to its high fluidity index and low ash content. Hence, organosolv lignin can be easily
fed into combustion chambers and it results in cleaner combustion. Therefore,
sulfur-free lignins are promising candidates as substitutes for phenolic resins, poly-
urethane foams, epoxy resins and biodispersants. Table 3.1 [10–13] depicts the
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elemental composition of different types of lignin. It is evident that the methodology
adopted to extract lignin from biomass significantly affects the sulfur, oxygen and
ash content in lignin.

In recent years, there is a significant focus on altering the reactivity of lignin to
achieve breakthroughs in the field of lignin valorization. Efficient utilization of
lignin through thermochemical conversion technologies can produce fine chemicals,
bio-oil and carbon materials [14–19]. The objectives of this chapter are three-fold.
Firstly, to describe the basic structure of lignin and elucidate the key transformations
involved in both non-catalytic and catalytic pyrolysis of lignin to different chemicals
and fuel molecules. Secondly, to provide a holistic overview of pyrolysis mechanism
of different model compounds of lignin via quantum chemical modeling. Thirdly, to
review the recent advancements and to emphasize the need of composition models of
lignin, and mechanistic kinetic models of lignin pyrolysis.

3.1.1 Lignin Structure

After cellulose, lignin is the most abundant source of carbon on earth. It is an
amorphous, three-dimensional polyphenolic material with complex structure
[20]. Lignin fills up the space in the cell wall between the cellulosic fibers and
hemicellulosic bundles. It is covalently linked to hemicellulose and cellulose via
lignin-carbohydrate complexes, and acts as a binder of fibrous carbohydrate struc-
tures. The structure of lignin is complex, and is yet to be fully understood. In raw
lignocellulosic biomass, lignin is a crosslinked and branched macromolecule that
adds strength and rigidity to the cell walls. It is widely accepted that lignin compo-
sition and its content in biomass vary with the type of plant species. As shown in the
Fig. 3.1, lignin is made up of three major phenolic sub-units, viz. p-coumaryl
(4-hydroxycinnamyl), coniferyl (3-methoxy, 4-hydroxycinnamyl), and sinapyl
(3,5-dimethoxy, 4-hydroxycinnamyl), linked by etheric C-O-C and C-C linkages
[21]. The three monolignol compounds are also known as p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) sub-units [22]. The typical molecular structure of
softwood lignin is shown in Fig. 3.2 [23]. These monolignols are connected by a
number of C-O-C and C-C linkages.

Table 3.1 Elemental composition and ash content in different varieties of lignin

Wt
%

Indulin AT
[10]

Acetocell
[10]

Lignoboost
[10]

ALM
[11]

ETEK
[11]

Kraft
[12]

Organosolv
[13]

C 64.5 66.5 67.3 61 54.3 61.8 64.6

H 5.4 5.1 5.6 7 6.1 5.6 6.3

N 1 <0.5 <0.5 0.9 0 0.8 0.2

O 24.8 26.5 22.3 27 39.2 28.3 28.1

S 1.9 <0.05 2.8 <0.03 0.2 1.5 0

Ash 2.4 1.8 1.4 <4 0.2 2.0 0.8
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3.1.2 Major Linkages Present in Lignin

The dominant linkages in lignin include β-O-4, α-O-4, 4-O-5, 5-5, β-β, β-1, and β-5
as shown in Fig. 3.3 [24]. The proportion of these linkages in softwood and
hardwood lignins are depicted in Table 3.2. The dominant linkage in lignin is β-O-
4, which accounts for nearly 46–60% of the total linkages depending on the source of
lignin. Around 6–8% of the total linkages are constituted by α-O-4 type bonds
[25, 26]. The plant lignins can be classified into softwood, hardwood, and grass
lignins. Softwood lignin contains around 90–95% coniferyl alcohol-type monomers,

Fig. 3.1 Structure of monomeric phenols (p-coumaryl, coniferyl, sinapyl alcohols), the building
blocks of lignin

Fig. 3.2 Structure of softwood lignin (Redrawn with permission from [23]. Copyright © 2013
Elsevier)
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while hardwood lignin contains both coniferyl and sinapyl alcohol-types, whose
composition vary in the range of 25–50% and 45–75%, respectively. Grass lignin
contains significant amount of p-coumaryl-type monomers, whose composition
varies in the range 5–35% [20, 27, 28]. The fraction of lignin in biomass varies for
different plant types. The highest fraction of lignin is reported in softwoods (25–32)
wt% as compared to hardwoods (18–25) wt% [29].

3.1.3 Thermochemical Conversion Platforms

Thermochemical techniques such as combustion, gasification, hydrothermal lique-
faction, and pyrolysis are used to convert biomass into chemicals, liquid fuels, gases
and bio-char. Combustion is a commercially developed process, wherein lignocel-
lulosic biomass is directly burnt in presence of air to convert the chemical energy
stored in biomass to heat and electricity at higher temperatures (1000–1200) �C. This
process can handle any type of biomass with up to 50% of moisture [31, 32]. Despite
combustion being an established thermochemical technique, with application in
major industries for power generation, these is a need to control the emissions of
SOx, NOx and other particulate matter. The major problem in biomass combustion is
the presence of ash, which reduces the energy efficiency, and leads to higher
maintenance cost due to slagging, fouling and corrosion in boilers [33, 34].

Gasification is a process of converting carbonaceous material such as biomass
and coal into mainly gases (synthesis gas or syngas), with minor quantities of char
and liquid tar products at higher temperature (700–1000) �C in the presence of
sub-stoichiometric amount of air or oxygen, steam or CO2. Syngas comprises of
carbon monoxide (CO) and hydrogen (H2) as the major constituents with smaller
amount of carbon dioxide (CO2), methane (CH4) and light hydrocarbons. Syngas
can be used to produce heat via combustion, hydrogen through water gas shift
reaction [35], and hydrocarbons and other organics like acids, alcohols and esters
via Fischer-Tropsch synthesis [36] followed by reforming reactions [37]. Depending
on the gasifying agent (air, oxygen, steam or CO2) the composition of product gases
varies. Lignin gasification results in the formation of a mixture of non-condensable

Table 3.2 Major links and their proportions in softwood and hardwood lignin

SI. no. Linkage type Softwood lignin (%) Hardwood lignin (%)

1 β-O-4 45–50 60

2 α-O-4 2–8 7

3 4-O-5 4–8 7–9

4 β-β 2–6 3–12

5 5-5 10–27 3–9

6 β-5 9–12 6

7 β-1 7–10 1–7

Data taken from [6, 23, 30]
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gases such as H2, CO, CO2, and CH4 in different molar ratios depending on the
gasification temperature, pressure, presence of steam/oxygen/CO2, heating rate,
catalysts and the type of lignin [38–40]. Yu et al. [38] studied lignin gasification
with two different catalysts, viz., dolomite and Na2CO3, and found that, with the
addition of dolomite, the production of CO and CO2 increased slightly, while that of
H2 and CH4 was unchanged. With the addition of Na2CO3, the composition of H2,
CH4 and CO2 decreased, and the composition of CO increased significantly.
Recently, the combined approach of gasification with solid oxide fuel cells is gaining
attention as it is an efficient and environment-friendly method for power generation
[41, 42].

Hydrothermal liquefaction is a processing technique that can handle wet biomass
feedstocks with as high as 50 wt% moisture to produce high quality bio-crude. This
process is generally carried out at moderate temperatures of (200–400) oC, and high
pressures of (50–300) bar in water or in a solvent mixture containing water and a
co-solvent such as methanol, ethanol, propanol or glycerol [43, 44]. The process
partly mimics the geological formation of crude oil, but in a controlled reactor
environment. Liquefaction temperature, reaction time and heating rate are the main
factors that affect the yield and product distribution from lignin [45]. Increasing the
reaction time leads to effective depolymerization of high molecular weight compo-
nents to smaller oligomeric phenols, while high reaction temperature results in
increase and decrease in production of alkyl-substituted phenols and methoxy-
substituted aromatic compounds, respectively [46, 47]. The major chemicals pro-
duced from hydrothermal liquefaction of lignin in near-critical and supercritical
water include phenolic compounds such as phenol, catechol, and cresols.

Pyrolysis refers to thermochemical degradation of organic matter in the absence
of oxygen at elevated temperatures, (450–650) �C [48]. Pyrolysis can be broadly
classified into three types based on the residence time and heating rate. These include
slow, fast, and flash pyrolysis. Slow pyrolysis involves the decomposition of bio-
mass at slow heating rates (1–100) oC min�1 with long residence time of the order of
minutes to hours. The char yield is usually high and liquid yield is low from this
process. Fast pyrolysis involves high heating rate, (~100–500) oC/s of the sample
with shorter residence time to produce high yield of liquids [20, 49, 50]. Flash
pyrolysis occurs at high temperatures (700–1000) oC, high heating rate (>1000 �C/s)
and very short residence time of the order of few seconds to produce high yield of
gaseous products. Fast pyrolysis technology has received immense attention as a
viable method to convert various biomass feedstocks into useful liquid fuels and
chemicals that compete with and replace conventional fossil-derived fuels such as
gasoline and diesel, and petroleum-derived products [51].
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3.2 Conversion of Lignin into Valuable Fuel Intermediates
and Chemicals

3.2.1 Pyrolysis of Lignin

Figure 3.4 shows a typical thermogram of lignin collected in a Thermogravimetric
Analyzer (TGA) [52]. Due to the complex and heterogeneous structure, the pyrolytic
conversion of lignin occurs in a broad temperature range (150–800) �C with highest
degradation rate observed between (360 and 400) �C [53]. The major transforma-
tions occurring at different temperatures are also illustrated in the Fig. 3.4. The
decomposition of bio-oil to biogas is rapid when the final temperature is over 500 �C.
The typical mass loss and differential mass loss profiles of different lignins obtained
from TGA are presented in Fig. 3.5 [54]. It is evident that these four lignins exhibit
different thermal degradation behavior. The major decomposition of lignin occurs in
the temperature range of (150–500) oC. Sulfonated wheat straw lignin exhibited
higher moss loss compared to other lignins at lower temperatures owing to the high
sulfur and carboxylic functional groups in it. These groups are expected to decom-
pose and form gases such as SO2 and CO2 at low temperatures.

Nair and Vinu [55] performed fast pyrolysis of alkali lignin, also known as Kraft
lignin, in an analytical micropyrolyzer coupled with gas chromatograph/mass spec-
trometry (GC/MS) at 500 �C. In this study, the pyrolysates were classified into
guaiacols, simple phenols, and non-phenolic compounds. The yield of guaiacol and
its derivatives in the bio-oil fraction was high as compared to simple phenols. The
primary products of fast pyrolysis of alkali lignin include monomeric guaiacols
formed by the cleavage of β-O-4, α-O-4, aryl-alkyl and alkyl-alkyl linkages [56–
58]. The formation of guaiacol involves the scission of β-O-4 ether linkage followed
by hydrogen abstraction reactions [58]. Guaiacol can also be formed by
demethoxylation of the sinapyl unit of lignin. The yields of simple phenols,
guaiacols and syringols from lignin vary based on the type of lignin, and the

Fig. 3.4 Typical mass loss
profile of lignin depicting
the salient transformation
regimes (Adapted with
permission from
[52]. Copyright © 2014
Elsevier). The temperature
regimes where the major
bond cleavages would occur
and the gaseous products
would evolve via different
transformations are
indicated by the shaded
region
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operating conditions like heating rate, temperature and gas ambience [59]. For
example, the total yield of guaiacols and simple phenols obtained from cornstover
lignin is shown to be 16.7 wt% [60]. The major pyrolysates from lignin are now well
established in various studies to be phenol, cresol, ethyl phenol, 4-vinyl phenol,
guaiacol, 4-methyl guaiacol, 4-ethyl guaiacol, 4-vinylguaiacol, isoeugenol and
eugenol [11, 59–63].

Several studies have been conducted on the pyrolysis of lignin to elucidate the
pyrolysis mechanism by using analytical techniques such as TGA coupled with
Fourier transform infrared spectroscopy (TGA-FTIR), and pyrolysis coupled with
GC/MS (Py-GC/MS) [64–67]. The aromatic methoxy groups are stable during the
primary pyrolysis stage, and become very reactive in the temperature range of
(400–450) oC. Hence, the aromatic compounds produced during the primary pyrol-
ysis stage are predominantly 2-methoxy phenols from G-type lignins, and
2,6-dimethoxyphenols from S-type lignins. A majority of side chains are unsaturated
alkyl groups with a smaller amount of saturated alkyl groups. The major volatile
products from G-type lignins include isoeugenol, vanillin, acetovanillone, coniferyl
aldehyde and dihydro-coniferyl alcohol. When the pyrolysis temperature is
increased, secondary pyrolysis reactions take place, and G/S-type lignins rapidly
transform to catechols, pyrogallols, o-cresols, xylenols and phenols, as shown in
Fig. 3.6 [68]. In this temperature range, cracking of C-C side-chain occurs, which
increases the yield of monomers. The product distribution is altered from unsaturated
to saturated alkyl side chains such as methyl, ethyl, propyl, and 3-hydroxypropyl
groups. Around 550 �C, catechols and pyrogallols disappear, and the production of
non-condensable gases increases significantly. At temperatures greater than 700 �C,
the formation of polyaromatic hydrocarbons (PAHs) and coke is enhanced. Phenols
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and o-cresols are relatively stable at such high temperatures, and hence, these are
also observed at high pyrolysis temperatures along with PAHs.

Lou et al. [69] conducted fast pyrolysis experiments at (400–800) oC in a tubular
reactor using lignin extracted from bamboo via enzymatic/mild hydrolysis method.
The reaction temperature is shown to play a vital role in determining the yields of
pyrolysis products and product distribution. The yield of bio-oil increased to a
maximum 57.1 wt% at 500 �C, and then decreased to 53.3 wt% at 800 �C. The
yield of gaseous products increased from 6.2 wt% to 20.3 wt%, and the char yield
decreased from 42 wt% to 26.6 wt% with increase in temperature. The total
phenolics, including guaiacols, syringols, vanillin and simple phenols, was maxi-
mum (79.3%) in bio-oil at 600 �C. At temperatures lower than 500 �C, pyrolysis of
lignin was incomplete, while at temperatures greater than 700 �C, secondary reac-
tions such as decarbonylation, decarboxylation, dehydration, demethoxylation,

Fig. 3.6 Effect of pyrolysis temperature on aromatic substitution pattern and side chain structure of
the products from G-type lignin (Redrawn from [68]. Copyright © 2017 Springer)
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demethylation and radical rearrangement occur, and generate non-condensable gases
like CO, CO2, CH4 and H2.

Patwardhan et al. [60] studied pyrolysis of cornstover lignin at different temper-
atures. The char yield decreased from 60 wt% to 20 wt% with increasing temperature
from 300 oC to 700 oC. The formation of low molecular weight compounds and
gaseous products was higher at 700 �C, whereas phenolic products were higher at
600 �C. The major phenolic compounds include phenol, o-cresol, p-cresol, xylenols
and ethyl phenol. Figure 3.7 depicts the major pathways involved in lignin pyrolysis
to form different aromatic oxygenates. Jiang et al. [70] investigated pyrolysis of two
different lignins, Asian and Alcell lignin, over a temperature range of
(400–800) oC. The maximum yield of phenolic compounds at 600 �C was 17.2%
and 15.5% for Alcell and Asian lignins, respectively. The major product from Alcell
lignin was 5-hydroxyvanillin, whereas 2-methoxy-4-vinylphenol was the major
product from Asian lignin. The yield of bio-oil and its composition mainly depend
on particle size, temperature, heating rate and catalyst. The heating rate has a
significant effect on bio-oil yield. Low heating rate leads to greater char formation
whereas high heating rates are beneficial for the production of bio-oil.

3.2.2 Catalytic Pyrolysis

Catalysts play a vital role in the conversion of lignin to valuable fuels and chemicals.
The use of a catalyst leads to improvement in selectivity to a particular aromatic
compound from lignin. Various catalysts have been tested for fast pyrolysis of
different feedstocks including lignin and its model compounds. Various types of
catalysts such as inorganic metal, transition metal, noble metal, alumina and zeolites
have been applied for pyrolysis of lignin and its model compounds, as shown in
Table 3.3 [64, 71–76]. It is important to note that these are either in situ or ex situ
catalytic fast pyrolysis studies, without the use of any reactive gas like hydrogen.
Hence, the typical transformations only include deoxygenation, while
hydrodeoxygenation or hydrogenation reactions do not occur. Among these cata-
lysts, zeolites are effective deoxygenation catalysts to produce bio-oil with reduced
oxygen content and improved aromatic hydrocarbons. Zhang et al. [71] conducted
catalytic fast pyrolysis of aspen lignin in the presence of H-ZSM5 and HY catalysts
using Py-GC/MS. They found that HZSM-5 catalyst was more effective than HY
catalyst for the conversion of phenolics into aromatic hydrocarbons. The production
of aromatic hydrocarbons was found to be maximum at a catalyst-to-lignin mass
ratio of 3:1. Toluene and p-xylene were the two abundant compounds formed in the
presence of catalysts.

Lee et al. [72] performed catalytic pyrolysis of lignin using Py-GC/MS at 500 �C
in presence of mesoporous Y zeolite. They reported that, in the presence of catalyst,
the major products were simple phenols, monoaromatics and polyaromatic hydro-
carbons. The typical pathways involved in the formation of different aromatic
compounds from catalytic fast pyrolysis of lignin are depicted in Fig. 3.8. The
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yield of total phenolics decreased, and simple phenols, monoaromatic hydrocarbons
and PAHs increased with increasing mesoporous Y-to-lignin mass ratio.

Jackson et al. [77] performed catalytic pyrolysis of lignin over various catalysts
like HZSM-5, KZSM-5, Al-MCM-41, solid phosphoric acid and Co/Mo/Al2O3. In
the presence of HZSM-5, the production of single ring aromatics like benzene,
toluene and xylene (46.7%) and naphthalene-type aromatics (46.2%) were higher,
whereas the proportion of oxygenated aromatics was higher in the presence of
Al-MCM-41. Li et al. [73] conducted fast pyrolysis of two Kraft lignins using
Curie point pyrolyzer in the presence of HZSM-5. They found that, by decreasing
the Si/Al ratio from 200 to 25, and by increasing the catalyst-to-lignin mass ratio
from 1 to 20, the production of aromatic hydrocarbons increased substantially with a
concomitant reduction in lignin-derived oxygenates. Increase in pyrolysis tempera-
ture from 500 oC to 650 oC led to increase of yield of aromatics and phenols.

Kim et al. [78] studied catalytic pyrolysis of lignin for the production of aromatic
hydrocarbons by varying the catalyst-to-lignin mass ratio, and acidity (Si/Al ratio of
30–280) of the HZSM-5 catalyst. They reported that the yield of aromatic hydro-
carbons increased from (0.76 to 2.62) wt% with increase in catalyst acidity and
decrease in Si/Al ratio. The optimal temperature and catalyst: lignin mass ratio were
600 �C and 2:1, respectively, for the production of aromatic hydrocarbons. Lignin
pyrolysis products can be converted to aromatic hydrocarbons only at the external
surface of zeolite catalyst, as almost all lignin-derived phenols are larger in size to
pass through the pores of the catalyst. The yield of char typically increased with
increasing catalyst amount, owing to the coking reactions.

Catalytic fast pyrolysis of alkaline lignin was investigated using different zeolite
catalysts of different pore sizes and acidity by Ma et al. [63]. They reported that
highest yield of liquid (75 wt%) was obtained at 650 �C in the presence of H-USY
catalyst, which was highly acidic (1.2 mmol g�1 total acidity) with Si:Al ratio of
7 and large pore size of 7.4 Ȧ among the different catalysts (H-ZSM5, Na-ZSM5,
and H-beta). Ma et al. [75] performed catalytic fast pyrolysis of lignin in Pyroprobe®

reactor using different types of catalysts such as non-acidic alumina silicates,
transition metal oxides (Co, Mo, Ni, Fe, Mn and Cu) and zeolite-supported transition
metals. The major products from non-catalytic fast pyrolysis of lignin were
alkoxyphenols. Alkoxyphenols were still present in the pyrolysate with the addition
of transition metal oxides, although its yield was low as compared to the case
without the catalyst. The production of aromatic hydrocarbons increased with
the addition of Co and Ni-supported zeolites as compared to that of only the zeolite
without transition metals. The major reactions involved were shown to be dehydra-
tion, decarboxylation, dealkylation, cracking and isomerization.

Zhang et al. [71] investigated the effect of the catalyst loading and temperature on
the production of aromatic hydrocarbons. The yield of aromatic hydrocarbons was
12.8 wt% at 650 �C and ZSM-5: lignin mass ratio of 5:1. The abundant aromatic
hydrocarbons were toluene and p-xylene. Generally, with more amount of catalyst,
the pyrolysis vapors are trapped in the catalyst pores, and are exposed to higher
temperatures for longer time periods. This can potentially lead to their conversion to
coke via bimolecular condensation reactions.
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The use of catalysts such as AlCl3 and ZnCl2 is shown to increase the yields of
bio-oil and gases, at the expense of lower bio-char yields [79]. The bio-oil from
pyrolysis of lignin using these catalysts mainly contains substituted phenols, mono-
carboxylic acids and cyclic esters [79]. In the presence of alkaline catalysts (NaOH,
KOH, Na2CO3, and K2CO3), the formation of alkylphenols and methoxyphenols is
enhanced. In the presence of hydroxy alkali like NaOH and KOH, more
alkylphenols are produced, whereas in the presence of carbonate alkali like
Na2CO3 and K2CO3, more methoxyphenols are produced [80].

In an attempt to improve the yields of phenols, rather than deoxygenating them to
aromatic hydrocarbons, Nair and Vinu [55] used oxide catalysts such as TiO2, CeO2

and ZrO2, and reported that, with TiO2, the yield of guaiacols doubled as compared
to non-catalytic fast pyrolysis of alkali lignin. Due to low Lewis acidity, the primary
intermediates from lignin, mainly guaiacols and simple phenols, are stabilized in the
pores, which effectively prevents the repolymerization reactions to form char. In
non-catalytic pyrolysis, the primary phenolic intermediates are repolymerized in the
melt phase, which results in high yield of char. The oxide catalysts are expected to
promote the formation of hydroxyl radicals via thermal activation, which then take
part in free radical reactions to form guaiacol and its derivatives.

Catalyst acidity and pore structure are the main factors that affect the catalytic
efficiency of the zeolites. Zeolites with large pores are favored for higher yield of
liquid products, because large pore sizes permit dimeric/trimeric macromolecules to
pass through them, thus leading to effective upgradation. The acidity of the zeolite
depends on both the framework of the crystalline structure as well as the overall
Si/Al ratio. The Brønsted acidity aids in effective cracking, deoxygenation, coking
and aromatization reactions. The existing studies using zeolites unequivocally prove
that aromatic hydrocarbons including monoaromatics like BTEX (benzene, toluene,
ethylbenzene and xylenes) and polymaromatics like naphthalane and methyl naph-
thalenes are the key products. While a number of studies have been performed using
lignin and model compounds, the development of a structure-activity relationship is
lacking in the literature. Relating the type of functional unit of lignin or its model
compound with the activity exhibited by the catalyst can provide valuable informa-
tion for the design of better catalysts with composite functions in lignin valorization.
This requires synergetic combination of experimental catalysis, surface science and
molecular modeling of catalysts. Scaling relationships have been developed to
elucidate the reactivity trends of binding energies of different intermediates over
different catalyst surfaces [81]. Such relationships are required for transformations of
lignin intermediates over different surfaces.
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3.2.3 Fast Pyrolysis of Lignin Model Compounds

3.2.3.1 Monomers

Several studies have already shown that guaiacol is one of the major products from
pyrolysis of lignin. Dorrestijn and Mulder [82] investigated the radical-induced
decomposition of guaiacol at different temperatures from (407 to 517) �C, and
found that cumene acts as a radical scavenger. The major products were catechol,
2-hydroxybenzaldehyde, o-cresol, 2-ethylphenol, phenol, CH4 and CO. Further,
they found that increase in phenol production might be due to the conversion of
2-hydroxybenzaldehyde to phenol through hydrogen abstraction and
decarbonylation. Asmadi et al. [83] studied the thermal reactions of guaiacol and
syringol as lignin model aromatic nuclei. The experiments were conducted in a
closed ampoule reactor in the temperature range of (400–600) oC and residence
times of (40–600) s. The main products obtained from guaiacol pyrolysis were
catechol, o-cresol, phenol, benzofuran, 2-ethylphenol, and 2,4-xylenol.

Shin et al. [84] investigated fast pyrolysis of vanillin using molecular beam mass
spectrometry to detect gas phase products. The experiments were conducted in a
spiral quartz tube inside a straight quartz tube in the temperature range of
(500–800) oC, and residence time of (0.3–0.6) s. They found that the conversion
of vanillin is low at 500 �C, while complete conversion occurred at 650 �C. The main
products from vanillin pyrolysis were catechol, 4-hydroxybenzaldehyde, guaiacol,
3,4-dihydroxybenzaldehyde, 5-formylsalicyaldehyde at 650 �C. Further, they
observed the formation of aromatic compounds such as benzene, naphthalene, and
anthracene at a higher temperature of 800 �C. Liu et al. [85] studied the pyrolysis of
three different guaiacyl type monomeric compounds viz., vanillin, vanillic acid and
vanillyl alcohol. They evaluated the single point energies of different compounds
involved in the decomposition mechanism of vanillin, vanillic acid and vanillyl
alcohol using density functional theory (DFT) approach. They reported the decom-
position of vanillin at different temperatures, (400–600) oC, and found that the major
products were guaiacol and 5-formylsalicyaldehyde. At higher temperatures, the
formation of 2-hydroxybenzaldehyde, 1,2-benzenediol, 2-methylphenol and
2-ethylphenol was observed.

3.2.3.2 Dimers

Chen et al. [86] studied the pyrolysis of β-O-4-type lignin dimer, viz.,
1-(4-methoxyphenyl)-2-(2-methoxyphenoxy) ethanol via both experimental and
theoretical DFT approach. The experiments were conducted in the temperature
range of (300–800) oC. The pyrolysates observed at a low temperature of 300 �C
were guaiacol and 4-methoxystyrene. These products were formed by the homolytic
cleavage of Cβ-O bond. At moderate temperatures, both homolytic and concerted
reactions take place to form carbonyl-containing aromatics such as
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2-hydroxybenzaldehyde, 4-methoxybenzaldehyde and 4-hydroxyacetophenone. At
high temperatures, the primary pyrolysates undergo secondary decomposition to
form phenols and mono aromatics.

Jiang et al. [87] studied the thermal reactions of β-1-type lignin dimer
compound, viz., 1,2-bis-(3,5-dimethoxyphenyl) propane-1,3-diol. The experiments
were conducted in an analytical Pyroprobe® pyrolyzer at 800 �C with a residence
time of 20 s. The major pyrolysates were 3,5-dimethoxybenzaldehyde,
1,3-dimethoxybenzene, 3-hydroxy-5-methoxybenzaldehyde, 3,5-dimethoxybenzyl
alcohol, 3-methoxybenzaldehyde, and 1,3-dimethoxy-5-vinylbenzene.
3,5-Dimethoxybenzaldehyde was the major product, accounting for more than
50% of the total products. The homolytic cleavage of Cα-Cβ bond is shown to be the
key reaction in pyrolysis of all β-1-type lignin dimers, which is due to its low bond
dissociation energy.

3.3 Theoretical Studies of Lignin Model Compounds

The fundamental understanding of reaction chemistry and pathways is vital for better
design, development and optimization of fast pyrolysis reactors for large-scale
production of fine chemicals from lignocellulosic biomass and lignin. Mechanistic
models have the unique ability to determine the specific species or reaction pathway
responsible for the observed products. While a reasonable understanding of fast
pyrolysis mechanism of cellulose and hemicellulose is achieved after the works of
Broadbelt and co-workers [88–91], lignin pyrolysis chemistry is more complicated
than that of the carbohydrate components of biomass. Mechanistic modeling of fast
pyrolysis of lignin is challenging owing to the large number of bond types, the
variety of species and their inter-conversions occurring through a number of ele-
mentary reactions. Lignin model compounds such as monomeric and dimeric phe-
nols find value in fundamental studies that attempt to build a step-by-step and
comprehensive understanding of lignin fast pyrolysis.

3.3.1 Lignin Monomers

The monomeric lignin model compounds are the primary pyrolysates from lignin.
Some studies have investigated the fast pyrolysis mechanism of catechol [92, 93],
guaiacol [93–95], syringol [96] and vanillin [97]. Bond dissociation energy (BDE)
provides the foundation for the development of a kinetic model. BDE is a measure of
the bond strength. Smaller the BDE, better is the chance for bond cleavage. BDEs
(in kcal mol�1) of homolytic cleavage of different bonds in selected lignin model
compounds are shown in Fig. 3.9 [25, 98–100]. BDEs are usually calculated using
the expression, BDE (kcal mol�1) ¼ H298(R) + H298(X) � H298(R � X), where,
H (R), H (X), and H (R � X) refer to the enthalpies of product free radicals, R and X,
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and the reactant, R � X, respectively, at 298.15 K and 1 atm. For bond fission or
homolytic cleavage reactions, the Arrhenius activation energy (Ea) is equivalent to
the magnitude of the BDE, and these are related by Ea ¼ BDE � RT. For other
reaction types, enthalpy, entropy and Gibbs free energy changes associated with the
transition state complex are obtained from electronic structure theories, and transi-
tion state theory is used to determine the rate constant at different temperatures. The
rate constants of the reverse reactions are usually calculated using the equilibrium
constant, which is determined using the Gibbs free energy change associated with
the reaction.

Addition of functional groups at specific positions of an aromatic ring alters the
BDE of a specific bond type. For example, addition of hydroxyl group at the ortho
position of phenol decreases the BDE of O–H by 8 kcal mol�1. Figure 3.9 provides a
comparison of BDEs of methoxy group in guaiacol and vanillin. The homolytic
cleavage of O-CH3 bond is always a facile step due to its low BDE ranging from
57.1 kcal mol�1 in guaiacol to 61.4 kcal mol�1 in vanillin. The comparison of BDEs
of the hydroxyl groups in phenol, catechol, salicylaldehyde, guaiacol and vanillin is
also provided in Fig. 3.9.

The BDE for O-H bond cleavage is found to be the lowest for catechol
(78 kcal mol�1), while the highest BDE is observed in salicylaldehyde
(94.1 kcal mol�1). The Cα–O bond has the lowest BDE (42.4 kcal mol�1) in thermal
decomposition of α-O-4 lignin dimer model compound. The BDEs of different
lignin linkages follow the trend: Cα–O < O–CH3 < Cα–Cβ < O–H < O–
Caromatic < Cβ–OH < Cα–Caromatic. The BDE of Cβ–O bond, 58.7 kcal mol�1, is
the lowest followed by Cα–Cβ bond, 62.0 kcal mol�1, in thermal decomposition of
β-O-4 lignin dimer model compounds. In homolytic cleavage of β-1 type lignin
dimer model compounds, the lowest BDE is found for Cα-Cβ bond (53.2 kcal mol�1),
followed by Cβ–Cγ bond (68.4 kcal mol�1).

Catechol is one of the secondary products from lignin pyrolysis. Altarawneh et al.
[92] studied the unimolecular decomposition of catechol, and reported that, at high
temperatures, both concerted and intermolecular water elimination reactions occur
from the two hydroxyl groups, which result in the formation of cyclopenta-2,4-dien-
1-ylidnemethanone. Cavallotti et al. [93] proposed ipso-addition reactions of cate-
chol to form phenol and cresol. Liu et al. [94] proposed reaction pathways for
guaiacol pyrolysis involving both homolytic and concerted reactions to describe
the formation of o-quinonemethide intermediate, which is a precursor for the
formation of polyaromatic hydrocarbons and char.

Pelucchi et al. [99] reported the major reaction classes for the decomposition of
guaiacol, which include chain initiation and chain propagation (ipso-addition reac-
tions and H-abstraction reactions) as shown in Fig. 3.10. Catechol formation can be
attributed to successive H-abstraction reactions of the phenoxy-phenol radical formed
in the chain initiation reaction. The products of ipso-addition reactions include cresol,
anisole, 2-methyl-anisole and phenol. The frequency factor and activation energy
values of the ipso-addition reactions fall in the range (1.2–1.5)� 1013 cm3 mol�1 s�1

and (5–7) kcal mol�1, respectively. Salicylaldehyde is obtained via decomposition of
guaiacol through H-abstraction and radical rearrangement reactions. The rate
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constants of the general H-abstraction reactions usually depend on the type of
hydrogen to be abstracted and the properties of the abstracting radical. The removal
of H-atoms depends mainly on the strength of the corresponding O–H and C–H
bonds.

Vanillin contains different functional groups such as hydroxy, formyl and
methoxy, which are commonly found in the structure of lignin. Concerted reactions
are dominant at high temperatures due to their high activation energy. Hydrogen
abstraction reactions are shown to be the key for the formation of major products
from pyrolysis of vanillin. Britt et al. [58] investigated the fast pyrolysis of vanillin,
and found that guaiacol was the major product at low temperatures, (400–500) oC,
while salicylaldehyde was the major product at high temperatures, (600–-
700) oC. This means that, at elevated temperatures, the transformation of methoxy
to aldehyde functionality occurs via radical-induced rearrangement of methoxy
group [58].

Liu et al. [85] studied the pyrolysis of three different monomeric compounds,
viz., vanillin, vanillic acid and vanillyl alcohol, using quantum mechanics. They
evaluated the single point energies of different intermediates involved in the pyrol-
ysis of vanillin, vanillic acid and vanillyl alcohol. The major products in the
temperature range of (400–600) oC were shown to be guaiacol and

Fig. 3.10 Major reaction families in guaiacol decomposition (Redrawn with permission from
[99]. Copyright © 2019 Royal Society of Chemistry)
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5-formylsalicyaldehyde, while at higher temperatures, 2-hydroxybenzaldehyde,
1,2-benzenediol, 2-methylphenol and 2-ethylphenol were produced. Benzaldehydes
are also the major products from biomass fast pyrolysis. Akazawa et al. [101]
performed pyrolysis of various benzaldehydes such as 4-hydroxybenzaldehyde,
vanillin, syringaldehyde and veratrumaldehyde in Py-GC/MS. They proposed reac-
tion mechanism for the formation of secondary products, which are shown in
Fig. 3.11. The most common pyrolysis reactions include homolytic elimination of

Fig. 3.11 Proposed reaction mechanism of pyrolysis of 4-hydroxybenzaldehyde and vanillin
(Redrawn with permission from [99]. Copyright © 2019 Royal Society of Chemistry)
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methyl group from methoxy group, radical rearrangement, addition of various
radicals and recombination reactions. Huang et al. [102] reported the formation of
CO2, CO and CH4 via decarboxylation, decarbonylation and demethylation reac-
tions, respectively, from various lignin model compounds phenyl (p-hydroxyphenyl,
guaiacyl and syringyl) formic acid, phenyl (p-hydroxyphenyl, guaiacyl and syringyl)
acetaldehyde and concerted reactions of lignin model compounds.

3.3.2 Lignin Dimers

A number of studies have focused on the decomposition of lignin dimers with β-O-4
[25, 86, 103–106], α-O-4 [25, 106, 107], and β-1 [108] linkages. Huang et al. [98]
proposed reaction pathways for pyrolysis of β-O-4-type lignin dimer model com-
pound viz., 1 (1-phenyl-2-phenoxy-1,3-propanediol), which involves both homo-
lytic and concerted reactions. They reported that concerted reactions dominate the
homolytic reactions at low temperatures, whereas at high temperatures the homolytic
reactions are important.

In another study, Chen et al. [86] proposed three possible reaction pathways, viz.,
homolysis of the Cβ–O bond, homolysis of Cα–Cβ bond and Cβ–O concerted
reaction, for pyrolysis of β-O-4 type lignin dimer model compound, as shown in
Fig. 3.12. At low temperature (ca. 300 �C), the initial step involves the homolytic
cleavage of Cβ–O bond due to its low bond dissociation energy (53 kcal mol�1).
At moderate temperatures, carbonyl-containing compounds such as
2-hydroxybenzaldehyde, 4-methoxybenzaldehyde and 4-hydroxyacetophenone
were formed via homolytic and concerted reactions. At high temperatures, the
primary pyrolysates undergo secondary decomposition to form simple phenols and
aromatic hydrocarbons.

Kim et al. [107] studied the pyrolysis mechanism of methoxy substituted α-O-4
lignin dimer model compounds. They observed that the reactivity towards ether
cleavage is enhanced due to the addition of methoxy substitution in the ortho
position of the aromatic ring of the α-O-4 lignin dimer. They also reported that
large number of free radicals are produced from methoxy substituted α-O-4 lignin
dimer. These radicals were formed not only via ether cleavage, but also by the
cleavage of methoxy group.

Partharasathi et al. [109] evaluated the bond dissociation energies of a wide
variety of linkages present in lignin using DFT approach. The mechanism of
decomposition of phenethyl phenyl ether (PPE), a dimer with β-O-4 linkage, with
various substituents, is well studied via experiments, quantum chemical computa-
tions and kinetic modeling [58, 110, 111]. Huang et al. [98] studied the pyrolysis of
PPE by DFT, and reported that the major reaction channels for the formation of
styrene and phenol involved concerted reactions. In another study, Elder and Beste
[110] showed via quantum chemical and DFT studies that the concerted retro-ene
fragmentation mechanism involves a lower reaction barrier compared to bond fission
reaction. The effect of hydroxy functional groups on the decomposition of β-ether
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cleavage using lignin dimer model compounds were studied by Kawamoto et al.
[112]. They observed that the reactivity toward β-ether cleavage increased with the
addition of hydroxyl groups in the lignin dimer model compound. In another study,
Kawamoto et al. [113] studied the reactivity of major linkages present in lignin such
as β-O-4, α-O-4, β-1 and biphenyl. They reported that the reactivity is higher for
β-O-4 and α-O-4 linkages compared to β-1 and biphenyl linkages.

Jiang et al. [87] studied the pyrolysis of β-1-type lignin dimer compound, viz.,
1,2-bis-(3,5-dimethoxyphenyl) propane-1,3-diol, by both experiments and theory.
The homolytic cleavage of Cα-Cβ bond is the major initiation reaction in pyrolysis of
all β-1-type lignin dimers, owing to its low BDE. They proposed four reaction
pathways, which include homolysis of the Cα-Cβ bond, and three different concerted
reaction pathways, as shown in Fig. 3.13. The major products obtained from the first
two concerted pathways include 3,5-dimethoxybenzaldehyde, 3-hydroxy-5-
methoxybenzaldehyde, 3-methoxybenzaldehyde, and 1,3-dimethoxy-5-
vinylbenzene. The major products obtained from the homolytic reaction pathway
include 1,3-dimethoxybenzene and 3,5-dimethoxybenzyl alcohol. The concerted
pathway 3 hardly took place because of its high activation energy.

Fig. 3.12 Initial pyrolysis reactions of β-O-4-type lignin dimer model compound. The data
corresponds to calculations performed using M06-2X method at 6–311++G(d,p) level of theory.
(Redrawn with permission from [86]. Copyright © 2015 Elsevier)
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3.3.3 Trimers and Above

Jiang et al. [114] investigated the homolytic bond dissociation energies of various
substituent groups at different positions on the Cα–O and Cβ–O bonds using density
functional theory methods at M06-2X level of theory with a 6-31++g (d,p) basis set.
The general structure of lignin trimer model compound is shown in Fig. 3.14. It was

Fig. 3.13 Initial decomposition reactions involved in β-1-type lignin dimer model compound
(Redrawn with permission from [87]. BioResources)

Fig. 3.14 Structure of a lignin trimer model compound containing α-O-4 and β-O-4 links
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shown that methoxy substitution at R2 or R3 has a minor effect on the BDE of Cβ-O
bond compared to the methoxy groups at R2 and R3. This is possibly due to the steric
hindrance induced by the methoxy groups at R2 and R3.

Beste and Buchanan [115] investigated the effect of methoxy groups on the BDE
of Cβ–O bond in β-O-4 type lignin dimer model compound. It was found that the
methoxy groups at R2 and R3 positions can reduce the BDE of Cβ–O bond by
5.5 kcal mol�1, and an addition of methoxy group can lead to 9 kcal mol�1 reduction
of BDE. Similarly, single methoxy substituent at R4 or R5 has a minor effect on the
BDE of Cα–O bond compared to the two methoxy groups at R4 and R5. Kim et al.
[107] reported that the o-methoxy group on the aromatic ring can improve the
reactivity toward the Cα–O homolysis, and lower the BDE of Cα–O bond during
pyrolysis of α-O-4-type lignin dimer model. Parthasarathi et al. [109] and Huang
et al. [116] reported that the BDE of Cα–O bond gradually decreases when the H
atoms are replaced by methoxy groups on the phenyl ring adjacent to the oxygen of
the ether bond. Interestingly, the BDE of Cα–O bond decreases regardless of the
length of the oligomer (i.e., dimer or trimer), when there is an o-methoxy group on
the phenyl ring adjacent to the α-O-4 ether bond. Thus, phenolic monomers, dimers,
and trimers serve as valuable lignin model compounds to understand the key trans-
formations occurring in lignin during fast pyrolysis process. A comprehensive
understanding of the chemistry and reaction kinetics paves the way for selectively
deriving chemicals and fuel molecules from lignin and lignin tars via catalytic
approach. Furthermore, there is also an immense need to expand the knowledge
by using different model compounds containing different substituents and linkages.

3.4 Deriving a Composition Model of Lignin

While the existing theoretical studies shed valuable insights on the chemistry of
transformation of lignin sub-structures, extending the mechanistic understanding to
the lignin macromolecule in the form of a kinetic model requires the description of
the structure of lignin to a reasonable extent. As shown in Tables 3.1 and 3.2, the
elemental composition and building blocks of lignin vary based on its source. This
means, any description of the composition of lignin should satisfy the elemental
composition, the percentage of monomeric units, i.e., the H:G:S ratio, and the way
these are linked by different bond types, to a reasonable extent. Few studies have
attempted to develop a composition model of lignin, which could be utilized
subsequently in a kinetic model.

One of the early works in this direction is that of Faravelli et al. [117], who
proposed lumping schemes to describe lignin. Based on a thorough analysis of the
elemental composition of lignins, they proposed three lignin reference species
containing different amounts of C, H and O. The C-rich lignin (LIG-C) was
C17H17O5, O-rich lignin (LIG-O) was C16H11O6(OCH3)4, and H-rich lignin
(LIG-H) was C18H17O5(OCH3)4. LIG-O and LIG-H contain methoxy groups and
are more representative of lignin from hardwood, whereas LIG-C represents
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softwood lignin, without methoxy groups. Any real lignin was modeled as a linear
combination of these three reference species.

Dussan et al. [118] recently developed a composition model of lignin by design-
ing new pseudo-components to describe the molar distribution of H, G and S units
and the overall elemental composition of lignin. The four pseudocomponents
include PC1 (C20H22O10), PC2 (C21H26O8), PC3 (C20H24O7) and PC4
(C16H16O5). Six inputs including C, H and O content from elemental analysis, and
C fraction in H, G and S monomer types from NMR (Nuclear Magnetic Resonance)
spectroscopy analysis were used to compute the model-based values, and further, the
error between model and experiments were minimized to arrive at the lignin struc-
ture. They found that the monoaromatic fractions were reproduced with coefficient
of determination R2> 0.95, while the C, H and O fractions varied with relative errors
of 3–8% within expected experimental/computational uncertainty.

The Broadlbelt group from Northwestern University devised a stochastic method
to generate libraries containing diverse lignin structures [119]. They demonstrated
the generation of wheat straw lignin structure by considering β-O-4, β-5 and 5-5
bond types, which together account for more than 90% of the linkages. By encoding
the typical bonding patterns in a decision tree, a Markov chain of lignin molecule
was constructed by the use of a Metropolis Monte Carlo algorithm. Salient charac-
teristics of lignin such as monomer and bond distribution, molecular weight distri-
bution and branching coefficient were validated with the experimental data using
statistical criteria like χ2 goodness-of-fit and Student’s t-test. More importantly, the
composition model predicted the distribution of aromatic hydroxyl groups and the
dyadic bonding distribution, which are, otherwise, difficult to obtain from
experiments.

3.5 Mechanistic Model of Lignin Pyrolysis

Once lignin is described using one or more of its key attributes such as elemental
composition, monomer and bond distribution, and molecular weight, it is important
to subject the molecule to pyrolysis using a set of reactions to understand the
conversion, overall product distribution (in terms of volatiles, gas and char yield)
and the chemical composition of the volatile and gas fraction. Ranzi and co-workers
developed the first semi-detailed kinetic model of lignin pyrolysis, in which they
considered the reactions of their pseudocomponents, and further gas phase conver-
sion of the pyrolysis vapors [117]. Their kinetic scheme involved 500 elementary
and lumped reactions of 100 free radical and stable molecular species. The reactions
were classified under the major categories of initiation, H-abstraction,
β-decomposition, radical addition, condensation, char formation, CO release and
termination via radical recombination. Their model described well the overall mass
loss profiles of lignin from different biomass sources that were experimentally
obtained using TGA. This basic model of lignin pyrolysis was further refined and
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incorporated in an overall biomass pyrolysis model containing the lumped decom-
position reactions of cellulose, hemicellulose, and extractives [120, 121].

Dussan et al. [118] used their lignin composition model, and applied it to the
kinetic model of lignin pyrolysis developed by Ranzi et al. [121]. They showed that
the model-predicted yields of volatile products and char were comparable with the
experimental data at high heating rates (60 and 6000) K s�1, and were better than that
predicted by Ranzi and co-workers. More importantly, the monoaromatics in the
volatile fraction predicted by the model matched well with the experimental data. All
this was attributed to better description of lignin structure.

In a latest report, Yanez et al. [122] developed a detailed kinetic model of lignin
fast pyrolysis using kinetic Monte Carlo framework. The kinetic model comprised of
4313 reactions of 1615 species. The reactions were based on the elementary trans-
formations of the model compounds reported in the literature, and the composition
model of lignin was the same as that reported by the authors. The elementary
reactions include ether cleavage by bond fission, demethoxylation, demethanation,
aliphatic C–O cleavage at different positions, decarboxylation, deacylation,
dealkylation, aliphatic C–C cleavage, methoxyl group isomerization, alcohol oxida-
tion, aldehyde oxidation, hydrogen addition and char formation. Fingerprints of
different phenylpropanoid and coumaran structures obtained from pyrolysis of lignin
were included in the model. The overall yields of gases, water and char after 10 s
matched well with the experimental data of fast pyrolysis of corn stover lignin. Other
major products like 2-hydroxy-3-methyl-4(propenaldehyde)-phenol and
p-vinylphenol were also captured by the model. Such models are valuable because,
in addition to product yields and pyrolysate composition, they provide valuable
information about molecular weight decrease of lignin and the time evolution of
pyrolysates. Such information at short time scales of the order of seconds cannot be
obtained from analytical pyrolysis experiments, which points to the fact that
advancements in experimental techniques are also required to probe the structural
changes in lignin, and the time evolution of vapor phase species.

3.6 Conclusions and Perspectives for Future Work

The availability and the presence of various functional groups in lignin makes it the
feedstock of choice for the synthesis of chemicals such as vanillin and phenols, and
polymeric materials like resins and polymers. However, this is a challenging task
due to its structural complexity. This chapter has provided a flavor of the salient
reactions and products from fast pyrolysis of lignin and its model compounds. In
general, the yield and composition of bio-oil from fast pyrolysis of lignin depend on
the type of lignin, reaction temperature, heating rate and type of catalyst. High yields
of aromatic hydrocarbons and phenols in bio-oils can be obtained from lignin via
thermal cleavage of the various linkages. The optimum temperature for producing
aromatic hydrocarbons from lignin via catalytic pyrolysis is shown to be
(550–650) oC, whereas at the same optimal temperature, non-catalytic fast pyrolysis
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yields phenolic compounds as the key products. The major phenolics include
guaiacol, methyl guaiacol, syringol, vanillin, catechol and phenol. The design of
robust catalysts with high catalytic selectivity and better reusability with low coking
tendency are essential for a bio-refinery to be economically operated at scale. The
selective lignin conversion to value-added fuel molecules and chemicals depends
greatly on proper choice of engineered catalysts, optimal operating conditions, and
more importantly, on a reasonable understanding of reaction mechanism and
kinetics.

Fundamental understanding of the mechanism of pyrolysis of lignin and the
development of a comprehensive kinetic model still remains a challenge. Experi-
mental research has its own limitations in predicting the exact reaction pathways and
providing time evolution of product yields under fast pyrolysis conditions. Hence, it
is imperative to research the pyrolysis chemistry of lignin using various model
compounds via both experimental and computational modeling techniques. While
a number of studies are available on the transformation of lignin dimers and trimers,
they are focused mostly on the reactions of β-O-4 linkage. Thus, there is a need to
cover a wide class of inter unit bond conversions. While this is possible using DFT
modeling, experimental synthesis of different dimers and trimers is not a trivial task.

Describing the composition of lignin using mathematical models has recently
emerged. It is important to expand this and validate it with multiple lignin types. An
equally important task is to synthesize the kinetic information of model compound
conversion obtained from a molecular model, and integrate it with a mechanistic
kinetic model of lignin pyrolysis. While advancements in this direction are evident
from the literature, a concerted effort from multiple research groups is essential to
improve the existing models and build a comprehensive one. More research in this
direction will pave the way to develop a holistic picture of lignin pyrolysis pathways.
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Chapter 4
Pyrolysis Chemistry and Mechanisms:
Interactions of Primary Components

Wei Chen, Yingquan Chen, Hanping Chen, and Haiping Yang

Abstract Global warming resulting from the use of fossil fuel has led to an urgent
need to develop sustainable energy resources. Biomass pyrolysis allows conversion of
biomass into valuable bio-oil, gas, and char products and at the same time through
optimization of reaction conditions, allows the realization of comprehensive
processing of biomass. As the component structure of natural biomass is very com-
plicated, exploring the pyrolysis behavior of individual components is a fundamental
method to understand biomass pyrolysis mechanisms. In this chapter, state-of-the-art
component pyrolysis behavior and pyrolysis mechanisms are discussed in detail.
Individual reaction mechanisms for cellulose, hemicellulose, and lignin, and their
interactions are discussed in depth, as well as the effect of inorganic species, based
on the formation mechanism of bio-oil, char and gaseous products. Research status of
advanced methods of component pyrolysis is given. While there are challenges, such
as detailed pyrolysis mechanisms, native component pyrolysis, interaction mecha-
nisms, and advanced characterization methods, that are still needed. Pyrolysis tech-
nology has a bright future for creating valuable products economically from biomass.

Keywords Biomass pyrolysis mechanism · Components pyrolysis · Cellulose ·
Hemicellulose · Lignin · Interactions

4.1 Introduction

The year 2018 is shaping up to be one of the hottest in peak climate temperatures,
with new records being set in many places (48 �C in Spain, 40 �C in Japan and South
Korea, 37 �C in Northeast China, and 32 �C in the Arctic). The rise in climate
temperatures is attributed to global warming caused by greenhouse gas emissions
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mainly coming from the burning of fossil fuels [1–3]. Thus, it is urgent to develop
renewable sources of carbon to replace fossil fuels. Biomass, such as lignocellulosic
biomass, is a promising alternative which could be converted into fuels and
chemicals [4, 5]. Biomass resources accounts for ~11% of world primary energy
consumption, however, 60% of biomass is employed in traditional ways, such as
cooking and space heating [6, 7]. Modern biomass use needs to account for 26–34%
of primary energy by 2100 [8]. Hence, it is necessary to explore conversion methods
for efficient utilization of biomass.

Biomass pyrolysis is one of the most promising thermochemical conversion
methods, as it can obtain more liquid yield (~80 wt%), and retain more energy
(~70%) in bio-oil, compared with combustion and gasification [9]. Biomass pyrol-
ysis can be seen as the first step in methods for biomass thermochemical conversion
[10]. Thus, biomass pyrolysis for liquid fuels has received wide attention [11]. Bio-
mass pyrolysis has been extensively reviewed by Wang et al. [12], Anca-Couce [6],
Collard and Blin [13], Gollakota et al. [14], and Shen [15] for obtaining liquid fuels.
While biochar and gas products have not been reviewed in detail, these are also
important pyrolysis products obtained from biomass pyrolysis.

Biomass pyrolysis allows one to obtain bio-oil, gas, and char products at the same
time through optimization of reaction conditions [16–18]. Chen et al. [18] and Yang
et al. [16] obtained high bio-oil yields, and gas products with ~10 MJ/m3, as well as
char products with 22 MJ/kg, at optimum pyrolysis temperatures of (550–650) �C.
There are commercial biomass pyrolysis poly-generation plants running in China
[19] that continuously deal with 7740 t of biomass per year, which can be converted
into 1.6 million Nm3 of bio-gas, 0.54 million kg of tar, 1.09 million kg of wood
vinegar and 1.63 million kg of biochar.

A complete understanding of biomass pyrolysis mechanisms is not only essential
for elucidating biomass decomposition pathways in the correlation between physico-
chemical structure and reactive behavior, but also, knowledge on the mechanisms is
beneficial for guiding reactor design and optimizing reaction conditions [12]. It is
also beneficial to realize production of valuable products, such as high-value gas
products (hydrogen, methane, and light olefins), high-value liquid chemicals
(levoglucosenone, phenol, furfural, ethanol, benzene, toluene and xylene (BTX)),
and high-value biochar materials (biochar used for adsorption, catalysis, and energy
storage) [15, 20–25].

Many reviews have been published on biomass pyrolysis mechanisms and the
interested reader is directed to these compilations. For example, Sharma et al. [26]
reviewed modelling and process parameters. Zhou et al. [27] focused on the evolu-
tion mechanism of gas and liquid products during pyrolysis. Kan et al. [28] focused
on the influence of pyrolysis parameters on the products and their distribution.
However, biomass pyrolysis is accompanied with the evolution of biochar and
release of gas and bio-oil products which is highly interconnected to the entire
process. Review of the evolution and relationship mechanism of gas, bio-oil and
biochar allows one to reveal many aspects of the pyrolysis mechanism.

Thus, in this chapter, the pyrolysis mechanisms of biomass are comprehensively
reviewed through considering the evolving properties of small-molecular gaseous
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products, liquid oil compounds, and solid char products. The structure of natural
biomass is very complicated, for example, the main components of lignocellulosic
biomass are cellulose, hemicellulose, and lignin (Table 4.1), thus exploring the
reactive behavior of individual components and their interactions is a fundamental
method to elucidate biomass pyrolysis mechanisms. This chapter was written with
the intention of helping the reader to understand key features of biomass pyrolysis
mechanisms.

4.2 Cellulose Pyrolysis Mechanism

Cellulose is a kind of macromolecular polysaccharide consisting of linear long-chain
glucose units linked through β-1,4-glucosidic bonds and it is the most abundant
component in lignocellulosic biomass. Cellulose content in woody biomass is
~45 wt%, while that in cotton, flax and chemical pulp can reach 80–95 wt%. The
chemical formula of cellulose is (C6H10O5)n, where n is the degree of polymerization
(DP), and DP is at least 9000–15,000, and glucose is the repeating unit of cellulose
[29]. The glycosidic bonds linking the basic units in cellulose are not as strong as

Table 4.1 Cellulose, hemicellulose, and lignin content in lignocellulosic biomass

Feedstock Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%)

Sapele 40.28 16.63 33.87

Badamu 29.41 24.79 27.71

Soybean stalk 37.83 18.77 19.73

Peanut shells 31.81 14.41 4.80

Corn stalk 42.73 22.09 0.23

Eucalyptus 39.07 14.29 27.81

Straw 37.12 24.41 23.44

Walnut shells 24.52 22.37 36.90

Rice husk 38.14 18.73 36.76

Cotton stalk 36.56 15.67 31.25

Elm 42.58 21.06 24.48

Bigenli 25.09 25.39 38.83

Bamboo 40.36 23.05 28.47

Poplar 43.19 18.83 12.89

Sesame stalk 40.40 18.46 1.78

Peanut stalk 31.47 14.18 23.68

Rape stalk 34.25 16.89 15.79

Willow 35.44 14.98 29.19

Tabacco stalk 24.58 11.90 29.81

Straw 39.17 23.73 21.50

Note: The analysis standard is dry basis
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other bonds, and tend to cleave under acidic conditions or high-temperatures [12].
Thus, cellulose structure degrades sharply during the pyrolysis process [12].

Yang et al. [30] found that the weight loss of cellulose pyrolysis mainly occurred
in temperature range of (315–400) �C. However, the activation energy of this
degradation process obtained from different studies varied significantly
(166–250) kJ/mol, due to the differences in the types of cellulose, experimental
conditions, and computation processes [31]. Taking into consideration of regression
objective function and optimization strategy, the activation energy of slow pyrolysis
of microcrystalline cellulose is about 200 kJ/mol [32].

Xin et al. [33] investigated the pyrolysis behavior of cellulose, xylan, and lignin,
and found the char yield of cellulose (23–5) wt% was lower than that of xylan
(25–35) wt% and lignin (50–75) wt% (Fig. 4.1) and the maximum bio-oil yield of
cellulose was higher than that of xylan and lignin. Yang et al. [30] found CO2 was
the major gaseous product with secondary pyrolysis forming large amounts of CO
and CH4 at (400–600) �C, while H2 mainly evolved at higher temperature
(>600 �C).

Levoglucosan (1,6-anhydro-β-D-glucopyranose) is the major primary product
from cellulose pyrolysis. Levoglucosan is generated mainly at lower temperatures
during cellulose pyrolysis, and has a maximum yield at 450 �C, then it decreases and
finally disappears at temperatures greater than 750 �C [33]. While levoglucosan is
mainly generated through chain-end mechanism (breaking C1-O bond by
transglycosylation) [34], which could further transform into levoglucosenone,
1,4:3,6-dianhydro-β-D-glucopyranose, and 1,6-anhydro-β-D-glucopyranose
through dehydration and isomerization reactions, finally these anhydrosugars are
further converted into furfural and hydroxymethylfurfural by dehydration
reactions [35].

Xin et al. [36] investigated char evolution during cellulose pyrolysis, and found
that dehydration reactions were predominant below 300 �C; decarbonylation,
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ring-opening and aromatization reactions became major reactions at (300–430) �C;
then significant deoxygenation and condensation reactions occurred at (430–650)
�C; while dehydrogenation was predominant at temperatures over 650 �C, and large
aromatic systems were formed.

Yang et al. [37] explored cellulose pyrolysis mechanism with two-dimensional
perturbation correlation infrared spectroscopy (2D-PCIS), which revealed that the
C¼O groups of cellulose changed before the aliphatic C-O-C linkages, indicating
that dehydration and keto-enol tautomerism of pyran hydroxyls occurred before ring
scission. Regarding solid char, the char structure was composed of low-order fused
rings at temperatures around 350 �C, while it went to higher-order fused rings at
temperatures over 450 �C.

The major reaction pathways of cellulose pyrolysis are shown in Fig. 4.2 [23, 34,
35, 38, 39]. In the primary step, cellulose decomposes into low-molecular com-
pounds such as hydroxyacetaldehyde, levoglucosan, and other sugars, accompany-
ing the release of gaseous products and the formation of char products through
dehydration and decarboxylation reactions that release H2O and CO2.

Char contains many six-membered oxygen containing heterocycles linked by
ether bonds. At increasing temperatures, levoglucosan undergoes rearrangement and
hydration to form levoglucosenone, and cyclization reactions to convert into stable
O-containing heterocyclic compounds such as furfural, 5-hydroxyl methyl furfural,
and pyran, while some levoglucosan undergoes polymerization reactions to form
char products. During this period, the char product contains large amounts of active
functional groups such as -COOH, -COO-, -C¼O, -OH, and C-O-C with the
volatilization of char product.

For further increases in temperature, low-molecular compounds undergo
decarbonylation and aromatization reactions to form large quantities of aromatics
such as benzenes and naphthalenes. Further, some low-molecular compounds
undergo condensation reactions to form char. The main functional groups left in
char are stable -C-O-C, -OH, and -C¼O through decarboxylation and
decarbonylation reactions, leading to the aromatization degree of char greatly
increasing. These processes would also be accompanied by the release of much
CO, H2, and C2 compounds such as C2H2, C2H4, and C2H6.

4.3 Hemicellulose Pyrolysis Mechanism

Compared with cellulose, hemicellulose consists of shorter chain
heteropolysaccharides, including xylose, arabinose, mannose, galactose, glucose,
rhamnose, or glucuronic acid, which forms a typical amorphous branched structure
with a low degree of polymerization. The content of hemicellulose in herbaceous
biomass, softwood, and hardwood is (20–25) wt%, (18–23) wt%, and (10–15) wt%,
respectively [12]. Obtaining native hemicellulose is extremely challenging due to its
complex nature and cross-linking with cellulose and lignin, thus model compounds
of hemicellulose are investigated widely, including monomeric building blocks of
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hemicellulose, isolated/commercial hemicellulose polysaccharides, extracted hemi-
cellulose, and hemicellulose as part of biomass [27, 40, 41]. Xylan is an excellent
representative molecule among the possible monomeric building blocks of hemicel-
lulose [41, 42].

Compared with cellulose, the decomposition of hemicellulose is easier, and its
weight loss mainly occurs at (220–315) �C [30]. The activation energy of the main
decomposition stage for hemicellulose is 95 kJ/mol, which is lower than that of
cellulose (200 kJ/mol) [43].

In the pyrolysis of xylan, yields of CO and CO2 are much higher than that of H2

and CH4, due to the O-acetyl groups (high content) usually at C2 position of xylan
chain [44]. Yang et al. [30] found that release of gaseous products and organic
compounds with C¼O (1730 cm�1) and C-O-C (1167 cm�1) from xylan pyrolysis
mainly occurred at (200–400) �C, as shown in Fig. 4.3. Carboxylic acids are the most
abundant with 8.6 wt% during hemicellulose pyrolysis, followed by 3.4 wt%
non-aromatic ketones, 1.4 wt% furans, 1.2 wt% sugars, and 0.87 wt%
non-aromatic aldehydes [45].

However, there are differences between pyrolysis behavior of native hemicellu-
lose and that of model compounds. Native hemicellulose pyrolysis generates more
char, gaseous products, acetol and acetic acid than extracted hemicellulose pyrolysis,
while giving yields less 1,2-anhydroxylopyranose, 1,2;3,4-dianhydroxylopyranose
and glycolaldehyde [46]. Patwardhan et al. [42] reported that hemicellulose pyrol-
ysis pathways mainly occurred as: depolymerization to form sugars and
anhydrosugars, then dehydration to form furans and pyrans, finally ring breakages
to generate O-containing small-molecular compounds [27].

Yang et al. [47] found that depolymerization and ring-opening reactions of xylan
occurred at 200 �C. Furthermore, the xylan matrix structure was completely
degraded at 225 �C to form numerous C¼O, C¼C, and C-O-C intermediates,
which were further decomposed and reconstructed into small-molecule aldehydes,
ketones, furans, cyclopentanes, and aromatic compounds. At lower temperatures,
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CO2

CH4
H2O

Aldehydes 

& acid 
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Fig. 4.3 Typical FTIR
spectra of gas products from
hemicellulose pyrolysis
(adapted with permission
from [30], Copyright
© 2007 Elsevier)
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(200–300) �C, the xylan char structure mainly consisted of phenyl rings and oxygen-
containing cyclic compounds with aliphatic chains. Then, the molecular structure of
the char rearranged to form small fused-ring compounds at (300–450) �C. The
dehydrogenation and condensation reactions of xylan increased at (450–600) �C,
resulting in a char structure containing a variety of fused-ring compounds, with most
C¼O and -CH3 groups removed.

The major reaction pathways of hemicellulose pyrolysis are shown in Fig. 4.4
[27, 42, 45, 46, 48]. Hemicellulose pyrolysis starts with decomposition to form
oligosaccharides through the breakdown of the glycosidic bonds, then further cracks
into xylose with the release of H2O and CO2. For the char product, it contains large
amounts of C¼O, COOH, -OH, and C-O groups, O-containing ring structures are
formed through polymerization reactions.

With the increasing of pyrolysis temperature, cracking, rearrangement, and com-
peting reactions of xylose form many light oxygenates, such as formic acid, acetic
acid, propionic acid, 1-hydroxy-2-propanone, furfural, and furan. And the char
further polymerizes and forms more aromatic ring structures, with the release of
much H2O, CO2, and CO, by the condensation of pyrolysis intermediates and
volatilization of char product. At high temperatures, aromatic compounds become
the main bio-oil product due to the aromatization reactions of the light oxygenates
and volatilization of aromatics from char. The aromatization degree of char increases
accompanying the condensation of light oxygenates, and the release of CO, H2, and
C2.

4.4 Lignin Pyrolysis Mechanism

Lignin is currently considered as a waste and finding ways of using it as a renewable
source of valuable chemicals is one of the hottest topics in research in bio-based
industries [49]. In contrast to cellulose and hemicellulose, lignin is a large-molecular
phenolic compound with randomly linking. Softwood lignin accounts for (25–35) wt
%, while hardwood and grass lignin accounted for (20–25) wt% and (10–15) wt%,
respectively [12]. Lignin has an amorphous structure with three main units
(p-cournaryl, coniferyl, and sinapyl alcohol, namely p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S), respectively). These aromatic monomers are linked through
C-O bond such as β-O-4, α-O-4, γ-O-4, and 5-O-4 and C-C bonds such as 5-5, β-1,
and β-5, with β-O-4 being the most frequent coupling linkage that occurs as (46–60)
% [50–52].

Lignin is more difficult to decompose than cellulose, and its weight loss with
temperature occurs over a wide range, as the activity of chemical bonds in lignin are
extremely varied [30, 53]. Yeo et al. [43] reported that lignin pyrolysis, that had an
activation energy of 174.4 kJ/mol, started with complex physicochemical reactions
such as lignin melting with weakly bonded functional groups cracking (44–194) �C,
followed by massive degradation of lignin through breaking of β-O-4 linkages
(194–604) �C and cleavage of various types of bonds (604–824) �C.
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Phenols were the most abundant products from lignin pyrolysis, which also
released much CH4 and methanol, due to the scission of methoxyl groups [54]. Lig-
nin pyrolysis undergoes two competitive reactions: cleavage of inter-unit or alky
linkages, and char formation. The main pyrolysis products are phenols (phenol and
4-vinylphenol), methoxyphenols (guaiacol, 4-vinylguaiacol, and vanillin), and
dimethoxyphenols (syringol, 4-vinylsyingol, and acetosyringol) [45]. Wang et al.
[55] isolated four lignin polymers (alkali lignin (AL), klason lignin (KL), organosolv
lignin (OL), and milled wood lignin (MWL)) from the same pine wood pyrolysis,
and found that the content of phenolic product from lignin pyrolysis increased
greatly with increasing temperature, and obtained a maximum of 60–80% at
600 �C with G type (guaiacol type, including guaiacol, 4-methylguaiacol,
4-vinylguaiacol, trans-isoeugenol, and vanillin) making up the majority of the total
products, due to guaiacol coming from direct breakage of β-O-4 bonds.

Lignin softens at (160–190) �C, and undergoes dehydration reactions at around
200 �C, and cracking of α- and β-aryl-alkylether linkages proceeds at (150–300) �C,
after which cleavage of aliphatic side chains occurs at around 300 �C, and cleavage
of C-C linkages occurs at (370–400) �C [6]. Moreover, cleavage of methoxyl groups
occurs at 340 �C for softwood lignin, while it happens at 310 �C for hardwood lignin.
Hemolytic cleavage of O-CH3 bond contributes to the formation of catechol, while
H-atom and CH3-radical assist demethoxylation and promote the formation of
phenol and cresol, respectively [56].

Lignin pyrolysis is a melt phase radical process, and its reactivity mainly depends
on the competition between initiation, propagation, and termination reactions of
different propagating radicals. The weakest bonds in lignin contribute to the forma-
tion of radical, and initiate the formation of radicals, while at higher temperatures,
condensation reactions promote the continuous cross-linking and growth of aromatic
structures and form poly-cyclic aromatics and char products [57]. Yang et al. [58]
found that alkali lignin mainly underwent de-branching reactions at temperatures
lower than 250 �C, with dehydroxylation reactions occurring before decarbonylation
reactions. Alkali lignin depolymerization began at temperatures higher than 250 �C,
with preferential depolymerization of simple substitute aryl structures occurring at
(250–350) oC. The molecular structures of lignin char were reconstructed, with small
fused-ring compounds formed as temperature above 350 �C and at (450–650) oC,
high-order fused rings became the main structural units of lignin char.

The major reaction pathways of lignin pyrolysis are shown in Fig. 4.5 [13, 52,
59–65]. Lignin pyrolysis firstly undergoes softening reactions to form an interme-
diate liquid compound. Then the intermediate liquid compound further decomposes
and generates pyrolytic lignin that usually consists of monomers, dimers, trimers, or
tetramers through the cleavage of β-O-4 bonds, and these further transform into free
radicals, while lignin undergoes aromatic ring polymerization reactions to form char
products that release H2O and CO2.

As the pyrolysis reaction proceeds, free radicals further capture protons from
other pyrolysis products (H donors), and undergo cracking reactions through decom-
position of side chains such as C-O, -OH, and O-CH3, to form large amounts of
phenols, methoxyphenols, and dimethoxyphenols, while some free radicals form
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char products through condensation reactions. At the same time, small-molecular
compounds can volatilize out from char products that can further polymerize to form
more stable char structures that contains large amounts of aromatic rings, C-O-C,
and -OH groups along with the release of large quantities of H2O, CH4, CO2,

and CO.
As temperature is further increased, the decomposition pattern of lignin is similar

with that of cellulose and hemicellulose. Phenolic compounds undergo aromatiza-
tion and condensation reactions to form aromatic liquid compounds and char
products, and the bio-oils mainly contain phenols, benzenes, naphthalenes, and
polycyclic aromatic hydrocarbons. Aromatization and polymerization of char
enhance the degree of highly aromatic structures, while char yields are much higher
than those of cellulose and hemicellulose due to the special aromatic structure of
lignin. Then, CH4, H2, and CO are the main gaseous products of this step.

4.5 Cellulose, Hemicellulose, and Lignin Interactions

According to the physical structure of biomass, in general, lignin is in the outer cell
wall, and cellulose and hemicellulose is within lignin shell, while hemicellulose
binds among cellulose fiber [66]. With respect to chemical structure, there are large
amounts of hydrogen bonding between cellulose-lignin, and cellulose-
hemicellulose. Covalent linkages mainly as ether bonds exist between cellulose-
lignin, and hemicellulose-lignin [67, 68]. Thus, the chemical linkage and physical
arrangement among cellulose-hemicellulose-lignin greatly influences the pyrolysis
products through component interactions and release of intermediates and their
interactions, but not in a simple additive way [66]. Understanding interaction
mechanisms would help to develop new pyrolysis processes for lignocellulosic
biomass, which would be beneficial to use of biomass as a resource.

Whether there is interaction among cellulose-hemicellulose-lignin during bio-
mass pyrolysis is always controversial [66]. Some researchers point out that inter-
actions among three components could be negligible. Yang et al. [69] reported that
pyrolysis of synthesized samples containing two or three of biomass components
showed negligible interaction among cellulose-hemicellulose-lignin, and there was a
linear relationship between weight loss and proportion of hemicellulose or cellulose
and the residues (Fig. 4.6). Zhang et al. [66] reported that there were no significant
interactions between cellulose-hemicellulose, and cellulose-lignin for both physical
and native mixtures.

On the contrary, many researches have reported that interactions among
cellulose-hemicellulose-lignin actually do exist. Yu et al. [70] found interactions
between cellulose and other two components. Hosoya et al. [71] found that cellulose-
lignin pyrolysis showed significant interactions during wood pyrolysis at 800 �C.
Fan et al. [72] obtained similar results in that xylan could inhibit the cracking of
cellulose, and that lignin promoted the decomposition of sugars from cellulose
pyrolysis.
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4.5.1 Cellulose-Hemicellulose Interaction

Cellulose-hemicellulose interactions increase gas yield, but decrease bio-oil yield
[73] and they also greatly promote the generation of CO2 and hemicellulose-derived

Fig. 4.6 Pyrolysis of biomass-related compounds (adapted with permission from [69], Copyright
© 2006 American Chemical Society)
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products, while inhibit the formation of cellulose-derived products, especially
levoglucosan [74]. Interactions of cellulose and hemicellulose also strongly promote
the generation of 2,5-diethoxytetrahydrofuran and inhibit the formation of altrose,
while cellulose enhances the generation of hemicellulose-derived hydroxyacetone,
acetone, acetic acid, 3-buten-2-ol, 1-hydroxy-2-butanone, acetic acid and
2-furfural [74].

Kawamoto et al. [75] found that for hemicellulose, xylan promotes the formation
of phenolic and non-phenolic dimers, while glucomannan inhibits the generation of
non-phenolic dimers. The interactions between cellulose-xylan increase the decom-
position temperature, and cellulose promotes the decomposition and aromatization
of xylan [76], which is similar to results of Zhou et al. [77], who found that cellulose-
xylan interaction increases the content of polycyclic aromatic hydrocarbons (PAH).
Cellulose-xylan interactions greatly affect char product properties, which signifi-
cantly reduces the char porosity in that the specific surface area decreased 43%,
compared with calculated results of individual components by superposition [78].

4.5.2 Cellulose-Lignin Interaction

The interaction between cellulose-lignin is stronger than interactions between
cellulose-hemicellulose [74]. Interactions between cellulose and lignin decrease tar
yields, but increase char yields [79]. The decrease of tar may be due to cross-linking
reactions between lignin-cellulose to generate H2O and ester groups [79]. Cellulose-
lignin co-pyrolysis increases the yield of CO2 [80], which could promote the
generation of cellulose-derived products (esters, aldehydes, ketones, and cyclic
ketones), and lignin-derived products (phenols, guaiacols, and syringols), while
they inhibit the formation of anhyrosugars, especially levoglucosan [81]. Moreover,
cellulose hinders the accumulation of benzene rings generated from lignin [76],
which may be due to lignin enhanced micro-explosions that decrease the residence
time of cellulose derived products in liquid intermediates, which is the phase where
most of dehydration reactions occur [82]. Ye et al. [83] found D-glucose interacted
with homolysis radical of lignin model dimer to form a 10-numbered ring interme-
diate, which changed the energy barriers of pyrolytic reactions, thus promoted the
formation of linear carbonyls and furans. Cellulose-xylan interactions also decrease
the yields of naphthalene, acenaphthylene, and chrysene plus benzo[a]anthracene,
while increase the yields of 1-methynaphthalene, 2-methynaphthalene,
acenaphthene, fluorene, phenanthrene, anthracene, and pyrene [77].

Pyrolysis of herbaceous biomass, which is representative of native cellulose-
lignin mixtures, decreases levoglucosan yield, while increases the yield of low
molecular weight compounds and furans [66]. However, there were no interactions
for woody biomass, perhaps due to different amounts of covalent linkages in two
biomass samples (Fig. 4.7) [66]. Vapor-phase interactions between cellulose-lignin
promote gas formation from cellulose-derived volatiles, while inhibit char formation
from lignin-derived volatiles and greatly increase the yields of methane and
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catechols from lignin but not o-cresols. This may be ascribed to cellulose-derived
intermediates acting as H-donors, while lignin-derived intermediates act as
H-acceptors [84], which is similar to conclusions of Wu et al. [81] that cellulose-
lignin interaction mechanisms could mainly be H-transfer mechanisms for physical
mixtures, while it is the effect of morphology and covalent bonds between them for
native mixtures.

4.5.3 Hemicellulose-Lignin Interaction

Interactions between hemicellulose-lignin are much weaker than interactions of
cellulose-hemicellulose and cellulose-lignin [72]. Long et al. [85] used the overlap
ratio of TG curves to evaluate the interaction of biomass components quantitatively.
The interactions between xylan-lignin were weak with an overlap ratio of 0.987,
whereas the interactions between cellulose-lignin strongly overlap and have a ratio
of 0.974, which may be related to the abundance of hydrogen bonds between

Fig. 4.7 Postulated pyrolysis mechanisms of cellulose covalently linked with lignin (L: lignin)
(adapted with permission from [66], Copyright © 2015 American Chemical Society)
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hemicellulose and lignin, and strong van der Waals forces between lignin and
cellulose [86].

Interactions of lignin and xylan decrease the liquid yields while increase gas
yields [78] and they promote the formation of CO2 and H2 at temperatures of
(400–700) �C and inhibit the generation of CH4 and phenols below 500 �C and at
(400–700) �C, respectively [73]. Zhao et al. [87] found that lignin largely inhibits the
formation of sugars (mainly levoglucosan) from hemicellulose pyrolysis. However,
hemicellulose significantly promoted lignin decomposition to produce phenolic
compounds. Xylan inhibits the formation of guaiacols and syringols from lignin
pyrolysis, but enhances hydroxyphenols generation [88]. Zhou et al. [77] found
that the interactions between xylan and lignin decreases the content of PAHs,
such as naphthalene, acenaphthylene, 1-methynaphthalene, 2-methynaphthalene,
acenaphthene, and fluorene.

4.5.4 Cellulose-Hemicellulose-Lignin Interaction

In addition to interactions between two components, three component interactions
(cellulose-hemicellulose-lignin) have been widely researched. Cellulose-
hemicellulose-lignin interactions extend the temperature range for the formation of
levoglucosan. Cellulose and lignin promote the formation of 2-furfural and acetic
acid at (350–500) �C and cellulose and hemicellulose increase the content of phenol,
2,6-dimethoxy [89]. However, Liu et al. [90] showed some different results, namely,
that lignin inhibits the formation of 2-furaldehyde and C¼O containing compounds.
Hemicellulose largely decreases levoglucosan yields, while greatly increases
hydroxyacetaldehyde yields. Yu et al. [70] found that synthetic mixtures (mixing
cellulose, hemicellulose, and lignin) give more tar and less char than predicted
values, while actual biomass samples showed the opposite trends with less char
and more tar being formed than predicted values. Furthermore, compared with
synthetic mixtures, the internal porosity and channels within actual biomass, may
facilitate volatile product release.

Researchers have made great efforts to explore the interactions among cellulose-
hemicellulose-lignin during pyrolysis, but interaction mechanisms are still not well
understood yet [12]. Moreover, the effect of other components, such pectin, which is
structurally and functionally the most complex polysaccharide in plant cell walls
[91], on the biomass pyrolysis mechanism still needs to be explored.

4.6 Influence of Inorganic Species on Biomass Pyrolysis

In addition to the major organic components (cellulose, hemicellulose, and lignin),
biomass can contain inorganic minerals at very low concentrations and in decreasing
order of abundance as Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, Mn, and Ti [92, 93]. The
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content and distribution of these inorganic species in biomass depend on type and
source. Woody biomass often contains lower inorganic content than that of agricul-
tural residues [92]. Inorganic minerals may be present in biomass in numerous forms
[94] with the simplest being free ion form that is dissolved in fluid matter within the
biomass. Salts are often in structured mineral forms (e.g. NaCl, KCl). Covalent
bonds between inorganic elements and organic biomass structures are seen as well
[94]. Transformation mechanisms of these inorganic components is also important
for understanding biomass pyrolysis mechanisms [95].

Wiinikka et al. [96] explored the fate of inorganic elements during biomass fast
pyrolysis in a cyclone reactor, and found that Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti,
and Zn were mainly concentrated in char products, while much of the S is released
into gaseous products during biomass pyrolysis with (1–10) wt% of Zn, K, and Fe
being transformed into pyrolysis oil, while <1 wt% of other inorganic elements
being in the pyrolysis oil, as shown in Fig. 4.8. Alkali earth metals (Ca, Mg),
transition metals (Fe, Cu, Ni, Cd, Cr, Co, Mn, Zn), and post transition metals (Al,
Pb) mostly remain in char products during biomass pyrolysis [94]. Lane et al. [97]
investigated the release mechanism of inorganic elements during algae pyrolysis,
and found that Cl is mainly released together with alkali metals (primarily by
sublimation of NaCl) from marine algae, and in the form of HCl from freshwater
algae. The S was released firstly by organic forms during biomass pyrolysis process,
and then by inorganic forms during secondary oxidation and reduction of char.
Furthermore, K and Na were released by volatilization of melted metal-phosphates.

Inorganic species significantly influence pyrolysis behavior and mechanisms of
biomass pyrolysis. Alkali metals increase degradation rate, reduce degradation
temperature, and change the reactions pathways of biomass pyrolysis [98]. Potassium
impregnated in cellulose inhibits the formation of anhydrosugars and mobile protons
due to its stabilization of free radicals, while hydrogen mobility and transfer are
important in biomass pyrolysis mechanism, then hemolytic scissions enhancement
causes formation of a more aromatic structure [99]. CH3COOK added to cellulose

Fig. 4.8 Inorganic elements
found in the bio-oil from
biomass pyrolysis (adapted
with permission from [96],
Copyright © 2017 Elsevier)
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and levoglucosan promotes glucosidic unit decomposition to form small-molecular
compounds, such as acetic acid, hydroxyacetaldehyde, and acetol [100]. The K and
Na contribute to carbonization, dehydration, decarboxylation, and demethoxylation
to form modified carbonaceous structures during biomass pyrolysis
[101]. Furthermore, K, Na, Ca, and Mg are able to promote competing reactions to
form lower molecular weight species, and decrease levoglucosan yields [102]. It
could be observed that research on the effect of nonmetals (e.g. Si, P, S, Cl) on
biomass pyrolysis is rare. Thus, more work should be performed on biomass
pyrolysis with additives to understand mechanism comprehensively.

4.7 Conclusions and Future Outlook

Biomass pyrolysis is a promising technology to convert biomass into valuable
bio-oil, gas, and char products. By choosing appropriate reaction conditions, yields
of the different products can be optimized. Pyrolysis mechanisms of individual
components (cellulose, hemicellulos, lignin, and inorganic species) and interaction
mechanisms of the components were reviewed in this chapter and an overview was
presented on the evolution of biochar, bio-oil and gas products. Some of the
challenges in developing biomass pyrolysis further can be given as follows:

Individual pyrolysis mechanisms mainly focus on cellulose and lignin, hence
reaction pathways of hemicellulose, and other organic components (such as pectin
[91]) should be given more attention as well as interaction mechanisms among
organic and inorganic species, as well as the catalytic effect of inorganic species.
It is vital to extract the native components from biomass through development of
micro-depletion extraction methods that retain the original structure, special link-
ages, and functional groups in biomass components. Further, the combination of
different size model compounds (monomer, oligomer, individual components) and
biomass is very important for studying pyrolysis mechanisms.

Analysis methods are mainly thermogravimetric analysis (TGA),
thermogravimetric analyzer coupled with Fourier transform infrared spectroscopy
(TG-FTIR), and pyrolysis-gas chromatography/mass spectrometry-flame ionization
detector (PY-GC/MS-FID). As these methods are limited in application to biomass
component pyrolysis mechanisms, it is necessary to develop new in-situ analysis
methods (such as pyrolysis combined with two-dimensional gas chromatography-
time of flight mass spectrometer (PY-GC�GC-TOF/MS) [103], thermogravimetric
analyzer combined with photoionization time-of-flight mass spectrometer (TG-PI-
TOF-MS) [104], on-line single-photon ionization time-of-flight mass spectrometry
(SPI-TOF-MS) [105–107], on-line near-atmospheric pressure photoionization
Orbitrap mass spectrometry (nAPPI Orbitrap MS) [104], in-situ reflectance Infrared
Fourier transform spectroscopy (in-situ DRIFTS) [76, 108], in-situ X-ray diffraction
(in-situ XRD) [109]) for in-time and quantitative comprehensive characterization of
pyrolysis gas products, bio-oil, and char, to further explore biomass pyrolysis
mechanisms in depth.

130 W. Chen et al.



To realize the biomass conversion into valuable products, catalytic pyrolysis
process is necessary, and understanding catalytic pyrolysis mechanism is vital for
better utilization of biomass [110]. It is also important that the integration of
pyrolysis for industrial uses for bio-oil (fast pyrolysis), and the synergetic effects
due to the heterogeneity of biomass or mixtures of biomass.
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Part II
Production of Liquid biofuels by Pyrolysis

and Catalytic Pyrolysis



Chapter 5
Catalytic Upgrading of Bio-Oils into
Aromatic Hydrocarbon over Highly Active
Solid Catalysts

Surachai Karnjanakom, Nichaboon Chaihad, Suwadee Kongparakul,
Chanatip Samart, Abuliti Abudula, and Guoqing Guan

Abstract Pyrolysis of lignocellulosic biomass is a promising method to produce
bio-oils in high yields. However, the obtained bio-oils via the pyrolysis process
always contain large amounts of oxygenated compounds such as phenols, ketones
sugars and acids, which could make them unstable, corrosive and have low heating
value. Thus, the original bio-oils need to be firstly upgraded before its application as
transportation fuel. Herein, upgrading of bio-oils by using several typically highly-
active solid catalysts with metal modification are introduced. Especially, the effects
of pore size and acidic-basic properties of the solid catalysts on their activity,
selectivity, stability and deactivation are critically reviewed. In this chapter, funda-
mental reaction pathways for the conversion of oxygenated compounds into aro-
matic hydrocarbons and coke via catalytic pyrolysis are summarized in detail along
with an outline of future research needs.
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5.1 Introduction of Biomass Pyrolysis

Nowadays, an intensive outgrowth of industrial technologies together with energy
consumption is leading to the depletion of fossil resources and calamity in the
environment. Investigation of renewable resources is necessary to replace traditional
fossil fuels. Lignocellulosic biomass, which consists primarily of C, H and O atoms
could be a future sustainable and renewable source for the production of hydrocar-
bon fuels and hydrogen directly and finally as a substitute for fossil resources [1–
6]. Especially, lignocellulosic biomass is attractive for direct production of highly
value-added chemicals. However, processes for biomass conversion into specific
products are still very complex. Thermochemical conversion processes, such as
pyrolysis, gasification and combustion allow a biomass conversion process to be
simplified and offer effective routes for production of bio-fuels and bio-power [7]. In
particular, pyrolysis, which is typically performed at temperatures of (400–600) �C
under inert atmosphere, can be used to produce liquid biofuels [8, 9]. Since biomass
is composed of different components such as cellulose, hemicellulose and lignin,
oxygenated compounds will be generated from these components depending on both
conditions and reaction mechanisms, which are also a result of the thermal
processing condition and reactor design [10, 11]. Interactions of cellulose, hemi-
celluloses and lignin at the thermal conditions in the biomass structure during the
pyrolysis are still a research topic [12]. For example, lignin-derived phenols are
easily produced from the interaction between hemicellulose and lignin pyrolysis,
whereas the formation of hydrocarbons from hemicellulose is inhibited simulta-
neously [13]. It is also reported that lignin can interact with cellulose during
pyrolysis to prevent polymerization of levoglucosan derived from cellulose, leading
to the reduction of char formation. Furthermore, interactions between cellulose and
hemicellulose have less effects on the formation and distribution of pyrolysis
products [14]. Unfortunately, direct utilization of original bio-oil for the transporta-
tion fuels is not presently possible, since it contains many oxygenated compounds
such as phenols, ketones sugars and acids, which lower its heating value and make it
unsuitable as a stable fuel. Therefore, additional upgrading steps are necessary to
improve the quality of the bio-oil even though it will lower the energy efficiency of
the entire bio-oil production process.

Reaction pathway of cellulose pyrolysis at different temperature ranges can be via
dehydrogenation, depolymerization and fragmentation, which is also called as the
Waterloo-mechanism [15]. That is, at a pyrolysis temperature of >250 �C with a
slow heating rate, cellulose is converted into char, H2O, CO, CO2, etc. When the
temperature is increased from (350–450) �C, anhydrosugars such as levoglucosan
are released via depolymerization. Other oxygenated compounds such as ketone,
aldehydes and acid also generate via fragmentation process at ~600 �C. For actual
biomass, a large number of reactions occur in series such as dehydration, depoly-
merization, isomerization, cracking and charring during biomass pyrolysis [16–
18]. The biomass pyrolysis process generally consists of three main steps: (1) initial
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evaporation of moisture; (2) primary decomposition; and (3) secondary decomposi-
tion and reactions via cracking and repolymerization [19].

During the primary decomposition stage at a temperature range of (200–400) �C,
the decomposition of biomass results in the generation of gases such as H2, CO, CO2

and CH4, bio-oils (also called tar) and char [20]. In the secondary stage, decompo-
sition of as-generated bio-oil in the first stage and continuous decomposition of the
solid matrix occur with further increasing of the reaction temperature. In general, the
decomposition of hemicellulose mainly occurs at a pyrolysis temperatures range of
(250–350) �C and the decomposition of cellulose takes place in the temperature
range of (325–400) �C to form the main products like levoglucosan [21]. In contrast,
lignin decomposition requires a higher temperature up to 900 �C [22]. Several
factors such as temperature, heating rate, residence time, pressure and catalysts
greatly affect the product yield and bio-oil quality [23]. For instance, a rapid heating
rate favors formation of condensable liquid products. In the case of high temperature
and long residence time, non-condensable gaseous products such as methane and
ethane will be produced due to the occurrence of secondary decomposition. Large
amounts of char can be obtained at a low temperature with a slow heating rate
[24]. Hence, pyrolysis can be classified into two categories: (1) slow pyrolysis, a
batch process that is carried out with a slow heating rate and a long residence time
[25–27], and (2) fast pyrolysis that is carried out with a rapid heating rate which can
inhibit further cracking of the pyrolysis products so that the bio-oil yield is high.
Herein, the chemical kinetics and heat and mass transfer rates play crucial roles in
determining the product distribution and reaction mechanisms.

The bio-oils are dark brown and free-flowing liquids and have a distinctive smoky
smell [28, 29] and their physical properties are determined by the chemical compo-
sition of the biomass. Generally, bio-oils contain several hundreds of organic
compounds, which can be classified into three major families: (1) small carbonyl
compounds such as acetic acid, carboxylic acids, acetaldehyde, hydroxyaldehydes
and hydroxyketones; (2) sugar compounds such as furfural, levoglucosan, furan and
pyran compounds and (3) lignin-derived compounds such as phenols and guaiacols
[30]. In addition, oligomers with molecular weights ranging from 900 to 2500 are
found in bio-oil with significant amounts [31, 32]. The distribution of these com-
pounds mostly depends on the biomass type, the pyrolysis way and whether the
catalysts are present or not [33, 34]. Some properties of bio-oil, such as instability,
high corrosiveness and low heating value, limit its direct use as a transportation fuel.
Therefore, it is important to understand the product distribution before considering to
upgrade the bio-oil. Table 5.1 compares selected properties of a bio-oil with a heavy
petroleum fuel oil [35, 36]. One can see that the bio-oil has much higher oxygen and
water contents than the heavy petroleum oil, which is the reason why bio-oil has a
lower heating value than the petroleum oil. For example, the heating values (HHV,
MJ/kg) of bio-oils derived from pyrolysis of wood are in the range of (16–19) MJ/kg,
which are only about 50% of that of the petroleum oil (40 MJ/kg) even in the highest
evaluation. The presence of aldehydes and phenols in the bio-oil are unstable, since
they are easily transformed into macromolecules via polymerization reactions,
especially under acidic conditions, resulting in an increase in bio-oil viscosity and
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a reduction in bio-oil fluidity. In summary, bio-oils produced via pyrolysis always
have high water content and contain many oxygenated compounds so that bio-oils
have high acid value, high viscosity, are thermal instability, and low heating values
[37]. However, although the application of bio-oils has been thus far limited by
unfavorable properties, the bio-oil has promising properties such as relatively low
toxicity, good lubricity and greater biodegradation than petroleum fuels. Therefore,
it is important to upgrade bio-oils so that they have more advantages than fossil fuels
as an energy resource.

In this chapter, recent progress in upgrading of bio-oils derived from pyrolysis of
biomass using several active solid catalysts such as metal/zeolite, metal/Al2O3,
metal/MCM-41 and metal/KIT-6 is reviewed. The effect of catalyst type, porosity,
acidity-basicity and their interactions on catalytic activity, selectivity, stability and
deactivation are summarized. Possible ways for increasing yields of value-added
products such as benzene, toluene and xylenes (BTXs) and suppressing the forma-
tion of unwanted by-products such as polyaromatics and coke on the catalysts are
discussed. Suitable spent catalyst regeneration methods are analyzed for increasing
the reusability of catalysts.

5.2 Upgrading of Bio-Oil Using Solid Catalysts

Upgrading of bio-oils to aromatic hydrocarbons can be realized via thermal catalytic
cracking, catalytic hydrodeoxygenation, hot vapor filtration or stabilization by
adding suitable solvents. Herein, catalytic hydrodeoxygenation involves
hydrotreating and catalytic vapor cracking, by which the oxygen in the bio-oil can
be removed in the form of simple molecules such as H2O, CO and CO2 [38]. Fig-
ure 5.1 shows reactions associated with catalytic hydrodeoxygenation in bio-oil
upgrading. Even though this method is one of the most promising bio-oil upgrading
routes, it requires high-pressure with a large stoichiometric excess of hydrogen gas,

Table 5.1 Comparison of bio-oil properties derived from the pyrolysis of wood and heavy
petroleum fuel oil

Properties
Bio-oils derived from pyrolysis
of wood [35]

Heavy petroleum
fuel oil [36]

Water content (wt%) 15–30 0.1

pH 2.5 –

Carbon (wt%) 54–58 85

Hydrogen (wt%) 5.7–7.0 11

Oxygen (wt%) 35–40 1.0

Nitrogen (wt%) 0–0.2 0.3

HHV (MJ/kg) 16–19 40

Viscosity (at 50 �C) (mPa s) 40–100 180

Distillation residue (wt%) Up to 50 1
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which significantly increases the cost of upgrading [39]. Hence, it is necessary to
minimize the amount of hydrogen required for deoxygenation. However, it is still a
challenge to find upgrading catalysts that can work under low-pressure and at near
stoichiometric H2 conditions. Herein, fundamental understanding of the factors that
favor C–O bond cleavage (and C–C bond formation) is the key to develop novel
solid catalysts for bio-oil upgrading. In this section, discussion on the role of solid
catalysts in deoxygenation are presented at first and then, various aspects of the
developed solid acid catalysts will be summarized and discussed.

5.2.1 Reaction Mechanisms for Bio-Oil Upgrading

To improve the quality of bio-oils, one way is loading the solid catalysts in the
downstream reactor of biomass pyrolysis unit and separately allowing the produced
bio-oil to be upgraded [40]. Another way is in-situ upgrading by integrated catalytic
pyrolysis, in which the catalyst is added into the pyrolysis system, so that the
generated bio-oils undergo further cracking inside catalyst structure or on active
sites to form monoaromatic hydrocarbons (MAHs). It should be noted that the yield
of bio-oils will be reduced after the upgrading process due to co-generation of H2O,
CO and CO2. Herein, the selectivity is also an attractive feature of catalytic pyrol-
ysis, which is dependent on the catalyst pore size distribution and nature of the active
sites [41]. Detailed reaction pathways for in-situ upgrading of bio-oils derived from
the pyrolysis of biomass are shown in Fig. 5.2 [42]. One can see that the composition
of bio-oils derived from the biomass pyrolysis without upgrading are very complex.

Fig. 5.1 Reactions for hydro-deoxygenation in bio-oil upgrading (adapted with permission from
[38], Copyright© 2019, Elsevier)
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Thus, selection of proper catalysts with high activity as well as selectivity is very
important in the final product distribution of the bio-oil.

As shown in Fig. 5.2, for cellulose and hemicellulose, anhydrosugars are firstly
formed via thermal decomposition of polymer chains that contain glycosidic bonds.
During this stage, small gas-state oxygenated by-products such as CO2, CO and H2O
are produced via cracking and depolymerization. Then, sugar compounds further
undergo dehydration and re-arrangement reactions to form furans and small oxy-
genated compounds such as furans and pyrans [43]. Thereafter, in the presence of an
acid catalyst, these intermediate oxygenated compounds are converted into aromatic
hydrocarbons via aromatization. In the case of lignin, large molecules containing
phenol groups are initially produced via cracking and depolymerization [19]. Subse-
quently, a larger amount of char is formed from lignin pyrolysis via polymerization
compared with cellulose-hemicellulose pyrolysis. During catalytic upgrading, oxy-
genated compounds can contact active sites of the solid acid catalysts. In this case,
higher acidity is needed for the cleavage of C–O and C–C bonds before the
deoxygenation reactions proceed to obtain smaller hydrocarbon molecules such as
BTXs. However, further aromatization and polymerization of BTXs to polycyclic
aromatic hydrocarbons (PAHs) and coke can occur on catalysts with too high
acidity. Therefore, it is necessary to adjust the acidity or acidic amount on the
catalyst to increase the aromatic selectivity and reduce coke formation.

Ausavasukhi et al. reported a possible reaction route for catalytic deoxygenation
of benzaldehyde promoted by Ga-modified ZSM-5 zeolite catalyst, in which the
direct deoxygenation over Brønsted acid sites could yield benzene, but toluene could
only be produced over Ga species in the presence of H2 [44]. Experimental results
also verified that no toluene was formed without the presence of hydrogen gas. Also,
the ratio of benzene to toluene products was significantly increased by co-feeding
water in the presence of Ga-modified HZSM-5 catalyst. The deoxygenation mech-
anism of acetone catalyzed by molybdenum oxide has been proposed as illustrated in
Fig. 5.3 [45]. It is found that this catalyst promotes hydrogenolysis via direct scission
of the C–O bond. The concentration of oxygen vacant sites is the main factor that
influences catalytic performance and the strength of metal–oxygen bond within the
metal oxide also affects the deoxygenation performance. Metal species with strong
metal–oxygen bonds may strongly bind to oxygen on the catalyst surface, inhibiting
the formation of oxygen vacant sites and promoting hydrocarbon yields. Gonzalez-
Borja et al. [46] studied hydrodeoxygenation of anisole and guaiacol using mono-
lithic Pt-Sn catalysts, and proposed transalkylation/deoxygenation pathways of
anisole and guaiacol over Pt-Sn/CNF/Inconel catalysts [46]. It is found that such
monolithic catalysts can provide low pressure drop even at a high reactant flow rate
and as such, they are beneficial for upgrading of bio-oils at atmospheric conditions.
As a result, when Pt-Sn alloy monolith catalysts are used for guaiacol and anisole
deoxygenation, full deoxygenations of guaiacol and anisole to the main products of
benzene, toluene and xylenes (BTXs) occur over either Pt-Sn/Inconel or Pt-Sn/CNF/
Inconel catalysts. However, catalyst stability needs to be improved, since coke easily
formed on the catalysts.
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In our previous study [47], a possible mechanism for the catalytic conversion of
model bio-oil of furfural over Mg-Cu-doped β-zeolite was proposed as shown in
Fig. 5.4. Herein, the acidity of β-zeolite was tuned by various amounts of Mg and Cu
species. During the reaction, furan was initially produced by decarbonylation of
furfural. Since certain amounts of olefins were formed, it is considered that allene
should be formed by decarbonylation of furan at first and then, the produced allene
could be trapped on the acid sites of zeolite and converted into olefins. Benzofuran

Fig. 5.4 Reaction pathways for selective conversion of furfural into aromatic hydrocarbons [47]

Fig. 5.3 Acetone deoxygenation over molybdenum oxide [45] (adapted with permission from [45],
Copyright©2019 Royal Society of Chemistry)
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was also detected in the products especially at a high weight hourly space velocity
(WHSV), indicating that benzofuran, which was formed by the dehydrative conden-
sation of furan, was a possible intermediate in the formation of monocyclic aromatic
hydrocarbons (MAHs). Then, these intermediates could be further transformed into
aromatic, olefins and coke through decarbonylation, oligomerization, cracking,
dehydrogenation, dehydration, Diels-Alder condensation, alkylation and aromatiza-
tion reactions. For the Mg-Cu-doped β-zeolite catalyst, it provided Lewis acid sites
or electron pair acceptors, on which hydride ions were released to promote the rate of
olefin oligomerization, leading to the formation of aromatic hydrocarbons.

However, in that study [47], when the Cu loading amount was too high, higher
acidity as well as bulk CuO were formed on β-zeolite, which promoted secondary
reactions of aromatization and polymerization of BTXs to PAHs and coke. There-
fore, the optimum acid-base properties of catalyst and interaction of metal species
with zeolite support must be considered for preventing the formation of bulk copper
species, which was the key to control the final aromatic product distribution.
Moreover, simultaneous introduction of basic sites (MgO) on the catalyst resulting
in a significant reduction of coke yield together with lower PAHs yield and higher
BTXs yields. Herein, the basic MgO tuned the strong Lewis acid sites derived from
extra framework Al species of β-zeolite and ionic Cu(Cu2+)/CuO/Cu2O composite to
avoid polyaromatization and coking. Therefore, acidity of the solid catalysts for
cracking, deoxygenation and aromatization should be the key to control the catalyst
performance in the catalytic upgrading of real bio-oils. Figure 5.5 shows the acid
properties of the parent and Cu- and Mg-loaded β-zeolite [47]. As observed in
Fig. 5.5, for the parent β-zeolite, two NH3 desorption peaks at�280 �C and� 280 �C
were attributed to weak acid sites and strong acid sites, respectively. With an
increase in Cu loading, the NH3 desorption peaks shifted to a lower temperature
range, which should be the contribution of copper species, since it can be exchanged
with the protons of Brønsted acid sites, resulting in an increase in Lewis acid sites.
As a result, deoxygenation reactions such as dehydration, decarbonylation, decar-
boxylation and aromatization can be promoted, resulting in the generation of more
H2O, CO, CO2 and aromatic hydrocarbons. The three NH3 desorption peaks
corresponding to weak, medium and strong acid sites appeared in the cases of 3 wt
% and 5 wt% of Cu loading amounts. These different distributions of acid sites can
be attributed to the existence of different Cu species (e.g., bulk CuO, Cu+ and Cu2+)
located on the β-zeolite structure. In addition, co-loading of Mg cations with
optimum loading amount at extra-framework positions was confirmed to perform
as Lewis acid sites for promoting different deoxygenation reactions.

Phenolic compounds in a simulated bio-oil were unable to be converted over
parent H-Beta zeolite catalyst under a hydrogen atmosphere as reported by
Shafaghat et al. [43]. It is found that metal doping can effectively help to initiate
conversion of bio-oil to rich hydrocarbon fuels, which could be dehydrated over the
acid sites on the metal-doped zeolites to achieve oxygenated compound removal. To
date, various metals have been applied to modify zeolite catalysts. Table 5.2 sum-
marizes different metal loaded zeolite catalysts with their main reaction pathways
and products. Herein, the real bio-oil can be converted into aromatics via
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hydrogenolysis using the Fe/H-Beta zeolite whereas the Ni/H-Beta zeolite catalyst
shows outstanding performance for hydrogenation of benzene ring via
hydrogenation-dehydration-hydrogenation to form cycloalkanes. Veses et al. [48]
carefully investigated the upgrading of bio-oils over ZSM-5 doped by metals such as
Mg, Ni, Cu, Ga and Sn. As expected, a significant decrease of the viscosity and
oxygen content of bio-oil was found with these catalysts. They also proposed several
reaction pathways for different metal modified zeolite catalysts. A large amount of
phenols could be transformed into aromatic hydrocarbons via decarbonylation and
oligomerization using the Ga-ZSM-5 [49] with the highest water yield obtained
being with this catalyst, demonstrating high efficiency of oxygenated compound
removal via hydrogenation-dehydration. For Ni-ZSM-5, its application greatly
improved the aromatics formation via aromatization. The facile decarboxylation
can be attributed to in-situ H2 formation for hydrodeoxygenation reactions. For the
Sn-ZSM-5, a high yield of aromatic hydrocarbons was observed together with a high
water content. The decarboxylation should be the main reaction pathway since

Fig. 5.5 Selective production of aromatic hydrocarbon from Cu/β-zeolite (adapted with permission
from [57], Copyright© 2019 Elsevier)
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higher CO2 than CO yields accompanied is found [42]. In the case of Cu-ZSM-5,
decarbonylation was likely promoted by copper sites rather than by acidic sites of
zeolite, suggesting that most of metal cations were located on the ion exchange
positions of zeolite. Mg-ZSM-5 showed remarkable difference with other metal-
loaded ZSM-5 zeolites. Especially, Mg-ZSM-5 exhibited the lowest coke and
polyaromatic formations among all the catalysts tested [48], suggesting the existence
of a basicity property. These trends show that metal modification of a zeolite leads to
different reaction routes. Li et al. [50] considered that the introduction of transition
metals on the zeolite could favor the decarbonylation/decarboxylation rather than
dehydration, leading to increased amounts of CO/CO2 and less water. He et al. [51]
studied in-situ catalytic upgrading of pyrolysis oil with methane over metal-loaded
ZSM-5 catalyst. Compared with other transition metals (i.e., Fe, Co, Cu, Ni, Mn, Zr
and Ce) loaded zeolite catalysts, the Zn/ZSM-5 gave the highest oil yield along with
a high H/C atomic ratio and a low O/C atomic ratio. It is found that ZSM-5
framework mainly promoted the deoxygenation during the reaction so that the
quality of bio-oil was increased. Highly dispersed Zn species mostly facilitated
CH4 activation and allowed it to be incorporated into the carbon chain of the
bio-oil, which enhanced the quantity of bio-oil. As for hierarchical zeolites, the
doping of metal showed great effects on the overall performance of the catalysts.
Yung et al. [52] studied the upgrading of bio-oil over Ni/ZSM-5 and found that the
addition of Ni on ZSM-5 greatly improved the oxygenate conversion and aromatic

Table 5.2 The effect of metal doping on zeolites for upgrading of bio-oil

Metal Zeolite Feedstock Dominant reactions
Major
products Ref.

Fe H-Beta Phenolic
compound

Aromatization Aromatics [43]

Ni Hydrogenation Cycloalkanes

Ga H-ZSM-5 Pyrolysis bio-
oil

Decarbonylation, Oligomeri-
zation, Dehydration

Aromatics [48]

Ni

Sn

Cu

Mg

Ga H-ZSM-5 Lignocellulosic Deoxygenation Olefins,
Aromatic

[49]

Fe H-ZSM-5 Biomass
derived bio-oil

Fast pyrolysis Phenols [50]

Co

Zr Hydrocarbons

Zn H-ZSM-5 Pyrolysis bio-
oil; CH4

Deoxygenation Aromatics [51]

Ni H-ZSM-5 Biomass
derived bio-oil

Deoxygenation Aromatics [52]

Sn Hierarchical
zeolite

Biomass
derived bio-oil

Deoxygenation Hydrocarbons [53]

Cu

Ni

Mg
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hydrocarbons yields. The Ni addition retained the access of bio-oil molecules to the
zeolite pores and provided micropores on the external surface of ZSM-5, resulting in
more specific interactions between metal centers and acidic sites and finally
improved the performance in upgrading of bio-oil. Veses et al. [53] found that the
impregnation of hierarchical zeolite with metals such as Sn, Cu, Ni and Mg
improved the deoxygenation depth. Particularly, the use of Mg-loaded hierarchical
zeolite resulted in the best fuel quality with low oxygen content and low acidity.

In one of our previous studies [54], it was found that the interaction between the
metal sites and the proton sites are important when the metal-doped β-zeolite
catalysts are used for bio-oil upgrading. In the case of moderate Cu loading amount,
Cu species replaces some of the proton sites, leading to interactions between metal
sites (isolated Cu species) so that the remaining proton sites (H+ cation) can shift the
prior route from dehydration to decarbonylation. Namely, the remaining H+ cation
promotes dehydration as well as decarboxylation of oxygenated compounds, while
Cu species facilitates decarbonylation reactions [48]. Pham et al. [55] used activated
carbon (AC) supported Ni2P catalysts for atmospheric deoxygenation of waste
cooking oil (WCO), and found that the proportion of oxygen atoms in the WCO
sample was reduced by >85%, resulting from synergistic effects between Ni and P
elements. Kaewpengkrow et al. [56] used Ce, Pd, Ru or Ni salts impregnated AC for
upgrading of bio-oil derived from the pyrolysis of Jatropha waste residue. The main
aromatic compounds formed were benzene, toluene, ethylbenzene and xylene
(BTEX) with the highest aromatic selectivity obtained in the order of
Ce/AC > Ni/AC > Pd/AC > Ru/AC. Karnjanakom et al. [57] improved the Cu
dispersion on β-zeolite with ethylene glycol. It is found that smaller Cu particles
without sintering can be obtained by using their method [57]. Herein, the Brønsted
acid sites of the parent β-zeolite can be ion exchanged with Cu species, thus resulting
in an increase of Lewis acid sites, which can promote the formation of aromatics. It
should be noted that small sizes of Cu promotes BTX formation while polyaromatic
hydrocarbon (PAHs) are more easily formed in the presence of larger sizes of Cu
(Fig. 5.5).

As such, it can be assumed that the deoxygenation pathway can be shifted from
decarboxylation (Eq. (5.1)) to decarbonylation and cracking reactions (Eqs. (5.2)
and (5.3)) since a higher CO yield is observed in the case of Cu/β-zeolite-EG, which
was probably results from the existence of smaller Cu particles/clusters. Thus,
different Cu sites can be generated in β-zeolites after using different preparation
methods for zeolite-supported Cu catalysts [57].

Decarboxylation : CH3 CH2ð Þ4COOH ! CO2 þ C5H12 ð5:1Þ
Decarbonylation : CH3 CH2ð Þ4COOH ! COþ C5H10 þ H2O ð5:2Þ

Cracking : CH3 CH2ð Þ4COOH ! 2COþ C4H8 þ 2H2 ð5:3Þ
Coke gasification : Cþ H2O ! COþ H2 ð5:4Þ
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Coke yield was clearly decreased with an increase of Cu loading in the case of
β-zeolite-EG, which was opposed to the case of Cu/β-zeolite. This result is attributed
to the shifting of the deoxygenation pathways, by which water was formed together
with CO via decarbonylation/dehydration steps, thus promoting in-situ coke gasifi-
cation, as indicated in the reaction described by Eq. (5.4). The in-situ H2 produced
enhances the hydrocracking and hydrodeoxygenation in the presence of a catalyst,
and leads to an increase in alkanes, and finally to the formation of more BTX. Yung
et al. [51] studied the upgrading of bio-oil over Ni/ZSM-5 and found that addition of
Ni to ZSM-5 greatly improves oxygenate conversion and aromatic hydrocarbon
yields. The Ni addition could retain the access of bio-oil molecules into the zeolite
pores and provide micropores on the external surface of ZSM-5, resulting in more
specific interactions between metal centers and acidic sites and finally improve the
performance in upgrading of bio-oil.

The porous structure in solid catalysts always affects the activity and selectivity in
upgrading of bio-oil. Biomass-derived feedstocks, oxygenates, and hydrocarbons
with kinetic diameters, can enter into zeolite micropores, as reported in the literature
[58]. Primary pyrolysis products with kinetic diameters larger than or equal to that of
glucose should not diffuse into the pores of microporous materials. Thus, the
pyrolysis of biomass and its primary large products/intermediates is hardly affected
by the presence of microporous structures in the catalysts. Chaihad et al. [59] found
that naphthalene was favored to be produced with H-ZSM-5 while more monocyclic
aromatic hydrocarbons such as p-xylene, toluene and alkylbenzene were generated
with H-beta as well as H-USY zeolites. Generally, mesoporous materials with an
adjustable uniform pore size (2–15 nm) allow the interaction of large organic
molecules with active sites, which could be beneficial especially for in situ catalytic
upgrading of bio-oil derived from pyrolysis of biomass. Very large pores of
mesoporous materials could affect the decomposition of large lignocellulosic mac-
romolecules. For example, when mesoporous rod-like alumina was prepared by
Pluronic P123 surfactant-assisted hydrothermal synthesis with different P123/Al
molar ratios from 0.005 to 0.05 [60], the pore sizes of the obtained Al2O3 increased
with an increase in P123/Al molar ratios from 0.005 to 0.05 while the surface area
continuously increased until 0.01, leading to the formation of more PAHs and the
reduction of MAHs to some extent. Aluminosilicate mesoporous MCM-41 are found
to be good catalyst supports for catalytic cracking and deoxygenation of bio-oils
[61–63]. Karnjanakom et al. [62] used Cu/MCM-41 and Cu/KIT-6 for the upgrading
of bio-oil, and found that large molecules of oxygenated compounds can more easily
diffuse inside the structure of KIT-6 without blockage than MCM-41, leading to the
facile formation of aromatic hydrocarbons. Similar catalytic performance is
observed for Cu supported KIT-6 with high loading (Fig. 5.6).

The acidity of a catalyst generated by the incorporation of metals is usually
associated with the nature of the chemical linkages produced by the metal ions in
the silica framework. However, larger pore sizes can lead to higher coke deposition
and polyaromatics [58, 64]. For instance, Al-MCM-41 led to a higher coke deposi-
tion than ZSM-5 and USY zeolites due to its larger pore volume [65]. Different
effects of pore sizes of the catalysts are observed in these experiments on the
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decomposition of intermediate compounds formed from pyrolysis of feedstocks. It
has been reported that less coke and more aromatics are obtained with ZSM-5 based
catalysts since their smaller pore sizes can prevent the formation of polyaromatic
compounds that can act as coke precursors [66]. Therefore, it is necessary to consider
pore selectivity as well as activity during the development of solid catalysts for the
upgrading of bio-oil.

5.2.2 Deactivation and Regeneration of Catalyst

There are many reasons for catalyst deactivation during bio-oil upgrading. Primarily,
deactivation is associated with coke formation due to the series of reactions. Coke
deposition on catalysts typically results in the catalyst deactivation and negative
consequences of reducing selectivity towards the desired products. Moreover,
hydrogen-rich coking species can attack the main active sites on the catalyst surface
with a net consequence of catalyst deactivation. In addition, strong adsorption of
phenolic compounds on the catalyst may be another reason for deactivation.

Coke deposition leads to the blockage of both active sites and micropores, which
is one of the major causes of catalyst deactivation [67–69]. Carbonaceous materials
or coke that deposit inside the zeolite pores hinder mass diffusion. Huang et al. [70]
considered that the acid sites on solid catalysts played a significant role in the

Fig. 5.6 Catalyst preparation of Cu/KIT-6 or MCM-41 by cyclodextrin (CD)-assisted impregna-
tion method [62] (adapted with permission from [62], Copyright© 2019American Chemical
Society)
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formation of carbon. Proton donation from the acid sites could result in adsorption of
hydrocarbon cations, and the deprotonated basic framework of the zeolite usually
exhibits facilitated potential for cracking, aromatization and polymerization, leading
to carbon formation. Vitolo et al. [71] regenerated spent HZSM-5 catalyst by
washing it with acetone following by calcination at 500 �C for 12 h and found that
the regenerated catalyst had a shorter catalyst lifetime and lower deoxygenation
ability when compared with the fresh one, and this effect becomes more pronounced
as a function of the regeneration cycle. Thus, persistent deactivation was evaluated
as a decrease in the availability of acid sites, which decreased by 62% over
5 regeneration cycles. It can be considered that high water content in the bio-oil
results in the inevitable dealumination of zeolite during cracking of bio-oil, so that
the structure of zeolite itself is destroyed. Karnjanakom et al. [42] found that AAEM
species in bio-oil could promote some deoxgenation reactions to remove oxygen
from the bio-oil (Fig. 5.7).

Moreover, the AAEM species could assist elimination of coke on catalyst as
follows [73]:

K2CO3 þ 2C ! 2 Kþ 3CO ð5:5Þ
K2O� Cþ H2O ! K2O2 � Cþ H2 ð5:6Þ

αK2O2 � Cþ αC ! αK2O� Cþ αCO ð5:7Þ
1� αð ÞK2O2 � Cþ 1� αð ÞCO ! 1� αð ÞK2O� Cþ 1� αð ÞCO2 ð5:8Þ
Overall reaction : αCþ H2O ! H2 þ 1� αð ÞCO2 þ 2α� 1ð ÞCO ð5:9Þ

Here, complicated potassium intermediates such as K2O-C and K2O2-C can also
dominate the catalytic process. Furthermore, the two redox cycles of K2CO3 can
promote carbon elimination, which may also be the reason why these catalysts
exhibit good reusability even without regeneration. Herein, it should be noted that

Fig. 5.7 Overall reaction
for carbon elimination from
metal/Al2O3 by AAEM-
catalyzed pyrolysis of
biomass [60] (adapted with
permission from [60],
Copyright© 2019, Royal
Society of Chemistry)
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different metal loadings can greatly affect the amount of coke deposited on a
catalyst. Moreover, it is considered that the changing of coke yield and formed
coke type might be also related with the existence of metal species in the vicinity of
support, which could have a synergetic effect between H+ sites and metal/metal
oxide sites in the catalyst structure. Recently, it is found that thermal coke decom-
position temperature range decreased from (350–750) �C to (250–650) �C when Mg
species were doped onto Al-MCM-41 for the upgrading of bio-oil, suggesting that
Mg favors the delay of hard coke formation. Herein, the changing of coke species
formation might be related with the existence of Mg species in the vicinity of
support, which could have a synergetic effect between proton sites with metal/
metal oxide sites in the support structure for the formation of coke [58]. As a result,
the spent Mg-doped catalyst can be easily regenerated by calcination at a lower
temperature that would be one of the most interesting results for further application
in practical processes. Guo et al. [72] tried to regenerate spent HZSM-5 at 600 �C
over 12 h, but found that the regenerated catalyst resulted in an increased oxygen
content in the upgraded oil as a function of the regeneration cycle when compared
with the fresh one. That is, the fresh catalyst produced bio-oil with 21% oxygen, but
after 5 regeneration cycles, the oxygen content increased to 30% due to a decrease in
the amount of exposed active sites on the catalyst. Therefore, a suitable catalyst with
high activity, selectivity and stability as well as high anti-coking ability is still
needed to be developed.

5.3 Conclusions and Future Outlook

Pyrolysis of lignocellulosic biomass has potential to provide environmentally
friendly bio-fuels and chemicals. However, the presence of oxygen compounds in
a high amount in bio-oils is the main issue for the application as a transport fuel. In
this chapter, various developed solid catalysts with relatively high activity, high
selectivity and long-term stability for the conversions of the oxygenated compounds
in the bio-oil to hydrocarbons were reviewed. Deoxygenation of O-containing
compounds to valuable aromatic hydrocarbons has a strong dependence on the
metal as well as the support properties, the preparation methods and the reaction
conditions. Various metals such as Cu, Mg, Ni and Ga loaded catalysts exhibited
good ability for upgrading of bio-oils. However, different metal loadings result in
different catalyst deactivation and regeneration properties, and the catalyst acidity,
acid site and pore size have a great effect on the formation of MAHs and PAHs.

Even though development and modification of solid catalysts for the bio-oil
upgrading have made great progress, further studies are still necessary. Especially,
novel catalysts with improved activity, selectivity and stability or regenerability
under the upgrading conditions should be developed. Some future perspectives for
catalytic upgrading of bio-oil can be summarized as follows:
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• Since many kinds of complex aromatics always contain in the bio-oil and the
significant deactivation of catalysts occurs due to the coke formation during the
reaction, the selection of catalysts with high selectivity and long-term stability or
regenerability are required for the future study. Herein, it is proposed to develop
acid-base bifunctional porous catalysts and to study them more deeply. For
example, using the catalyst co-loaded with transition metals and alkali metals
can improve the activity and selectivity for the selective production of
value-added chemicals such as BTXs together with anti-polycyclic-aromatic-
hydrocarbon formation as well as anti-coking.

• Due to the highly complex nature of bio-oil usually derived from pyrolysis of real
biomass, understanding the reaction pathways for conversion of each compound
is highly desirable for catalyst and process screenings. Further studies on the
deoxygenation mechanisms of model compounds such as acids, ketones and
phenols could simplify the problem. Moreover, co-feeding of model compounds
with different ratios can be considered to define the expected products and will
allow one to understand the deoxygenation mechanisms in more details.

• Even though the catalytic upgrading process can be achieved via deoxygenation
using solid acid catalysts, the upgraded bio-oil still contains large amounts of
water. Therefore, it is suggested to solve this problem by using some new ways,
for example, co-feeding of N2 with some gases such as CH4 to eliminate water
and use the CO and H2 via methanation reaction.

• Carbon based materials derived from char after biomass pyrolysis can be consid-
ered and applied as catalyst or catalyst support for upgrading of bio-oil. It should
be noted that by using a carbon-based catalyst, catalyst deactivation might be
avoided due to coke formation because of the similar properties of carbon.
However, to date, the activity of carbon-based catalysts is still low when com-
pared with commercial zeolites. Therefore, it is a challenge to improve the
performance of bio-char based catalysts in the future.

• To date, effective catalysts being reported are very expensive or are too compli-
cated to prepare that limits large-scale applications in industrial processes. Thus,
abundant resources, such as calcite, dolomite, or other common materials must be
further considered to modify and apply as low-cost catalysts that have sufficient
performance.

• Consideration of economic, ex-situ catalytic upgrading of bio-oils using
non-edible oils and waste cooking oils as feedstocks should be considered for
the future.
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Chapter 6
Catalytic Pyrolysis of Lignocellulosic
Biomass for Production of Liquid Biofuels

Bo Zhang, Kai Wu, Jing Zhang, Siying Zhong, and Huiyan Zhang

Abstract Catalytic fast pyrolysis (CFP) processes for conversion of lignocellulose
biomass into liquid biofuels (bio-oil) have been extensively studying to meet
increasing fuel demands and to address environmental issues. Direct use of crude
bio-oil, however, is usually restricted due to its high content of oxygen. Therefore,
reaction principles and mechanisms of the biomass catalytic pyrolysis need further
reveal to develop improved bio-oil. This chapter presents a comprehensive review of
the development of biomass CFP and bio-oil improving routes, including its cata-
lysts, feedstocks, reaction methods and reactors.

Keywords Lignocellulose biomass · Catalytic pyrolysis · Bio-oil · ZSM-5 catalyst

6.1 Introduction

Lignocellulose biomass has attracted great attention from many researchers due to
the low carbon release during its utilization. Fast pyrolysis, a thermochemical
technique, has been developed for several decades to convert the biomass into
bio-oil [1].

Fast pyrolysis, as a dominant thermochemical utilizing method, requires a mod-
erate reaction temperature of (450–650) �C, a rapid heating rate of (103–104) K/s,
and short residence time of <2 s [2–5]. The generated raw bio-oil, however, shows
low quality, such as high oxygen content, decreased heating value, poor thermal
stability and low corrosion resistance [6, 7], and thus needs further improving.

Catalytic fast pyrolysis (CFP) is generally regarded as a complement to reduce the
oxygen content and promote the bio-oil quality [8–10], which can be implemented
in-situ or ex-situ. In the in-situ CFP, biomass particles are entirely blended with the
catalyst powder, and then fed into one reactor for catalytic pyrolysis
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[11, 12]. Consequently, an abundant amount of catalysts are needed in the in-situ
CFP to provide an adequate contact between primary pyrolytic vapor and the
catalysts. The ex-situ CFP mode, on the other hand, produces better bio-oil with
less catalyst needed [13, 14], in which the catalyst powder is fixed to form a catalyst
fixed bed. During the ex-situ CFP, all the initial biomass pyrolytic vapor will pass
through the catalyst fixed bed to ensure the fully contact. Additionally, an indepen-
dent temperature control system is applicable in the catalyst fixed bed, which
increases its flexibility and efficiency [15]. What is more, catalyst inactivation
caused by residual char can be reduced in the ex-situ CFP system [16].

This chapter presents a comprehensive review of the progress and development of
the biomass CFP. Its principles and mechanisms are illuminated in Sect. 6.2. The
CFP related catalyst, feedstocks, operation routines and reactors are discussed in
Sects. 6.3–6.6, respectively. Section 6.7 provides an overview of the biomass CFP.

6.2 Principle and Mechanism of Biomass Fast Pyrolysis

Biomass pyrolysis, a typical thermochemical treatment, is a thermal degradation
process under anoxic or anaerobic condition, which mainly yields non-condensable
light gases, liquid (bio-oil) and solid residual char (bio-char). Among various
pyrolytic reactions, the highest yield rate of bio-oil (over 50 wt%) is generated by
fast pyrolysis in which medium-high temperatures, a rapid heating rate, extremely
short residence time, and timely condensation of pyrolytic vapor are needed. The
yield rate (ω) of bio-oil can be calculated by the following Eq. (6.1):

ω ¼ m
M

� 100% ð6:1Þ

In this equation, m means the quality of bio-oil while M means the quality of
biomass feedstocks. During the fast pyrolysis, the biomass with low energy density
can be transformed into the bio-oil with high energy density under continuous
operations and with low cost. Furthermore, the energy-enriched bio-oil is environ-
mental friendly and can be easily refined for further utilization in existing infrastruc-
tures. High value-added chemicals can also be extracted from the bio-oil later.

Biomass is generally composed of cellulose, hemicellulose and lignin. During the
fast pyrolysis, hemicellulose and lignin will be initially depolymerized to moderate
molecules, and then a portion of the molecules will be further decomposed into new
compounds with low molecular weight. The pyrolysis mechanisms and transforma-
tion paths of cellulose, hemicellulose (xylan as a model compound), and lignin are
summarized in Figs. 6.1 and 6.2a–c.
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Fig. 6.1 Schematic overview of the staged decomposition concept within the thermochemical
biorefinery (reprinted with permission from [17], Copyright © 2011 Elsevier)

Fig. 6.2 The pyrolysis mechanisms and transformation paths of cellulose, hemicellulose, and lignin:
(a) cellulose; (b) hemicellulose (xylan as a model compound); (c) lignin (a is adapted with permission
from [18], Copyright © 1991 Elsevier. (b) is adapted with permission from [19], Copyright © 2009
Elsevier. (c) is adapted with permission from [20], Copyright © 2008 Elsevier)



6.3 Catalyst

During the fast pyrolysis, many catalysts are used to reduce undesirable compounds
and to obtain user-friendly bio-oil. These catalysts can be divided into three main
types: inorganic minerals, metal oxides and zeolites. Their experimental conditions
and results are shown in Table 6.1.

6.3.1 ZSM-5 Zeolite Catalyst

In the past decades, numerous microporous, mesoporous and macroporous catalysts
(e.g. ZSM-5, ZSM-12, MCM-41, SBA-15, FSM-16, MSU, CNT and their modified
derivatives) have been evaluated for biomass CFP conversion [10, 11, 28]. ZSM-5

Fig. 6.2 (continued)
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Fig. 6.2 (continued)

Table 6.1 Summary of catalysts used in CFP (I increased or improved, D decreased)

Catalyst
type Catalyst

Temperature
(�C)

Bio-oil
yield rates

Gas yield
rates

Char yield
rates Ref

Inorganic
minerals

Alkali/alkaline
earth metals

480–520 I I I [21]

Transition metals 380 D I I [22]

Metal
oxides

Al2O3 500 D I I [23]

MgO 500 D I I [23]

CaO 520 I I I [24]

CaO�MgO 450 D I I [25]

ZnO 500 – D I [26]

Fe2O3 500 I I I [26]

Zeolites HZSM-5 400–550 D I I [27]

H-Y 400–550 D I I [27]

Na-Y 400–550 D I I [27]

Mg-Y 400–550 D I I [27]

Ca-Y 400–550 D I I [27]
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catalyst (zeolite) has a unique three-dimensional pore system with 10-member rings,
and has internal straight channels of 0.53 nm � 0.56 nm linked to its internal zigzag
channels of 0.51 nm � 0.55 nm (Fig. 6.3). Owing to the special structure, zeolite is
rated the best one to favor hydrocarbon production and shows compelling
deoxygenating capacity [29–32]. During the biomass CFP, oxygenated chemicals
coming from biomass primary pyrolytic vapor are continually adsorbed by ZSM-5
catalysts, and then be stored within its confined pore channels and intersection
cavities. What is more, the catalyst also exhibits assorted isomerization and deoxy-
genation responses (e.g. dehydration, dehydroxylation, decarbonylation, and decar-
boxylation reactions). For instance, oxygen atoms stored within zeolite are often
released in the form of H2O, CO2, and CO [33].

Furthermore, the pore diameter of ZSM-5 catalyst is similar to dynamic diameter
of benzene, toluene and xylene. Thus, ZSM-5 catalyst shows a prominent shape-
selective catalytic effect on the formation of aromatic hydrocarbons during the
biomass CFP.

The particular catalytic mechanism of ZSM-5 is mainly due to “hydrocarbon
pool” formed within the catalyst. Oxygenated chemicals coming from biomass
primary pyrolytic vapor, as mentioned above, are trapped into the inner pores of
ZSM-5 after contact with the catalyst, and then be transformed into alkanes, olefins,
and aromatic hydrocarbons by reacting with the “hydrocarbon pool” (Fig. 6.4)
[35]. Specifically, a duplex aromatic- and olefin-based carbon pool cycle takes
charge of hydrocarbon formation within ZSM-5 during biomass CFP [36]: C2 olefin
(ethylene) and aromatic hydrocarbons are produced from the aromatic-based meth-
ylation catalytic cycle (aromatic carbon pool), while>C2 olefins are generated from
another olefin-based one (olefin carbon pool) (Fig. 6.5). Interestingly, the formation
pathway of ethylene is different from that of other olefins. Ethylene is involved in
aromatic carbon pool where aromatic hydrocarbons play active catalyst roles.

During the biomass CFP, adding ZSM-5, on the other hand, has negative effects
on bio-oil yield rate and promotes non-condensable light gases release because a lot
of condensable pyrolytic vapor is break into non-condensable light gases.

Fig. 6.3 Pore structure of
ZSM-5
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Fig. 6.5 Duplex aromatic- and olefin-based carbon pool cycles for hydrocarbon formation within
ZSM-5 catalyst (reprinted with permission from [37], Copyright © 2017 Elsevier)

Fig. 6.4 “Hydrocarbon pool” catalytic mechanism (reprinted with permission from [34], Copyright
© 2014 Elsevier)
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6.3.2 Dual Catalysts

During biomass CFP, some bulky molecules, derived from acid-catalyzed polymer-
ization, often deposit on ZSM-5 external surface to form coke [38]. The coke yield is
often less than 5.0 wt% [16], but the attached coke will result in pore blockage and
rapid inactivation of the catalysts. The shape-selective catalytic reactions, ultimately,
will be blocked.

According to previous studies [39], large molecules can be break into smaller
ones by some mesoporous and macroporous materials with excellent cracking
capacity. For example, the amount of compounds with low molecular weight are
remarkably increased after adding CaO as its catalyst [40]. The combination of
ZSM-5 and these mesoporous/macroporous cracking materials might promote
hydrocarbon production while mitigate coke deposition. Therefore, mesoporous/
macroporous cracking catalysts are adopted to crack heavy components coming
from biomass pyrolytic vapor into smaller oxygenated ones, and then these smaller
ones are transformed into hydrocarbons via passing through a ZSM-5 fixed bed
(Fig. 6.6). When the mass ratio of CaO to ZSM-5 is 1:3, high yield of bio-oil can be
obtained [40]. MgO, CeO2, ZrO2, and MCM-41 also show the cracking ability.
When they are used in combination with ZSM-5, the dual catalysts can effectively
reduce coke yield rate, promote oxygen removal and facilitate hydrocarbon produc-
tion during biomass CFP [41].

6.3.3 Hierarchical Catalyst

The mesoporous zeolite named MCM-41 shows cracking capability to break large
molecules into relatively light compounds to reduce coke generation, but its deox-
ygenation ability is limited [42]. Therefore, MCM-41 plus ZSM-5 might be a
possible solution to inhibit coke accumulation and to promote hydrocarbon forma-
tion. Zhang et al. [43] synthesized an innovative hierarchical ZSM-5/MCM-41
composite zeolite catalyst by growing a layer of MCM-41 structure onto the outer
surface of ZSM-5 zeolite seeds. When primary biomass pyrolytic vapor passes

Fig. 6.6 Catalytic fast pyrolysis (CFP) of biomass to hydrocarbons over dual catalysts
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through the hierarchical ZSM-5/MCM-41 composite catalyst, the majority of heavy
oxygenated compounds in the vapor are cracked into smaller ones on the MCM-41
surface. These smaller compounds are, subsequently, converted into various hydro-
carbons in the ZSM-5 core. There are growing attempts on the synthesis of zeolitic
micro-mesoporous composite catalyst to integrate the excellent deoxygenation abil-
ity of ZSM-5 and the breaking capability of MCM-4.

For the synthesis of hierarchical ZSM-5/MCM-41 composite zeolite, hydrother-
mal crystallization technique is mostly used with ZSM-5 powder as original seeds in
lab- and industrial-scale operation. First, parent ZSM-5 powder is alkali-leached by
NaOH solution (2.0 mol/L) with mechanical stirring to form desirable aluminosili-
cate fragment in the solution. Second, CTAB solution (hexadecyl trimethyl ammo-
nium bromide, 10 wt%) is added into the zeolite solution, in which the CTAB acts as
MCM-41 precursor. Third, an autoclave with THE lining is used for crystallization
of the mixture (110 �C, 24 h). Fourth, the heated solution is cooled to room
temperature and then is adjusted to pH 8.5. Finally, the second crystallization of
the solution (pH 8.5) is implemented in the autoclave again (110 �C, 24 h). Sixthly,
filtration, washing, drying and calcination steps are subsequently conducted to
obtain Na-ZSM-5/MCM-41 composite zeolite. Finally, Na-ZSM-5/MCM-41 is
transformed into ZSM-5/MCM-41 composite catalyst through leaching, filtration,
washing, drying and calcination treatment of NH4Cl solution.

6.3.4 Modification of ZSM-5 Catalyst

Heavy compounds coming from primary biomass pyrolytic vapor will precipitate on
the surface of acidic catalysts to form detrimental coke that is mainly composed of
aromatic compounds with large molecular weight. For ZSM-5 catalyst, the coke is
usually gathered on its external surface rather than on its internal surface due to the
large size of the coke [44]. The favorable deoxygenation ability of ZSM-5 is mainly
credited to its internal acid sites, whereas its external acid sites promote coke
accumulation. Thus, the external acid sites of ZSM-5 should be inactivated to hinder
coke gathering, while its internal acid sites are ought to be preserved to facilitate
hydrocarbon formation.

Researchers have inactivated the outer acid sites of ZSM-5 catalyst via pre-coked
handling, chemical vapor deposition of inert silica (SiO2-CVD), and EDTA chem-
ical modification. Accordingly, the modified ZSM-5 catalysts are referred to as
PC-ZSM-5, SiO2-ZSM-5 and EDTA-ZSM-5, respectively [45]. For PC-ZSM-5
catalyst, pre-arranged coke is deposited on its outer surface to partly passivate its
external acid sites and to adjust its external acidity and competence. For SiO2-ZSM-
5 catalyst, an ingenious method is conducted to modify ZSM-5 by using tetra-ethyl-
orthosilicate (TEOS) as the modifying precursor. When ZSM-5 catalyst is impreg-
nated into the TEOS solution, TEOS with large molecule size cannot enter into the
narrow intracrystalline pores of ZSM-5. During calcination of the TEOS-
impregnated ZSM-5, SiO2 will gradually accumulate on the external acid sites of
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the ZSM-5. Meanwhile, the internal acid sites of the ZSM-5 are unaffected. There-
fore, the silanization of ZSM-5 external surface, evidently, retards the coke forma-
tion while remains its catalytic capacity.

Furthermore, there is a close relationship between the acid sites of ZSM-5 and its
framework aluminums. The external acid sites, correspondingly, can be adjusted via
outer framework aluminums. Ethylene diamine tetraacetie acid (EDTA), a chelating
complex, has been proposed to remove framework aluminums in ZSM-5 to improve
its anti-coking ability. Owing to its large size, EDTA cannot enter into the inner
channels of ZSM-5 catalyst, and thus the external acid sites of ZSM-5 can be
selectively inactivated via EDTA chemical modification, while its internal acid
sites are not altered.

6.4 Catalytic Fast Co-Pyrolysis (Co-CFP)

Another critical issue for biomass CFP process is the relatively low hydrocarbon
yield rate in bio-oil due to the limited hydrogen available in traditional biomass
feedstocks. To determine the relative hydrogen content in various biomass feed-
stocks, a new parameter named effective hydrogen index (EHI) has been proposed
[46], which is defined in the followed equation:

EHI ¼ H� 2O� 3N� 2S
C

ð6:2Þ

This definition assumes that O, N and S atoms are completely transformed into
hydrides, and then be used for hydrocarbon production. The EHI value of conven-
tional lignocellulosic biomass, unfortunately, is often around 0–0.3, which means
biomass lacks hydrogen in general [47]. Thus, ZSM-5 zeolite is needed during the
pyrolysis of biomass with EHI below 1.0 [46].

The hydrogen-deficient problem can be solved via co-feeding the biomass with
hydrogen-enriched materials to rise the total EHI value of the feedstocks, which is
called catalytic fast co-pyrolysis (co-CFP) technique [48]. As reported, synergy
between the defective biomass and hydrogen-enriched materials is observed and
verified during the co-CFP process. Experimental results showed that higher hydro-
carbon yield rate can be received from the co-CFP than its theoretical value (syner-
gistic effect 1). The definition of theoretical hydrocarbon yield in co-CFP is:

Y theoretical ¼ ωBYB þ ωHRMYHRM ωBþ ωHRM ¼ 1ð Þ ð6:3Þ

In this equation, ωB is the mass fraction of biomass in total mixture feedstocks;
ωHRM is the mass fraction of hydrogen-enriched materials in total mixture feed-
stocks; YB is the hydrocarbon yield in bio-oil from the CFP of biomass alone; YHRM
is the hydrocarbon yield in bio-oil from the CFP of hydrogen-enriched materials
alone. What is more, co-CFP of biomass and hydrogen-enriched materials provides
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the ability to retard the coke generation when comparing with biomass used alone.
Therefore, catalyst inactivation can be delayed and the catalytic shape-selective
effect can be promoted (synergistic effect 2). These results are in good agreement
with those of previous studies [49] and these synergistic effects are summarized in
Fig. 6.7.

Co-CFP of biomass and high-density polyethylene (HDPE) is shown in
Table 6.2. The total peak area and the relative content of hydrocarbons of III are
larger than these of IV, which reveals a great synergistic effect between biomass and
HDPE. HDPE can provide hydrogen atoms during the process and increase the yield
rate of hydrocarbon production. Oxygenated compounds in the biomass fast pyrol-
ysis vapor, on the other hand, can promote the chain scission and cracking of HDPE.
From Table 6.3, the presence of hydrogen-enriched materials can reduce the forma-
tion of coke.

6.5 Ex-Situ CFP Process

CFP configurations can be divided into in-situ and ex-situ according to the pyrolytic
vapor and catalyst contact methods [50]. Figure 6.8 shows the process of the two
different configurations.

Fig. 6.7 Synergy between biomass feedstocks and hydrogen-enriched materials during co-CFP
(reprinted with permission from [37], Copyright © 2017 Elsevier)
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In the in-situ CFP, biomass feedstocks and catalyst powder are fully blended in a
CFP reaction chamber at the beginning, and then large pyrolysis fragments are
immediately decomposed to reduce repolymerization and secondary char formation
[51]. A large quantity of catalyst is needed in this manner due to the method and the
short reaction time; in-situ CFP needs a high ratio of catalyst to biomass. Moreover,
the process of biomass pyrolysis and catalytic conversion can only be conducted

Fig. 6.8 In-situ and ex-situ catalytic configurations

Table 6.2 Comparison of CFP of biomass, HDPE, and their mixtures (Py-GC/MS experiments)

I II III IV

Experiments CFP of
biomass

CFP of HDPE CFP of their mixtures

Feedstocks 0.50 mg pow-
dered corn
stalk samples

0.50 mg pow-
dered HDPE
samples

0.25 mg powdered corn stalk sam-
ples + 0.25 mg powdered HDPE
samples, fully mixed

IþII
2

Total peak area
(�109)

2.88 12.14 9.55 7.51

Relative con-
tent of hydro-
carbons (%)

59.1 100.0 84.9 79.5

CFP temperature: 600 �C

Table 6.3 Coke formation on ZSM-5 from co-CFP in Py-GC/MS

Feedstocks Corn stalk (mg) 1.00 1.00 1.00 1.00 1.00

HDPE (mg) 0 0.10 0.20 0.30 0.40

Coke amount on ZSM-5 (mg) 0.046 0.042 0.039 0.036 0.032
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under the same temperature because the reaction occurs in one step and within one
reactor.

For the ex-situ CFP, biomass feedstocks and catalysts are set in two separate
reactors, and thus the biomass pyrolysis and the catalytic conversion can be sepa-
rately regulated. Pre-treatment on the pyrolysis vapor can be conducted to improve
bio-oil quality and to realize catalyst-saving in the ex-situ CFP manner [16]. With the
decrease of residence time on the catalyst bed, light oxygenates can easily enter into
the pore of the catalyst, and then be transformed into hydrocarbons. What is more,
char generated during the ex-situ CFP can also be easily handled as a promising
by-product.

Both of in-situ and ex-situ CFP can improve bio-oil quality [52], but they have
many differences. Güngör et al. [13] found that bio-char, during in-situ CFP, is
adsorbed on the surface of the catalysts due to the fully mixture of biomass and
catalysts, which causes pore blockage and inactivation of the catalysts. In ex-situ
CFP, its bio-char shows limited negative impacts on its catalysts. Furthermore, larger
amount of aromatics are generated during the in-situ catalytic pyrolysis than the
ex-situ reaction [53]. Ex-situ configuration removes more oxygen compounds and
shows better deoxygenating capacity than in-situ one [54], which attributes to an
independent temperature control system in the ex-situ CFP. The catalysts of the
ex-situ CFP can be pre-heated before contact with its vapor. Huang et al. noted that
the ex-situ shows a higher techno-economic uncertainty than the in-situ due to the
increased cost [54]. The main differences between in-situ and ex-situ configurations
are listed in the following table (Table 6.4) [52–55].

6.6 CFP Reactors

A typical biomass CFP system consists of feed pretreatment unit, biomass feeding
apparatus, CFP reactor, gas-solid separation device, liquid condensing unit, bio-oil
collector and reservoir vessel. To realize high bio-oil yield rate, CFP reactor ought to
fulfill the following requirements. First, sufficient and consecutive heat input with
great fuel efficiency is needed to maintain the endothermic CFP reactions and to
match its rapid heat exchange rate. Second, the primary pyrolytic vapor shows short
residence time within the reactor to inhibit secondary cracking reactions. Third,
limited non-condensable gas with small molecules is produced to maximize the
bio-oil yield rate. Various CFP reactors are being developed during the past decades
and are generally divided into two types, fluidized bed reactors and non-fluidized
bed reactors, which depends on whether its carrier gas is introduced into the reactor

Table 6.4 Comparison of in-situ and ex-situ configurations [52–55]

Configuration Bio-oil quality Reaction degree Temperature Bio-oil yield

In-situ CFP Low Inadequate Fixed High

Ex-situ CFP High Adequate Flexible Low
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or not. Fluidized bed reactors mainly include bubbling fluidized bed, spouted
fluidized bed, circulating fluidized bed and entrained-flow bed; non-fluidized bed
reactors comprise fixed bed, ablative vortex flow reactor, rotating cone reactor,
screw reactor and vacuum moving bed reactor.

Some innovative CFP reactor designs are gradually emerging in these few years.
Zhang et al. [56] drafted a kind of reactor termed internally interconnected fluidized
bed (IIFB) that possesses cost-saving and convenient attributes. Within its reaction
chamber, its char and coke are burnt to support its biomass CFP running and to
realize catalysts regeneration. The key characteristic of the IIFB system is a direct
connection of a biomass CFP area and an annular combustion zone. A cross-section
outline of the system is depicted in Fig. 6.9. IIFB provides a comprehensive solution
to the high energy needed and the catalyst inactivation during the continuous
biomass conversion. A comparison of major CFP reactors is summarized in
Table 6.5.

A unique and advanced microwave-assisted CFP (MACFP) technique has
aroused interest due to its flexibility, manageability, effectiveness, uniformity, and
time-saving features [67]. Compared with traditional electrical heating ways,

Fig. 6.9 A cross-section outline of IIFB system (adapted with permission from [57], Copyright
© 2011 Elsevier)
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microwave-induced heating method produces uniform internal heating, thus, various
biomass particle sizes and non-fluidized bed reactors are applicable to the MACFP
system [68]. Biomass feedstocks, on the other hand, are difficult to be rapidly heated
by microwave due to the low dielectric loss factor of lignocellulose. However,
carbonaceous materials with high radiation absorption capacity, namely “microwave
absorbents”, can be added into the feedstocks to promote microwave energy absorp-
tion, with such absorbents being materials such as activated carbon, graphite,
bio-char and silicon carbide (SiC) [16]. Therefore, the assembled biomass feed-
stocks, during the MACFP process, are heated to desirable high temperature via the
indirect and direct microwave heating methods simultaneously. Figure 6.10 shows
an outline of a typical biomass MACFP reactor, in which SiC is used as the
microwave absorbent.

Table 6.5 A comparison of major reactors

Type
Reactor
model Advantages Disadvantages Ref

Fluidized
bed

Bubbling
fluidized bed

Simple structure, easy to
operate, long service life,
temperature can be
controlled

Require small particles,
high operating energy con-
sumption, hard to generate
vapor

[58, 59]

Spouted flu-
idized bed

High heat transfer effi-
ciency, simple structure,
low pressure decrease,
short residence time

Limits for particle size, high
requirement for bed, hard to
generate vapor

[60]

Circulating
fluidized-bed

Processes large biomass
feedstock, can conduct
large-scale experiment

Hard to control and operate,
high comsumption, com-
plex separation and con-
densation equipment

[61]

Entrained
flow-model

No solid heat carrier, sim-
ple structure

Large air flow, large equip-
ment, poses char handling
challenges, low bio-oil
yields

[62]

Non-flu-
idized
bed

Ablative
reactor
configuration

Processes large biomass
feedstock, no gas require-
ment, compact device
structure, less costly

High consumption, limits to
wall heat transfer and reac-
tion, unsuitable to large-
scale experiment, complex
in nature

[63]

Rotating
cone
configuration

No gas requirement, com-
pact device structure, low
operation temperature

Complex system, high
requirement for materials

[64]

Helical
configuration

Good adaptability of
materials, no gas require-
ment, compact device
structure, low operation
temperature

Complex system, low effi-
ciency of heat, low product
yield, easy to be blocked

[65]

Vacuum
pyrolysis
reactor

Good adaptability of
materials, no gas require-
ment, short residence time

High consumption, high
cost, low product yield and
quality

[66]
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6.7 Conclusions and Future Work

Biomass CFP is an ideal technology to produce bio-oil. The performance and
inactivation of its catalyst have aroused great interests but are still being technolog-
ical bottlenecks. Its catalytic mechanisms also require in-depth reveal. The syner-
gistic mechanisms of co-CFP process between biomass and hydrogen-enriched
materials need further work. Additionally, development of highly advanced CFP
reactor system should be taken into consideration.
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Part III
Production of Liquid Biofuels with

Microwave Pyrolysis



Chapter 7
Microwave-Assisted Pyrolysis of Biomass:
An Overview

Jiby Kurian and G. S. Vijaya Raghavan

Abstract Biomass is considered as an important resource for the production of
biofuels and bioproducts through conventional and advanced thermochemical and
biochemical technologies. Among the thermochemical technologies, pyrolysis is a
quick and efficient method to produce solid, liquid, and gaseous fuels from biomass.
Microwave-assisted pyrolysis has many advantages over conventional pyrolysis
methods. Volumetric heating obtained though the supply of microwaves leads to
the rapid initiation of biomass pyrolysis. Microwave-assisted pyrolysis has high
energy efficiency and feedstock with high moisture content can be directly pyrolyzed
with this technique. Computer-aided modeling and simulation tools have been
applied in the development of equipment and process for the microwave-assisted
pyrolysis of biomass. The modeling of process has helped to elucidate the heat and
mass transfer mechanism during the microwave-assisted pyrolysis, and the
optimised models have been validated using laboratory-scale experiments.
Microwave-assisted pyrolysis has been investigated in the production of fuels and
biproducts from various agricultural and forest residues. The studies have shown that
the composition of feedstock as well as the process conditions have significant
effects on the yield and composition of pyrolysis products. Additionally,
microwave-absorbers have been investigated to increase the efficiency of the
microwave-assisted pyrolysis. There are many challenges to be addressed in the
further development of microwave-assisted pyrolysis. The high capital cost and
heterogeneity in the heating of complex materials like biomass are to be resolved.
These challenges should be addressed to make this technique scalable and suitable
for remote and under-developed locations.

Keywords Microwaves-assisted pyrolysis · Liquid biofuels · Biooil · Modelling
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7.1 Introduction

Converting biomass to fuels and materials is actively pursued as a method of carbon
management and addressing the escalating demand for energy and materials. Con-
version of biomass into fuels can be achieved through numerous combinations of
resources, conversion processes, and end products [1]. The feedstocks for biofuel
production include agricultural residues, bioenergy crops, forest residues, industry
wastes, and municipal wastes [2]. These biomass resources can be converted into
fuels through thermochemical and biochemical routes (e.g., fermentation). The
thermochemical routes have high efficiency for the production of energy from
biomass [3]. Thermochemical routes of biofuel production include combustion,
pyrolysis, and gasification [1].

Among the methods to convert biomass into fuels and materials, pyrolysis is
relatively quick and produces a wide range of products. Solid, liquid, and gaseous
fuels can be produced through the pyrolysis of biomass. In general, pyrolysis is
defined as the thermal breakdown of complex compounds into simpler molecules at
elevated temperatures in an inert atmosphere [4]. The activation energy required for
elevating the temperature of feedstock from room temperature to the reaction
temperature needs to be supplied [5]. Different technologies are available for the
supply of activation energy for the pyrolysis of biomass into fuels and materials.
Conventional pyrolysis process provides this energy through conduction, convection
and radiation mechanisms. Conventional pyrolysis process requires long duration
for elevating the temperature of biomass from room temperature to the peak tem-
perature of pyrolysis. Conventional methods of supplying thermal energy into
biomass result in poor heating characteristics in the core of the biomass, whereas
in advanced energy transfer method using microwaves, the biomass is heated
volumetrically, and heat generates inside the biomass [1] and provides targeted
heating so that the quality of fuel products can be improved with the use of effective
catalysts [4]. Microwave-assisted pyrolysis has been applied on biomass materials
such as bamboo sawdust [6], Douglas fir sawdust pellet [7], larch wood block [8],
corn stover [9], rice straw [10], rice husk [11], sugarcane bagasse [12], waste paper
[13], prairie cordgrass [14], wheat straw [15], and pine wood sawdust [16, 17] to
name a few for the production of biofuels. The following sections briefly discuss the
mechanism of microwave-assisted pyrolysis of lignocellulosic biomass, develop-
ments in this subject, use of microwave absorbers in the pyrolysis, modeling and
simulation of microwave-assisted pyrolysis of biomass, reaction kinetics and mass
transfer studies, and the challenges in the scaling up of microwave-assisted pyrolysis
from laboratory scale to industry scale.
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7.2 Mechanism of Microwave-Assisted Pyrolysis of Biomass

Microwaves are electromagnetic waves with wavelengths between 1 mm and 1 m
and frequency of 300 MHz to 300 GHz. The electromagnetic frequencies that are
used for telecommunication systems such as cellular phones, radar, and satellite
television communications are also present within these frequency range. The
915 MHz, 2.45 GHz, 5.8 GHz, 22.0 GHz, 24.12 GHz, 28 GHz, and 60 GHz
frequencies of microwaves can be used for the processing of dielectric materials.
However, among the microwave frequencies, 915 MHz and 2.45 GHz are widely
applied for scientific, medical and industrial uses. These frequencies provide uni-
form electric field distribution in the microwave cavity and higher power dissipation
in the dielectric materials [18].

The energy carried by a specific frequency of electromagnetic wave can be
estimated using the Planck’s equation:

E ¼ hν ð7:1Þ

where, E is the energy in joule, h is the Planck’s constant (6.626 � 10�34 J s), and ν
is the frequency (s�1 or hertz) of the electromagnetic wave [19].

The important parameters that influence the effectiveness of microwave-assisted
pyrolysis of biomass include the microwave power absorbed (P) and the depth (D) of
microwave penetrated into the biomass. These parameters are highly dependent on
the dielectric properties of the biomass material. The microwave power (P) absorbed
per unit volume of biomass can be estimated using the following equation:

P ¼ σ Ej j2 ¼ 2πνε0 ε
00 Ej j2 ¼ 2πνε0ε

0tanδ Ej j2 ð7:2Þ

where, E is the magnitude of the internal electric field, ε00 is the dielectric loss factor,
ε0 is the permittivity of free space, ν is the microwave frequency, σ is the total
effective conductivity, ε0 is the dielectric constant, and tanδ is the energy dissipation
factor (loss tangent) [20].

The dielectric properties (ε00, ε0, and tanδ) of the material significantly influence
the level of microwave power absorbed by the material. The dielectric constant (ε0) is
the polarization ability of a material under the electromagnetic field. The dielectric
loss factor (ε00) is the ability of the material to dissipate the absorbed energy as heat.
The structural and compositional properties of the material influence its dielectric
properties [19].

The relation between the dielectric properties of materials at specific temperatures
and under specific frequencies can be represented as follows:

tanδ ¼ ε00

ε0 ð7:3Þ
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Materials with higher tanδ values absorb significantly more electromagnetic
energy than the materials with lower tanδ values [19]. The absorbed microwave
power is converted into heat within the material and the extent of this heat produc-
tion can be estimated by using the following equation:

ΔT
Δt

¼ 2πνε0 ε00 Ej j2
ρCp

ð7:4Þ

where, T is the temperature, t is the process time, ρ is the density, and Cp is the heat
capacity of the material [20].

The dielectric properties of the material influence the depth of microwave pene-
tration into the material. The materials with higher ε0r and tanδ values allow less
penetration of microwaves of specific wavelengths into them. The depth of penetra-
tion of microwaves into the materials can be estimated using the following equation:

D ¼ 3λ0

8:686π tanδ
ε0
ε0

� �1
2

ð7:5Þ

where, D is the depth of penetration of microwaves at which the incident power is
reduced by one half and λ0 is the incident wavelength [20]. The microwaves undergo
reflection, refraction, interference, diffraction, and polarization in the biomass [21].

The interaction of materials with the electric field of electromagnetic waves is
measured in terms of the dielectric response of the material. It is important to know
the dielectric properties of materials for the effective use of microwave-assisted
heating technique [22]. Depending on type of material and its temperature, each
material has different capacities to interact with and absorb microwaves. Depending
on the depth of penetration of microwaves and interaction with the electromagnetic
fields of microwaves, materials can be classified as microwave opaque, microwave
transparent, and microwave-absorbers. The microwave opaque materials reflect the
microwaves without allowing any penetration of microwaves. Examples are metal
conductors that largely reflect microwaves and are not effectively heated by micro-
waves. The microwave transparent materials are also called as low dielectric loss
materials and they allow the microwaves to pass through them without any interac-
tion between the material and microwaves. Examples of microwave transparent
materials include glass, paper, and most of the plastic materials. Microwave-
absorbers are materials with high dielectric loss properties, and they absorb micro-
wave energy and convert the electromagnetic energy into thermal energy to a certain
degree depending on the dielectric loss factor of the material. Examples of
microwave-absorbers are water, nitric acid, and the biological materials containing
polar compounds [19]. Multiphase materials like biomass are mixed absorbers,
where some components are high dielectric loss materials while some are with low
dielectric loss factors. This property of composite materials can be utilised in the
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selective heating process, which is not achievable with conventional heating
methods [20].

In microwave-assisted heating, heat is generated inside the biomass due to the
molecular friction due to the ionic migration and rotation of dipolar molecules
caused by microwaves. Molecular rotation occurs in materials containing polar
molecules with electrical dipole moment. The alignment of these dipole molecules
will fluctuate in an electromagnetic field along with the oscillation of the fields of
electromagnetic waves. Since the electric field of 2.45 GHz microwaves alternate
2.45 � 109 times per second, the dipole molecules align and realign 4.9 � 109 times
per second causing continuous friction between the molecules [19]. These rotations
cause friction between the molecules and heat energy will be generated within the
material. The heat energy will be transferred between the atoms and molecules and
also it will be transferred from the inside to the outside of the material leading to
volumetric, fast and uniform heating of the material [23, 24]. A general schematic of
the difference in temperature distribution, heat transfer, and mass transfer in con-
ventional and microwave-assisted heating methods is shown in Fig. 7.1.

Different components of biomaterials absorb microwaves at different levels and
causes selective heating with hotspots in heterogeneous materials. Studies have
shown that the highest temperature and heating rate of microwave-assisted pyrolysis
of biomass increased with the increase in polysaccharide content of biomass
[1]. Polysaccharide contents are decomposed to volatile compounds while lignin
molecules decomposed to char. Also, the dielectric properties of biomass changes
with the increase in temperature and different components of biomass decompose to

Heat source

Temperature
Low 

The volatile must pass through 

a high temperature region  

Conventional heating

Microwaves

Temperature
High 

The volatile can pass through 

a low temperature region

Microwave heating

Fig. 7.1 Schematic diagram of temperature distribution and heat and mass transfer mechanisms in
the conventional and microwave heating of biomass. Adapted with permission from [8], Copyright
© 2004, Elsevier
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char at different rates. Char heats up faster than biomass components under micro-
wave pyrolysis [25]. This can lead to nonuniform heating of the materials which can
be addressed with the addition of microwave-absorbers [25].

7.3 Microwave-Assisted Pyrolysis of Biomass

In 1968, Fu et al. reported the production of hydrogen cyanide, acetylene, cyanogen,
low molecular weight hydrocarbons, hydrogen, and carbon oxides through
microwave-assisted pyrolysis of high-volatile bituminous coal in the presence of
nitrogen [27, 26]. As shown in Fig. 7.2 [28], microwave-assisted pyrolysis is
actively investigated in the recent decades as a process to produce energy and
materials from organic materials.

Magnetron is the main component of microwave systems where microwaves are
generated by applying high voltage electricity. Magnetrons are diode-type electron
tubes containing the anode, the cathode, the antenna, and high-power permanent
magnets. Microwaves are passed from the microwave generator to the application
chamber through wave guides. The conversion efficiency of electrical energy to
915 MHz microwaves is about 85% and to 2.45 GHz is about 50% [16]. Compared
to 2.45 GHz, 915 MHz microwaves penetrate deeply into the materials. The micro-
wave application chamber confines the microwaves in the system and the rotation of
biomass increases the absorption of microwaves. The alternating electric and mag-
netic fields of microwaves is used for generating heat inside biomass [30]. A
schematic of the system for microwave-assisted pyrolysis of biomass is shown in
Fig. 7.3.
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Fig. 7.2 Number of articles over the years on microwave-assisted pyrolysis of organic materials
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Heating of biomass under microwave-assisted method is faster than in conven-
tional pyrolysis method. Studies have shown that the temperature of lignocellulosic
agricultural residues has reached 320–530 �C within 10 min when the microwave
power levels were 300–500 W. Increase in the microwave power level used
increases the gas production and decreases the production of solid and liquid fuels
from biomass [30]. Also, the activation energy for microwave pyrolysis is lower than
that of conventional pyrolysis, and therefore the reaction kinetics of microwave
pyrolysis is different from that of conventional pyrolysis [16]. Some of the examples
of microwave-assisted pyrolysis of biomass resources to produce biofuels are given
hereafter.

Miura et al. [8] have investigated the microwave-assisted pyrolysis of wood and
concluded that the temperature distribution and heat and mass transfer mechanisms
are different from that observed in conventional pyrolysis method. The microwave-
assisted pyrolysis is controllable to produce the desired product and to prevent the
further pyrolysis of the products formed. The biochar obtained through microwave-
assisted pyrolysis had specific surface area of about 450 m2/g, which is higher than
that of biochar produced through conventional methods. Also, the biochar produced
in the microwave-assisted pyrolysis contained less amount of tar inside its pores. The
researchers have reported that electric power consumption is inversely proportional
to the diameter of the wood block used, which shows that a larger wood block

Fig. 7.3 Microwave-assisted pyrolysis reactor. 1: Sample; 2: Reactor (width: 600 mm; depth:
600 mm; height: 700 mm); 3: Microwave power generator; 4: Power monitor; 5: Isolator; 6:
Computer; 7: Collection tanks; 8: Pressure gauge; 9: Afterburner; 10: Aspirator pump; 11: Control
panel; 12: Blower; 13: Kerosene; 14: Condenser; 15: Nitrogen gas; 16: Exhaust gas; 17: Rotating
table; and 18: Safety shutoff. Reprinted with permission from [8], Copyright © 2004, Elsevier
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requires less electrical power per unit weight than by a wood block with smaller
diameter [8].

Microwave-assisted pyrolysis has been investigated for the conversion of dis-
tillers dried grain with solubles (DDGS) to bio-oil, syngas, and biochar. The effects
of factors such as reaction temperature, reaction time, and microwave power input on
the yield of biofuels were analyzed. About 26–50% of the feedstock was converted
into biofuels, and the biooils obtained had an energy content of about 28 MJ/kg
which is about 66% of the heating value of gasoline. The biooils from DDGS
contained many important aliphatic and aromatic hydrocarbons and many of them
are also found in regular unleaded gasoline [31]. Similarly, studies have shown that
the biooil produced through the microwave-assisted pyrolysis of wet sewage sludge
contained over 70 different industrially valuable chemicals such as benzene, pyri-
dine, decane, limonene, toluene, ethylbenzene, styrene, palmitic acid,
hexadecanamide, and cholestane [32]. The calorific value of biooil produced from
wet sewage sludge was about 36 MJ/kg. The high calorific value of this biooil makes
it useful as a fuel [33].

The product distribution from the microwave-assisted pyrolysis of biomass
materials is influenced by type of biomass, feedstock weight, particle size, micro-
wave power level, reaction temperature, reaction time, product vapor residence time,
reactor design, and the heating rate [16]. Microwave-assisted pyrolysis of soapnut
seed powder with particle size of about �2 mm at 7 W/g microwave power for
20 min under nitrogen atmosphere produced 52% yield of biooil samples with about
22 MJ/kg calorific value and a moisture content of 10–15%. The peak temperature of
pyrolysis was 528 �C. The high moisture content shows that the biooil needs to be
upgraded to be used as fuel in internal combustion engines [34].

Microwave-assisted pyrolysis of corn stover with different particle sizes
(0.5–4 mm) shows that, thermochemical reactions occur rapidly in larger particles
than in smaller particles [9]. Milled office paper (printed and photocopied) wastes
were converted into biooil through low temperature (<200 �C) microwave-assisted
pyrolysis. About 42% yield of biooil was obtained, and it contained 19% as organic
phase compounds and 23% as aqueous phase compounds. The organic phase biooil
mainly contains aromatic compounds and aqueous phase biooil mainly contains
carbohydrate sugars [13].

Microwave-assisted pyrolysis of soybean straw under CO2 atmosphere was
studied to produce H2 rich syngas. The yield of syngas was about 55% which was
higher than that obtained from the pyrolysis under N2 atmosphere (45% yield) at
1000Wmicrowave power. The concentration of H2 plus CO in the syngas was about
84% with relatively higher concentration of CO than H2. This study has shown that
increase in microwave power up to 800 W increases the production of biooil with
faster attainment of the highest temperature for pyrolysis. Further increase in micro-
wave power decreases the yields of biooil and biochar and increases the production
of syngas [35].

Microwave-assisted pyrolysis of dried seaweed Laminaria digitata and its extract
was investigated to produce biooil without adding any microwave-absorbers. The
input energy requirement was in the range of 1.84–2.83 kJ/g and it pyrolyzed
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55–70% of the feedstock in 200 s. The biooil yield was about 15% from the seaweed
and 5% from its extract. The biooil from seaweed and its extract contained mainly
nitrogenous and carbohydrate compounds such as L-Proline, 1-methyl-5-oxo,
methylester and lacked phenolic compounds. The low yield and the absence of
phenolic compounds in biooil make this feedstock not a favorable source of
bioenergy [36].

7.4 Microwave-Assisted Pyrolysis of Biomass
with Microwave-Absorbers

Dry biomass is a poor absorber of microwave, and therefore microwave-absorbers
are often added to increase the microwave absorption rate and thereby to reduce the
microwave power requirement [4]. Some microwave-absorbers (e. g., K3PO4,
clinoptilolite, and bentonite) also act as catalyst for enhancing the efficiency of
pyrolysis. These catalysts improve the quality of biooil by reducing viscosity and
acidity and also increase the concentration of hydrocarbon products [4]. A few of the
studies on the use of microwave-absorbers for the enhanced microwave-assisted
pyrolysis are discussed in this section.

The doping of biomass with char formed through pyrolysis can enhance the heat
generation and distribution in the microwave-assisted pyrolysis. Zhao et al. have
investigated the effects of silicon carbide (SiC) on the microwave-assisted pyrolysis
of wheat straw. The silicon carbide was used to heat the microwave reactor and the
pipeline parts for preventing the condensation of volatile compounds as tars on these
parts and thus to extend the lifetime of the system. Also, the collection of volatile
compounds as biofuels enhanced the overall efficiency of biomass pyrolysis [37].

Catalytic microwave-assisted pyrolysis of biomass for the production of biofuels
and phenols has been investigated by using Douglas fir as the biomass and activated
carbon as the catalyst. The biooils produced contained high concentrations of
phenols (38%) and phenolic compounds (66%). High concentration of long chain
fatty acid esters was obtained in the presence of zinc powder as catalyst. The high
concentration of phenols and fatty acid esters make the biooil suitable for the partial
substitution of gasoline fuels and as feedstock for the synthesis of industrial mate-
rials. However, the oxygenates in biooil needs to be separated and the product should
be purified and upgraded before the industrial uses [38].

Microwave-assisted pyrolysis of sugarcane bagasse in the presence of metal
oxides (NiO, CuO, CaO, and MgO) was studied by Kuan et al. and the results
have shown that the use of different metal oxides leads to different product distri-
bution pattern. The addition of metal oxides increased the reaction rate and
influenced the kinetic parameters [12]. Similarly, the use of iron (Fe) and cobalt
(Co) particles as microwave-absorbers have increased the yield of H2 and CH4 gases
in the microwave-assisted pyrolysis of sugarcane bagasse. It also shown to produce
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biochar nanoparticles and carbon nanotubes, with average diameter in the range of
(20–120) nm, during the pyrolysis of biomass [39].

Microwave-assisted pyrolysis has been applied to produce fuels from sewage
sludge of waste water treatment plants. Graphite and sewage sludge char were used
as microwave-absorbers in the microwave-assisted pyrolysis of wet sewage sludge.
Use of microwave-absorbers helped in achieving about 1040 �C as the peak tem-
perature of pyrolysis within 6 min of the process. The heating rate obtained in
microwave-assisted pyrolysis was about 200 �C/min which is significantly higher
than the highest heating rate of 74.3 �C/min obtained in an electric furnace pyrolysis
system. Also, studies have shown that microwave-assisted pyrolysis produced
higher quantity of syngas from wet sewage sludge than by the conventional pyrol-
ysis method [33]. The quality of biooil produced from sewage sludge was not
affected by the type of microwave-absorber used. Importantly, microwave-assisted
pyrolysis produced less amount of hazardous polycyclic aromatic hydrocarbons
(PAH) than by the conventional pyrolysis method [33].

Rice husk char and rice husk char with the metallic (Ni, Fe, and Cu) catalysts
were investigated for improving the product quality of the microwave-assisted
pyrolysis of rice husk. The rice husk char with metallic catalysts improved the
microwave absorption capability, heating rate, and the highest temperature reached
of pyrolysis. These catalysts convert tar and heavy organic compounds into simpler
organic compounds [11].

Oil palm shells and fibers were converted into biooil, biochar, and syngas through
the microwave-assisted pyrolysis with biochar as microwave-absorber. Presence of
microwave-absorbers can reduce the consumption of energy, time, and resources for
microwave-assisted pyrolysis of biomass. Additionally, direct pyrolysis of large
particles of biomass is possible in microwave-assisted pyrolysis method which can
reduce the energy required for grinding and drying of biomass [40]. Coconut
activated carbon has also been used as a microwave-absorber during the pyrolysis
of oil palm shell for increasing the pyrolysis temperature, and the biooil produced
was rich in high energy components such as phenol and 1,1-dimethyl hydrazine.
Uniform distribution of microwave-absorbers in the biomass leads to uniform
heating of the feedstock and reduced the hotspot formation. It can improve the
biomass conversion efficiency and biooil composition profile [41].

Microwave-assisted pyrolysis of switchgrass in the presence of a mixture of
catalysts was investigated to understand the effect of catalyst mixtures on the rates
of microwave heating and biomass decomposition. The formation of coke on the
surface of catalysts was investigated to determine the role of biomass decomposition
product on further enhancement of microwave absorption and pyrolysis. A mixture
of bentonite (Al2O34SiO2H2O), potassium phosphate tribasic (K3PO4), and
clinoptilolite ((K, Ca, Na)2O-Al2O3-10SiO2-6H2O) at different ratio was mixed
with switchgrass for microwave-assisted pyrolysis. K3PO4 and clinoptilolite are
ionic compounds and have good ability for absorbing microwaves. Bentonite is a
natural aluminum phyllosilicate which has low capacity for microwave absorption
but with high thermal conductivity (1.15 W/m K). It was shown that pure switch-
grass powder had low capacity for the absorption of microwaves, and the highest
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temperature reached was 160 �C after 30 min of microwave treatment. Microwaves
will be absorbed by the catalysts with high microwave absorption capacity and
heated faster than biomass and the heat will be transferred to biomass through
conduction. The vapours formed from the pyrolysis of biomass will be cracked by
the catalysts to different products. The coke deposited on the surface of catalysts
have significant effect on the microwave heating rate and heating behaviour of
biomass. Oxygenated coke decreases the microwave absorption, and graphitic
carbon has high ability for the absorption of microwaves and it further improves
the efficiency of microwave-assisted pyrolysis of biomass [4]. In a similar study, the
use of biochar with iron (Fe) as a catalyst and microwave-absorber in the
microwave-assisted pyrolysis of torrefied corn cob has shown the production of
biooil rich in phenolic compounds [42]. These results are useful in the development
of systems for the microwave-assisted pyrolysis of biomass for biofuel
production [4].

7.5 Modeling and Simulation of Microwave-Assisted
Pyrolysis of Biomass

Mathematical modelling and simulation of microwave-assisted pyrolysis of biomass
has been reported by many researchers [29, 44, 25]. Recent developments in
computer technology help in modelling microwave-assisted pyrolysis of biomass
through different methods including the finite-difference time-domain (FDTD) and
the finite element method (FEM) [25]. Finite element analysis with Maxwell’s
equations has been applied to simulate the energy distribution inside a microwave
oven and also in a complex material like biomass. The Maxwell’s equations can be
written as follows:

∇� H ¼ ∂D
∂t

þ I ð7:6Þ

where, H represents the magnetic field vector, D represents the electric flux density
vector, and I represents the current density vector. Eq. (7.6) represents Ampere’s law
which states that the change in magnetic field around a closed circuit is equal to the
net electric current in the circuit. The relationship between the electric field and
magnetic field in a closed circuit is given by Faraday’s law as shown below:

∇� E ¼ �∂B
∂t

ð7:7Þ
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where, E represents the electric field vector, and B represents the magnetic flux
density vector. Gauss’s laws state the boundary conditions for the electromagnetic
fields in a closed circuit.

∇∙D ¼ ρv ð7:8Þ
∇∙B ¼ 0 ð7:9Þ

where, ρv represents the electric volume charge density. These equations show that
the net magnetic flux in a region of the circuit is zero and the net electric flux is
dependent on the charge in that region. An in-depth understanding of electromag-
netic theory is required for the design of effective microwave systems for the
processing of materials. Finite element analysis can be used to couple electromag-
netic heating, combustion, and heat and mass transfer in microwave-assisted pyrol-
ysis of biomass [23]. The detailed partial differential equations of the mathematical
model for the microwave-assisted pyrolysis of biomass can be found in articles by
Santaniello et al. [43], Dutta et al. [29], and Halim and Swithenbank [25].

The differences in heating dynamics of microwave-assisted pyrolysis and con-
ventional pyrolysis of biomass were mathematically simulated by Santaniello et al.
and good agreement between the predicted and actual data on the mass loss during
pyrolysis was obtained. It was shown that low microwave power and thicker sample
materials lead to faster pyrolysis of biomass and that microwave heating is more
thermally efficient than conventional heating at similar input power setting [43]. In a
similar study, the finite element model of microwave-assisted pyrolysis of biomass
added with char and graphite as microwave-absorbers was developed by Dutta et al.
and the equations were used for simulation of the process using COMSOL
Multiphysics® software (COMSOL Inc., USA). The simulation results have shown
that the presence of microwave-absorbers enhance the heat transfer within the
biomass and char particles were better than graphite in enhancing the microwave
heating of biomass [29].

The effects of different heating methods for the biomass pyrolysis and the
production of biofuels through microwave-assisted pyrolysis were simulated using
software packages such as Aspen Plus™ and Aspen HYSYS® (Aspen Tech Inc.,
USA). Production of methanol from sugarcane bagasse using microwave-assisted
pyrolysis was modelled and simulated using Aspen HYSYS®. The pyrolysis reactor
was designed and the effects of process parameters such as temperature (0–700) �C,
nitrogen gas flow rate (0–600) cm3/min), heating rate (0–35) K/min, and biomass
moisture content (0–9) % on the chemical reactions involved in the process were
considered. The energy balance of the process was analysed. The simulation studies
have shown that the pyrolysis temperature, nitrogen gas flow rate, and heating rate
have significant effects on the pyrolysis process and methanol yield. The moisture
content of biomass has no significant impact on the microwave-assisted pyrolysis
process. The simulation results were verified with the data from laboratory-scale
experiments and it was shown that about 6.42% yield of methanol was obtained from
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sugarcane bagasse [44]. However, this study has not considered the effect of
microwave power and pyrolysis time on the yield of biofuel.

The modelling and simulation of microwave-assisted pyrolysis of Acacia
Nilotica, Calophyllum inophyllum seed, rice husk, and Bael shell for the production
of biooil was conducted using Aspen Plus™ software package. This software
package allows the user to develop and test a chain of chemical processes having
different physical, chemical, and biological parameters. The proximate and ultimate
composition of biomass was used as input data for the estimation of biooil yield.
Among the feedstocks tested, the seeds of Calophyllum inophyllum produce the
highest (48%) yield of biooil when pyrolyzed at 500 �C with microwave energy. The
simulation has shown that the yield of biooil decreased with the increase in pyrolysis
temperature in the range of (500–700) �C [45].

Pyrolysis of gumwood with conventional electrical heating and microwave-
assisted heating for the production of H2 was modelled and simulated using Aspen
Plus™ software package. The results were verified with the data from laboratory-
scale experiments. The results have shown that the computer aided modelling and
simulation tools can help in detailed evaluation of the process and determining the
energy efficiency and mass flow at different levels of operation [46].

Halim and Swithenbank [25] have used COMSOL Multiphysics® software to
study the microwave-assisted heating of biomass and the electromagnetic field
distribution inside the reactor. They investigated the effects of mode stirrer, location
of biomass inside the microwave cavity, waveguide position, dielectric properties of
biomass, and the presence of microwave-absorbers. The presence of cold and hot
spots during the heating of biomass leads to heterogeneity in the temperature
distribution. Placing waveguide at the bottom of microwave cavity results in poor
distribution of electric field. Side-fed microwave energy and mode stirrer improve
the distribution of electric field inside the microwave cavity. The location of biomass
inside the microwave cavity influence the electric field distribution and heating of
biomass. The optimum bed size of biomass was found at 50 mm height for the
highest absorption of microwaves. These modelling and simulation efforts are useful
in further developing the computational tools incorporating complex mass transfer
mechanisms and chemical reactions [25].

7.6 Reaction Kinetics and Mass-Energy Balance
of Microwave-Assisted Pyrolysis of Biomass

Studies on the pyrolysis reaction kinetics would help in better understanding of the
reaction pathways and predict the behaviour of biomass materials at different
operating conditions. It will further help in designing more efficient pyrolysis
reactors and improve the product quality [4]. Biomass pyrolysis is a very complex
process and can not be described by single step reaction model. The components of
biomass decompose at different rate and temperatures. The mass loss rate curves
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show overlapping peaks and the kinetics of decomposition of individual component
is challenging [2]. Generally, the pyrolysis of biomass can be represented as:

Biomass ! volatile matter þ solid residue

The rate of decomposition of biomass during pyrolysis is given as:

d /
dt

¼ k Tð Þf /ð Þ ð7:10Þ

where, T is the absolute temperature, k(T ) is the rate constant dependent on temper-
ature,/ is the fractional conversion of biomass at time t, f(/) is a function dependent
on the reaction mechanism. The fractional conversion of biomass is defined as:

/¼ w0 � wð Þ
w0 � w1ð Þ ð7:11Þ

where, w0, w, and w1 are the initial weight, weight at time t, and final weight of
biomass sample [6].

The rate constant k(T ) can be calculated according to the Arrhenius equation:

k Tð Þ ¼ A exp � E
RT

� �
ð7:12Þ

where, A is the pre � exponential or the frequency factor (s � 1), E is the activation
energy (J mol�1), and R is the universal gas constant (8.314 J mol�1 K�1).

The reaction kinetics of microwave-assisted pyrolysis of biomass have been
investigated to estimate the activation energy required and the preexponential factor
of the pyrolysis. The thermal decomposition of biomass at a constant heating rate can
be expressed by using Arrhenius equation:

d /
d T

¼ A
β
exp � E

RT

� �
1� /ð Þn ð7:13Þ

where, β is the heating rate (Ks�1). The equation can be integrated as:

ln
� ln 1� /ð Þ

T2

� �
¼ ln

AR
βE

1� 2RT
E

� �� �
� E
RT

for n ¼ 1ð Þ ð7:14Þ

ln
1� 1� /ð Þ1�n

T2 1� nð Þ
� �

¼ ln
AR
βE

1� 2RT
E

� �� �
� E
RT

for n 6¼ 1ð Þ ð7:15Þ

If 2RT
E � 1, Eqs. (7.13) and (7.14) can be simplified as:

198 J. Kurian and G. S. V. Raghavan



ln
� ln 1� /ð Þ

T2

� �
¼ ln

AR
βE

� �
� E
RT

for n ¼ 1ð Þ ð7:16Þ

ln
1� 1� /ð Þ1�n

T2 1� nð Þ
� �

¼ ln
AR
βE

� �
� E
RT

for n 6¼ 1ð Þ ð7:17Þ

The E and A can be determined from the plot of ln � ln 1�/ð Þ
T2

h i
versus 1

T when

n ¼ 1, or ln 1� 1�/ð Þ1�n

T2 1�nð Þ

h i
versus 1

T when n 6¼ 1, that result in a straight line with

� E
R as the slope and ln AR

βE

h i
as the intercept [16].

Studies have shown that microwave-assisted pyrolysis has lower activation
energy and pre-exponential factor than that of conventional pyrolysis processes.
Some examples of the kinetic parameter values of microwave-assisted pyrolysis of
lignocellulosic biomass is listed in Table 7.1.

Investigations on the microwave-assisted pyrolysis of biomass such as corn
stover, rice straw, rice husk, sugarcane bagasse, sugarcane peel, coffee grounds,
and bamboo leaves have shown that the highest temperature of pyrolysis is highly
correlated with the combustible content of the feedstocks. When the combustible
content of feedstocks increased from 88 wt% to 96 wt%, the heating rate increased
from 108 �C/min to 135 �C/min and the highest temperature of pyrolysis increased
from 495 �C to 539 �C. Microwave power level applied (300, 400, 500) W influence
the heating rate (51–140) �C and the highest temperature of heating (346–551) �C
achieved. The heating rate and the highest temperature of pyrolysis of bamboo
leaves was the lowest among the feedstocks tested. Use of biomass such as corn
stover, sugarcane peel and rice straw with higher concentration of combustible
contents, decreased the input energy for the pyrolysis. Microwave-assisted pyrolysis
results in higher mass conversion to fuels than by the conventional pyrolysis
methods. At 500 W, the average yields of solid, liquid, and gaseous fuels from
these feedstocks was (20 � 2) wt%, (44 � 2) wt%, and (36 � 4) wt%, respectively.

Table 7.1 Kinetic parameters observed for microwave-assisted pyrolysis of biomass

Biomass E (kJ mol�1) A (1/s) Ref.

Prairie cordgrass 3.1 2.26 [14]

Sugarcane bagasse 18.9 0.18 [12]

Sugarcane bagasse with NiO (10% wt) 20.2 0.25

Sugarcane bagasse with CuO (10% wt) 20.9 0.29

Sugarcane bagasse with CaO (10% wt) 21.4 0.34

Sugarcane bagasse with MgO (10% wt) 20.0 0.23

Douglas fir sawdust pellet 16.5 15.3 [7]

Rice straw 27.1 1.06 [10]

Rice straw (50–250) W microwave 6.82 4.98 � 10�3 [1]

Rice straw (250–500) W microwave 21.37 2.47 � 10�1

Moso bamboo sawdust 24.5 5.27 [6]
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The biooil was primarily composed of aliphatic, phenolic, and polycyclic aromatic
compounds. The kinetic parameters of microwave-assisted pyrolysis were found to
be different at lower and higher pyrolysis temperatures. Reaction rates were higher
by one order of magnitude at higher temperature of pyrolysis than at lower temper-
ature of pyrolysis. The rate constant for microwave-assisted pyrolysis was much
higher with lower activation energy and pre-exponential factor than that of conven-
tional electrical heating pyrolysis method. These studies have shown that
microwave-assisted pyrolysis would be industrially more viable with the use of
biomass feedstocks containing higher concentration of easily combustible contents
such as cellulose and hemicellulose [1].

Studies have analysed the input energy required for the microwave-assisted
pyrolysis of biomass for the production of biofuels. The electricity consumption
under experimental conditions for the microwave-assisted pyrolysis of wheat straw
and corn stover bales was estimated at (0.58–0.65) kWh per kg of biomass. The
minimum power of microwaves required for the microwave-assisted pyrolysis was
0.37 kW per kg of biomass. The energy consumption increases with the increase in
microwave power and processing time applied. This energy consumption decreased
with the increase in mass of biomass used. About 42% of the total energy required is
lost as heat and in the conversion of electricity to microwaves. Use of syngas to
provide the activation energy required for microwave-assisted biomass pyrolysis can
reduce the electricity consumption by 55% [47].

The energy requirement for the microwave-assisted pyrolysis of wheat straw
includes for drying of the biomass and activation of materials for the reactions.
The amount of this energy can be estimated as the sum of energy for the evaporation
of moisture during the drying stage and the evaporation of organic compounds
during the pyrolysis stage. A unit operating at 6000 kg wheat straw per hour needs
474 kJ energy for the drying of biomass and 1302 kJ energy for the microwave-
assisted pyrolysis. The total energy input for the biooil production is estimated at
1.78 MJ and the energy output value of biooil is 8.98 MJ, based on 20.2% yield and a
low energy value of 16,000 kJ per kg biooil. This shows about five times return on
energy input in the form of biooil as the product of pyrolysis. Additional energy
return in the form of biochar and syngas confirms the favourable energy balance of
the microwave-assisted pyrolysis process [15].

The energy content of syngas produced through the microwave-assisted pyrolysis
of gumwood at (600–800) �C was found to be 23% higher than that of the syngas
produced through conventional pyrolysis at similar temperatures. About 15% higher
concentration of H2 (120 g H2/kg gumwood) was obtained in microwave-assisted
pyrolysis process. The yield of biochar was higher in the microwave-assisted
pyrolysis process. However, the yield of biooil was found to be lower in the
microwave-assisted pyrolysis than in the conventional pyrolysis process. The overall
efficiency of microwave-assisted pyrolysis process was 13.5% higher than that of the
conventional pyrolysis process for gumwood [46].
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7.7 Challenges in the Scaling Up of Microwave-Assisted
Pyrolysis of Biomass

Though the microwave-assisted pyrolysis technology has advantages over the con-
ventional techniques, there are many challenges need to be addressed for the
commercial success of this technology. Large-scale systems for the microwave-
assisted pyrolysis of biomass are relatively expensive to build and operate
[48]. Most of the studies on microwave-assisted pyrolysis of biomass were on
batch operation mode and many of these investigations were using microwave-
absorbers for preventing hotspot formation and increasing the efficiency of the
process. The volume of biomass processed in these investigations was very low
and the large-scale operations increased the heterogeneity of the heating. The
penetration depth of microwaves into large volume of biomass was very low.
These problems lead to the lack of control on the biomass pyrolysis as well as on
the quality of biofuels produced. The dielectric properties of the biomass feedstock
vary with the change in temperature and it influences the microwave-assisted
pyrolysis of biomass. Evaporation of moisture from the biomass feedstock decreases
the dielectric properties of biomass and reduce the heating rate beyond 100 �C. The
dielectric properties of biomass feedstock are not changed significantly in the
temperature range of (100–500) �C [49]. Formation of char particles at
(500–600) �C significantly increases the dielectric properties of biomass and leads
to temperature runaway in the process. This effect is difficult to control and leads to
secondary pyrolysis reactions such as gasification of char and reformation of valu-
able biooil components. Use of microwave-absorbers reduce the temperature thresh-
old for the temperature runaway effect, and therefore the use of microwave-
absorbers may not be effective at industrial scale for biofuel production. Also, the
use of microwave-absorbers reduces the penetration depth of microwaves into
biomass and leads to heating heterogeneity in the process [50].

Continuous mode operation of microwave-assisted pyrolysis requires the design
and integration of specific systems for the addition of biomass and separation of
biofuels produced. The systems should prevent the loss of microwaves and volatile
components into the surrounding environment. The materials used for the parts that
come in contact with microwaves should be transparent to microwaves, mechani-
cally robust, and thermally stable at high temperatures of biomass pyrolysis. Basalt
fibers, ceramic, and non-coated glass fibers are reported as suitable to make parts for
the handling of biomass in microwave-assisted pyrolysis systems. However, the
design of the systems needs to consider the change in structure, particle size, and
composition of biomass feedstock [50, 48].

The environmental impacts and sustainability of microwave-assisted pyrolysis of
biomass need to be fully assessed. Life cycle assessment (LCA) is a useful tool to
analyse the environmental impacts of the microwave-assisted pyrolysis of biomass
and the products formed. LCA considers the different phases in the microwave-
assisted pyrolysis of biomass including biomass planting, harvesting, transporting,
building and operating the pyrolysis plant, product processing, product use, as well
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as the demolition and recycling of pyrolysis plant [52]. It gives information on the
potential impacts such as soil erosion, biodiversity change, global warming, acidi-
fication, and eutrophication. The values are estimated in terms of CO2, SO2, and PO2

equivalents. Studies have shown that the pretreatment such as size reduction and
drying of biomass for pyrolysis has the highest environmental impacts potential. Use
of exhaust gases for the drying of biomass would reduce the greenhouse gas
emission of the process. Also, the ability of microwave-assisted process to process
wet biomass can reduce the global warming potential of the pyrolysis process. Use of
fossil fuel derived electricity in the pyrolysis process leads to the highest effects on
greenhouse gas emissions and global warming. Similarly, the use of nitrogen gas has
significant effects on the greenhouse gas emissions [51].

Economic viability of microwave-assisted pyrolysis of biomass is yet to be
analysed in commercial scale [48, 52]. Economic analyses based on data from
laboratory-scale microwave-assisted pyrolysis of Douglas fir pellets have shown
positive economic outcomes when using portable small-scale systems for the pro-
duction of biooil rich in aromatic hydrocarbons. Capital cost required, yield of
biooil, and the selling price of biooil are the important variables that significantly
impact the economic viability of microwave-assisted pyrolysis process. The cost of
microwave systems is much higher than the conventional heating systems. However,
there would be smaller number of unit operations with low operating cost in the
microwave-assisted pyrolysis process than in the conventional pyrolysis
process [51].

Distributed systems for the microwave-assisted pyrolysis has been proposed for
the in-situ processing of biomass [53, 54]. The syngas produced can be used for the
heating of biomass, water, and working space, and it can also be used for cooking
food. Use of syngas in the pyrolysis process can reduce the overall consumption of
electrical energy for the microwave-assisted pyrolysis of biomass. Studies have
shown high energy efficiency of microwave-assisted pyrolysis in comparison with
conventional pyrolysis process. The energy recovery efficiency is calculated as the
ratio between energy content of biofuel and the sum of energy required for pyrolysis
plus the energy contained in the biomass. Microwave-assisted pyrolysis of wheat
straw has resulted in an energy recovery efficiency of about 79.8% whereas the
energy recovery was 99% in the case of microwave-assisted pyrolysis of coffee hulls
[48]. Nevertheless, these values are obtained based on laboratory-scale studies and
the actual energy efficiency of industry-scale microwave-assisted pyrolysis of bio-
mass is yet to be analysed. These studies need to be conducted with different
feedstock types, system designs, processing capacities, product options, and opera-
tional techniques [51, 53].

Microwave-assisted pyrolysis has many unique advantages that can be explored
for future applications [55]. Despite the challenges in scale-up of the technology,
microwave-assisted pyrolysis has been proposed to be implemented on average-
sized farms for the production of biofuels through the pyrolyze crop residues. The
capital cost of microwave-assisted pyrolysis system is significantly lower than that
for cellulosic ethanol plants and are portable to be transported between the farms.
Overcoming the technical and environmental challenges for the implementation of

202 J. Kurian and G. S. V. Raghavan



farm-level microwave-assisted pyrolysis systems can benefit rural communities for
additional employment and income generation [51, 53].

7.8 Conclusions

Biomass holds great potential for meeting the increasing demand for energy and
materials. The microwave-assisted pyrolysis of biomass is a promising technology
for the production of biofuels and bioproducts. Use of catalytic microwave-
absorbers greatly enhance the efficiency of microwave-assisted pyrolysis of bio-
mass. Quality of biooil produced through microwave-assisted pyrolysis has been
improved with the use of catalysts. Compared to conventional pyrolysis methods,
microwave-assisted pyrolysis method has high energy efficiency and reduced reac-
tion time. However, there is a large gap between the technical advantages provided
by the microwave-assisted pyrolysis of biomass and its commercial implementation.
Modeling and simulation tools with capabilities to predict the complex mass and
energy transfer and chemical reactions can be helpful in determining the perfor-
mance of this technology at different levels of operation. Multidisciplinary studies
are essential for the successful integration of the various processes involved in the
microwave-assisted pyrolysis of biomass, and to evaluate the technical, economical,
and environmental aspects of this technology. Further research is required for the
successful commercial production of biofuels through microwave-assisted pyrolysis
technology.
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Chapter 8
From Waste to Chemicals: Bio-Oils
Production Through Microwave-Assisted
Pyrolysis

Mattia Bartoli, Luca Rosi, and Marco Frediani

Abstract In the last decades, sustainable chemical productions have gained remark-
able attention due to the increased accountability for environmentally issues leading
to an intensification on the use of biomasses based platforms. Biorefinery has been
prooved as a sound approach for the conversion of biomasses to raw chemicals
integrating several processes ranging from fermentation to thermochemical treat-
ments. Among them, pyrolysis represents a valuable tool for biomass conversion: as
a matter of fact, high-quality oil with proprieties like a fuel can be recovered by fast
processes run on lignocellulosic biomasses using different reactors designs and
process parameters. In the same field, an innovative approach is represented by the
use of microwaves as a heating source for pyrolytic conversion. Microwave
(MW) induces very fast and volumetric heating but usually require a susceptor
able to adsorb MW and dissipate heat after the interaction with the electromagnetic
field. Microwave-assisted pyrolysis has been largely used for biomass conversion
with a particular emphasis on the production of liquid fractions also known as
bio-oils. It finds also a lot of applications as a source of chemicals such as pesticides,
mixtures for chemical treatments or employed after purification procedures
(i.e. extraction or a fractionating process to isolate the more interesting compounds
present, such as acetic acid, levoglucosane, aromatics, and furans.
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8.1 Introduction

During the last century, anthropogenic activities have deeply affected the worldwide
environment [1]. Rise of mankind industrialization led to the massive consumption
of non-renewable resources such as fossil fuels together with the increment of
pollution [2]. Waste streams generated by human conglomerates represent both an
unneglectable environmental issue and a loss of resources. In 2017, up to 4 � 108

ton/y of plastics were produced but only 18 wt% was recycled [3]. Nowadays, the
unrecycled plastic materials are disposed mainly through incineration and landfilling
increasing the environmentally risks [4]. Besides, oil supplies cannot sustain world-
wide demand endlessly even considering the not conventional oil sources [5]. Bio-
mass may represent an interesting alternative to oil-based platforms because they are
largely available and yearly renewable [6]. Nonetheless, all the current production
technologies are based on oil-derived feedstocks and to shift to bio-based one is a
hard task. The use of biomass-derived feedstock involves two main issues that are
the low production yields and high oxygen content [6]. An interesting solution to
recycle oil derived materials and convert biomasses is represented by pyrolysis. It is
a thermochemical treatment at high temperature in an oxygen-free atmosphere
[7]. Pyrolytic treatments induce the cracking of polymeric materials and produce
three fractions: a solid, a liquid and a gas [8]. Pyrolytic treatments may be employed
to convert several plastic waste streams into raw materials [9], solid and liquid fuels
[10]. Furthermore, biomass has been used for the conversion into useful chemicals
[11] and high-quality carbon [12]. Despite this, both pyrolytic treatments of plastic
and biomasses present unneglectable issues. The main drawback of plastic pyrolysis
is represented by the complexity of the reactors [13, 14] while the pyrolysis of
biomasses produces a complex mixture of products hard to purify and dry
[15, 16]. Nonetheless, the use of waste stream derived biomasses (i.e. agricultural
and forestry residues, rotten foods, cooked oils) increase the sustainability of the
overall process. In the last 20 years, an interesting alternative approach based on
microwave has gained a lot of interest [17]. Microwave-assisted pyrolysis (MAP) is
a very sound and simple way to process a great variety of materials under several
different conditions [18]. In the next section are reported the main results achieved in
the MAP of waste biomass together with an exhaustive description of the interac-
tions of microwave (MW) with the material showing the main mechanisms involved.

8.2 Interaction Between MW and Materials

MW is an alternating electromagnetic radiation with frequencies from 300 MHz to
300 GHz, which means typical energies from 1.2 μeV to 1.2 meV [19]. The radiation
can interact with materials mainly in three different ways, depending on their
peculiarities: (1) through dipole reorientation or (2) Maxwell-Wagner polarization
and through (3) simple electric conduction.
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According to their electric properties, materials could be classified as dielectric
(i.e. water [20], silica [21], alumina [22]) or conductive (i.e. salts [23], metals [24]
and metal oxides [25]) that display different heating mechanisms under MWs
irradiation. In a perfect dielectric material, heating is caused by the rapid dipole
reorientation of the permanent or induced “r” dipoles, randomly distributed within
the material and due to the magnetic field induced by the radiation that changes at the
frequency of the radiation itself. On the contrary, conductive materials are heated
under MW irradiation through a different mechanism, called conduction loss, caused
by the resistance of the material itself to the flux of electricity generated by the
movement of free electrons and induced by the oscillating electric field.

Motasemi et al. [26] studied the MW dielectric properties of hay during MAP at
two frequencies (915 and 2450) MHz from room temperature up to 975 K in an inert
environment. This finding has confirmed the three stages in the modification of the
materials. The first one was the drying happening in the temperature range from
room temperature to 475 K, the second was the proper MAP from 475 K to 525 K
and the last was the biochar formation up to 975 K. The dielectric properties were
found to decrease during drying and pyrolysis stages, while increased significantly
during biochar formation as shown by MWs absorption capability of the hay, it
improved significantly after pyrolysis process while the MWs penetration decreased.
The general advantages of MAP upon thermal pyrolysis are summarized in Table 8.1
and mainly consisted in the reduced processing time, energy consumption and to the
possibility to used as MW adsorber a catalysts to improve the quality of bio-oils.

8.3 Microwave-Assisted Pyrolysis (MAP) of the Biomass

8.3.1 A General Introduction About Lignocellulosic
Biomasses

Lignocellulosic biomasses are commonly identified as a great number of materials
from different sources. Among them, woody ones are the most available renewable
and natural resources [27]. The global amount of lignocellulosic biomass is presently
estimated to be 1.24 � 1015 kg, among which 80% is attributed to woody ones.
Wood is exploited as raw material for structural timber [28], sawn wood [29],

Table 8.1 Brief comparison between thermal pyrolysis and MAP with highlight of process
differences

Thermal pyrolysis MAP

Unselective heating and “wall effect” Fast and selective heating

High energy demand Reduction of energy consumption

Expensive units Cheap units

Simply scalability Complex scalability

No additives are required MW adsorbent are generally required
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furniture [30] and pulp [31] but its use for energy production in industrialized
countries is presently limited to pellets [32].

Wood is generally defined as the inner tissue of stems, branches, and roots of
perennial plants and it is classified like hardwood and softwood Hardwood means
wood from dicot angiosperm trees while softwood means from gymnosperm trees.
The main components of wood are cellulose, hemicellulose, and lignin but it
contains many other organic and inorganic compounds.

The amount of wood components is affected by several parameters such as the
tree specie [33] and among each species by the composition of the soil [34], the
climate [35], and the harvest period [36].

MAP of biomasses has been studied by several authors to obtain high-quality
bio-oils thanks to fast heating at relatively low temperatures (500–700 K) followed
by rapid quenching of the volatile products formed [37–39]. Furthermore, MAP can
be performed without finely milling of the feedstock because MW allows the
volumetric heating of the sample [40], furthermore the presence of water inside
the material may enhance the heating rate and mitigate the temperature reached
during pyrolysis avoiding advanced cracking degradation. Even if biomasses can
absorb MW, the addition of MW absorbers significantly affects the rate of the
process and the quality of the products formed [41].

MAP of biomasses was deeply studied and the main mechanisms can be rational-
ized in a few different steps. The first is the release of moisture from the feedstock,
increasing the surface area and improving the pore structure, which favors a quick
release of volatiles and minimized char-catalyzed secondary cracking. The three
components were pyrolyzed at different reaction temperatures connected with their
thermal stability and the presence of ash in the sample. Pyrolysis of cellulose takes
place at (430–470) K, hemicellulose at (470–600) K while lignin at (600–1000) K.
During this process other reactions such as dehydration of the sample, pyrolysis of the
volatiles present, formation of levoglucosan from cellulose [42] or formation of
substituted aromatic rings from lignin [43] take place. The last step is the occurrence
of secondary reactions among the intermediates present with the formation of furans,
small organic molecules (i.e acetic acid, hydroxypropanone), and char [44].

8.3.2 MAP of Cellulose

Cellulose is a fibrous water-insoluble polymer, which is found in the protective cell
walls of trees, particularly in stalks, stems, trunks and all woody portions of plant
tissues [45]. Cellulose is the most abundant wood component, up to 40% of the total
weight in a common wood having linear long chains of D-glucose units linked by
β-(1,4) glycosidic bonds as shown in Fig. 8.1.

The average molecular weight of native cellulose is ranging from 1.800 kDa to
4000 kDa [46]. In the industrial pulping process, cellulose is degraded reaching an
average molecular weight between 180 kDa and 1000 kDa [47].
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Cellulose is one of the most useful raw materials for the textile industry as cotton
[48]. It may also be modified to produce viscose and rayon [49], biofuels [50] and
paper [51]. Furthermore, cellulose is currently used for a lot of fine applications like
filler for polymers [52, 53] drugs [54], stationary chiral phase for both chromatog-
raphy with liquid and gas [55], environmental materials for building insulation [56],
fire retardants [57] or smokeless gunpowder [58].

Cellulose MAP shows the typical reaction pathway of thermochemical cracking
processes as summarized in Fig. 8.2 [59].

Anhydrosugars are the most interesting chemicals produced during cellulose
MAP. Miura et al. [61] reported the MW conversion of cellulose in a large-scale
MW reactor with the large production of levoglucosan up to 2.6 wt% based on dry
wood weight. Furthermore, compounds such as levoglucosenone, mannosan,
galactosan, and xylosan, were detected in significant amounts.

Contrary to traditional thermal cracking, MAP can operate at significantly
reduced temperatures. Al Shra’ah et al. [62] performed a MAP of amorphous
cellulose using a lab-scale microwave synthesis system at low temperatures (up to
455 K). They reached a production of bio-oil up to 47 wt% showing significantly
higher yields of levoglucosan if compared with conventional pyrolysis run at 673 K.

Fig. 8.1 Simplified linear cellulose structure

Fig. 8.2 Main reaction pathways of cellulose pyrolysis [42, 60]
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Similarly, Bartoli et al. [63] pyrolyzed α-cellulose in a multimode batch reactor
using several MW absorbers. Authors showed the strong influence of MW susceptor
moving from large gasification using carbon (gas yield up to 53.8 wt%) to a high
yield of bio-char using Al2O3 (up to 64.1 wt%). Using Fe as MW absorber, the
bio-oil yield reached up to 37.6 wt%. Furthermore, a high concentration of
levoglucosan (up to 133.9 mg/mL) together with acetic acid, acetic anhydride,
1-hydroxy-2-propanone, formic acid and furfural were obtained using graphite as
MW absorber. Interesting the authors detected some aromatics formed according to
the mechanism reported in Fig. 8.3.

Wang et al. [64] magnified the production of aromatics from cellulose using a
catalytic system based on modified HZSM-5. The authors reported the use of metal-
doped zeolites (Fe/HZSM-5, Ni/HZSM-5, and Fe–Ni/HZSM-5) to promote the
conversion of sugars and anhydrosugars into phenols and low molecular
compounds.

Waste streams of cellulose were used as feedstock for MAP. Zhang et al. [65]
used paper de-inking residue for MAP at relatively low temperatures (less than
475 K) to achieve interesting results. Furthermore, Undri et al. [66] used the
cellulose rich multilayered packaging for producing two phases bio-oils with a
products analogue product distribution of those derived from direct pyrolysis of
cellulose.

Bio-oils are not the only products achievable through cellulose MAP. Solid
residue known as biochar is a very attractive material [67]. Cellulose was used by
Zhang et al. [68] as a starting material for the production of hydrochar through the
MAP approach. Hydrochar produced showed chemical properties comparable with
those produced using hydrothermal carbonization. Furthermore, Omoriyekomwan
et al. [69] use cellulose as a direct precursor for the synthesis of carbon nanotubes at
low temperatures (up to 875 K).

8.3.3 MAP of Hemicellulose

Cellulose is not the only one polysaccharide derived from wood and used for MAP
conversions. Hemicellulose decomposition showed unneglectable different products

Fig. 8.3 Reaction pathway for aromatics production from cellulose
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distribution compared to cellulose in thermal pyrolysis. Patwardhan et al. [70]
reported a hemicellulose degradative mechanism that highlighted the relevance of
xylan degradation with the formation of xylose upon laevoglucose in the early stage
of degradation. Considering MAP processes, Li et al. [71] used a pressurized batch
MW reactor for the pyrolytic conversion of hemicellulose in the absence of any
external microwave absorber. These authors achieved the production of bio-oils up
to 21 wt% reach in aldehydes, alkenes, phenols, polyaromatic hydrocarbons, cyclic
ketones, and furans.

Generally, MAP of neat hemicellulose is not well described such as cellulose due
the poor economical feasibility of its isolation and conversion. Anyhow, it has been
studied through temperature modelling [72] in order to evaluate it effect on produc-
tion of gaseous fraction upon the others [73]. Classical thermal investigations
showed hemicellulose decomposition in the temperature range from 625 K to
675 K [74].

8.3.4 MAP of Lignin

Lignin is a cross-linked biopolymer containing several aromatic units, which are
linked together by at least ten different C–C and C–O bonds [75] and it may
represent up to 30 wt% of the wood weight. Lignin structure derives in part from
monomers and oligomers of the three primary monolignols known as p-coumaryl,
coniferyl, and sinapyl alcohols (Fig. 8.4).

The great number of different monomer combinations induces a great variability
into the lignin structure. Moreover, the final irregular structure of lignin also arises
from the last step of its biosynthesis that is a random recombination of phenoxy
radicals as reported by Felby et al. [76]. Commonly, lignin can be isolated as pure,
sulphonate or Kraft derivatives of biomass feedstock, mainly as a residue [77] of
pulp and mills industry or from bioethanol production [78]. Kraft lignin gained an
addressable global market [79] thanks to its many applications. Indeed it is used as
low energy solid fuels [80] currently employed as filler or dispersant in

Fig. 8.4 The three aromatic
sub-units of lignin
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high-performance conglomerate [81], for water treatment [82] and chemicals
productions [83].

During pyrolysis, lignin can undergo various degradation pathways as reported
by several authors [84–86] and summarized in Fig. 8.5.

Fan et al. [87] studied MAP of lignin using several MW absorbers such as silicon
carbide, activated carbon and biochar. The use of silicon carbide promoted three
distinct heating stages corresponding to the three main stages of lignin decomposi-
tion. The first step is represented by the cleavage of the functional groups leading to
low molecular weight products. Afterwards, aryl moieties could undergo to radical
rearrangement and degradation. The last step is the more complex and it is charac-
terized by the self condensation of products formed in the previous stage. This
mechanism is highly sensible to a lot of factors such as phenol concentration and
inorganic traces [88]. Furthermore, a high loading silicon carbide promoted the
formation of alkyl phenols and syngas. Both biochar and activated carbon used as
MW adsorber promoting a high formation of syngas (up to 70 wt%) if compared
with silicon carbide.

Carbonaceous MW absorbers (activated carbons, charcoal and graphite) were
used by Yerrayya et al. [89] to improve the yield and selectivity of phenols in the
bio-oil using a batch reactor. They proved that the increment of MW absorbers
enhanced the bio-oil up to 66 wt% with selectivity to phenols up to 90%.

Fig. 8.5 Schematic representation of lignin degradation during MAP with the main products
formed
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Also, the MAP of Kraft lignin was deeply investigated. Farag et al. [90] and the
yield and composition of bio-oils were compared with those of conventional pyrol-
ysis of Kraft lignin. They proved that MAP enhanced the selectivity towards
chemicals in the bio-oils formed.

Furthermore, several upgraded MAP processes have been studied in order to
obtain better quality lignin-derived bio-oils. Duan et al. [91] studied the MW
co-pyrolytic conversion of a mixture of lignin and polypropylene improving the
quality of bio-oils. Similar results were achieved by Fan et al. [92] using catalytic
co-pyrolysis of lignin and low-density polyethylene with HZSM-5 and MgO. Curi-
ously, the total amount of aromatics was increased with increasing of polyethylene
content. Additionally, using a lignin/polyethylene ratio of 2-methoxy functionalities
were completely removed from phenols. Furthermore, aromatics increased and
alkylated phenols decreased with increasing of HZSM-5/MgO ratio.

The same authors reported a further improvement of this process using an ex-situ
catalytic upgrading of lignin-derived bio-oils over HZSM-5 [93]. They reached the
highest selectivity of alkyl phenols using a 0.2 catalyst/lignin ratio.

8.3.5 MAP of Woody Biomass

MAP of woody biomasses leads to the production of hundreds of compounds
classified in several families [94]. An exhaustive bio-oils analysis is quite challeng-
ing and several authors merely run a qualitative investigation [95–97]. The com-
plexity of the problem discourages the simple realization of multiples calibration
curves both for the great number of the compounds present and their difficult
univocal identification. Recently, few authors proposed methodologies based on a
theoretical calculation of response factors of identified compounds leading to a
simultaneous qualitative and quantitative analysis [98–100].

Despite these issues, the study on fractions from MAP of woody biomasses has
harvested great attention. Huang et al. [101] studied the effect of both maximum
temperature and heating rate on MAP outputs using several biomasses (i.e. rice
straw, rice husk, corn stover, sugarcane bagasse, sugarcane peel, waste coffee
grounds, bamboo leaves) using the results of the chromatographic area for a quan-
tification. A more detailed study was reported by Gao et al. [102] on the distribution
of polychlorinated polycyclic aromatic hydrocarbons (PPAHs). PPAHs are formed
through chlorination of aromatic moieties in high temperature low oxygen atmo-
sphere in the presence of inorganic or organic chlorine sources [103, 104]. All of this
conditions are satisfied during pyrolysis of biomasses and identification and quan-
tification of PPAHs is a relevant task due their toxicity [105]. This study successfully
identified polychlorinated dibenzo-p-dioxins, dibenzofurans, and naphthalenes in all
the fractions produced. The estimated concentrations ranged in the nanomolar scale.
This was an example of the possibility to focus on the classical characterization of a
small set of compounds. In a close study, Ravikumar et al. [106] described both the
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composition and the high heating values of the liquid fraction from the MAP of
several biomasses.

A more comprehensive study about all the properties of bio-oils from biomass
MAP was proposed by Martín et al. [107]. In this research work, several Mediter-
ranean wasted biomasses underwent MAP conversion where both liquid and gas
fractions have been characterized by gas chromatography/mass spectrometry
(GC/MS) and through the collection of their rheological properties.

Similarly, Rajasekhar and Vinu [108] were able to produce a good qualitative
estimation of the bio-oils compositions produced from MW induced co-pyrolysis of
high ash Indian coal and rice husk finding the evidence of cross-reactions.

Anyway, the bio-oils composition is not the only challenge related to the MAP of
biomasses. Reactors realization, the great variability of the feedstock, the geograph-
ical factors, they are all key points for all the process.

Scale-up and realization of large MW reactors are then quite challenging.
Mutsengerere et al. [18] reported a summa of all factors that affect the bio-oils
production, identifying pyrolysis temperature, MW power, feedstock particle size,
type of MW adsorber as equally important for the quality and the yields of bio-oils.
Other parameters such as the pyrolysis retention time, the type of purge gas and the
flow rate have less influence on the bio-oil yield. Liu et al. [109] compared the efforts
of MW and classical heating on biomass pyrolysis in a traditional fluidized bed auger
reactor showing lower carbon dioxide production during MAP.

Salema et al. [110] used a reactor equipped with an overhead stirrer for MAP of
oil palm shell to produce high-phenol containing bio-oil and they compared these
results with a stationary batch oven. They attribute the better results obtained to a
higher interaction with the MWs of the suspended particles rather than bulky ones.

Wang and co-workers [111] realized and innovative continuous reactor for fast
biomass MAP and claimed a bio-oils yield around 30 wt% lower than the traditional
fast pyrolysis units.

Another class of reactor is based on the interaction between reactor metallic walls
with feedstock during MAP. A clear example was described by Hussain et al. [112]
using an aluminum coil reactor or in the work of Bashir et al. [113] where an
up-graded bio-oil was produced.

Beneroso et al. [114] provide an overview of the scalable processing concepts for
building MW reactors on the industrial scale. Many points on that summary repre-
sent the core of the work of Salema et al. [115]. They developed a batch reactor
operating at 2.45 GHz able to process a large quantity of wood briquette. Experi-
mental outputs showed the good bio-oils yields, up to 40 wt% even with a poor
heating value (around 3 MJ/kg).

All the scale-up processes are possible thanks to a method optimization of all
MAP parameters. The enlightening work using the response surface methodology
was a very strong approach for both simply biomass [116] or mixed feedstocks [117]
for MAP modeling.

About the influence of the feedstock, a general investigation on standardized
pellets was reported by Undri et al. [118]. In this study, the authors processed pine
wood using different MW susceptors producing a two-phase bio-oil. Moreover,
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Halim et al. [119] described similar MAP experiments using a Malaysian wood
pellets using two fixed temperatures, (775 and 1075) K. They demonstrated the
possibility to orientate the MAP from the production of bio-oil and a slightly porous
biochar to syngas production together with a very porous biochar moving from
lower to higher temperature. A scale-up of the process, using pellets and a bench-
scale fixed bed MW reactor, was described by Nhuchhen et al. [120]. MAP outputs
showed a complex interaction between all the process factors (i.e. feedstock loading,
MW power).

Pristine poplar wood was used by Bartoli et al. [38] to study the behavior of both
stump-roots and leaves from short rotation coppice of poplar using a multimode
batch MW reactor, investigating several parameters. The particle size, the effect of
carbonaceous and metallic MW susceptor were analyzed and experimental outputs
showed different effects. The use of iron and wood chips promoted the formation of
gas and biochar while the use of poplar powder and carbonaceous MW susceptor
induce a larger bio-oil formation. These authors showed the consistency of these
results testing several Mediterranean lignocellulosic biomasses such as Vitis vinifera
[121] and olive cuts [122]. In all cases, it was proved that a reach radical environ-
ment provided by MW susceptors such as iron or sodium hydroxide depleted the
formation of bio-oils that were reached in water and advance degradation com-
pounds such as acetic acid and furans.

Moving away from the Mediterranean area, several crops residue can be easily
used as feedstock MAP. Oil palm fibers represent a largely available feedstock that is
generally disposed of through incineration. Abas and co-workers [123] optimized
the MAP process based on the conversion of oil palm fiber for the production of
liquid containing an abundance of phenolic compounds. They claimed a bio-oil yield
up to 41 wt% composed of 73% of aromatic with gallic acid concentration up to
2.6 wt%. Mushtaq et al. [124] used solid oil palm shells mixed with MW absorber
based on coconut activated carbon for the massive production of bio-oil. They
achieved a bio-oils with phenols content ranging from 35% to 54% of the total
chromatographic area. The bio-oils also contained 1,1-dimethylhydrazine in a very
high amount (up to 21%). The presence of this compound was attributed to the
synergistic effects of optimized MAP parameters.

Residues from fast-growing crops are a good source for MAP. Bartoli et al. [125]
used residues from Arundo donax cultivation for MW pyrolytic conversion achiev-
ing a large biochar production (up to 63 wt%) using rhyzomes while using leaves
bio-oils yield reached up 41 wt%. In these experiments, bio-oils were collected as
one-phase dark brown liquids containing a huge amount of aromatics, acetic acid,
furanes, and levoglucosan up to a concentration of 47.6 g/L.

Another cane type plant largely used for MAP is bamboo. Dong et al. [126]
studied MAP of Moso bamboo mixed with bamboo biochar as an MW absorber.
Authors claimed the production of bio-oils reach in acetic acid and phenol with the
total contents ranging from 73% to 83%. Furthermore, they produce a gas fraction
comparable with syngas suggesting the positive effect of biochar as MW susceptor
in MAP processes. Also, the effect of iron as a high oxidational state cationic specie
improves the outputs of bamboo MAP [127] with a significant shift from the bio-oil
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to syngas production with traces of methane formation. This effect was magnified by
the simultaneous presence of iron and activated carbon that induce a syngas pro-
duction of up to 81% [128].

Alternatively, to traditional catalytic upgrading, several authors explored the
treatment of feedstock before the MAP. Tarves et al. [129] use a simple hot water
extractive methodology to pretreat of shrub willow, showing that using the same
temperature during MAP conditions the yield of bio-oil, bio-char and gases were
similar between pretreated and untreated willow. Nonetheless, the bio-oil from
treated willow contained a higher concentration of aromatic hydrocarbons and lesser
acetic acid and levoglucosan amounts. Another pretreatment approach is based on
the impregnation of biomasses with inorganic compounds highly interacting with
MW. An acid pretreatment was described by Feng et al. [130] using formic acid
claiming an increment of bio-oil yields together with a significant decrement of
biochar formation after MAP.

An approach based on the use of potassium hydroxide was described by Grycova
et al. [131] claimed an advance bio-oil cracking together with an in situ activation of
biochar. Authors claimed an appreciable improvement of surface area reaching a
value of up to 530 m2/g. and a pore volume of 333 mm3/g. These morphological
properties match with the requirements of high performances adsorbed for environ-
mental remediation [132, 133].

Specific salts like copper or zinc sulfate could promote the formation of
levoglucosenon during the MAP of ash juniper waste [134].

Wan et al. [135] study the addition of several metal oxides, salts, and solid acids
to corn stover and aspen wood during their MAP conversions, showing that this
approach could improve bio-oil yields and particular simplify the composition in the
presence of chloride salts.

Recently, Bartoli et al. [122] reported interesting observation about the effect of
NaOH as MW adsorber during the MAP of olive pruning. Authors clearly described
how NaOH promote a very efficient degradation of the biomass with a solid residue
of around 2.1 wt% and at the same time a large acetic acid production. This evidence
suggested that the formation of advance cracking production took place in gas phase
instead of in the reactor bulk.

A mixture of salts with a high content of phosphates has been proved as a very
effective methodology for the magnification of bio-oils [136–138]. This effect seems
to be ascribed to the cracking ability of phosphates groups as claimed by many
researchers [139–141].

Another immense field of bio-oils upgrading is represented by the use of zeolites
[142]. The most used.

Used is ZSM-5 [92, 143–152]. The effect of this catalyst can be exploited by the
addition of basic oxides, such as calcium oxide, leading to a reduce biochar
formation. Liquid fractions from Map could be upgraded using HZSM-5 with
enrichment in aromatic together a depletion of oxygen content. Bio-oils obtained
from this kind of MAP processes are closer to fuel marketplace standards than
others.
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Furthermore, complex inorganic species cold efficiently used as reported by
Zhang et al. [153]. In this research, the authors used a two-step fast MAP in which
Ce-doped γ-Al2O3/ZrO2 was used as an ex-situ reactor catalyst. Findings demon-
strated an improvement of hydrocarbon fraction in the bio-oils recovered.

Another efficient process to obtain upgraded bio-oils is represented by the
co-pyrolytic approach. Considering the huge amount of highly oxygenated com-
pounds, the simultaneous cracking of biomasses in the presence of a polyolefin lead
to the formation of hydrocarbon-rich bio-oils as the consequence of reaction path-
ways showed in Fig. 8.6 for the pyrolytic degradation polyolefins.

MAP of polyolefins is promising approach for the production of hydrocarbon rich
fuel-like fractions as enlighten by several research studies [154–159]. The
co-pyrolytic approach lead to a general bio-oil improvement enriching it with high
valuable hydrocarbons. This kind of process could represent an efficient way to
convert bio-oil into a fuel-like mixtures.

Chen et al. [160] reported the MW induced co-pyrolysis of high-density poly
(ethylene) and waste newspaper. This research showed the synergistic effect of this
process with an increment of bio-oil up to 32 wt% together with a decrement in
viscosity and total acid number.

Zhao et al. [161] described a fast MW co-pyrolysis of bamboo and poly(propyl-
ene) achieving a bio-oil yield up to 62 wt%. with an appreciable improvement of
aromatics and naphthenic amount.

Also, poly(styrene) or poly(propylene) mixed with biomasses was used as
described by Suriapparo et al. [162] for the production of high-quality bio-oil having
a heating value up to 42 MJ/kg and an aromatic concentration up to 54 wt%.

Fig. 8.6 Pyrolytic degradation pathways of (a) poly(ethylene), (b) poly(propylene) and (c) poly
(styrene)
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8.3.6 MAP of Non-Lignocellullosic Biomasses

MAP of lignocellulosic biomasses is defìnitively one of the most studied biomass
conversion. Despite this, bio-oils are characterized by an oxygen content that largely
exceeds the requirements for fuels and its reduction is a hard task partially fulfill
through catalytic upgrading [163] or fractional condensation [164, 165].

Consequently, alternative biomass feedstocks were studied trying to produce a
high-quality bio-oil [166] useful as a fuel, however fatty acids pyrolysis represent the
hottest solution due to the composition of the bio-oil formed. A natural fatty acid is
composed of a carboxylic function bonded to a long saturated or unsaturated alkyl
chain and sometimes to a polyalcohol that undergoes a pyrolytic degradation
accordingly to the scheme reported in Fig. 8.7.

The radical cleavage of the carboxylic group during the pyrolysis of fats repre-
sents a very important step that leads to the formation of linear, cyclic and aromatics
hydrocarbons. Bio-oils produced from these feedstocks are very close to the prop-
erties required by the fuel market.

Even if the main body of fatty acids is well defined the alkyl chains could have
different degrees of unsaturation that affect the distribution of the products. Wang
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et al. [167] studied this behavior during MAP of fatty acids salts (sodium stearate,
sodium oleate, and sodium linoleate). Findings proved the production alkadienes,
cycloalkanes, cycloalkenes, alkynes and aromatics from unsaturated fatty acids
while they are contained in a very low amount in bio-oils produced from MAP of
saturated fatty.

The other task related to MAP of fatty acids is represented by the presence of
glycerol derived from triglycerides. Despite the high oxygen content, this molecule
could be effectively converted into fuel components using MAP as shown by Ng
et al. [168].

Rapeseed oil represents another feedstock for sustainable MAP conversions as
proved by Omar et al. [169]. They compared the efforts of MAP with the outputs of
traditional pyrolysis in a temperature range from 775 K to 875 K producing an
interesting amount of diesel-like liquid fraction composed by aromatics, long-chain
alkanes, cyclo-alkanes, alkenes and cyclo-alkenes; acids and other heavy oxygen-
ated products. Compared with traditional pyrolysis, MAP improved the formation of
aromatics in the liquid fraction.

In the last years, algae have harvested a huge interest due to their high content of
lipids [170]. A lot of studies reported the MAP conversion of microalgae to
hydrocarbon mixture [171–173] and their use in MW induced co-pyrolytic process
from the production of hydrocarbon reach bio-oils [174–176]. Also in the MAP of
algae, catalytic upgrading was performed mainly using zeolite materials for the
improvement of aromatic fractions [177–179].

8.4 Conclusions and Future Outlook

The data reported in this overview on the MAP of biomass showed its feasibility for
the production of bio-oils. The great variability of feedstocks represents a very large
platform for the orientation of the MAP to the production of different kinds of
bio-oils ranging from anhydrosugars to aromatic mixtures. The innovative studies on
upgrading open an endless way to the development of a target-oriented MW
pyrolytic process while the consolidation of co-pyrolytic approaches lead the way
of a large plethora of waste management.

Furthermore, the MAP of fats represents an unneglectable source of renewable
hydrocarbons usefully as fuel like mixtures.

Nonetheless, the efficient use of MAP is far to come. The main undressed issues
are related to the addition of a MW absorbers and to the product selectivity. Many
studies investigated the possible solutions but a final and comprehensive answer has
not yet proposed.

Anyhow, MAP still remains a solid platforms to produce chemical several
chemical stream that do not require further purifications (i.e. furans, aromatics).

Considering all the aspects, MAP represents a ground-breaking technology that
could lead to biomass conversion development in the near future.
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Part IV
Production of Bio-Chemicals by Pyrolysis



Chapter 9
Integrating Biomass Pyrolysis
with Microbial Conversion Processes
to Produce Biofuels and Biochemicals

Tharaka Rama Krishna C. Doddapaneni and Timo Kikas

Abstract Biomass is considered to be one of the most promising sources of
renewable resources when it comes to producing biofuels and biochemicals. Several
technologies have been developed to assist in transforming biomass into useful
products, pyrolysis being one of them. However, pyrolysis products have not yet
become competitive alternatives to fossil fuel resources. They still require further
processing to improve their fuel characteristics and to produce chemicals. On the
other hand, due to advancements in industrial biotechnology, the microbial conver-
sion of biomass has rapidly been evolving in recent times. Thanks to this, integrating
pyrolysis into microbial conversion processes is provoking a great deal of interest.
This would allow the further transformation of pyrolysis products into high value
biofuels and biochemicals. In this chapter, an overview of possible approaches to
integrate pyrolysis and microbial processes is presented. Furthermore, the opportu-
nities and challenges involving microbial conversion of pyrolysis products are
summarised. In particular, the inhibitory effects of pyrolysis oil and possible detox-
ification methods are discussed. Finally, the future direction of research is
highlighted.

Keywords Pyrolysis · Pyrolysis oil · Microbial conversion · Pyrolysis oil
fermentation · Anaerobic digestion · Detoxification · Microbial fuel cell · Algae

9.1 Introduction

To mitigate the consequences of global warming, EU is aiming to reduce greenhouse
gas emissions by 40% to the 1990 level by 2030 under the stipulations of the EU
2030 climate and energy framework [1]. The well-established fact is that fossil fuels
are mainly responsible for release of greenhouse gas emissions, such as CO2,
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methane, and nitrous oxide [2]. Therefore, to be able to meet these environmental
targets, fossil fuels need to be replaced with renewable energy sources [1]. Today,
the energy mix has become much more diversified thanks to the rapid uptake and
inclusion of solar and wind energy. However, chemicals and transportation fuels are
still being produced in large quantities from fossil fuels [3]. Biomass has been
considered as a feasible alternative to fossil fuel resources when it comes to
producing fuels and chemicals [4].

Biomass needs to be processed through many approaches to convert it into useful
products. In general, these processes can be grouped into thermochemical and
biochemical processes. Thermochemical processes include combustion, pyrolysis,
gasification, torrefaction, and hydrothermal liquefaction. The biochemical processes
include fermentation, anaerobic digestion, and microbial electrolysis. Among the
other available thermochemical conversion processes, pyrolysis is interesting
because it is capable of producing multiple products, such as solid char, and others
in gaseous and liquid forms. Most interesting is the liquid product that is commonly
known as pyrolysis oil, which can be further converted into liquid biofuels,
chemicals, and other products, such as plastics [5].

Pyrolysis is the thermochemical degradation of organic matter in an inert envi-
ronment. In general, pyrolysis is carried out within a temperature range of (450–700)
�C. Depending on the heating rate, pyrolysis is divided into either slow pyrolysis or
fast pyrolysis. The heating rate for slow pyrolysis is within the range of (1–50) �C/
min and for fast pyrolysis within the range of (1–100) �C/s. Slow pyrolysis favours
the biochar production and fast pyrolysis favours the pyrolysis oil production [5].

In the early days, interest in pyrolysis began with the production of biochar
through the means of slow pyrolysis. However, today’s processing has seen a shift
towards fast pyrolysis thanks to the considerable range of applications that are
available for pyrolysis oil. Although pyrolysis technology is well-established, cre-
ating a fuel source for the transportation industry by using pyrolysis oil is something
that has not yet been competitively realised. Pyrolysis oil contains several different
components, such as water, sugars, acids, phenolics, furans, aldehydes, and ketones
[5, 6]. All of these make pyrolysis oil corrosive and oxidative, with a low heating
value, and unstable [5]. Therefore, pyrolysis oil needs to be further processed to
improve its fuel characteristics, for example the hydrogenation of pyrolysis oil over
catalysts to hydrocarbons [6]. These treatments serve to increase production costs
and ultimately reduce the cost competitiveness of pyrolysis oil when compared to
fossil-based fuels. Due to its complexity, separating organic compounds from
pyrolysis oil is also somewhat challenging. At the same time, biochar, which is
produced by means of slow pyrolysis, is also not yet cost-competitive against
coal [7].

On the other hand, the applications of biotechnology to the conversion of biomass
into valuable bio-products is rapidly developing. Some of the processes i.e. ethanol
production through fermentation and biogas production through anaerobic digestion
have already been demonstrated at industrial scale [8]. The biochemical conversion
processes require lower operating temperatures compared to thermochemical con-
version processes, and also permit a greater degree of product flexibility [9] At the
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same time the composition of biomass hydrolysates and pyrolysis oil are compara-
ble. Therefore, integrating pyrolysis with microbial conversion processes is a highly
interesting field, and one that could create new process configurations to produce
multiple products.

In the available literature, various approaches have been studied in terms of
integrating pyrolysis with microbial processes. The primary focus has been given
to the microbial conversion of pyrolysis oil. However, some studies also focus on the
application of biochar in microbial processes. In this chapter, an overview on the
application of pyrolysis products, such as pyrolysis oil and biochar in microbial
processes is presented. A brief overview of microbial conversion of biomass is
presented. Furthermore, a summary of the opportunities and challenges that are
faced when it comes to the microbial conversion of pyrolysis products are discussed.
Particularly noteworthy in the discussion are the inhibitory effects of the pyrolysis
oil and possible detoxification methods that can be applied to it. Finally, future
opportunities are also highlighted.

9.2 An Overview on Microbial Conversion of Biomass into
Biofuels and Biochemicals

The microbial conversion of biomass into biofuels and chemicals usually refers to
the biochemical conversion processes. This biochemical processing of biomass
involves several process steps, such as biomass pre-processing, pre-treatment,
hydrolysis, fermentation, and product separation.

Biomass initially needs to be pre-processed and the steps involved in this process
include debarking, chipping, and size reducing (which involves milling and grind-
ing). The aim of this stage is the reduction of the biomass size from log to a particle
size of (100–200) μm to increase the specific surface area for further processing steps
[10]. Because of its reluctant nature, biomass needs to be pre-treated to convert its
complex carbohydrates into simple sugars for their better utilisation [11]. Later, the
pre-treated biomass is hydrolysed by adding either enzymes or chemicals. These
pre-treatment methods can be classified as mechanical, chemical, or biological. Due
to the complex structure involved, the lignocellulosic biomass requires extensive
pre-treatment such as, explosive and chemical treatment. The end product of the
pre-treatment stage could be a mixture of solid and liquid products. The liquid
product is mainly a mixture of hemicellulose and lignin-derived products. The
solid product could consist of cellulose alone or cellulose and lignin [12]. Later,
the pre-treated biomass is hydrolysed to convert complex biomass carbohydrates
into fermentable simple sugars through the process of enzymatic hydrolysis [13].

These pre-treatment processes destroy the biomass structure and increase cellu-
lose accessibility. However, these processes also produce compounds, such as
furfural, 5-hydroxymethylfurfural (5-HMF), organic acids, and phenolics that are
toxic to enzyme and micro-organism activity during the subsequent operations
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[14]. However, these inhibitory compounds can be removed or reduced by means of
detoxification methods [14]. The detoxified biomass hydrolysates are further
processed through microbial processes, such as fermentation and anaerobic digestion
to produce biofuels and biochemicals using micro-organisms [9].

9.3 Integrating Biomass Pyrolysis with Microbial Processes

Biomass pyrolysis can be integrated with microbial processes in different
approaches as presented in Fig. 9.1. The pyrolysis oil can be fermented to produce
ethanol, lipids, chemicals (succinic acid and citric acid). Pyrolysis oil can also be
used in anaerobic digestion to produce methane and in microbial electrolysis to
produce hydrogen. Furthermore, the pyrolysis oil can be used for algae cultivation to
produce lipids. On the other hand, biochar can be used in microbial fuel cells as
electrode material and in anaerobic digestion as a stabilizing agent.

9.3.1 Pyrolysis Oil as a Feedstock for Biochemical Processes

9.3.1.1 The Properties and Composition of Pyrolysis Oil

The properties and composition of pyrolysis oil varies significantly depending on
feedstock properties and operating conditions, such as temperature, heating rate,
pressure, reactor type, and condensing unit [5]. The yield of pyrolysis oil varies
between 30–70 wt% depending on the operating conditions. Pyrolysis oil contains
hundreds of different components (over 300 of them). These compounds can
generally be grouped into acids, alcohols, furans, phenols, sugars, esters, aromatics,

Fig. 9.1 Different approaches to integrate pyrolysis with microbial processes
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aldehydes, and ketones [15]. The water content in pyrolysis oil varies between
15 and 30 wt%. The water in fresh pyrolysis oil comes from feedstock moisture
and through dehydration reactions during pyrolysis [16]. The reaction water in the
pyrolysis oil accounts for around 12 wt% [5]. If the water content is higher than
30 wt%, a phase change occurs in pyrolysis oil [17]. During the phase change,
pyrolysis oil is separated into water soluble organics (aqueous liquid) and water
insoluble heavy compounds. The water soluble fractions are derived mainly from
biomass carbohydrates. The water insoluble fractions are derived from lignin, which
are commonly known as pyrolytic lignin [15]. The concentration of water soluble
and insoluble compounds varies depending on the cellulose, hemicellulose and
lignin content in the biomass. For example, the water insoluble content of wood
pyrolysis oil varies between 32 and 35 wt% (dry basis) and the same for straw
pyrolysis oil varies between 17 and 28 wt% (dry basis) [17]. The reason could be the
reduced lignin content in the straw. Levoglucosan, one of the major products in the
pyrolysis oil, is formed through the depolymerisation of cellulose and thereby,
having a yield that depends on the cellulose content in the biomass, and also on
the experimental conditions [18]. According to [15], levoglucosan could also act as
an intermediate product in the formation of hydroxyacetone, 5-HMF, and
hydroxyacetaldehyde. Hydroxyacetaldehyde is another one of the major compounds
that are present in biomass pyrolysis oils. Pyrolysis oil also contains, (5–12) wt% of
organic acids [15].

Oxygen content of the fresh pyrolysis oil is in the range of (30–40) wt%, which is
higher than that of conventional fossil fuels. The high oxygen content is mainly due
to the high water content and the high concentration of oxygenated compounds
[5]. This is also the reason for the low heating value of the pyrolysis oil and the
immiscibility with petroleum derived fuels [5]. In general, the heating value of
pyrolysis oil is in the range of (15–20) MJ/kg [5]. The viscosity of pyrolysis oil
varies between (25–100) m2/s at 40 �C [5].

One of the challenges faced in the use of pyrolysis oil relates to ageing reactions.
During storage at room temperature, pyrolysis oil undergoes several reactions and
forming high molecular weight compounds and water. An example of this is
esterification between hydroxyl and carbonyl groups. These ageing reactions
increase the viscosity and molecular weight of pyrolysis oil. The char particles that
are present in pyrolysis oil accelerate the ageing reactions. However, these reactions
can be controlled by mixing alcohols, such as ethanol and methanol into pyrolysis
oil [17].

9.3.1.2 A Comparative Analysis Between Biomass Hydrolysates
and Pyrolysis Oil

In the conventional biochemical conversion processes, the biomass hydrolysates are
generally used for microbial conversion. Therefore, a comparative analysis between
biomass hydrolysates and pyrolysis oil could aid in understanding the feasibility of
the microbial conversion of pyrolysis oils. Limited studies are available on this

9 Integrating Biomass Pyrolysis with Microbial Conversion Processes to Produce. . . 239



subject, [4] previously presented a comparative analysis between the enzymatic
hydrolysis and the fast pyrolysis of cellulose to produce sugars. Comparatively,
the biomass pyrolysis oil also contains the same group of compounds with varying
concentrations.

As sugars are the main carbon source in the most of the microbial processes,
understanding the total sugar concentrations in biomass hydrolysate and pyrolysis
oil is important. The sugar fraction in biomass hydrolysates contains mainly glucose,
xylose, arabinose, galactose, and mannose. The total amount of sugars in the
biomass hydrolysates varies between (10–60) g/L and the concentration of these
compounds depends upon the type of biomass [19]. For example, acid hydrolysis of
aspen biomass resulted in a glucose yield of 45 g/L while under the same operating
conditions the glucose yield for birch hydrolysis was 18.7 g/L [19]. Another study
[20] reported that xylose represented 75% of total sugars in the compositions of
wheat straw acid hydrolysates composition. The reason for this could be higher
hemicellulose content and low lignin content in wheat straw.

In contrast to biomass hydrolysates, anhydrosugars, such as levoglucosan
(1,6-anhydro-β-D-glucopyranose) and cellobiosan are the major sugar compounds
in the pyrolysis oil [18]. However, these compounds can further be converted into
glucose by means of dilute acid hydrolysis in a way similar to enzymatic hydrolysis
in pre-treated biomass hydrolysates. The levoglucosan concentration in pyrolysis oil
varies between (5–80) percent carbon (C%) respective to initial cellulose content and
depending on the operating conditions [21, 22]. Previously, [4] reported
levoglucosan yield of 61.5 wt% during the fast pyrolysis of cellulose at 500 �C.
Cellulose crystallinity is also an influencing parameter on levoglucosan yield. For
example, [23] reported a levoglucosan yield of 70 wt% of the original cellulose for
the microcrystalline cellulose pyrolysis, which is much higher than the results from
similar studies. Levoglucosan yield also reduces with increasing temperature, for
example its yield reduced from 64.3 wt% at 400 �C to 48.2 wt% at 600 �C during
cellulose pyrolysis [4]. The sugar fraction in the pyrolysis oil is mostly water soluble
(>96%) [24]. By adding the water, pyrolysis oil can be separated into aqueous and
oil rich fractions. Total sugar levels present in the aqueous fraction of pine wood
pyrolysis oil is about 13 wt%. In that, levoglucosan accounts for 3.4 wt%. Under the
same operating conditions, the total concentration of sugars in the aqueous fraction
increased to 21.8 wt% for acid leached pine wood while levoglucosan accounted for
10% [25]. The glucose content in pyrolysis oil varied between (55–69) mg/g of
pyrolysis oil [24]. The same source, [24] also reported a glucose content in euca-
lyptus pyrolysis oil that increased from (0.5 to 43.1) mg/g of pyrolysis oil with the
acid hydrolysis treatment of the aqueous fraction of pyrolysis oil. In the total glucose
that was produced, levoglucosan and cellobiosan contributed between 45–62% and
16–27%, respectively [24].

The organic acids that are commonly present in biomass hydrolysates are acetic
acid, formic acid, levulinic acid, and uronic acid. Both, acetic and uronic acids are
formed from hemicellulose [26], while formic acid and levulinic acid are formed
from the sugars of both, cellulose and hemicellulose [14, 26]. The acetic acid is
formed through the hydrolysis of acetyl groups that are present in hemicellulose. The
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formic acid and levulinic acid are formed from the furan aldehydes through inter-
mediate reactions [26]. When compared to other acids, acetic acid concentration is
much higher in biomass hydrolysates. The acetic acid concentration varied with the
pre-treatment and biomass type. For example, the acetic acid concentration in the
hydrolysates of sugar cane bagasse, which were treated with liquid hot water and
sulphuric acid was at 3.4 g/L and 2.48 g/l, respectively [27]. In case of pyrolysis oil,
the acetic acid, formic acid, propionic acid, and butyric acid are the major acids
present in the pyrolysis oil. Similar to the biomass hydrolysates, acetic acid concen-
tration (5 wt% for pine biomass) is higher than other acids in the pyrolysis oil.

The other major compounds commonly present both, in biomass hydrolysates
and pyrolysis oil are furfural, 5-HMF, guaiacol and coniferyl aldehyde.

9.3.2 Fermentation of Pyrolysis Oil Fractions

As discussed previously (Sect. 9.3.1.1), pyrolysis oil is complex in nature. Among
the several compounds that are present in pyrolysis oil, anhydrosugars (levoglucosan
and cellobiosan) are primarily interesting in the perspective of the biological con-
version of pyrolysis oil [18]. The other compounds, such as oranic acids , are also
interesting to produce chemicals and fuels through microbial conversion
[28, 29]. Pyrolysis oil can be used in microbial processes in different approaches
as presented in Fig. 9.2. These include (1) direct fermentation of crude/original
pyrolysis oil (2) fermentation of separated pyrolytic sugars, such as levoglucosan
and (3) fermentation of acid hydrolysed pyrolytic sugars, such as glucose. The direct
fermentation of pyrolysis oil eliminates the pre-processing stage; however, pyrolysis
oil is toxic to microbes at higher concentrations. Although most micro-organisms are
not capable of utilizing the levoglucosan directly, there are some micro-organisms
that have been identified, which are capable of metabolizing it. For example, fungal

Fig. 9.2 Different approaches for the fermentation of pyrolysis oil fractions (a) direct utilization
(b) fermentation of separated organic acids and sugar fractions (c) fermentation of acid hydrolysed
sugar fractions
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strains—Aspergillus niger, Phanerochaete chrysosporium, Penicillium
chrysogenum, and yeasts—Candida utilis, Cryptococcus laurentii, Cryptococcus
flavescens [18]. A list of such organisms can be found at [18]. The prokaryotic
microorganisms can metabolize the levoglucosan through a process of three steps,
such as dehydrogenation intramolecular hydrolysis and NADH- dependent reduc-
tion using NAD+ as a cofactor [18, 28]. Whereas eukaryotic microorganisms
convert levoglucosan in a different biochemical pathway. Initially, the levoglucosan
is converted to glucose-6-phosphate and ADP in the presence of ATP + Mg2+ by
levoglucosan kinase (LGK). Then, glucose-6-phosphate is further converted to
pyruvate following the glycolytic pathway. Later, pyruvate is decarboxylased into
acetaldehyde by means of pyruvate decarboxylase. Finally, acetaldehyde is further
converted into the desired products, such as ethanol by alcohol dehydrogenase or
lactate through lactate dehydrogenase [18, 30]. On the other hand, there are several
microbial strains that can utilise glucose as a carbon source, which can go on to
produce different chemicals and fuel products. This means that pyrolytic sugars can
be further converted into glucose through the process of acid hydrolysis and can be
further utilised in microbial processes. Technically, different products can be pro-
duced through the microbial conversion of pyrolysis oil. These include, ethanol,
citric acid, lipids, PHA, succinic acid, 1,2-propanediol and styrene, hydrogen, and
methane.

Prosen et al. [31] studied the ability of microbial strains (eight yeast strains and
four fungal strains) to utilise the pyrolysis oil as a carbon and energy source. Three
different pyrolysis oil fractions—the aqueous fraction separated after mixing the
pyrolysis oil and water at 1:2 ratio, the activated carbon treated aqueous fraction, and
the fraction that was hydrolysed with sulphuric acid (2% v/v) were all used in those
experiments. The fungal strains were not able to grow on the original aqueous
fraction. In contrast, five yeast strains were able to grow on all three pyrolytic
fractions. At the same time, no growth of strains C. albidus and S. salmonicolor
was noted on any pyrolysate samples. This study shows that fungal and yeast strains
can metabolise the pyrolysis oil fractions. However, aqueous pyrolysis oil is more
toxic (due to lignin derived water soluble aromatics) to fungal strains than to yeast
strains. Interestingly, some of the yeast strains were not able to metabolize even the
detoxified and hydrolysed pyrolysate. Therefore, the microbial strain selection
and/or preadaptation is another crucial aspect in the microbial conversion of pyrol-
ysis oils. As an example, Table 9.1 provides a list of different microbial products
produced from pyrolysis oil fractions.

9.3.2.1 Bioethanol Production

Previously several researchers have successfully demonstrated that ethanol could be
produced from pyrolysis oil through laboratory-scale experiments. As an example,
previously reported ethanol yields for pyrolytic sugars were at 70 mg/L (pine
biomass; aqueous fraction; 0.1 wt% sugars), 4 mg/L (poplar pine biomass; aqueous
fraction; 0.1 wt% sugars), 14.2 g/L (waste cotton; aqueous fraction hydrolysate). In
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addition, [41] demonstrated the ethanol production from pyrolytic sugars with 7 L
batch fermentation with a 3 L working volume. These studies showed that the
productivity of ethanol production was increased from 0.92 g/L-h for shake flasks
to 1.32 g/L-h for fermenter.

Biomass type also influences the ethanol yield from pyrolysis oil. For example,
under the same operating conditions, the ethanol yields for pine and poplar biomass
derived pyrolysis sugar solutions were 70 mg/L and 4 mg/L, respectively [33]. The
main reason could be the increased concentration of aromatic hydrocarbons, such as
anisoles in poplar derived pyrolytic sugar solutions. In another study, [34] observed
that S. cerevisiae adapted to pyrolysis sugar hydrolysates for 12 times, produced an
ethanol yield that was 47% higher when compared to the results from initial
experiments i.e. without pre-adaptation [34]. Identifying optimum concentrations
of pyrolysis oil or pyrolysis sugar hydrolysates in the fermentation medium is
important in terms of process feasibility. Previously, [42] observed that pyrolytic
sugar concentration higher than 0.25 wt% showed a severe inhibition to ethanol
production. Similarly, [33] also observed the same results, no ethanol production
being observed when pyrolytic sugar concentration was higher than 0.25 wt%. In
both the studies, the strain E.coli ko11+lgk was used. In another study [32],
pyrolysis sugar hydrolysates in concentration higher than 10% (v/v) in YPD medium
completely inhibited the yeast growth. A concentration higher than 5% (v/v) also

Table 9.1 Fermentation products that have been produced from biomass derived pyrolysis oil
fractions

Biomass-pyrolysis oil
fraction Strain Product Productivity/yield Reference

Loblolly pine-
hydrolysed pyrolysis
oil aqueous phase

S. pastorianus
ATCC 234

Ethanol 0.4 g ethanol/g glu-
cose (80% of theo-
retical yield)

[32]

Pine-pyrolytic sugars E. coli
KO11 + lgk

Ethanol 70 mg/L [33]

Waste cotton-acid-
hydrolyzed pyrolysate

S. cerevisiae
2.399

Ethanol 0.43 g ethanol/g
glucose

[34]

Chicken beds-
pyrolysis oil

PHA 0.098 g of PHA/ g of
cell dry weight

[35]

Red oak- pyrolytic
sugars

E. coli LJS1 Styrene 37 mg/L [36]

Douglas fir- pyrolytic
levoglucosan aqueous
phase

R. glutinis Lipids (mainly
palmitic and
oleic acids)

0.78 g/L [37]

Demineralized
pinewood-pyrolytic
sugars

R. diobovatum Lipids 26.9 mg/L-h [38]

Rice husk-aqueous
fraction of pyrolysis
oil

E. coli MG 165 succinic acid 2.42 g/L [39]

Cotton cellulose-
pyrolytic sugars

A. niger
CBX-209

citric acid 1.9 g/L [40]
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showed significant inhibition. The concentration of yeast cells in the fermentation
medium also revealed significant effect on pyrolysis sugars fermentation. For exam-
ple, [41] presented final ethanol concentration for 1% inoculum and 7% inoculum
that were within the same range i.e. 7.47 and 7.75 g/L, respectively. However, the
fermentation time was reduced from twenty-one hours for 1% inoculum to twelve
hours for 7% inoculum.

Based on previous studies, it can be concluded that pyrolysis oil is highly
inhibitory to ethanol producing microorganisms. Thus, pre-processing of pyrolysis
oil is crucial for achieving ethanol yields that are comparable with conventional
processes. Pre-processing steps for pyrolysis oil include its separation into aqueous
and organic fractions, separation and/or concentration of pyrolytic sugars, and
detoxification of pyrolysis oil fractions.

9.3.2.2 Polyhydroxyalkanoates (PHAs) Production

PHA (polyhydroxyalkanoates), a group of polyesters that are used to synthesise
bioplastics is an interesting compound in a view of environment and market demand.
PHA can be produced from pyrolysis oil through different approaches as presented
in Fig. 9.3. Fidalgo et al. [35] studied the microbial PHA production from pyrolytic
sugars that were extracted from chicken bed derived pyrolysis oil. Maximum PHA
content of 9.8% (0.098 g of PHA/ g of cell dry weight) with a monomer composition
of 75% hydroxybutyrate (HB) and 25% hydroxyvalerate (HV) was gained when

Fig. 9.3 Different approaches of polyhydroxyalkanoates (PHA) production from pyrolysis oil
fractions (a) direct fermentation (b) fermentation of hydrolyzed sugars (c) fermentation of pyrolysis
oil to volatile fatty acids (VFA) and later fermentation of VFA to PHA (two-step process) (d)
fermentation of plastics derived pyrolysis oils
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untreated pyrolysis oil was used. PHA can also be produced from pyrolysis oil in a
two-step process. Initially, pyrolysis oil can be used as a substrate to produce volatile
fatty acids (VFA) using mixed microbial cultures and later, these VFA can be
fermented to produce PHA (refer Fig. 9.3 for details). Anaerobic fermentation of
the pyrolysis oil using mixed cultures resulted in the accumulation of VFA, such as
acetic acid (62.84 Cmmol/L), propionic acid (32.15 Cmmol/L) and butyric acid
(73.50 Cmmol/L). The concentration of these compounds is several times higher
than for the original pyrolysis oil: acetic acid (19.89 Cmmol/L), propionic acid
(5.83 Cmmol/L) and butyric acid (8.12 Cmmol/L). Later, the fermented pyrolysis
oil (accumulated VFA) was used as a substrate to produce PHA. The maximum PHA
content of 16.83% (0.1683 g of PHA/g of cell dry weight) was observed for the
two-step process. The increased PHA yield, from 9.8% for a single step process to
16.83% for the two-step process, shows that two-step process is beneficial when it
comes to producing PHA from pyrolysis oil.

In another study, [36] examined the production of styrene from pure levoglucosan
and pyrolytic sugars (4 g/L of levoglucosan) produced from red oak derived
pyrolysis oil. Styrene production from pyrolytic sugar, glucose, and levoglucosan
yielded similar results i.e. 38, 42, and 37 mg/L at 5 g/L sugars concentration in the
fermentation medium respectively. As the styrene producing strain Escherichia coli
NST74 is not capable of metabolizing levoglucosan due to the lack of LGK, an
engineered strain Escherichia coli LJS1 was used in the same study.

Other than biomass, pyrolysis oil that was produced from waste plastics pyrolysis
was also used as a substrate for microbial PHA production. Guzik et al. [43] analysed
the ability of PHA production from polyethylene-(PE)-derived pyrolysis oil for
23 different strains and observed maximum PHA accumulation with Pseudomonas
aeruginosaPAO-1 i.e. 25 wt% cell dry weight. In another study [44], polystyrene
was converted to PHA by using Pseudomonas putida CA-3. The yield was 62.5 mg
of PHA per 1 gm of polystyrene derived pyrolysis oil (82.8 wt% of styrene). When
the process was scaled up to a capacity of 7.5 L, the PHA yield increased by 1.6
times. PHA can be produced from pyrolysis oil without prior detoxification. How-
ever, for higher yield levels a two-step process could be beneficial.

9.3.2.3 Lipids Production

Traditionally, biodiesel is produced from the vegetable oils, through
transesterification process. In another approach, lipids that have properties equal to
vegetable oils can be produced through microbial fermentation. Later, these lipids
can be further converted into biodiesel. Previously, sugar-based feedstocks have
been studied for lipid production using oleaginous yeasts and bacterial strains
[45]. Similarly, pyrolytic sugars could also be a feasible feedstock for lipids pro-
duction. For example, [37] reported production of lipids that were equivalent to
vegetable oils (39 wt% of saturated fatty acids and 60 wt% of unsaturated fatty acids)
using the strain Rhodotorula glutinis and pure levoglucosan as a carbon source. In
another study, [38] reported lipid production rate in the range of (7.3–50.4) mg/L-h
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for Rhodosporidium diobovatum from pine derived pyrolytic sugars. The maximum
lipid yields of 0.078 g/L and 0.061 g/L were reported for sugars from switch grass
pyrolysis oil for Rhodococcus opacus PD630 and Rhodococcus opacus DSM 1069,
respectively [46].

Although lipid accumulation with pure levoglucosan is comparable to that of
glucose, the cell growth and lipid accumulation is significantly inhibited with
original pyrolytic sugars. Previously, [37] studied the feasibility of producing lipids
from Douglas fir derived pyrolytic sugars without pre-hydrolysis stage. The results
showed that even after the activated carbon treatment (detoxification), the cell
growth was just 0.74 g/L while, at the same operating conditions, the cell growth
with pure levoglucosan was 6.8 g/L. The authors did observe significant improve-
ment in cell growth with sequential detoxification methods (ethyl acetate extraction-
evaporation-activated carbon treatment). In another study, [46] reported maximum
cell growth of (0.74 and 1.45) g/L for the pyrolysis aqueous fraction and glucose,
respectively.

Although the cell growth is restricted with pyrolysis sugars, the lipid accumula-
tion for glucose and pyrolysis aqueous fraction follows the same pattern. Wei et al.
[46] observed maximum lipid content of 26.9 wt% and 25.8 wt% with glucose and
pyrolysis aqueous fraction, respectively for the Rhodococcus opacus PD630 strain.
The same observed for Rhodococcus opacus DSM 1069 strain which produced lipid
content of 21.6 wt% for glucose and 22 wt% for pyrolysis aqueous fraction.
Interestingly, the palmitic (C16:00) and stearic acid (C18:00) accumulation
increased in the case of the pyrolysis aqueous fraction compared with glucose as a
carbon source. These compounds are considered as fatty acids better suited for
biodiesel applications [46].

The carbon to nitrogen (C/N) ratio in the fermentation medium plays a vital role
in the accumulation of lipids in oleaginous yeasts and filamentous fungi. In a reduced
or low nitrogen environment, any excess carbon flow results in the accumulation of
intra-cellular citric acid. Later, citric acid is converted into acetyl-coA by ATP-
citrate lyase (citric acid clenage). Then, acetyl—CoA is further transformed into
fatty acids [30, 47]. When considering this outcome, the low nitrogen content of the
pyrolysis oil could make it a feasible form of feedstock for microbial lipid produc-
tion. Wood derived pyrolysis oil contains carbon content of 56% and nitrogen
content of 0.1% [45].

In addition to pyrolytic sugars, the carboxylic acids (acetic acid, formic acid, and
propionic acid) that are present in pyrolysis oils have also been considered as an
ingredient in the production of lipids [45]. The carboxylic acids that were present in
the waste wood derived pyrolysis oil after treatment and detoxification was used for
lipids production with Cryptococcus curvatus, Rhodotorula glutinis, and Lipomyces
starkeyi [45]. The authors reported 6.9 g/L of cell growth and 2.2 g/L of lipid
accumulation for pyrolytic aqueous phase (acetate concentration of 20 g/L). These
values are closely following the yield for model acetate fermentation i.e. 8 g/L cell
growth, 3.3 g/L lipid, 41.3 wt% lipid accumulation. This study [45], showed that
carboxylic acids present in the pyrolysis oil could also be a considerable source of
feedstock for microbial processes.
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9.3.2.4 Other Microbial Products Produced from Pyrolysis Oil

Attempts have also been made to produce succinic acid, malic acid, fumaric acid,
citric acid and 1, 2-propanediol from pyrolysis oil in laboratory scale studies. Wang
et al. [39] studied the production of succinic acid production using the aqueous phase
of rice husk derived pyrolysis oil (separated by adding water at a ratio 1:20) using the
strain E. coli MG 165. The authors observed no succinic acid production when only
pyrolysis oil was used as a substrate. However, succinic acid yield of 2.42 g/L was
observed when salts and glucose were added (M9 mineral salt + glucose + 20%
pyrolysis aqueous phase). The succinic acid production in the absence of glucose
was 0.38 g/L. In another study, [48] observed succinate yield of 0.25 g/g at 2% (w/v)
concentration of levoglucosan in the fermentation medium for the engineered strain
Corynebacterium glutamicum.

The production of malic acid with A. oryzae DSM1863 and fumaric acid produc-
tion with R. delemar DSM 095 was also studied using wheat straw derived pyrolysis
oil [49]. The authors observed significant effect of pyrolysis oil concentration in
fermentation medium. For example, when pyrolysis oil concentration increased from
0.5% to 2%, the fumaric acid yield reduced from 26 g/L to 0 g/L. The citric acid
production of 1.9 and 15.4 g/L were observed for cotton cellulose derived pyrolysis
oil using A. niger CBX-209 for original pyrolysis oil and activated carbon treated
pyrolysis oil, respectively [40]. The 1,2-propanediol yield of 18.3 mM was reported
when using engineered Corynebacterium glutamicum for wheat straw pyrolysis
water [50].

9.3.3 Microbial Electrolysis of Pyrolysis Oil

Microbial electrolysis is another approach to produce high value energy carrier, such
as hydrogen from pyrolysis oil. The aqueous fraction of the pyrolysis oil can be used
as a substrate in the microbial electrolysis to produce hydrogen and the produced
hydrogen can be further used for the hydrogenation of the organic rich fraction to
produce fuel quality bio-oil [51]. Previously, Lewis et al. [51] demonstrated the
hydrogen production through microbial electrolysis using the aqueous fraction of
pyrolysis oil derived from switchgrass. The authors observed a maximum hydrogen
production rate of 4.3 L H2/L anode volume-day at a loading of 10 g COD/L-anode
volume-day. Current densities varied in the range of (1.2–4.5) A/m2. In another
study, Park et al. [52] used neutralized and phase separated organic fraction of the
switch grass derived pyrolysis oil in microbial electrolysis and reported the peak
hydrogen production rate and current densities as 4.3 L H2/L anode volume-day and
5.3 A/m2, respectively. In case of pyrolysis oil derived from catalytic pyrolysis of
pine sawdust, a maximum hydrogen production of 5.8 L H2/L anode volume-day at
an organic loading rate of 50 g/L-anode volume-day was observed [53]. In the same
study [53], interestingly, the authors observed the COD removal rate of 60% at all
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the organic loading rates. At the same time, the columbic efficiency decreased with
increased loading rate. The reason for this phenomena could be that the conversion
of pyrolysis oil aqueous fraction in microbial electrolysis through exoelectrogenesis
is limited and conversion continues through fermentation and other pathways [53].

The hydrogen productivity varied depending on the biomass used for pyrolysis.
For example, Satinover et al. [54] reported the hydrogen production of 5 L H2/L
anode volume-day and 1.5 L H2/L anode volume-day and power density of 5 and
1.8 A/m2 at 10 g/L-day of organic loading during the microbial electrolysis of
pyrolysis aqueous fraction derived from willow and guayule, respectively. Several
compounds present in the pyrolysis oil, like furfural, 5-HMF, and phenolic com-
pounds are commonly inhibitory to the microbial processes. However, during
microbial electrolysis the degradation of these inhibitory compounds was observed.
For example, Brooks et al. [53] reported the degradation of furfural and phenol as
100% and 92%. However, it is important to note that the concentration of these
inhibitory compounds in the studied aqueous fraction of the pyrolysis oil is much
lower. The characterization of anode microbial community shows the presence of
different families, such as Geobacteraceae, Rhodocyclaceae, Comamonadaceae,
Enterococcaceae, and Lachnospiraceae. According to Lewis et al. [51], presence
of the diversified microbial community could be the reason for the degradation of
complex composition of the biomass derived pyrolysis oil.

The acid rich fractions are more favorable for microbial electrolysis thus, sepa-
rating the pyrolysis oil into different fractions and concentrating the acids (i.e. acid
rich fraction) could be helpful to improve the overall efficiency of the process. The
anode microbial community plays an important role in the conversion of complex
composition of pyrolysis oil. Thus, enriching the microbial community, as suggested
by Lewis et al. [51], could be helpful in improving the pyrolysis oil conversion
efficiency. At the moment, there are very few studies available on the microbial
electrolysis of pyrolysis oil fractions. As the composition of the pyrolysis oil
depends on the type of biomass and the pyrolysis operating conditions, there is a
need to study the microbial electrolysis of pyrolysis oil fractions produced at varied
operating conditions to better understand and optimize the overall process.

9.3.4 Anaerobic Digestion (AD) of Pyrolysis Oil

Anaerobic digestion is a biochemical conversion process, where organic matter is
converted into biogas (mainly CH4 and CO2) through a series of steps. In basic
terms, pyrolysis can be integrated with AD by means of different approaches as
presented in Fig. 9.4. The pyrolysis oil water soluble fraction (aqueous phase) could
be a potential feedstock for AD application when considering its composition
(hydroxyl acids, oligomers, water soluble phenols). At the same time, when consid-
ering pyrolysis as a downstream processing, the digestate from AD can be pyrolysed
to improve its fertiliser properties and possible energy and material recovery. As the
microbial degradation of biomass polymers, especially, lignin is limited, the

248 T. R. K. C. Doddapaneni and T. Kikas



digestate from the AD of lignocellulosic materials often contains high amount of
lignin. In this case, treating the digestate with pyrolysis and recirculating the
pyrolysis products back to the AD process could improve the overall conversion
efficiency and help achieve flexibility in digestate handling. As an example, the
biogas digestate from an agricultural waste feed biogas plant contained 17 wt% of
cellulose, 10 wt% of hemicellulose and 31.9 wt% of lignin in the total solid
content [55].

There are several inhibitory compounds in the pyrolysis oil that can significantly
inhibit the overall AD process. In a fed batch study, Torri and Fabbri [56] observed
the increased lag phase and reduced methane yield with each feeding during the AD
of corn stalk pellets derived pyrolysis aqueous phase. This could be due to the
accumulation of inhibitory compounds and/or the VFA accumulation. The authors
observed VFA content of about 19 g COD/L during the first 60 days of the test.
Hübner et al. [57] and Yang et al. [58] observed strong correlation between pyrolysis
temperature and the methane production rate. For example, when pyrolysis temper-
ature increased from 330 to 530 �C, the methane yield reduced from 220 mL/g COD
to 37.5 mL/g COD (using farm scale biogas digestate pyrolysis aqueous fraction,
loading rate 12 g/L) [57]. The reason behind this finding could be the increased
concentration of lignin derived compounds, mainly water soluble phenols in the
pyrolysis oil. At the same time, the concentrations of 5-HMF and furfural, which are
derived from biomass carbohydrate fraction, also increase with temperature. Taken
all together, these compounds increase the pyrolysis oil toxicity for the AD process
with the increase in pyrolysis temperature. However, [56] observed that the addition

Fig. 9.4 Different approaches of integrating pyrolysis with anaerobic digestion (AD) (a) AD of
pyrolysis oil (b) application of biochar in AD (c) pyrolysis of digestate and AD of resulting
pyrolysis oil
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of bio-char to the AD process significantly increased the methane yield i.e. from 34%
theoretical to 60% theoretical.

9.3.5 Pyrolysis Oil as a Substrate for Algae Cultivation

Limited studies have also focused on using pyrolysis oil fractions as a carbon source
for algal cultivation. Zhao et al. [59] studied the cultivation of microalgae
Chlamydomonas reinhardtii using alkali treated pyrolysis oil. The authors observed
that the acetic acid-rich fraction that was higher than 4 wt% showed itself to be
inhibitory to algal growth. Similar fatty acid profiles were observed in algae that
were grown on acetic acid-rich pyrolysis oil and in those grown on pure acetic acid
substrates. However, the total fatty acid yield was reduced by 50% for pyrolysis oil.
In another study, [38] looked at the cultivation of Chlorella vulgaris using the pine
wood pyrolysis oil aqueous fraction. In contrast to previous study [59], the
levoglucosan rich fraction of pyrolysis oil was used as a carbon source. The lipid
production and conversion of 1.59 g/L and 0.25 g of lipid/g of glucose, respectively,
was observed at 20% (v/v) of pyrolysis oil aqueous fraction (detoxified and hydro-
lyzed). At the 40% (v/v) of pyrolysis oil aqueous fraction, the complete inhibition of
algae growth was observed. The authors concluded that Chlorella vulgaris showed
high lipid conversion when compared to oleaginous yeast Rhodosporidium
diobovatum. At the same time, Chlorella vulgaris was more sensitive to the pyrol-
ysis oil concentrations.

9.3.6 Application of Biochar in Microbial Processes

In the studies of integrating the pyrolysis with microbial process, the primary focus
has been given to fractions of pyrolysis oil. However, there are some opportunities
for the application of biochar (solid product from biomass pyrolysis) in microbial
processes. These applications are (1) using the biochar as an electrode material in
microbial fuel cells (2) adding the biochar to AD to enhance the process feasibility.

9.3.6.1 Biochar Application in Microbial Fuel Cell (MFC)

Microbial fuel cells are a bio-electrochemical approach to degrading the organic
matter using metabolic activity of exoelectrogenic bacteria and producing electrical
energy [60, 61]. In addition to electrical energy, MFCs can be employed to produce
biochemicals and also to recover micronutrients and metals from wastewaters
[60]. The electrodes of the MFC system play critical role in the large scale applica-
tions and economic feasibility as they contribute 20–50% of overall MFC system
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cost [60]. According to [60], the MFC electrodes should have high surface area, low
cost, high conductivity and biocompatibility.

The commonly used carbon based electrode materials are granular activated
carbon (GAC), graphite granules (GG), carbon cloth, carbon felt, and carbon paper
[60]. These electrodes are mostly manufactured from fossil based materials, such as
coal and petroleum. Cost of these electrodes is higher for large scale applications
thus, there is a need to identify sustainable cost-effective and technically feasible
electrodes. The char produced through biomass pyrolysis could be one such elec-
trode material. Previously, researchers have studied the application of different
biomass derived chars as electrodes in MFC system. For example, forestry residual,
pine biomass, Kenaf, gaint cane, coconut shells, corn straw, and corn cobs.

In a comparative analysis, [60] observed that the power densities of biochar based
MFC system i.e. 532 mW/m2 for forest residue and 457 mW/m2 for pine biomass are
comparable with the power densities of GAC (674 mW/m2) and GG (566 mW/m2).
The power densities of activated banana char and Pt/C (30 wt% platinum on carbon)
are also comparable at 528 and 695 mW/m2, respectively [62]. Chen et al. [61]
considered the three-dimensional porous structure of kenaf stem to produce an
ordered three-dimensional biochar through high temperature pyrolysis (1000 �C
and N2 atmosphere). Such electrode showed higher performance compared with
graphite rod in terms of current density i.e. 32.5 A/m2 for Kenaf biochar and 11.2 A/
m2 for graphite rod. The resistance of the electrode material is an important charac-
teristic and, for an efficient MFC power output, the electrodes must have low
resistance [60]. The total resistance values of different biomass derived chars are,
milling residue—3Ω/mm; pine biomass—6Ω/mm; Kenaf—10Ω/mm; giant cane—
8.9 Ω/mm.

The surface area is also one of the important characteristics and for higher power
density the electrodes should possess high surface area [60]. In general, the biochar
produced through pyrolysis have low surface area compared with activated carbon.
The biochar surface can be increased by increasing the pyrolysis operating temper-
ature and residence time and also by activating the surface through physical and
chemical methods. Wang et al. [63] studied the influence of pyrolysis temperature
and influence of activating the surface with KOH on the corn straw derived biochar
based MFC system. The results showed that the BET surface area increased from
26 to 77 m2/g when pyrolysis temperature increased from (500 to 900) �C. The same
increased to 105 m2/g for KOH treated biochar. The surface area of KOH treated
char is several hundred times higher than carbon felt (0.322 m2/g) [63]. Following
the surface area, power densities increased by 10.7%, 56% and 92% for biochar
produced at 500 �C, 900 �C and KOH activated, respectively compared with carbon
felt. In another study, [64] studied the influence of pyrolysis temperature on perfor-
mance of the air cathode MFC, where corn cob derived biochar was used as a
cathode. The authors observed that the power density increased from (72.84 to
458) mW/m2 when the pyrolysis temperature increased from 250 to 650 �C. Simi-
larly, [62] observed the higher power density of 528 mW/m2 for activated banana
biochar compared with non-activated char (483 mW/m2).
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The cost comparative analysis shows that the power production costs with
biochar electrode MFC system is very low compared with conventional electrode
based MFC system. For example, [60] presented electricity production costs for
GAC and GG, pine derived and milled wood waste derived biochar based MFC
systems as (402, 392, 17, 35) $/W, respectively. In another costs analysis, [65]
reported a huge difference in the electricity production costs between biochar (0.2
$/W) and Vulcan carbon (477 $/W) MFC systems.

Finally, to conclude, biochar based electrodes produce comparable power densi-
ties with conventional electrodes. Although the power densities in the laboratory
scale experiments look feasible, achieving higher power densities in large scale
operations is still under investigation. On the other hand, power densities decline
with scale-up of the MFC system because of the reduced conductivity [66]. It is
important to note that biochar has less conductivity compared with some of the metal
electrodes [67]. The overall efficiency of the biochar based MFC system depends on
the properties like active surface area, porosity, conductivity, and biocompatibility of
the biochar. To have higher surface area, biochar must be activated through physical
and chemical methods. As the thermal conductivity of the biochar increases with
increasing pyrolysis temperature, producing the biochar at higher temperature could
be beneficial. However, it is important to note that increasing the pyrolysis temper-
ature increases the energy requirement and ultimately may reduce the overall
efficiency of the MFC system.

9.3.6.2 Biochar Application in Anaerobic Digestion

The other application of biochar in microbial processes is using it as a stabilizing
agent in AD process. Although AD is well established and commercially operated on
large scale, it still faces several challenges. These include, substrate inhibition,
inhibition from metabolic intermediates, varying pH, nutrient loss. On the other
hand, it has been demonstrated that adding the biochar to AD increases the process
stability and increases the methane yield. According to Masebinu et al. [68], adding
biochar improves the AD process through different mechanisms i.e. immobilizing
the microorganism, promoting biofilm growth, increasing the alkalinity, adsorbing
the inhibitory compounds, and facilitating direct interspecies electron transfer. The
biochar ability to adsorb inhibitory compounds and support biofilm growth depends
on the biochar properties, such as specific surface area, porosity, pore volume, and
conductivity [68]. These properties are directly linked to the pyrolysis operating
temperature. Thus, it is useful to establish the relationship between pyrolysis oper-
ating temperature and AD parameters. Previously, Cordiner et al. [69] studied the
influence of pyrolysis char produced at (450, 500, 550) �C in co-digestion with
activated food waste. The authors observed that, when pyrolysis temperature
increased from (450–550) �C, the methane yield increased from (496–547) mL
CH4/g. Shanmugam et al. [70] observed that the biochar produced at temperature
higher than 600 �C showed negative effect on methane yield during AD of aqueous
fraction of algae liquefaction. For example, the addition of biochar produced at
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400 �C and 900 �C resulted in the methane yields of 296 mL/g COD and 37 mL/g
COD, respectively. The reason for this significant difference could be the decreased
redox active moieties with increased pyrolysis temperature. These moieties facilitate
the electron transfer between fermentative bacteria and methanogens [70].

The biochar particle size also showed significant influence on the AD process.
When the biochar particle size of 0.5–1 mm, produced through the pyrolysis
(800 �C) of fruitwood, was added to AD system (glucose substrate), the lag phase
was reduced by 11.4%, 30.3% and 21.6%, and methane yield increased by 86.6%,
21.4% and 5.2% at glucose loading of (4, 6, 8) g/L, respectively [71]. In the same
study [71], it was observed that reducing particle size further to 75 μm increased the
methane yield by 70% at 6 g/L glucose loading. Lü et al. [72] reported that the
methanation lag phase was reduced with the addition of large (2–5) mm and medium
(0.5–1) mm sized particles compared with small particles (75–100) μm. They also
observed that adding fine biochar particles increased the VFA production. Interest-
ingly, [56] observed that adding biochar to aqueous pyrolysis oil fraction based AD
system improved the methane yield by 30% and also improved the methane pro-
duction rate compared with aqueous fraction only digestion. The aqueous pyrolysis
oil fraction contains several inhibitory compounds, such as furfural, 5-HMF, and
phenolics. This is a good example to demonstrate that adding biochar to AD system
can reduce the substrate induced inhibition. Adding biochar to AD of citrus peel
showed an increased methane yield and reduced lag phase compared with citrus peel
only AD. The reason could be adsorption of D-limonene, which commonly inhibits
the citrus peel AD [73]. Shen et al. [74] observed that adding corn stover biochar to
AD system improved the methane production rate and biogas quality to a pipe-line
quality (>90% CH4).

Adding biochar to AD also helps to improve quality of the digestate. For
example, [75] observed significant increase in macro and micro nutrients (P, K, Ca
Mg and Fe) by 33 times in the digestate when biochar was added to AD process.
When digestate is applied to the agricultural field, the biochar supports soil amend-
ment and carbon sequestration.

9.4 Challenges

Although the microbial conversion of pyrolysis oils looks promising, there are still
some challenges that need to be addressed before the process can be commercialized.
These challenges include, the inhibitory effects of pyrolysis oil on the micro-
organisms, reduced product yield when compared to the conventional microbial
conversion of biomass, economic competitiveness, and environmental feasibility.
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9.4.1 Microbial Toxicity of the Pyrolysis Oils

Microbial toxicity of the pyrolysis oils is one of the major challenges that this field of
study faces. Pyrolysis oil contains several hundred compounds and most of these
compounds are inhibitory to the micro-organisms. Lignin-derived phenolic com-
pounds and oligomers are the major group of inhibitory compounds that are present
in pyrolysis oils. In addition to phenolic compounds, furans (furfural and 5-HMF)
and organic acids (acetic acid, and formic acid) are also highly inhibitory to the
micro-organisms. However, the lignin-derived phenols are ten times more inhibitory
when compared to carbohydrate-derived furans and carboxylic acids [76]. The
concentration of total furans higher than 0.90 g/L can already highly inhibit the
ethanol production [76].

It is worth noting that the inhibitory effects of these compounds depend on the
selected microbial strains. For example, organic acids (acetic acid and formic acid)
are inhibitory to ethanol-producing Saccharomyces cerevisiae while some oleagi-
nous yeasts can use organic acids as a carbon source to produce fatty acid esters. The
strains Pseudomonas putida and Acinetobacter ADP1 can metabolise lignin-derived
phenolic compounds and produce fatty acid esters. Researchers have developed
several methods to detoxify pyrolysis oil. These methods included adsorption,
overliming, solvent extraction, and microbial detoxification.

Overliming is one commonly-employed detoxification approach. Previously, Ca
(OH)2, NaOH, NH4OH, and Ba(OH)2 have been used to detoxify pyrolysis oil
fractions in the overliming method. Wang et al. [32] studied the detoxification of
red oak wood residual-derived pyrolysis fractions using Ca(OH)2, NaOH, and
NH4OH. The results showed that NaOH performed well and removed phenol,
vanillin, and guaiacol three times more effectively than Ca(OH)2 and NH4OH.
The authors observed the increased growth of E. coli for pyrolytic sugars (at 2 wt
% loading), which had been treated with NaOH. Overliming can also reduce
concentrations of aldehydes, phenolics, and furans in pyrolytic sugars. For example,
overliming treatment using Ca(OH)2 reduced the total phenolic content from 25.6 g/
L to 5.1 g/L (a reduction of 80%) [42]. Chi et al. [42] observed a tenfold increase in
microbial tolerance following a treatment with Ca(OH)2. Rover et al. [77] also
observed similar results for NaOH-treated pyrolytic sugar fractions. For Ca(OH)2,
which was treated with pyrolysis oil hydrolysate, the ethanol yield increased from
0 to 0.45 g ethanol/g of glucose at 40% (v/v) [78]. Rover et al. [77] also observed an
increased ethanol yield from pyrolytic sugars of 0.9 g/L at 2 wt%, which had been
treated with NaOH. However, excess NaOH results in accumulation of sodium salts
and could influence the fermentation process [76].

The adsorption of inhibitory compounds from biomass hydrolysates using dif-
ferent adsorbents is one of the more commonly-used techniques and activated carbon
is a commonly-used adsorbent when it comes to the treatment of biomass hydroly-
sates. The other adsorbents - diatomite, bentonite, and zeolite - have also been used
to detoxify pyrolysis oils. Treating loblolly pine derived pyrolysis oil with 1% (w/v)
activated carbon reduced furfural by a total of 78% [32]. In another study [37],
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treating the aqueous fraction of Douglas fir pyrolysis oil with activated carbon failed
to improve the growth of Rhodotorula glutinis (the maximum cell mass was at
0.74 g/L). Yu et al. [79] studied the feasibility of using different adsorbents to
remove the inhibitory compounds from pre-treated (neutralisation and overliming)
pyrolysis oil. The results showed that the combination of neutralisation and diato-
mite produced better results with 0.45 g ethanol/g of glucose yield with
Sachromicese cervisiae. Studies which concentrated on detoxification with
ion-exchange resin revealed the removal of more acid fractions when compared
with furan and phenolic compounds [77].

Next to adsorption, liquid-liquid extraction is also one of the most commonly-
studied detoxification methods. Water can be used to separate the low molecular
weight water miscible fraction and high molecular weight fractions in the pyrolysis
oil. However, it cannot be an effective method of detoxification. For the purposes of
solvent extraction, an immiscible solvent is added to the pyrolysis oil, being mixed at
the desired temperature and for the required time. This mixture is subsequently
allowed for phase separation. Later, the phases will be separated by gravity. Previ-
ously, studies were carried out to understand the applicability of solvents for removal
of inhibitory compounds, that have included ethyl acetate, n-butanol, amines,
1-octonal, kerosene, hexane, petroleum ether, chloroform, oleyl alcohol, and
oleic acid.

When using the same solvent-to-aqueous ratio (1:1), n-butanol was seen to
remove phenolic compounds from the pyrolysis aqueous phase compared with
ethyl acetate [80]. Barbary et al. [80] also observed a negligible volume of phenolic
components in the case of n-butanol and the aqueous fraction ratio of 3:1. Chan et al.
[78] studied the feasibility of using five different amines to reduce microbial toxicity
to Sachromicese cervisiae T2 in ethanol production. The authors observed that tri-n-
octylumine, together with co-solvent 1-octonal at 25% (v/v), had better results when
compared to the use of other solvents, resulting in an ethanol yield of 0.24 g ethanol/
g glucose. Better results were also observed with tri-n-octylumine by [77] in
comparison with the use of ionic liquid (1-methyl-3-octylimidazolium
tetrafluoroborate), and ion-resin (Dowex 66) in the detoxification of pyrolysis
hydrolysates. Ren et al. [81] used hexane, petroleum ether, chloroform, and ethyl
acetate to remove the various chemicals from aqueous pyrolysis oil. When compared
to other solvents, the use of chloroform showed a higher level of extraction effi-
ciency for furans, phenolics, and ketones. The sequential extraction of chloroform,
which had been treated with ethyl acetate removed 62% of the acetic acid. In the
same study, the authors observed that hexane showed poor levels of extraction
efficiency. For example, the removal efficiency levels of phenols and 5-HMF with
hexane was at 1 and 9 wt%, respectively. The extraction efficiency levels for the
same compounds when using ethyl acetate was at 100 wt% and 60.8 wt%, respec-
tively. Solvent extraction appears to be a promising approach to carry out detoxifi-
cation when compared to other available methods. However, the dissolution of
solvents into the pyrolysis oil aqueous fraction could result in the inhibition of
microbial growth. Sukhbaatar et al. [82] observed a total of 38.43 g/L of n-butanol
in the aqueous fraction of pyrolysis oil. An additional evaporation step may be
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required, followed by solvent extraction, to reduce the solvent content in detoxified
pyrolysis oils. According to [14], the important factors that need to be considered in
terms of solvent extraction are partition coefficient, immiscibility with the original
medium, and the boiling point of the solvent. In addition, the cost of the solvent and
applicable green chemistry principles also need to be taken into consideration.

A sequential detoxification approach could be more effective when compared to
single step detoxification. Lian et al. [37] studied the sequential detoxification of the
pyrolysis oil aqueous fraction in the order of ethyl acetate treatment (to remove
phenolics), rotary evaporation (to remove acetol, hydroxyacetaldehyde, and furfu-
ral), and finally the activated carbon treatment (to remove furanics, monophenols,
and lignin oligomers). The results showed that cell growth increased from 0.74 g/L
for the activated carbon-only treated pyrolysis oil aqueous fraction to 3.3 g/L in the
sequential detoxified aqueous fraction. The lipid yields also increased, from 0.1 to
7.8 g/L.

Adoptive evaluation of microbial strains to increase the tolerance to the inhibitory
compounds could be helpful to improve the microbial conversion of pyrolysis oil
fractions. Previously, Wang et al. [32] inoculated the Saccharomyces pastorianus on
YPD agar media at 10%, 20%, and 30% (V/V) of pyrolysis oil hydrolysates. The
inoculation process was repeated for ten times by transferring the grown colonies.
The authors observed the colony growth only on 10 (V/V) % and concluded that ten
cycles of inoculation may not be sufficient to build the inhibitory resistance of the
selected strains. Chan et al. [78] adapted the yeast at 10% and 35% (V/V) pyrolysis
oil hydrolysates loading and through 36 inoculations. The adaptation of yeast at
10 (V/V) % of hydrolysate improved the ethanol yield by 39%. The strain
S. cerevisiae adapted to acid-hydrolysed pyrolysate through 12 inoculations pro-
duced 47% higher ethanol yield compared with original strain.

9.4.2 Economic Feasibility

Although pyrolysis oil looks as a promising feedstock for microbial conversion, at
the end, the economic feasibility is one of the main deciding factors in the commer-
cialization of integrating the pyrolysis with microbial processes. The cost estimation
of microbial conversion of pyrolysis oil can be mainly divided into two group—
(1) producing pyrolysis oil and/or extracting the pyrolytic sugars (2) Bioconversion
of pyrolysis oil fractions. The overall economic feasibility of the process mainly
depends on the cost of pyrolysis oil production because of the increased capital
investment. It is also important to note that, as pyrolysis oil contains water and other
pyroligneous compounds, only a limited amount of carbon source is available for
microbial conversion. Previously, the pyrolysis oil production costs of $1.06/gallon
[32] and levoglucosan production cost of $3/kg have been reported [83].

The cost of ethanol production from pyrolysis oil varies from $1.5/gallon to $150/
gallon. The huge variation in the production costs is attributed to the variation in the
selected process parameters. The pre-processing of pyrolysis sugars and the
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compounds added to the fermentation medium also influenced the ethanol produc-
tion cost significantly. For example, with 1% of glucose, 1% of pyrolysis oil aqueous
fraction glucose, 2% of peptone and 1% of urea (all w/v %) composition and at a
production rate of 80.3 gallon/h, the ethanol production cost was $150/gallon. At the
same production rate, but replacing the peptone with corn-steep syrup at 0.6% (w/v),
ethanol production costs were reduced to $14/gallon [32]. On the other hand, the
fermentation of hydrolyzed levoglucosan increased the ethanol production costs by
26% compared with the direct fermentation of levoglucosan [84]. The reason could
be the requirement of additional chemicals, such as sulphuric acid and calcium
carbonate for hydrolysis and neutralization [84]. A comparative analysis showed
that ethanol production costs of fast pyrolysis integrated fermentation ($1.57/gallon)
and acid hydrolysis fermentation process ($1.35/gallon) are comparable to each
other [85].

The previous studies show that ethanol production costs for pyrolysis integrated
fermentation are in promising range. However, it is not yet fully cost competitive to
the ethanol production through conventional fermentation process. There are still
several challenges, such as microbial inhibition, reduced loading rate, and reduced
yield. At the same time, generating additional revenue from pyrolysis oils heavy
fraction could improve the economic feasibility to the microbial conversion of
pyrolysis oil. Previously [32], it has been reported that the pyroligneous fraction
can be sold at $2.90/gallon considering its heating value as 46 MJ/kg. According to
[86], producing chemicals from pyrolysis oil has higher economic feasibility com-
pared with electrical energy production. For example, electrical energy generates
$71/ton of pyrolysis oil while fermentable sugars are valued at $128/ton of pyrolysis.

On the other hand, the methane production from pyrolysis oil, is not yet cost
competitive compared with natural gas and waste derived biogas [84]. According to
Yang et al. [58], only 0.6–6% of energy in the original organic fraction of municipal
solid waste can be converted into methane. Thus, the authors considered that
additional processing of feedstock before AD through pyrolysis may not be eco-
nomically feasible because of the increased costs with pyrolysis unit. However,
integrating microbial conversion of the pyrolysis oil with combined heat and power
(CHP) plants can further improve the economic flexibility through additional reve-
nue from heat and electrical energy. The renewable energy credits available for bio
based heat and power may also improve the economic feasibility when integrated
with CHP.

9.5 Conclusions and Future Outlook

Pyrolysis can be integrated with different microbial processes, such as fermentation,
anaerobic digestion, microbial fuel cells, and algae cultivation. Commonly, the
product yield and production rates are lower for pyrolysis integrated microbial
processes compared with conventional biochemical conversion processes. The com-
monly produced microbial products through this process integration are bioethanol,
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biogas, lipids (fatty acid esters), PHA, bioelectricity, succinic acid, and citric acid.
The microbial inhibition is the major challenge with pyrolysis oil. The low specific
area compared with activated carbon is an issue with biochar application. The
application of biochar in microbial fuel cells significantly reduces the electricity
production costs (from 400 $/W to 35 $/W) compared with commonly used carbon
based electrodes. The cost competitiveness of integrating the pyrolysis with micro-
bial processes in not yet fully realized. There are several opportunities for future
activities, which include, multi-step and co-fermentation with different microbial
strains and different substrates, exploring the possibilities of producing high value
biochemicals, and detailed techno-economic analysis. Finally, to conclude, techni-
cally biomass pyrolysis can be integrated with microbial conversion processes and
various microbial products can be produced. However, practically, there are several
challenges that need to be addressed before large scale application of this process.

Considering the results from laboratory scale experiments, integrating the pyrol-
ysis with microbial processes looks promising. There are several opportunities for
future activities and to improve the processes further. The current studies on
reducing the inhibitory effects of pyrolysis oil fractions are mainly focused on
conventional approaches, for example adsorption and solvent extraction. These
processes are costly and/or not very effective in removal of the inhibitory com-
pounds. However, a two-step fermentation or co-fermentation with different strains
could be helpful in reduction of the microbial toxicity of the pyrolysis oils and
facilitate the co-production or multiple production. Studying the different combina-
tions of microorganisms to consume different groups of pyrolysis oil compounds
simultaneously or sequentially could be interesting for the future. It requires under-
standing the metabolic activities of different microbial species under synergetic
situation. At the same time, genetic engineering of microbial strains could further
improve the process feasibility and increase the product yield. At the moment, major
focus has been given to the ethanol fermentation from pyrolysis oil sugar fractions.
However, there is a need to study the production of various new compounds. For
example, several microbial strains can metabolize the acetate-rich substrates and
produce different biochemicals. In this context, the acetic acid-rich aqueous fraction
of pyrolysis could be interesting. There are very few studies on the economic
feasibility and again, the focus has been on ethanol. The detailed cost analysis
needs to be carried out for better understanding of the economic feasibility of
integrating the pyrolysis with microbial processes.
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Chapter 10
Levoglucosan Production by Fast Pyrolysis
of Biomass After Dilute Acid Pretreatment

Li-qun Jiang, Xiao-bo Wang, Zeng-li Zhao, and Hai-bin Li

Abstract Fermentable sugars are valuable intermediates that can be produced from
lignocellulosic biomass, in which hemicellulose and cellulose are favorable candi-
dates for their production. In this chapter, the adaptability of a comprehensive
strategy for lignocellulose saccharification is presented. Hemicellulose of reed pole
can be hydrolyzed for xylose production by dilute acid first, and then the retained
residue from acid hydrolysis, rich in cellulose, can be pyrolyzed for levoglucosan
production. Such a process highlighted in this chapter exhibits several attractive
features: (1) hemicellulose can be nearly and completely saccharified, giving a
xylose yield as high as 92.2 wt%, (2) due to the alteration of chemical composition
and physical structure by dilute acid pretreatment, the levoglucosan yield from acid
pretreated biomass can be as high as 45.9 wt% as compared with that of
un-pretreated reed pole (4.8 wt%), (3) improvement of levoglucosan formation
and the inhibition of acetic acid formation from acid pretreated biomass can improve
fermentability of its pyrolysate. Furthermore, it is demonstrated that the effect of
demineralization, hydrolysis of hemicellulose and improvement of levoglucosan
yield is ordered as HCl > H2SO4 > H3PO4.

Keywords Lignocellulose · Dilute acid pretreatment · Fast pyrolysis ·
Levoglucosan

10.1 Introduction

The dwindling storage of fossil fuels and the increased attention paid to environ-
mental issues have urged numerous researchers to develop the field of bio-refineries.
Lignocellulosic biomass, which is the most abundant natural resource, has a positive
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influence on the renewable energy sector in meeting the growing needs of energy
[1]. In general, lignocellulose consists of a massive amount of carbohydrates and
predominantly contains various forms of cellulose, hemicellulose, and lignin
[2]. Cellulose ((C6H10O5)n) is a class of homopolysaccharide consisting of linear
chains of β-D-glucan units connected by β-1,4-glycosidic bonds. Naturally, cellulose
can be found in crystalline and amorphous forms. The crystalline cellulose is well
organized, tightly bound by inter-chain hydrogen bonds, while amorphous cellulose
is less pronounced. Hemicellulose is heteropolysaccharide consisting of hexose
(D-mannose, D-galactose, D-glucose) and pentose (D-arabinose, D-xylose). Lignin
is a heterogeneous phenylpropanoid polymer, where coumarin alcohol, coniferyl
alcohol, and sinapyl alcohol are the primary monomers [3]. Both cellulose and
hemicellulose are polysaccharides, which can be converted to ample quantities of
fermentable sugars, and they are considered as important intermediates in the
conversion of lignocellulose, and can be used as the substrate for microbial fermen-
tation to produce chemicals or biofuels [4]. Saccharification of biomass is one of the
pivotal challenges in the development of biofuels [5].

Commonly, enzymatic/acid hydrolysis is the most popular route to depolymerize
cellulose into glucose [6]. Enzymatic hydrolysis of cellulose is catalyzed by
materials derived from several bacteria and fungi. The simultaneous existences of
endo-glucanases, exo-glucanases, and β-glucanases are essential in the enzymatic
degradation of cellulose. The endo-glucanases first degrade the cellulose chain to
generate free chain-ends. Exo-glucanases subsequently target the sugar chains to
isolate cellobiose (dimer of glucose) from the free chain-ends. Eventually,
β-glucanases cleave glycosidic bonds in cellobiose to yield glucose. To accomplish
the depolymerization of cellulose, each enzyme has a well-defined type of action and
all three enzymes show synergistic interactions [7]. There are several advantages for
the enzymatic hydrolysis, such as mild reaction conditions, the high selectivity of
glucose and no elimination of toxic derivatives in hydrolysate [5]. Overall, enzy-
matic hydrolysis is a promising approach to selectively converting cellulose into
glucose. On the other hand, there are many shortcomings of enzymatic hydrolysis
which dramatically restrict its economic benefits and industrial applications, such as
long reaction times (ca. days rather than minutes), high costs of enzymes, loss of
enzymatic activity due to the inhibition of released glucose, low concentrations of
glucose, and the process being vulnerable to contaminants derived from other
biomass components [8].

Acid hydrolysis of lignocellulosic biomass, which could date back to the early
19th industrial century and was commercialized in the early twentieth century, has
been extensively investigated [9]. Acids can penetrate lignocellulose, decrystallize
cellulose and make it more accessible to reactions, leading to the disruption of the
network of hydrogen bonds and breakages of glycosidic bonds. Chemicals used for
hydrolysis of lignocellulose include mineral acids, such as HF, HCl, H2SO4, H3PO4,
as well as organic acids, like fumaric, maleic and oxalic acid. To be effectively
performed under atmospheric pressure and at room temperature, a high concentra-
tion of acid (e.g. 72 wt% H2SO4) is required. Concentrated acids promote the
solubilization of cellulose, and glycosidic bonds are attacked by acid-catalyzed
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water molecules, followed by hydrolysis of cellulose and hemicellulose to interme-
diates (e.g. oligosaccharides, monosaccharides). The intermediates are further
hydrolyzed to sugars and degraded chemicals (e.g. aldehydes, furfurals, acids).
Low energy is consumed in concentrated acid hydrolysis, while the complexities
of recycling acid, the risk of disposal of concentrated acid, severe damage of the
reactors caused by the strong corrosiveness of acid restrict its large-scale applica-
tions [4]. When dilute acids are used instead, H+ leads to the protonation of oxygen
atoms of cellulose and activates the glycosidic bonds. Dilute acid is usually
performed at higher temperatures (>180 �C) and/or pressures (ca. 1.3 MPa) for
minutes to hours. In dilute acids, amorphous cellulose and hemicellulose are prone to
hydrolysis, while crystalline cellulose is less prone to be saccharified [10]. Notably,
the final concentration of products (e.g. ethanol) is directly proportioned to the initial
concentration of the substrate. Thereby, high concentrations of sugars are essential to
obtain high ethanol titers to make it easier to distill ethanol from fermentation broth.
Nevertheless, the concentration of sugar released from enzymatic/acid hydrolysis is
extremely low (approximately 1%) for practical fermentation. It is difficult to
overcome the fundamental obstacles and technical limitations of hydrolysis technol-
ogy [9]. Developing novel efficient and economic strategies for saccharification is
warranted.

Despite hydrolysis having attracted much attention, fast pyrolysis is showing a
huge potential among researchers aiming towards developing a new road map for
lignocellulose saccharification (Fig. 10.1) [1, 11]. Fast pyrolysis, which is a thermo-
chemical conversion method, is typically performed in the absence of oxygen at
(450–600) �C at very short residence times (ca. seconds), in which lignocellulose
thermally decomposes into solid char, non-condensable gas, and pyrolysis oil at
the conditions [12]. Pyrolysis oil can contain 75% of the initial energy content of the
feed lignocellulose and the bio-oil is typically the desired product [13]. The
1,6-anhydro-β-D-glucopyranose (levoglucosan), derived from cellulose pyrolysis,
is the principal component contained in pyrolytic oil [14]. The content of
levoglucosan in the pyrolysate is about 80% while the levoglucosan yield obtained
from microcrystalline cellulose can reach 70.1 wt% [15]. The feasibility of
levoglucosan or pyrolysis oil as a feedstock for eukaryotic and prokaryotic
biocatalysts has been demonstrated. The metabolic pathways of levoglucosan have
been evaluated for which is understood. Levoglucosan is converted to D-glucose and
glucose 6-phosphate in prokaryotic and eukaryotic microorganisms respectively,
then metabolized via the glycolytic pathway (Fig. 10.2) [16–18]. Levoglucosan
can be fermented to citric acid, itaconic acid, malic acid and lipid by Aspergillus
terreus, Aspergillus niger CBX-209, Aspergillus oryzae, Rhodotorula glutinis
ATCC204091, respectively, giving comparable yields in the glucose fermentation
[19–22]. Furthermore, levoglucosan can be converted to glucose via dilute acid
hydrolysis under mild conditions (e.g. 125 �C) [23–25]. Many researchers have
demonstrated that the process via the hydrolysis of pyrolytic oil of lignocellulose and
subsequent fermentation is also feasible [24, 26, 27]. Biochemical studies have
confirmed that levoglucosan or its hydrolysate can be metabolized as effectively as
glucose. Saccharification of lignocellulose via fast pyrolysis may be an alternative to
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overcome the barriers identified by hydrolysis conversion. There are several pre-
dominant advantages of fast pyrolysis compared with enzymatic or acid hydrolysis
of lignocellulose. First, the rate of fast pyrolysis process requires seconds rather than
hours or days. Then, fast pyrolysis can be implemented without any catalysts such as
expensive enzymes or corrosive acids. Additionally, high concentrations of
levoglucosan are easily obtained via fast pyrolysis. Most importantly, economic
analyses show that saccharification of lignocellulose by fast pyrolysis has lower
operating and capital cost, and improves the economics as compared with enzy-
matic/acid hydrolysis conversion [28–30].

Nevertheless, pyrolytic depolymerization is hindered by its lack of specificity.
Generally, lignocellulosic pyrolysate is a complicated mixture that contains a large
number of organic compounds, such as sugars, acids, furans, ketones, aldehydes,
and phenols [31]. Levoglucosan yields from cellulose vary widely from 5 C% to
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80 C% [32]. However, in the fast pyrolysis of lignocellulose, the yield of
levoglucosan (<10 wt% based on cellulose) is much lower as compared with that
from cellulose. The supramolecular structure and component of lignocellulose have
a profound influence on the formation of levoglucosan [33]. Numerous studies have
indicated that the formation of levoglucosan is affected by other components in
lignocellulose (e.g. hemicellulose, lignin, ash), especially the alkaline and alkaline
earth metals (AAEMs) [34, 35]. Research on fast pyrolysis saccharification still has a
lot of unknowns to be explored and requires the investment of considerable effort to
achieve high sugar yields. Nevertheless, it is an efficient route to pretreat lignocel-
lulose into favorable raw material to facilitate levoglucosan formation from cellulose
fraction [36]. Bio-pretreatment has been employed to alter the structure and chemical
composition by microorganisms (e.g. Cunninghamella echinulate, Echinodontium
taxodii 2358, Irpex lacteus CD2) [37–40]. Bio-pretreatment is performed under mild
operations at relatively long times (e.g. 25 days) [40]. This pretreatment is environ-
mentally friendly but time-consuming. The improvement in levoglucosan yields is
also limited as compared to chemical pretreatments. Hot-water pretreatment, by
cooking lignocellulose in water at higher temperatures (180–200 �C) and pressures,
is a green hydrothermal reaction. In this process, there exist [H]+ at high concentra-
tion and water as an acid-like medium [41]. Due to the removal of part of hemicel-
lulose and lignin, and the removal of ash during the process of hot water washed
pretreatment, production of levoglucosan is enhanced, and the quality of bio-oil is
improved [42, 43]. Hot-water wash can elevate the yield of levoglucosan to some
extent (from 4.9 to 11.7 wt%), but dilute acid pretreatment is more effective (from
4.9 to 23.5 wt%) [43, 44]. Various acid pretreatments (HCl, H2SO4, HNO3 and acetic
acid) have been adopted prior to fast pyrolysis, and higher yields of levoglucosan
have been obtained [45, 46]. However, acid concentrations higher than a certain
threshold (e.g. higher concentration than 3M H2SO4) caused a reduction in
levoglucosan yield due to the degradation of cellulose [47]. Among these pretreat-
ments, dilute acid pretreatment is considered as one of the best approaches to
improving the yield of levoglucosan. Despite the high expectations for dilute acid
pretreatment, pretreatment conditions suitable for levoglucosan formation should be
investigated systematically to maximize levoglucosan production from pretreated
lignocellulose. Furthermore, the ideal pretreatment process should not only be able
to boost levoglucosan production in fast pyrolysis, but also make full utilization of
other components and avoid waste disposal. Herein, with the aim of making full
utilization of hemicellulose, further maximizing the levoglucosan production, and
minimizing the production of inhibitors in fast pyrolysis, various acid pretreatments
have been applied before fast pyrolysis of lignocellulose. The alteration of compo-
nents and structures of lignocellulose before and after pretreatment and the influence
of the alteration on the levoglucosan production are investigated.
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10.2 Experimental

10.2.1 Materials

Reed pole derived from Hunan Province was used as the biomass feedstock. The
reed pole was ground from (0.11 to 0.18) mm in diameter, dried to constant weight at
378 K in an oven. Acids (including HCl, H2SO4 and H3PO4) and standard chemicals
were purchased from Chuandong Chemical Co., Ltd. (Chongqing) and Sigma
(Shanghai).

10.2.2 Dilute Acid Hydrolysis

Reed pole was hydrolyzed by dilute acid in a high-pressure autoclave. Reed pole
(5 g) was pretreated with 50 mL, (0.5 and 5)% HCl, H2SO4 or H3PO4 at 393 K for
1 h. Then, the separation of solid and liquid phases was achieved by filtration.
Residual acid in the solid residue was removed with distilled water. Then, the
pretreated biomass was dried by lyophilization. The compound contained in the
hydrolysate was analyzed by high performance liquid chromatography (HPLC,
Waters 2695, Massachusetts, USA) and separated by Bio-Rad Aminex HPX-87H
column at 333 K. The content of 5-hydroxymethylfurfural (5-HMF) and furfural was
determined using ultraviolet-visible (UV) detector (280 nm), and the content of
acetic acid, glucose and xylose was measured using refractive index (RI) detector
(323 K). Dilute H2SO4 (5 mmol/L) was applied as the mobile phase at a flow rate of
0.6 mL/min. The chemicals were identified and quantified by the external standard
method. The yields of xylose and glucose were defined as below:

Xylose yield wt%ð Þ ¼ xylose mass in the dilute acid hydrolysate gð Þ
hemicellulose mass of lignocellulsoe gð Þ

� 0:88� 100% ð10:1Þ

Glucose yield wt%ð Þ ¼ glucose mass in the dilute acid hydrolysate gð Þ
cellulose mass of lignocellulsoe gð Þ

� 0:90� 100%

ð10:2Þ

where an anhydro correction of 0.88 for xylose and correction of 0.90 for glucose are
used to calculate the sugars yields from the corresponding polymers.
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10.2.3 Elemental and Componential Analysis

The content of hydrogen (H), carbon (C) and nitrogen (N) in the reed pole was
determined by an elemental analyzer (Vario EL Cube, Hanau, Germany). The
content of AAEMs, including potassium (K), sodium (Na), calcium (Ca) and mag-
nesium (Mg) was analyzed by inductively coupled plasma-atomic emission spec-
trometry (ICP-OES) (Optima 8000, PerkinElmer, Massachusetts, USA). Biomass
(0.3 g) was dissolved in 4 mL of concentrated acid mixed by HNO3 and HClO4 (3:1,
v/v) before ICP-OES analysis. The composition of carbohydrates was determined by
a previous procedure [48]. The un-pretreated and acid pretreated reed pole were
hydrolyzed through a two-step H2SO4 hydrolysis, consisting of a 72 wt% H2SO4

hydrolysis at 303 K for 1 h and a 4 wt% H2SO4 hydrolysis at 393 K for 1 h. HPLC
was applied to analyze the sugar in the hydrolysate. The content of hemicellulose
and cellulose was calculated in light of the content of hexose and pentose.

10.2.4 Thermogravimetric Analysis

Thermogravimetric analysis was carried out in a TGAQ50 analyzer (TA, New
Castle, USA) under a nitrogen atmosphere (20 mL/min) to maintain an inert envi-
ronment. The heating rate was set at 20 K/min and the samples were initially heated
from 323 to 378 K and kept for 10 min at 378 K. Then, the samples were heated to
1023 K. The P (integrated pyrolysis coefficient) was defined as follows:

P ¼ DTGmax

Tmax � Tt � Tið Þ ð10:3Þ

where DTGmax refers to the maximum rate for decomposition, Ti and Tt refer to the
initial and final temperature for decomposition respectively, Tmax refers to the
temperature of the maximum rate for decomposition.

The activation energy required for the decomposition of biomass was obtained by
numerical calculation with the Distributed Activation Energy Model (DAEM). The
typical integral form of DAEM is:

Z a

0

da
f að Þ ¼ G að Þ ¼ 1

β

Z T

0
A exp

�E
RT

� �
dT ð10:4Þ

where f(α) is the most probable mechanism function, A is the frequency factor, E is
the global activation energy (kJ/mol), T refers to the reaction temperature (K), R is
the universal gas constant (8.314 J/(mol�K)).

The fundamental equation of DAEM was defined as:
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a ¼ 1�
Z1

0

exp �A0

β
ψ E,Tð Þ

� �
f Eð ÞdE ð10:5Þ

where Ψ (E, T) is the internal integral:

ψ E,Tð Þ ¼
Z T

0
exp

�E
RT

� �
dT

u0¼ E0

R0T 0! E
R

� �Z 1

u

exp �u0ð Þ
u02

du0 ð10:6Þ

The probability distribution f(E) was calculated as follows:

f Eð Þ ¼ 1ffiffiffiffiffiffiffiffi
2πσ

p e�
E�E0ð Þ2
2σ2 ð10:7Þ

10.2.5 Crystallinity Measurement

The crystallinity of biomass was scanned by X-ray diffraction (XRD) in X’Pert
PROMPD X-ray diffractometer (PANalytical V.B., Almelo, Netherlands). Biomass
was scanned by Cu-Kα radiation (λ ¼ 1.54 Å) at a scanning rate of 0.01� per second
at a diffraction angle of 5–45�. The crystallinity index (CrI) was calculated by a peak
deconvolution method [49].

10.2.6 Fast Pyrolysis

The process of fast pyrolysis was implemented on a 5200 series CDS pyrolysis probe
(CDS analysis, Pennsylvania, USA) connected with Agilent gas chromatograph/
mass spectrometer (GC/MS). During each test, biomass (about 200 μg) was weighed
with a microbalance (Xp6152, METTLER TOLEDO, Albstadt, Germany) and
loaded into the center of a quartz tube with quartz wool plugged on both sides.
Biomass was pyrolyzed at 773 K for 20 s at a heating rate of 10 K ms�1. Helium
(20 mL/min) was used as the carrier gas continuously passing through the interface
to transport the pyrolysis products from the quartz tube to the GC injection port. The
split ratio was 50:1. Helium was used as the mobile phase at a flow rate of 1 mL/min
in GC. The temperature of the GC oven equipped with an HP-INNO wax capillary
column (Agilent 19,091 N-133) was heated from 323 to 503 K at a heating rate of
10 K/min and kept for a residence time of 0.5 h. The mass meter worked in EI mode
(70 eV) and the mass scan ranged from m/z of 12–500. The differentiation of
compounds was realized by equipping with the NIST mass spectrometry database
and quantified by a five-point calibration curve. Each experiment was tested in
triplicate. Compound yields were defined as below:
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Levoglucosan yield wt%ð Þ ¼ levoglucosan mass gð Þ
cellulose mass gð Þ � 100% ð10:8Þ

Acetic acid yield wt%ð Þ ¼ acetic acid mass gð Þ
lignocellulose mass gð Þ � 100% ð10:9Þ

10.3 Results and Discussion

10.3.1 Elemental Analysis of Biomass

Elemental analysis of reed pole pretreated by different acids at concentrations of
0.5% and 5% is shown in Table 10.1. No evident change of compositions of C
(46.4–49.0 wt%), H (5.8–6.1 wt%) and N (0–0.05 wt%) was observed before and
after pretreatment, though there was a slight decrease on N. By comparing the
compositions of AAEMs detected from pretreated samples with those from
un-pretreated samples, it was found that pretreatment by water or acids could remove
AAEMs evidently, especially K+ and Na+, on which both water and acids had a
similar effect. For Ca2+ and Mg2+, the contents were decreased after experiencing
water-washed, while it was proven that pretreatment by acid had more access to
removing Ca2+ and Mg2+. Acid pretreatment could remove 84.1–92.0% of AAEMs.
After using a higher concentration of acids, AAEMs could be observed to be further
removed. Furthermore, abilities to remove these elements were ordered as
HCl > H2SO4 > H3PO4, probably due to the differential concentrations of protons
released by acid. Higher concentrations of acid are directly related to the further
removal of AAEMs from biomass.

The yield of levoglucosan was sensitive to the content of the initial cellulose,
which declined due to a small number of impurities, especially inorganic salts
[50]. By interacting with oxygen to change the electronic structure of cellulose

Table 10.1 Analysis of elements and components of biomass before and after dilute acid
pretreatment

Samples

Organic elements
(wt%) AAEMs (ppm) Components (wt%)

C H N K Na Ca Mg Cellulose Hemicellulose

Un-pretreated 46.4 5.8 0.05 2561.1 1055.8 543.2 43.1 53.1 18.9

Water-washed 47.3 6.0 0.02 28.6 252.6 357.1 31.1 57.0 19.1

HCl-0.5% 47.7 6.1 0 20.9 196.6 138.1 8.8 68.5 5.2

HCl-5% 49.0 5.9 0 15.0 185.2 130.7 4.7 78.9 0

H2SO4-0.5% 47.7 6.0 0 20.1 207.7 175.5 11.8 66.5 6.3

H2SO4-5% 47.6 6.0 0 18.9 194.3 214.8 6.9 78.1 0

H3PO4-0.5% 47.6 6.0 0 30.0 235.7 205.4 14.2 62.7 9.5

H3PO4-5% 48.7 6.0 0 22.4 200.5 204.8 8.6 75.2 0
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and affect the stereochemistry of molecules, AAEMs can favor dehydration,
rearrangement reactions, and then fragmentation reaction. Even trace levels of
AAEMs naturally found in biomass can shift the pyrolytic pathway, facilitate the
formation of lower molecular weight oxygenates while restraining the formation
of levoglucosan, by promoting fragmentation rather than depolymerization
reaction yielding anhydrosugars [13, 51]. In the research of Patwardhan et al. [51],
compared with pure cellulose, when 0.006 mmoles/g NaCl (0.05 wt%) was present
in cellulose, the yield of levoglucosan was reduced to 26 wt% from 59 wt%. As the
yield of levoglucosan decreased, the yield of low molecular weight compounds
increased significantly. As far as the detailed chemical morphology of the pyrolysis
products, KCl behaved similarly to NaCl. The participation of 0.004 mmoles
KCl/g of cellulose caused a steep decrease in levoglucosan yield (from 59 wt%
to 29 wt%). Previous studies had also explored the catalytic role of CaCl2 and
MgCl2, which were actually instrumental in the formation of 2-furaldehyde,
5-hydroxymethylfurfural and levoglucosenone, suppressing the formation of
levoglucosan [52]. The presence of Ca2+ and Mg2+ resulted in the preliminary
formation of char from cellulose, and the conversion of levoglucosan into furans
and other lower molecular weight oxygenates [53]. Nevertheless, compared with the
former cases of K+ and Na+, the decrease was slightly smaller. Take the yield of
levoglucosan into consideration, the order of most mild to strongest influence was
Mg2+ < Ca2+ < Na+ < K+ [51, 54]. In this study, cellulose could conveniently be
decomposed to levoglucosan without the catalytic effect of AAEMs.

10.3.2 Componential Analysis of Dilute Acid Hydrolysate
and Solid Residual

The amount of hemicellulose and cellulose in reed pole before and after dilute acid
hydrolysis, and the main components in dilute acid hydrolysate are analyzed and
listed in Tables 10.1 and 10.2, respectively. The un-pretreated sample consisted of
18.9 wt% hemicellulose and 53.1 wt% cellulose. As the water-soluble fraction was

Table 10.2 Analysis of compound and sugar yield in dilute acid hydrolysate

Samples

Compound concentration in acid hydrolysate (g/L) Sugar yield (wt%)

Acetic acid Furfural 5-HMF Xylose Glucose Xylose Glucose

Water-washed 0.1 ND ND 1.2 0.4 5.6 0.7

HCl-0.5% 2.2 0.2 0.04 15.9 2.7 74.1 4.6

HCl-5% 2.5 3.7 0.04 18.6 4.2 86.6 7.1

H2SO4-0.5% 1.0 0.6 0.04 14.7 2.1 68.4 3.6

H2SO4-5% 1.7 1.0 0.04 19.8 3.6 92.2 6.1

H3PO4-0.5% 0.5 0.02 0.03 11.8 2.3 54.9 3.9

H3PO4-5% 2.4 0.1 0.04 19.5 3.8 90.8 6.4

ND not detected
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released, the content of hemicellulose and cellulose in water-washed biomass
increased. Dilute acid hydrolysis was thought to be a favorable approach for the
hydrolysis of hemicellulose and amorphous cellulose, as hemicellulose took up
9.5 wt%, 6.3 wt% and 5.2 wt% in biomass pretreated by 0.5% H3PO4, H2SO4 and
HCl, respectively. Hemicellulose was proven to disappear absolutely at the residue
hydrolyzed by 5% acids regardless of the types of acid. As the principal fraction of
hemicellulose, xylan was converted to xylose in acid hydrolysis. The increasing
concentration of acid enhanced the formation of xylose. The percent of hemicellu-
lose in the acid hydrolysis residue decreased gradually from 18.9 wt% to 0 wt%. The
xylose yield increased from 5.6 to 92.2 wt%. At the acidic concentration of 0.5%,
the content of xylose in H3PO4 hydrolysate was 11.8 g/L, less than that 14.7 g/L
pretreated by H2SO4 and 15.9 g/L xylose pretreated by HCl. At the acidic concen-
tration of 5.0%, no apparent difference in xylose concentration was observed due to
a maximum peak effect achieved at a relatively probable concentration. The content
of glucose detected in hydrolysate pretreated differentially was kept in a narrow
variation ranging from 2.1 g/L to 4.2 g/L, which was evaluated as a small number
compared to xylose, and it could be explained by the harder saccharification of
crystalline cellulose than hemicellulose and amorphous cellulose. Acid pretreatment
improved the access to removing hemicellulose selectively, with most of the bulk
cellulose remaining in the residue. Cellulose took up 75.2 wt%, 78.1 wt% and
78.9 wt% in biomass pretreated by 5% H3PO4, H2SO4 and HCl, respectively. CrI
represented the relative ratio of crystalline cellulose contained in the biomass, which
was impacted by the presence of amorphous hemicellulose and lignin. Preferential
degradation of amorphous hemicellulose and less ordered cellulose by acid hydro-
lysis, caused the concentration of crystalline cellulose to increase in CrI of pretreated
biomass from 56.5% to 62.1% (Fig. 10.3), whereas hydrolysis went towards increas-
ing the formation of byproducts. The most common degradation products were
furfural for pentose and 5-HMF for hexose. With increasing acid concentration,
particularly, both furfural and 5-HMF, originating from the further decomposition of
carbohydrates, were exponentially generated.

After acid pretreatment, the elimination of hemicellulose and the accumulation of
crystalline cellulose could be beneficial to levoglucosan production. There exist
some interactions between the components of lignocellulose, dominantly process
in pyrolysis. Interactions of cellulose and hemicellulose facilitate the formation
of 2,5-diethoxytetrahydrofuran and compounds derived from hemicellulose (e.g.
furfural and acetic acid), suppressing the pathway leading to the formation of
levoglucosan [55, 56]. Liu et al. [57] also observed that hemicellulose promoted
the formation of hydroxyacetaldehyde and suppressed the production of
levoglucosan. Previous studies have shown that samples with a higher content of
cellulose have the potential to produce more levoglucosan [58]. The crystal allo-
morph and crystallinity of cellulose could influence the yield of levoglucosan, which
was mainly originated from crystalline cellulose [59]. Amorphous samples are easier
to be decomposed to a liquid phase than crystalline cellulose to form low molecular
weight compounds [60]. Higher yields of levoglucosan can be obtained from
cellulosic samples with higher crystallinity [59, 61].
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10.3.3 Thermogravimetric Analysis

The TG and DTG curves of un-pretreated and pretreated biomass are shown in
Fig. 10.4. Characteristic parameters of thermal degradation are summarized in
Table 10.3. The different relative content of components (hemicellulose, cellulose
and lignin) also leads to different pyrolytic profiles of each biomass. Hemicellulose
has the strongest reactivity relative to cellulose and lignin, and can be decomposed in
a lower temperature range. Cellulose, on the other hand, is the least reactive,
requiring higher temperatures to decompose. The thermal decomposition of
un-pretreated and water-washed reed pole exhibited two distinct peaks in the DTG
curves due to the preferential decomposition of hemicellulose, followed by cellulose.
After pretreatment with 5% dilute acid, the first shoulder vanished in the acid
pretreated biomass, indicating the removal of hemicellulose. It also confirmed that
the profiles of pretreated reed pole had higher Ti, Tmax andDmax compared with those
of un-pretreated sample. The proportion of cellulose in biomass pretreated by H3PO4

was less than that in samples pretreated by H2SO4 or HCl at an acidic concentration
of 0.5%. The Tmax matched the differences exactly on their content of cellulose
related to the types of acid used in pretreatment, of which the sample pretreated by
H3PO4 was 619 K and samples pretreated by H2SO4 or HCl was 626.6 K and
627.7 K, respectively. The severity of pyrolysis was expressed by P. Un-pretreated
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Fig. 10.3 XRD patterns of un-pretreated and pretreated biomass
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biomass had the lowest P value (7.8 �10�6%/K2) compared with the water-washed
(10.6�10�6%/K2) and dilute acid pretreated biomass (11.9�10�6 � 13.6�10�6%/
K2).

Table 10.4 shows that the kinetic parameters for the DAEM model, including
log10A at 15, 20 and 25. E is the global activation energy, which represents the

Table 10.3 Pyrolytic parameters of un-pretreated and pretreated biomass showing Ti initial
volatilizing temperature, Tt final volatilizing temperature, Tmax temperature of the maximum mass
loss rate, Dmax maximum mass loss rate, Mr proportion of pyrolytic residue, P comprehensive
pyrolysis index

Samples Ti (K) Tt (K) Tmax (K) Dmax (%/K) Mr (wt%) P �106 (%/K2)

Un-pretreated 471.1 698.5 616.6 1.1 11.2 7.8

Water-washed 481.2 676.0 628.0 1.3 5.6 10.6

HCl-0.5% 484.8 674.5 627.7 1.5 6.9 12.6

HCl-5% 511.0 676.0 622.2 1.4 8.8 13.6

H2SO4-0.5% 495.8 668.5 626.6 1.4 5.9 12.9

H2SO4-5% 477.6 676.9 632.5 1.5 6.0 11.9

H3PO4-0.5% 498.3 664.2 619.0 1.4 4.7 13.6

H3PO4-5% 497.6 679.3 632.3 1.5 6.3 13.1
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average activation energy of all reactions. The value of the global activation energy
represents the thermal stability of the sample and higher values indicate that the
sample is more difficult to decompose. The σ, which is the activation energy
deviation, indicates the range of activation energy distribution of a reaction
[62]. Smaller activation energy deviations imply more explosive pyrolysis reactions.
Each sample could obtain a suitable activation energy density distribution under
different pre-exponential factors because of the compensation effect. So, the deter-
mination coefficient was above 0.99, which shows that the model agreed well with
the experimental curve. Although f(E) depended on the change of the
pre-exponential factor, the characters and trends of the parameters reflected were
similar. The global activation energy E could be arranged in the following order:
un-pretreated < water-washed � dilute acid pretreated sample. The activation
energy deviation σ obeyed the following sequence: un-pretreated > water-washed
> dilute acid pretreated sample. Removal of hemicellulose and AAEMs, as well
as the accumulation of crystalline cellulose, could enhance the thermal stability of
biomass during pyrolysis.

It could be seen from the TG curve that the initial volatilizing temperature for
lignocellulose containing a great quantity of hemicellulose and AAEMs was lower
than the dilute acid pretreated lignocellulose. Similar to the kinetic analysis results,
the activation energy required for the decomposition of raw materials with more
hemicellulose and AAEMs was the lowest compared with dilute acid pretreated
cellulose. Hemicellulose began to decompose at a lower temperature range while
cellulose began to decompose at higher temperature intervals. Previous research
demonstrated that the presence of AAEMs could lower the initial temperature of
lignocellulose degradation. Where K+ is considered as an example. The catalytic
influence of K+ has been investigated in previous research [63, 64], where it was
shown that K+ could lower the initial and maximum temperature for decomposition,
thus reducing the maximum degradation rate and favoring the formation of char.
Since hemicellulose and AAEMs dissolved in the acids during the dilute acid
pretreatment of lignocellulose, cellulose was the main component decomposed
during the subsequent pyrolysis process, resulting in a smaller activation energy
deviation and a more explosive reaction. Due to the removal of AAEMs, the
formation of biochar in cellulose pyrolysis was also limited. Mr (proportion of
pyrolytic residue) analogically explained the weak removal by H3PO4 in hydrolysis,
of which the sample pretreated by H3PO4 was 4.7 wt% and samples pretreated by
H2SO4 or HCl was 5.9–6.9 wt%. The crystalline structure of biomass is altered
during acid pretreatment, which also plays a significant role in the thermal stability
of biomass. The crystalline structure affects both the thermal stability and the
required activation energy in the thermal decomposition of cellulose [65]. During
pyrolysis, amorphous cellulose decomposes more rapidly by heat and degrades at
lower temperatures, and substantial heat is absorbed for cleavage of the hydrogen
bond network before decomposition [66]. Higher crystallinity of cellulose acts as a
barrier for thermal degradation for its packed structure, and intramolecular hydrogen
bonds would play important roles in stabilizing the cellulose and suppressing
thermal expansion, which improves the thermal stability of cellulose [67]. Thereby,
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the acid pretreated biomass with higher crystallinity exhibited a higher endothermic
activity.

10.3.4 Fast Pyrolysis

The pyrolysate of lignocellulose is a mixture of various organic compounds, includ-
ing acids, phenols, furans, ketones, esters, aldehydes and dehydrated sugars
[68]. Levoglucosan, which is the target product after pyrolysis, has a sizable
proportion in the pyrolysis products. Although a large number of studies have
attempted to elaborate on the fast pyrolysis mechanism of the production of
levoglucosan from cellulose, there still exists much controversy about the potential
generative pathways, mainly including homolytic mechanisms, heterolytic mecha-
nisms and concerted mechanisms [69–71]. As shown in Fig. 10.5, the yield of
levoglucosan from the un-pretreated sample was very low. The yield of
levoglucosan rose from 4.8 wt% without pretreatment to 37.8 wt% after 0.5% dilute
acid pretreatment. Abilities to improve the levoglucosan yield were ordered as
HCl > H2SO4 > H3PO4. Enhancing the concentration of dilute acid can advance
the formation of levoglucosan. The highest levoglucosan yield could be obtained
from 5% HCl pretreated biomass (45.9 wt%). The promotion as currently envisioned
was mainly because of the demineralization, release of hemicellulose, and the con-
centration of crystalline cellulose after acid pretreatment. Acetic acid was the major
product of the pyrolytic degradation of hemicellulose. Due to the release of hemi-
cellulose by dilute acid hydrolysis, the yield of acetic acid decreased from 5.2 wt% to
0.5 wt%. Levoglucosan has the potential to be used as a favorable feedstock for
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fermentation to produce biofuels. However, a yield less than its theoretical one from
lignocellulose, and the existence of toxic compounds to microorganisms used in
fermentation limit application of the pyrolysate [1]. In the fermentation of pyroly-
sate, carboxylic acids are regarded as some of the most toxic inhibitors for growth
and metabolization of biocatalysts [72]. In sum, in the current study, the promotion
of levoglucosan production and reduction in the amount of inhibitors formed could
improve the fermentability of lignocellulosic pyrolysate. The utilization of dilute
acid hydrolysate of biomass for the production of biofuel or biochemistry via
microorganism fermentation has been widely demonstrated in previous investiga-
tions. Therefore, dilute acid pretreatment could not only saccharify hemicellulose
efficiently but also eliminate the negative influence of hemicellulose on the pyrolysis
of cellulose.

10.4 Conclusions and Future Outlook

Herein, the adaptability of an integrated process for lignocellulosic saccharification
is provided. The hemicellulose of the reed pole converts to fermentable sugars via
dilute acid hydrolysis first. The remaining solid residue from dilute acid hydrolysis,
consisting of abundant cellulose, can be utilized to release levoglucosan via fast
pyrolysis. Dilute acid hydrolysis as pretreatment could convert most of hemicellu-
lose of biomass and the yield of xylose could reach values as high as 92.2 wt%. The
yield of levoglucosan from acid pretreated biomass increased significantly from
acid pretreated biomass (45.9 wt%) compared with that of un-pretreated samples
(4.8 wt%) due to the demineralization, the release of hemicellulose and the accumu-
lation of crystalline cellulose through dilute acid pretreatment. The abilities to the
removal of AAEMs and hemicellulose, and improvement of levoglucosan yield were
ordered as HCl > H2SO4 > H3PO4. Further elevating acid concentration from 0.5%
to 5% in pretreatment could promote the formation of levoglucosan. The strategy in
this research provides a prospective approach for making full use of hemicellulose
and cellulose, and obtaining fermentable sugars for a future bio-refinery. Several
issues should be considered for further development:

1. Understanding the fundamental mechanisms responsible for levoglucosan for-
mation from cellulose.

2. Illustrating the physical structure features and chemical compositions of ligno-
cellulose in sub-micrometer and nanometer levels and their relationship with
levoglucosan formation in fast pyrolysis.

3. Optimizing the process (e.g. suitable feedstock, pretreatment, selective catalysts,
pyrolysis temperature, heating rate, residence time and reactor type) to improve
levoglucosan yield from biomass and reduce the toxicity of pyrolysate.

4. Developing a multifaceted strategy combining structural, biochemical and meta-
bolic engineering to favor the fermentation of levoglucosan in microorganisms.
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Chapter 11
Production of Phenols by Lignocellulosic
Biomass Pyrolysis

Joo-Sik Kim and Ki-Bum Park

Abstract Phenols are a class of aromatic compounds that have at least one benzene
ring joined with a hydroxyl group. Phenols are widely used in the manufacture of
chemicals, resins, synthetic fibers, pesticides, and dyes and products made from
phenols have become an indispensable part of modern life. The simplest form of
phenols is phenol, which is industrially prepared on a very large scale from petro-
leum. Fossil-based chemicals like fossil phenol, however, face depletion in the near
future. Hence, the demand for renewable chemicals is increasing, and this will also
enhance opportunities of sustainable products. Biomass pyrolysis is an attractive
route to produce valuable bio-chemicals. Representative bio-chemicals made via
pyrolysis of lignocellulosic biomass are phenols, acetic acid, levoglucosan, and
furfural. This chapter deals with the production of renewable phenols, especially
phenol, from lignocellulosic biomass pyrolysis. Types of lignocellulosic biomass
used in pyrolysis processes, and effect of reaction conditions on the production of
phenols are discussed along with applications of phenolic-rich bio-oils.

Keywords Phenolic compounds · Lignocellulosic biomass · Separation · Phenolic
resin

11.1 Biomass as Source of Phenols

For the last few decades, concerns about fossil fuel use related to environmental
issues, climate change, fluctuation in the price of oil and the depletion of abiotic
sources have been greatly discussed. Consequently, the need for alternative sources
of fuels and chemicals have encouraged people to explore renewable resources, such
as biomass, which have merit of carbon neutrality. Lignocellulosic biomass, plant
biomass that is composed of cellulose, hemicellulose, and lignin, is the most
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abundantly available biomass. However, the complex and rigid structure of ligno-
cellulosic biomass makes it challenging to use as a resource for value-added
renewable fuels and chemicals. A representative method for lignocellulosic biomass
use since early times has been combustion, in which the principal product is heat. In
contrast to combustion, pyrolysis of lignocellulosic biomass produces mainly a
liquid product called bio-oil, which can be used as a fuel or a chemical resource.
In the early phase of biomass pyrolysis, most research focused on the utilization of
bio-oil as fuel in engines or turbines. However, bio-oils produced via pyrolysis
cannot be directly adopted in existing energy infrastructures due to their low energy
density resulting from their high oxygen content, and their corrosiveness due to acid
content. Hence, new attempts have been explored to produce transportation fuels by
upgrading bio-oil, with methods such as hydrodeoxygenation or hydrothermal
cracking, but those methods have questionable economic viability. As an alternative
way to produce fuels, many studies in biomass pyrolysis are aiming to produce
biomass-derived valuable chemicals like phenols, acetic acid, and furfural. Of these,
phenols (or phenolic compounds), which are a class of chemical compounds
consisting of a hydroxyl group bonded directly to an aromatic hydrocarbon group
and derived from lignin decomposition, are one of the main compounds in bio-oils.
The simplest chemical form of phenols is phenol and it is one of the most important
intermediates in the petrochemical industry with applications in production of
chemicals like bisphenol-A, phenolic resins, cyclohexanone, and aniline including
chemicals in automotive, construction, electronics, paint, and adhesive industries
[1]. Figure 11.1 presents production and application examples for phenol.

More than 95% of phenol today is produced by the cumene process, which is an
industrial process for synthesizing phenol and acetone from benzene and propylene,
both of which originate from fossil fuel [2]. Currently, many researchers are trying to
produce biomass-derived phenols, known as renewable phenols, to replace fossil
phenols used in synthesizing chemicals and phenolic resins. However, there are still

Fig. 11.1 Production and application chain of phenol
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some hurdles to overcome. For example, in the case of the recovery of phenols from
bio-oil, low content of target phenols in bio-oil, and the high cost of the multi-step
separation are the main issues [1, 3]. In the synthesis of phenolic resins, methoxy
substituted phenols in bio-oil have low reactivity in synthesis [4]. Considering that
phenols production from biomass through pyrolysis is a promising method, it is
worthwhile to discuss the current state of research on biomass pyrolysis that aims to
produce phenols, and issues related to renewable phenols. For this purpose, this
chapter covers three areas of interest: (1) methods of production for phenolic-rich
bio-oils from lignocellulosic biomass using pyrolysis, (2) separation of phenols from
bio-oils, and (3) application of phenolic-rich bio-oils.

11.1.1 Biomass Feedstock Selection

Lignocellulosic biomass is the most abundant non-edible terrestrial biomass in the
world, and it includes woody and agricultural biomass [5]. As can be expected from
its name, lignocellulosic biomass is is mainly composed of holocellulose (cellulose
plus hemicellulose) and lignin, with a small amount of ash and extractives. The
fraction of each building block is varies for each type of biomass, and that is why
biomass selection is important. It is apparent that product distribution in biomass
pyrolysis is mostly determined when the feedstock is chosen. Lignocellulosic
biomass can be classified into hardwood, softwood, and grasses (herbaceous and
agricultural). Hardwood and softwood biomass can be distinguished by simple
chemical analyses [6]. Hardwood has a complex cell structure and a characteristic
type of cell (vessel element), while softwood has a simpler cell structure and does not
have a vessel element [7]. Hardwood comes from flowering plants (angiosperm).
Examples of hardwoods are maple, birch, oak, and willow. Softwood comes from
seed-producing plants (gymnosperm). Softwood includes pine, spruce, fir, and
cypress. Grass biomass is a vascular plant that does not have a woody stem.
Agricultural residues, such as rice straw, corn cob, corn stover, miscanthus, and
switchgrass are representative grass biomass. Each lignocellulosic biomass group
has a content range of cellulose, hemicellulose, and lignin. Hardwood contains
43–58 wt% cellulose, 22–30 wt% hemicellulose, and 14–28 wt% lignin. Softwood
contains 33–46 wt% cellulose, 21–25 wt% hemicellulose, and 26–34 wt% lignin.
Generally, softwood contains more lignin than hardwood. Grass biomass contains
less holocellulose and lignin than woody biomass and in contrast, grass biomass
contains more extractives and ash (almost 10–20 wt%) than woody biomass
(0–10 wt%) [8]. Some examples of chemical compositions of lignocellulosic bio-
mass are presented in Table 11.1. The values in Table 11.1 have been recalculated by
the authors on a dry basis, and the sum of constituents is 100%.

Each constituent of lignocellulosic biomass produces pyrolysis products. Fig-
ure 11.2 shows the main pyrolysis products of cellulose, hemicellulose, and lignin.

When cellulose is pyrolyzed, levoglucosan (LG), hydroxymethylfurfural, and
furfural are the main products. The main pyrolysis products of hemicellulose are
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LG, furfural, and acetic acid. Phenols (guaiacol, catechol, cresol, and phenol) are the
products of lignin pyrolysis [17]. To obtain phenolic-rich oil, hence, it is preferable
to select lignin-rich lignocellulosic biomass as a feedstock. As shown in Table 11.1,
softwood, barks (birch and pine), and shells (hazelnut and almond) have high lignin
content.

The next step after choosing a lignin-rich biomass for production of specific
phenols is to determine the characteristics of the lignin structure. Lignin has three
basic units: p-hydroxyphenyl (H unit), guaiacyl (G unit), and syringyl (S unit)

Table 11.1 Chemical compositions of various lignocelluosic biomass [9–16]

Cellulose Hemicellulose Lignin Extractive Ash

Hardwood 43–58 22–30 14–28 0–5 0–2

Oak 49.9 33.3 14.2 2.2 0.4

Beech 52.1 29.8 16.8 0.9 0.3

Willow 47.8 25.2 18.9 5.1 3.0

Aspen 57.7 22.2 18.2 0.6 1.3

Larch 44.6 24.8 28.5 1.5 0.5

Japanese beech 43.9 28.4 24.0 3.0 0.6

Poplar 53.3 26.8 19.3 0.0 0.5

Walnut 51.9 23.5 24.6 0.0 0.0

Maple 50.4 25.8 23.3 0.0 0.4

Birch 47.0 25.9 22.1 4.7 0.3

Birch bark 15.8 10.5 44.3 27.6 1.8

Softwood 33–46 21–25 26–34 0–4 0–4

Spruce 46.3 25.5 26.5 0.9 0.9

Gingko 33.5 23.7 30.2 3.5 9.2

Japanese cedar 38.7 23.2 33.8 4.1 0.3

Fir 45.4 21.2 30.3 2.6 0.5

Pine 45.1 24.8 28.4 1.0 0.6

Pine bark 23.5 9.8 32.7 30.0 3.9

Grassy and agricultural residue 30–48 15–32 10–31 0–18 1–15

Reed 47.3 29.9 10.9 3.2 8.7

Bamboo 42.9 32.7 17.1 5.7 1.6

Miscanthus 53.5 29.1 13.8 1.5 2.1

Banana 69.2 1.1 24.1 0.0 5.7

Sugarcane bagasse 56.3 16.9 23.9 0.0 2.8

Coir pith 26.8 15.5 31.7 14.0 12.0

Saw dust 31.3 21.2 28.7 7.7 11.0

Corn cob 39.3 24.4 17.9 7.9 10.5

Wheat straw 34.9 22.5 21.4 11.9 9.4

Rice straw 32.7 23.4 11.4 17.1 15.4

Switchgrass 32.4 25.5 18.4 17.7 6.1

Hazelnut shell 24.1 24.9 39.6 9.9 1.5

Almond shell 37.9 31.6 27.0 2.3 1.1
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(Fig. 11.3). The three units can be classified by the number of methoxy groups
attached to the aromatic ring. When no methoxy group is attached to the aromatic
ring, it is denoted as an H unit. Where one or two methoxy groups are attached to the
aromatic ring, it is defined as a G or S unit. The ratio of basic units is important in
producing a bio-oil with specific phenols, because a biomass having a high content
of a specific basic unit would produce a bio-oil rich in that unit. Bio-oils having high
content of G and S units have a low reactivity to aldehydes in the synthesis of
phenolic resins, due to the occupied methoxy group(s) at the ortho position to the OH
group of G and S units to which the aldehydes would be attached [18].

11.2 Production of Phenolic-Rich Bio-oil

Lignin is the most abundant aromatic source in nature [19]. Although many
researchers are fascinated by the aromatic orientation of the lignin structure, pro-
ducing aromatic chemicals, such as BTX (benzene, toluene, and xylene) or pheno-
lics, remains a challenging task [20]. Pyrolysis is a notable thermochemical method
that can depolymerize lignocellulosic biomass while preserving features of its
aromatic structure. Methods to produce phenolic compounds from lignocellulosic
biomass by pyrolysis can be divided into thermal (non-catalytic) and catalytic
pyrolysis.

11.2.1 Non-catalytic Pyrolysis

In non-catalytic pyrolysis, decomposition of a material is through heat alone.
Decomposed biomass turns into vapor, and a portion of the hot vapor condenses
into liquid as it cools, commonly called bio-oil. Uncondensed gases can be used as a
heating source for the reaction system. Some solid product remains in the reactor as
bio-char. As above, the pyrolysis product streams are bio-char, bio-oil, and

OH

OH

OH

OH

O
CH3

OH

OH

O O
CH3 CH3

p-hydroxyphenyl Guaiacyl Syringyl

Fig. 11.3 Basic units of lignin

294 J.-S. Kim and K.-B. Park



uncondensed gas. The product distributions from pyrolysis are highly dependent on
the characteristics of the feed material. Reactor design and pyrolysis conditions are
important parameters in non-catalytic pyrolysis. Namely, even though the same
biomass is chosen, product distribution in non-catalytic pyrolysis is multifarious
when different types of reactors and pyrolysis conditions are applied. Hence, to
obtain a high phenols yield, an optimal combination of biomass feedstock, reactor
design, and pyrolysis conditions must be determined.

In non-catalytic biomass pyrolysis, phenolics yield is generally not high because
hundreds of compounds are present in bio-oils [21]. Moreover, monophenols
(monomeric phenolic compounds or simple phenols), such as cresol, vanillin,
guaiacol, syringol, and phenol, are contained in bio-oil in only small amounts.
Oligomeric polyphenols, which contain a varying number of functional groups,
are the major phenols in bio-oil. Such oligomeric phenols are in a black, sticky,
water-insoluble phase, and they are called pyrolytic lignin (PL). The molecular
weight of PL generally ranges from several hundreds to 5000 Da, depending on
the type of feedstock and the pyrolysis conditions [22].

To increase phenols yield, especially monophenols, many researchers have tried
to determine the degradation mechanism of lignin. Schlosberg et al. [23] hypothe-
sized possible pathways for phenol generation based on a lignin model compound
(anisole). They reported that phenol was produced by CH3-O bond scission,
followed by H-abstraction. However, studies on the pyrolysis mechanism of lignin
are insufficient, because cellulose, hemicellulose, and lignin are strongly
intermeshed and chemically bonded, such bonding networks may affect product
distribution. Couhert et al. [24] reported that the pyrolysis product distribution could
shift due to interactions between real biomass components that are different from
physically mixed components. Hilbers et al. [25] found that phenolics production
was enhanced in the presence of cellulose at a low pyrolysis temperature (350 �C).
Zhao et al. [26] confirmed those results with TGA and Py-GC/MS. In contrast, Chen
et al. [27] reported that hemicellulosic volatiles promoted breaking of the branch
chains of lignin, and resulted in further cracking of phenols, which decreased the
phenols yield.

11.2.1.1 Effect of Non-catalytic Reaction Conditions

The content of chemicals in bio-oil, especially phenols, vary according to opera-
tional conditions, such as pyrolysis temperature, heating rate, and reaction atmo-
sphere. In this section, the effect of each parameter will be discussed.

1. Temperature
Temperature is one of the most important operational parameters in pyrolysis, and
one that significantly influences product distribution and production of special
chemicals. Generally, when the temperature increases, the gas yield increases,
and char yield decreases, whereas the oil yield increases up to a certain temper-
ature, and then decreases beyond that temperature. For this reason, finding the
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optimal temperature for high production of phenolics is critical in non-catalytic
pyrolysis. Horne et al. [28] pyrolyzed a mixture of waste wood shavings in a
fluidized bed reactor, and reported that the maximum phenolics yield was
obtained at 500–550 �C. Hekstra et al. [29] conducted pyrolysis of pinewood
with a low mineral content in a fluidized bed reactor and found that the phenolics
yield increased with increasing temperature between (400 and 550) �C. Choi et al.
[18] conducted pyrolysis experiments of palm kernel shells (PKS) using a
fluidized bed reactor, and obtained the maximum content of phenols in bio-oil
(24.8 wt%-GC detectable) at 500 �C. Moreover, they reported that the phenol
content in bio-oil, which was calculated by the GC external standard method, was
also very high (8.1 wt%). Bai et al. [30] determined that during the pyrolysis of
lignin, re-oligomerization was stronger than thermal cracking up to 500 �C. Liaw
et al. [31] conducted the pyrolysis of woody biomasses using Py-GC/MS, and
reported that the phenols yield was maximized at (450–500) �C. Liu et al. [32]
found that the selectivity for phenols within each lignin unit in pyrolysis showed a
different trend with an increase in temperature. Namely, formation of phenols
from the p-hydroxyphenyl unit increased with increasing pyrolysis temperature at
(400–800) �C, while phenols from the syringyl unit decreased. Selectivity for
phenols from the guaiacyl unit was maximized at 600 �C. In conclusion, the
optimal temperature for a high yield of phenols varies with the reactor configu-
ration and other variables, but generally it appears to fall within a range from
400 �C to 550 �C from the viewpoint of phenols yield and energy efficiency.

2. Heating rate
Heating rate is usually used as a guide for classifying pyrolysis, i.e., flash
(>1000 �C/s), fast, and slow pyrolysis (<10 �C/min). Heating rate is a charac-
teristic coupled with reactor configuration. For example, a batch reactor is
suitable for slow pyrolysis, which heats the feed material slowly with a long
vapor residence time, and a fluidized bed reactor is suitable for fast pyrolysis,
which has a short vapor residence time. Safdari et al. [33] conducted the pyrolysis
of biomass and found that fast pyrolysis was more favorable for phenol produc-
tion than slow pyrolysis. The authors reported that the hydroxyl and methyl
attachments to the aromatic ring of phenols were removed during fast pyrolysis
experiments. Greenhalf et al. [34] conducted pyrolysis of willow using a Py-GC/
MS, and they too obtained a higher phenolics yield with fast pyrolysis than with
slow pyrolysis. Wang et al. [35] performed the pyrolysis of Jerusalem artichoke
stalk with a high heating rate range (100–10,000) �C/s with a Py-GC/MS system
and reported that too high a heating rate was unfavorable for the production of
phenols. They found that an increase of heating rate improved acids production
while reduced phenols production. It is widely accepted that a high heating rate
up to a certain level can be applied in phenol production. Further, particle size,
which has an influence on the heat transfer rate (or heating rate), is an important
influence in phenols production. If a particle is large, a longer time is needed for
heat to penetrate (internal heat transfer) to the core of the biomass. It has been
reported that when the particle size increased from (0.3 to 3) mm, the PL yield
was reduced to half [36].
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3. Reaction atmosphere
Pyrolysis is usually conducted under a nitrogen atmosphere to achieve inert
conditions. Sometimes, other gases or reagents are introduced to achieve reduc-
tive (CO and hydrogen-donor reagents) or mild oxidative atmospheres (CO2 and
steam) [37–39]. Some experimental data with different reaction atmospheres are
presented in Table 11.2.

A reductive atmosphere reinforces the cracking of lignin to enhance phenolics
production [40]. Zhang et al. [37] conducted the pyrolysis of corncob in various
atmospheres using a fluidized bed reactor. It was reported that phenols content was
decreased (33–28) wt% when N2 atmosphere was substituted by CO, but phenol
content was increased (3.0–3.8) wt%. Britt et al. [39] reported that the use of a
hydrogen donor augmented the initiation of a free-radical process. Zhou et al. [40]
conducted pyrolysis of lignin-model compounds (syringol, guaiacol, and phenol)
with hydrogen donors (methanol, acetone, and diethyl ether). Among the hydrogen
donors, methanol was found to be the most effective agent for phenols production,
accelerating phenols production by promoting reactions with aromatic phenoxy

Table 11.2 Pyrolysis experiments with various reaction atmospheres

Gas or
reagent

Reactor
configuration

T
(�C) Feedstock

Phenols
content in
bio-oil (wt%)

Phenol
content
in bio-oil
(wt%) Ref.

Reductive

N2 Fluidized
bed

400 Corncob 33 3.0 Zhang et al. [37]

CO 28 3.8

H2 35 2.5

No
reagent

Fixed bed 700 Syringol 0.3 Zhou et al. [40]

Methanol 1.9

N2 Microwave 550 Medicinal
herb
residue

20.5 1.2 Zhang and Zhang
[41]CO 22.5 3.6

H2 19.7 1.5

Oxidative

N2 Fluidized
bed

400 Corncob 33 3.0 Zhang et al. [37]

CO2 27 4.1

N2 Microwave 550 Medicinal
herb
residue

20.5 1.2 Zhang and Zhang
[41]CO2 16.5 1.8

N2 Fluidized
bed

290 Radiata
pine

1.6 0.03 Butt [42]

N2 + O2

(20 vol.
%)

2.2 0.00
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radicals from the O-CH3 bond homolysis of syringol and inhibiting the
dehydroxylation of primary phenols. Further, in oxidative pyrolysis, CO2 or molec-
ular oxygen proved to promote the depolymerization of lignin by enhancing free
radical formation [42]. As shown in Table 11.2, when CO2 was applied as carrier
gas, the phenol content clearly increased, but the total phenols content decreased
[37, 41]. When a small amount of oxygen was added to N2, a small increase (~0.6 wt
%) in phenols could be observed.

11.2.1.2 Reactor Design

Along with pyrolysis conditions, reactor design greatly affects the yield of phenols.
It can be seen that product distribution is dissimilar for different reactor configura-
tions. Different reactor configurations will allow similar reaction conditions in
pyrolysis, but they result in different ways to produce phenols. Many types of
pyrolysis reactors have been developed and modified to obtain high yield of special
chemicals. Typical reactors for biomass pyrolysis have been fixed bed, fluidized bed,
ablative, rotating cone, and auger reactors [5, 21, 43]. Some of those reactors have
applied for the production of phenols. For example, Kim et al. [44] carried out
pyrolysis of PKS using a fluidized-bed reactor, and obtained a maximum bio-oil
yield of 49 wt%. The maximum content of phenol and phenolic compounds in the
bio-oil amounted to 22 area% and 70 area%, respectively. Bertero et al. [45]
performed pyrolysis of palm residues in a fixed bed reactor. The yields of bio-oil
plus tar ranged from 35 wt% to 44 wt%, and the phenols contents in the bio-oils from
the two residues were 23–35 wt% and 67–77 wt%, respectively. Conventional
pyrolysis reactors, however, showed limited success in the production of phenols
due to problems related to heat transfer and heat loss. The following sections cover
some promising and distinctive pyrolysis reactor configurations that have been used
for chemical production, especially phenols, such as microwave-assisted pyrolysis
and stepwise pyrolysis reactors.

1. Microwave-Assisted Pyrolysis Reactor
Microwave-assisted pyrolysis was one of the intensively investigated technolo-
gies of the 2010s. The main characteristic of this reactor is the heating of the
feedstock directly from the inside using microwaves. Figure 11.4 shows a
comparison between conventional and microwave-assisted pyrolysis.

In conventional pyrolysis reactors, heat is introduced to feedstock from the
outside, and directed to the center of the biomass via conduction, convection, or
radiation [47]. Such heating by conventional pyrolysis turns out to be inefficient
because high energy is consumed as heat is transferred into the core of the
feedstock [46]. However, microwave-assisted pyrolysis can achieve high heating
rates, attain high energy efficiency and minimize undesirable secondary reactions
due to lower temperatures in the microwave cavity. The other beneficial point of
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microwave pyrolysis is that it does not require small feedstock sizes, which
means that additional energy can be saved in the shredding process. However,
the microwave-assisted pyrolysis systems are difficult to scale-up because the
penetration limit of microwaves is typically only 1–2 cm [48]. High electricity
consumption, high operational cost, and hot spot formation from irregular micro-
wave irradiation are the main obstacles to its commercialization. At any rate,
microwave-assisted pyrolysis has proven to be appropriate for phenols produc-
tion in many works. Aziz et al. [49] conducted pyrolysis of PKS, wood chips, and
sago waste (SW) with a microwave-assisted pyrolysis system, and found that the
heating rate had a strong influence on the production of phenols. In this work, the
bio-oil yield was relatively lower than that from a fluidized bed reactor system,
but high phenol contents were obtained with PKS (31 area%) and SW (19 area%).
Yerrayya et al. [50] carried out pyrolysis of lignin in a microwave-assisted reactor
and investigated the effect of mass ratio of lignin to susceptors and different types
of susceptors (activated carbon, charcoal, and graphite) in microwave-assisted
pyrolysis. Among the susceptors, activated carbon showed the highest perfor-
mance in phenol production. The highest content of monophenolic compounds
amounted to 64 wt%, and the content of simple phenols (monophenolic com-
pounds without a methoxy group) were up to 40 wt%. Wang et al. [51] conducted
pyrolysis of rice straw having a lignin content of 14.5 wt% using a microwave-
assisted pyrolysis system and showed that the phenolics and phenol contents were
maximized at 40.6 wt% and 8.3 wt%, although the rice had a low lignin content
relative to other kinds of biomass.

2. Stepwise Pyrolysis
Stepwise pyrolysis was developed based on the different thermal degradation
behavior of the main biomass components (cellulose, hemicellulose and lignin).
Cellulose and hemicellulose are decomposed in the temperature range of
(315–400) �C and (220–315) �C, respectively, while lignin is decomposed
under a wide temperature range (ambient to 900 �C) [43]. Using the stepwise
pyrolysis approach, phenolic-rich bio-oil can be obtained by separating
holocellulose-originated products. Murwanashyaka et al. [52] conducted

Fig. 11.4 Comparison of heating direction of conventional and microwave-assisted pyrolysis.
(Adapted with permission from Morgan et al., Bioresource Technology (2017), 230, 112–121
[46]. Copyright 2017 Elsevier.)
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stepwise pyrolysis of birch to study phenols production in certain temperature
ranges. The reaction temperature range was divided into five stages: (25–200) oC,
(200–275) oC, (275–350) oC, (350–450) oC and (450–550) �C. They found that
the active formation of phenols occurred in the temperature range of
(275–350) �C, and demethoxylation at (350–450) �C. Zhang et al. [53] carried
out the two-step pyrolysis of corncob using a Py-GC/MS, and reported that
stepwise pyrolysis enriched valuable chemicals such as phenols in comparison
with one-step pyrolysis. Oh et al. [54] conducted pyrolysis of PKS using a
continuous two-stage pyrolysis process that employed an auger reactor and a
fluidized bed reactor connected in series (Fig. 11.5).

In that work [54], the auger reactor operated in the temperature range of
(290–380) �C to separate products derived mainly from hemicellulose and
cellulose, and the fluidized bed reactor operated at approximately 520 �C,
mainly for lignin degradation. Bio-oil obtained from the auger reactor was
abundant in acetic acid and furfural, whereas bio-oil from the fluidized bed
reactor contained high levels of acetic acid and phenol. The maximum phenol
concentration in the bio-oil was approximately 12 wt%. A further study by the
same group reported that a high-temperature auger reactor (typically 300 �C)
located in front of the fluidized bed reactor helped to increase the phenol
content in the bio-oil obtained in the fluidized bed reactor by activating
polymeric molecules inside the auger reactor for the decomposition of the
molecules in the fluidized bed reactor.

Fig. 11.5 Diagram of a
two-stage pyrolysis process
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11.2.2 Catalytic Pyrolysis

Chemical production via non-catalytic pyrolysis typically has low yields of target
compounds, because bio-oils derived from lignocellulosic biomass contain several
hundreds of chemicals. To enhance the yield and selectivity of specific chemicals,
catalysts have been applied to pyrolysis. To obtain the desired products by catalytic
pyrolysis, a preliminary understanding of the chemistry of reactions is required. In
catalytic pyrolysis, each catalyst induces a featured reaction pathway and specified
product(s) in abundance. According to the type of catalyst applied, the distribution,
and the kind of active site where the actual interaction occurs between feedstock and
catalyst, the product distribution varies. Moreover, it can be shifted even when the
same catalyst is used if reaction conditions and reactor configurations are different.
For example, Gamliel et al. [55] conducted catalytic fast pyrolysis using a micro-
reactor (Py-GC/MS) and a bench-scale reactor (spouted bed) and found that the
product distribution was different according to the pyrolysis apparatus used. In the
catalytic pyrolysis of lignocellulosic biomass, most research has used batch or fixed
bed reactors because they make it easy to control reaction conditions. Two methods
of catalytic pyrolysis can be differentiated based on the method of contact between
the catalyst and pyrolytic vapors [8]. One is the in-situ method, and the other is the
ex-situ one. In the in-situ method, a catalyst is directly introduced to the reactor, and
it is then mixed with feedstock during pyrolysis. In the ex-situ method, a catalytic
reactor is installed after the main pyrolysis reactor to achieve contact between the
catalyst and pyrolytic vapor. The in-situ method has merit for minimizing secondary
reactions (reducing bio-oil yield) between the pyrolytic vapor and catalyst, and for
suppressing repolymerization. However, in the in-situ catalytic pyrolysis, biomass
pyrolysis and the catalytic reaction occur in the same reactor, which makes it difficult
for in-situ catalytic pyrolysis to occur under optimal reaction conditions. Further, the
deactivation of a catalyst by poisoning with biomass ash can occur during in-situ
catalytic pyrolysis. On the other hand, the ex-situ method has merit for controlling
each reactor at their respective optimal reaction conditions and minimizing the
deactivation of catalysts by char ash. However, the ex-situ method is considered
less economical than the in-situ method. There are many points to consider when
using catalysts in the pyrolysis of lignocellulosic biomass, such as catalytic activity
and stability, catalyst cost, the reaction mechanism of catalysts, reactor configura-
tion, reaction conditions, and the type of active sites in the catalysts. In this section,
the characteristics of catalysts for phenols production is mainly discussed for an
overall understanding of phenols production via catalytic pyrolysis.

11.2.2.1 Metallic

Widely adopted metallic catalysts in catalytic pyrolysis are in the form of metal
oxides (MxOy). Metal oxides can be classified as acidic, base or transition metal
oxides. Each group has its own featured characteristics. Acidic metal oxides can
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promote the dehydration, decarbonylation, and cracking of organic molecules
[8]. By such reactions, gas yield increases at the expense of oil yield. Further,
more acidic metal oxides, such as alumina, enhance aromatic and polyaromatic
production. Base metal oxides promote deoxygenation by ketonization and aldol
condensation [56]. Base metal oxides, such as MgO and CaO, can have both acidic
and basic roles. Besides metal oxides, other metallic catalysts combined with
carbide, or sulfide, phosphide can be used for catalytic pyrolysis. Transition metal
oxides show complicated catalytic properties and have versatile reaction mecha-
nisms. Many studies in which transition metal oxides were used indicated that most
transition metal oxides, such as Fe2O3, NiO, TiO2, and ZnO, increased gas and char
yields, while they decreased bio-oil yield [57]. Of the three types of metallic
catalysts, transition metal oxides were found to be appropriate for phenolics pro-
duction [58]. Nair et al. [59] conducted the catalytic fast pyrolysis of alkali lignin
using transition metal oxides (TiO2, CeO2, and ZrO2) and determined that TiO2 was
favorable for phenols production. TiO2 is thermally excited in the hot atmosphere to
generate OH radicals, which induces free radical reactions (demethoxylation and
demethylation) to form simple phenols [60]. To enhance catalyst performance,
active species can be impregnated onto catalysts. Zhang et al. [61] stated that Fe
(III)/CaO showed better performance in transforming heavy phenols into light
phenols without a methoxy group than CaO. However, some catalysts could induce
further reaction of phenolics to decrease phenolics yield. Cu and Mo based catalysts
showed good performance in cleaving the C–O bond to transform phenolics into
aromatic hydrocarbons such as benzene, toluene and xylene [62]. Table 11.3 pre-
sents characteristics of metallic catalysts that are favorable for formation of phenols.

11.2.2.2 Zeolites

Zeolites are the most extensively applied catalyst in catalytic biomass pyrolysis.
Because zeolite has a micro-porous structure, only small molecules can travel into its
pores and contact internal acid sites. The acid sites of zeolite depolymerize lignin,
and the small pore diameter of zeolite prevents repolymerization and coke formation
[71]. When zeolites are used, product distribution is highly affected by its acidity and
pore size. For example, high acidity promotes further deoxygenation of phenols to
form alkyl aromatics (benzene, toluene, and xylene), and the selectivity of phenol
sharply decreases [72]. Pore size is determined by zeolite structure. Ma et al. tested
four types of zeolites with similar Si/Al ratio: FAU (~7.4 Å), MOR (~6.7–7 Å), BEA
(~6.6 Å), MFI (~5.4–5.6 Å) and determined out that medium pore size zeolite (BEA)
was most suitable for phenol production [73]. Research studies have implied that the
catalyst to biomass ratio (C/B) and Si/Al ratio of zeolites are important factors in the
selectivity of phenols [74–76]. Table 11.4 shows the kinds and characteristics of
zeolite catalysts widely used for production of phenols.

Xue et al. [74] reported that bio-oil yield decreased from 50 wt% to 28 wt% when
the C/B ratio increased from 0.5 to 2, which was because the addition of more
catalyst promoted cracking reactions to transform liquid into gaseous products.

302 J.-S. Kim and K.-B. Park



Lazaridis et al. [76] stated that phenols production was enhanced when a high
amount of ZSM-5 zeolite having a relatively high Si/Al ratio (approximately 40)
and a few strong acid sites were used.

11.2.2.3 Catalyst Deactivation

There is no doubt that catalysts play an important role in biomass pyrolysis. Along
with the cost of catalysts, however, catalyst deactivation is a research topic. The
deactivation of catalysts is a complicated process mainly derived from the combi-
nation of coke deposition, poisoning, and eventual dealumination [5]. Firstly, coking
is the most important deactivation mechanism for the catalytic pyrolysis of biomass.
Coking generally occurs through the repolymerization and polycondensation of
pyrolytic vapor in a reactor. In the case of porous catalysts like zeolites, most coking
takes place at external acid sites. In phenols production via catalytic pyrolysis, the
coke problem is far more severe because phenols are representative coke intermedi-
ates [82]. Secondly, poisoning is generally caused by heteroatoms in the biomass,
such as nitrogen, chlorine, and oxygen. Chemicals that contain heteroatoms can
cover acid sites or compete with desirable products, resulting in deteriorated catalyst
activity. Lastly, dealumination is the loss of active sites in zeolite caused by high
temperature and water content [83]. Dealumination is serious because it is an

Table 11.3 Examples of metallic catalysts favorable to phenols

Feedstock Catalyst

Phenol/phenols
content in
bio-oil (wt%) Features Ref.

Poplar
wood

Pd-Ce/
TiO2

~3/37 High cracking activity of oligomeric
phenols

Lu et al. [63]

Guaiacol W2C/
CNF

46/� Low ring-hydrogenation activity Jongerius
et al. [64]

Guaiacol V2O5 41/� Removing an oxygen atom from
guaiacol to form water

Filley et al.
[65]

Guaiacol Pd/C 95/� Lower deoxygenation activity of phe-
nol to benzene

Sun et al.
[66]

Guaiacol Pt-Sn ~70 Deoxygenation of methoxy group González-
Borja and
Resasco [67]

Milled
wood
lignin

Organic
Na

30/51 Elimination of alkyl substituents Jakab et al.
[68]

Poplar
wood

K3PO4/
Fe3O4

12/69 Promoting the decomposition of lig-
nin and inhibiting the devolatilization
of holocellulose

Zhang et al.
[69]

Anisole Al2O3/
MgO

20/� Formation of phenoxide (PhO�) at
acidic site (Al2O3) and hydrogen rad-
ical (H+) at basic site (MgO) to pro-
duce phenol

Strassberger
et al. [70]
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irreversible reaction, which means that recovery by regeneration of zeolite is not
possible.

Many researchers have investigated methods to prevent the deactivation of
catalysts. Neumann et al. [84] incorporated cerium into a hierarchical HZSM-5
catalyst, and reduced coke formation by reducing the acidity of the external acid
sites. Wang et al. [85] conducted a pre-coked treatment of strong external acid sites
of HZSM-5, while the internal acid site was preserved, and determined that the
stability and activity greatly improved. Ma et al. [86] conducted regeneration of
H-USY zeolite by calcination in air at high temperatures and claimed that porosity
and acidity were well restored.

Table 11.4 Examples of zeolite catalysts favorable to the production of phenols

Feedstock Catalyst

Phenol/
Phenols
content in
bio-oil (wt%) Features Ref.

Maize straw ZSM-
5@SBA-
15

�/54 Primarily cracked in the
mesoporous shell and later undergo
a series of deoxygenation reaction

Xue et al.
[74]

Alkaline
lignin

Spent
FAU

�/90 Loss of acid site of zeolite inhibit
transformation of phenols to BTX

Ma et al.
[75]

Kraft lignin Various
pore size
ZSM-5

4/30 Promote dealkoxylation of large
phenolic compounds and inhibit
further dehydration of phenols

Lazaridis
et al. [76]

Alkaline
lignin

HZSM-5 �/~35 Phenol is tightly bound to the acidic
active site without further
degradation

Ma et al.
[77]

Alkaline
lignin

Na/
ZSM-5

�/~32 Porous without acidic site structure
stabilize intermediates (such as
phenol)

Ma et al.
[77]

Beechwood Co/
ZSM-5

�/39 Decrease of Brønsted sites which
are masked by metal ion

Iliopoulou
et al. [78]

Beechwood Co/
ZSM-5

�/41 Decrease of Brønsted sites which
are masked by metal ion

Iliopoulou
et al. [78]

Rice husk Pt-Meso-
MFI

3/20 Outstanding cracking ability of
heavy phenols to light phenols

Jeon et al.
[79]

Alkylphenols ZSM-5
and USY

95/� Alkylphenols are converted mainly
into phenol by efficient
dealkylation

Verboekend
et al. [80]

Ethylphenols ZSM-5,
beta, etc.

96/� Brønsted and Lewis acid sites
catalyse ethylphenol dealkylation to
phenol

Liao et al.
[81]
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11.2.3 Characterization of Bio-oil Components

Bio-oil derived from pyrolysis of lignocellulosic biomass is a complex mixture of
chemicals, including water, acids and polar organic compounds. Bio-oils are gener-
ally composed of more than 400 different chemical compounds. Organic chemicals
in bio-oil can be classified as sugar-based components, alcohols, acids, ketones,
ethers, aliphatic, alkyl aromatics, phenols, and furans. In addition to the chemical
categories in bio-oil, compounds having a vast range of polarities and molecular
weights (up to thousands of Daltons) are present. According to the polarity and
molecular weight range, different analytical techniques must be considered for
analysis of bio-oil. For low-molecular-weight and weakly polar (or nonpolar)
chemicals, gas chromatography (GC) can be adopted. For polar chemicals, use of
high-performance liquid chromatography (HPLC) is appropriate. For high molecular
weight chemicals, gel permeation chromatography and high-resolution mass chro-
matography are good options. To determine water content, Karl Fischer titration is
widely used. Along with these analytical methods, nuclear magnetic resonance
(NMR) aids in unraveling chemical structures and functional groups, while calorim-
etry helps to estimate the heating value of a bio-oil, and elemental analysis provides
molar ratios of elements in bio-oil. For fuel applications of bio-oil, physical proper-
ties are measured by several analyzers, such as a viscometer, densitometer,
flashpoint tester, and pour point analyzer. As such, a combination of analytical
methods are needed to determine bio-oil characteristics, but it can be a time-
consuming and costly task. Hyphenated chromatographic and spectrometric tech-
nologies, including GC � GC, LC � LC, and GC mass spectroscopy (GC/MS), are
being used for efficient analysis of bio-oil [5]. Hyphenated chromatographic systems
are useful for bio-oil characterization when peaks of different chemicals overlap.
Using columns with dissimilar polarities can separate peaks two-dimensionally [87].

One of the most reliable options for phenols qualification is GC/MS, and for
quantification, the GC-flame ionization detector (GC-FID). While GC/MS is usually
used as a semi-quantitative method, GC-FID is adopted for accurate quantification.
In the quantitative step, a calibration method is essential due to imperfection of the
detectors. The internal standard method is appropriate for calibration of overall
products. For quantitative analysis of target chemicals, for example phenol, the
external standard method is usually applied. A detailed methodology for GC is
well presented by Bicchi et al. [88]. The limitations of the GC method are that it is
only applicable to low molecular weight compounds. Higher molecular weight
compounds, such as PL, are difficult to identify with GC. 31P-NMR is one possible
option for estimating the relative amount of phenols in bio-oil since determination by
chemical shift can distinguish each functional group [89].

11 Production of Phenols by Lignocellulosic Biomass Pyrolysis 305



11.3 Separation of Phenols from Bio-oil

Low content of phenols, which is a result of the complexity of bio-oil, limits the
direct application of phenols derived from the pyrolysis of lignocellulosic biomass.
For effective application of phenols, phenols in bio-oil must be enriched with
separation techniques such as solvent extraction, column chromatography, and
distillation [48]. In this section, representative separation techniques for phenols
will be discussed.

11.3.1 Solvent Extraction

Solvent extraction is a separation technique that isolates target chemicals using
selective solvents, leaving other chemicals in other phases. It is the most commonly
used separation method for chemicals from bio-oil, and many solvents have been
examined by researchers [90]. Some commonly used solvents for phenol extraction
are presented in Table 11.5.

In solvent extraction, an understanding of the characteristics of the solvents being
used is very important. By using a proper solvent, high recovery of the desired
chemicals can be obtained. Wei et al. conducted a liquid-liquid extraction of biomass
pyrolysis oil using several solvents (e.g., hexane, petroleum ether, and chloroform)
and obtained extracted oil with a high concentration of phenols (85 wt%) [94]. Most
works using liquid-liquid extraction have followed a similar procedure. Firstly,
bio-oil is dissolved in organic solvent, and phenols are extracted by aqueous alkaline
solution. After that, procedures for the recovery of phenols using solvents proceed
[1, 91–93]. Mantilla et al. [95] compared extraction methodologies by testing
toluene, methyl isobutyl ketone (MIBK), and ethyl acetate as solvents, and con-
cluded that ethyl acetate was the most appropriate solvent for phenols extraction.
Other research, however, has reported controversial results. Žilnik and Jazbinše [96]

Table 11.5 Examples of solvents for phenols extraction

Feedstock Solvent Procedure Ref.

Eucalyptus
wood

Ethyl acetate Dissolve bio-oil in ethyl acetate and extract phe-
nols by aqueous alkaline solution in phenolate
ion and regenerate phenol with sulfuric acid

Amen-
Chen
et al. [1]

Alcell
lignin

Dichloromethane Dissolve bio-oil in diethyl ether and extract phe-
nols by NaOH solution and extract phenol with
dichloromethane

Thring
et al. [91]

Organosolv
lignin

Ionic liquid Dissolve bio-oil in ethyl acetate and extract phe-
nols by NaOH solution and extract phenols with
ionic liquid ([chloine][NTf2])

Cesari
et al. [92]

Model
bio-oil

Acetic ether Precipitate bio-oil bi Ca(OH)2 with ammonia
solution and filter residue and extract phenols
with acetic ether

Wang
et al. [93]
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conducted solvent extraction with various solvents and aqueous solutions. They
concluded that MIBK in combination with NaOH solution was the most appropriate
solvent for the extraction of phenols from bio-oil. The difference in the two results
seems to arise from different process designs and extraction procedures. Along with
water-soluble light-molecular-weight phenols, water-insoluble PL is a valuable
product in bio-oil. PL can be applied to the synthesis of phenol novolac resins.
Zhang et al. [97] carried out research on the recovery of PL from bio-oil via cold-
water precipitation under several mixing methods (magnetic stirring, high-speed
homogenization, and ultra-sonication) and determined that the PL samples obtained
were similar for every mixing condition. The authors reported that an important
factor for the recovery of PL was the water content in bio-oil. When the water
content was high, separation of PL was insufficient, and the utilization of both water-
soluble fraction and PL was inhibited. Although solvent extraction is an attractive
method for the recovery of phenols, it has drawbacks to overcome. For example, a
large volume of organic solvent is usually needed in solvent extraction, and hence, a
large amount of discharged wastewater containing pollutants is a challenging prob-
lem for industrial application [93]. Recently, supercritical fluid extraction (SFE) was
developed as an environmentally friendly extraction method. SFE has several merits,
such as [48]:

1. Operates at low temperatures, preventing undesirable reactions during extraction;
2. Flexible in modulating solvent power and selectivity;
3. Does not require polluting organic solvents;
4. Gains economic feasibility by not using expensive organic solvents.

The most commonly used supercritical fluid solvent for extraction is carbon
dioxide (CO2), which is relatively inert (reactive with amines, NaOH), inexpensive,
readily available, odorless, and safe. Patel et al. [98] conducted the SFE of bio-oil
from the pyrolysis of sugarcane bagasse with CO2 and reported that the phenol
concentration in the extract was maximized at 72 wt%, and the total yield of the
extracted oil amounted to 15 wt%. Chan et al. [99] conducted the SFE of bio-oil
derived from PKS, also with CO2, reporting that the yield of extract increased with
increasing extraction temperature and pressure. In their work, the phenol content in
extracts ranged from 7.3 to 8.2 wt%.

11.3.2 Column Chromatography

Column chromatography is a separation method that uses the “like dissolves like”
concept. When bio-oil is fed to a column packed with stationary phase, bio-oil
components are held on the stationary phase. Then, with the use of an appropriate
mobile phase, phenols can be separated from other chemicals. Cao et al. [100]
separated phenols using column chromatography with silica as a stationary phase
and two mobile phases that included n-hexane for hydrocarbons and ethyl acetate for
phenols. The GC � GC-FID results confirmed that the successful separation of
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phenols and hydrocarbon fractions was achieved by column chromatography. Hao
et al. [101] conducted separation of high-purity syringol and acetosyringone from
rice straw-derived bio-oil by column chromatography and obtained a high-purity
syringol (91.4%) and acetosyringone (96.2%) with recovery ratios of 73% and 39%,
respectively. Further, Zheng et al. [102] carried out isolation of hazardous phthalate
esters from bio-oil. Although column chromatography is a generally inexpensive and
robust separation method, it has a critical drawback. Namely, it has low throughput.
For this reason, column chromatography is usually considered suitable mainly for
highly valuable chemicals or for removing hazardous materials.

11.3.3 Distillation

Distillation is one of the oldest separation techniques that is applicable to bio-oil
components based on the difference in component boiling points and mean free
paths. According to the operating pressure and medium, distillation can be classified
as atmospheric, vacuum, steam, or molecular distillation. Atmospheric and vacuum
distillations, which separate chemicals at atmospheric and vacuum conditions, are
relatively inexpensive, but coke formation at high temperatures, long operational
times, and low efficiency are hurdles for these techniques [103]. Elkasabi et al. [104]
conducted atmospheric distillation of bio-oil derived from the pyrolysis of eucalyp-
tus and enriched the phenols from 5.3 wt% to 40–45 wt%. In steam distillation,
steam is introduced to the distillation apparatus and decreases the boiling points of
bio-oil components and the viscosity of bio-oil. Due to low distillation temperatures,
secondary thermal reactions (polymerization, degradation, and oxygenation) of
thermally sensitive compounds can be suppressed. Murwanashyaka et al. [105]
carried out the steam distillation of bio-oil and recovered 88.2% of phenols at a
steam-to-oil ratio of 27. Different from other distillation techniques, molecular
distillation exploits the difference between the mean free paths of the compounds.
In high vacuum conditions, the distance between the evaporation and condensation
surfaces is less than or equal to the mean free path. Because of this, molecules can
easily evaporate and condense without hindrance [103]. The merits of molecular
distillation are its low operating temperatures, short distillation times, high separa-
tion efficiency, and viability for thermally sensitive compounds. Wang et al. [106]
separated PL into low-molecular-weight PL (LPLH) and high-molecular-weight PL
(HPLH) with a series of molecular distillation and methanol-water extraction from
sawdust derived bio-oil, and determined that LPLH was suitable for the production
of phenolic resins and adhesives because it had abundant active sites for reactions
and a low degree of polymerization. Guo et al. [107] conducted a two-step molecular
distillation of a bio-oil. The two-step distillation resulted in two distilled fractions
(DF-1 and DF-2), and two residual fractions (RF-1 and RF-2). Phenols were
enriched in RF-1 and RF-2, the contents of which were greater than 50 wt% and
40 wt%, respectively.
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11.3.4 Combination of Separation Techniques

Sometimes, to obtain a high purity of phenols, several staged or stepwise separation
processes are needed. Yang et al. [90] conducted separation of phenols using a
combination of extraction and column chromatography techniques, and effectively
enriched phenols. Li et al. [3] conducted a series of distillations and extractions and
obtained an oil with high phenols content (78.8 wt% after distillation, and 93.9 wt%
after extraction). The staged condensation of pyrolysis vapor, which is based on the
difference of boiling temperatures of bio-oil components, is another possibility for
the separation of phenolic compounds from others [108].

11.4 Application of Phenolic-Rich Bio-oil

Bio-oil rich in phenols can usually be used in two ways. One is the use of simple
phenols separated from bio-oil with separation techniques such as extraction and
distillation. Such simple phenols can be applied in many existing industrial appli-
cations, such as fine chemicals, pharmaceuticals, food processing, synthetic flavors,
fragrances, germicidal agents, and resin manufacturing. Typical simple phenols that
are of interest to industry include guaiacol, cresols, syringol, and phenol. Although
several attempts at the recovery of simple phenols from bio-oil have been made, the
application of simple phenols from bio-oil in the production of the commercial
products mentioned above has not been reported. The second way that bio-oil rich
in phenols can be used is the use of PL, which can be obtained simply via cold water
precipitation, or the use of whole bio-oils obtained either from the pyrolysis of lignin
or lignocellulosic biomass. PL or whole bio-oils have been widely tested in the
synthesis of phenolic resins to replace fossil fuel-derived phenols, or for other uses.
According to a report [109], the global phenolic resin market was valued at 10.66
billion USD in 2015 and is projected to reach 15.01 billion USD by 2021. The
market price of PF-resins is somewhere around (1100–2300) USD/MT [110].

11.4.1 Phenolic Resins Synthesis

Phenolic resins are usually prepared by acid or base-catalyzed reactions between
phenol (or substituted phenol) and aldehydes. A representative phenolic resin is
phenol-formaldehyde resin, which has two different types: novolacs (thermoplastic)
and resoles (thermosetting). Figure 11.6 shows the synthesis methods for phenol-
formaldehyde resins.

Novolacs are synthesized under acidic conditions with a molar ratio of formal-
dehyde to phenol that is less than 1, whereas resoles are synthesized under alkaline
conditions with a molar ratio of formaldehyde to phenol greater than 1. In phenol
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resins synthesis, reactions occur at the ortho and para positions of the phenol
hydroxyl group. Phenolic resins are widely used in many industries due to their
excellent properties, such as high rigidity and good corrosion resistance. Hence, they
have been widely used as binders for friction materials such as brake linings, and for
wood composite products, such as plywood, particle board, and oriented strand
board (OSB), because they have exceptional compatibility with cellulose fillers.
PL and whole bio-oils containing a high content of phenols have strong potential for
use in the preparation of phenolic resins. Particularly, whole bio-oils from the
pyrolysis of lignocellulosic biomass have an advantage in the synthesis of phenolic
resins in that they contain aldehydes as well as phenols. However, it is very difficult
for PL and bio-oils to totally replace fossil phenols because they have low reactivity
in the synthesis of phenolic resin. PL and phenols in bio-oil have fewer reactive sites,
which means that the ortho and para positions of the phenol hydroxyl group are
occupied by other groups, such as methoxy and carbonyls. PL also produces steric
hindrance effects in the synthesis of phenolic resin, due to its complex chemical
structure. Hence, the major challenge for substituting fossil phenols with PL or
bio-oils has been to increase their reactivity in the synthesis of phenolic resin. Since
the early 2000s, extensive research on the production and application of wood
binders from the pyrolysis of lignocellulosic biomass has been carried out. Amen-
Chen et al. [111] conducted the vacuum pyrolysis of bark residues from the pulp,
paper, and wood industries, and produced phenolic-rich bio-oils. They prepared
resoles with different levels of bio-oil, and then used the synthesized resoles in the
preparation of OSB. They found in their study that panels bonded with resins
containing 25 wt% and 50 wt% of bio-oils exhibited mechanical properties compa-
rable to those of panels made with a commercial surface resin under the same
pressing conditions. Sukhbaatar et al. [112] also explored the possibility of using

OH
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OH OH OH OH

OH OH OH OH

OH
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Fig. 11.6 Types of phenol-formaldehyde resins
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PL obtained from the pyrolysis of pinewood using an auger reactor as a binder for
OSB. They were able to separate a PL fraction from bio-oil (25 wt% yield on bio-oil
weight) and prepare phenol-formaldehyde resins using the PL at (30, 40, 50) wt%
phenol replacement levels. The study reported that an incorporation of PL of
approximately 40 wt% did not lower the performance of the synthesized phenol-
formaldehyde resin. Instead of PL, the entire bio-oil was tested in the synthesis of
phenolic resins. Chaouch et al. [113] used bio-oils produced from the pyrolysis of
two Canadian whole-tree species in the synthesis of resole-type phenol-formalde-
hyde resins, and reported that phenol replacement levels up to 50 wt% provided
equal or superior reactivity and performance to those of the pure phenol-
formaldehyde resin. Choi et al. [18] carried out the pyrolysis of PKS in a fluidized
bed reactor, and used a whole bio-oil containing approximately 9 wt% of phenol
along with a commercial resole resin in the preparation of plywood panels. The study
showed that whole bio-oil could be substituted for up to 25 wt%. of fossil phenol.
Cui et al. [114] applied a whole bio-oil obtained from the pyrolysis of larch sawdust
in the synthesis of phenol-formaldehyde resin and tested the properties of synthe-
sized resins. The study reported that resin with a bio-oil addition of 20 wt% showed
good performance for oxygen index and bending strength, and that the addition of
bio-oil had an insignificant impact on the curing characteristics and thermal degra-
dation process of phenol-formaldehyde resin when the amount of bio-oil was
relatively low. Mao et al. [115] compared the characteristics and bonding perfor-
mance of phenol-formaldehyde resins synthesized and blended with bio-oil. For
preparation of synthesized phenol-formaldehyde resins, they used bio-oil from the
pyrolysis of pinewood in the reaction with phenol and formaldehyde at 10, 25,
50, and 75 wt% phenol substitution levels. For the preparation of blended phenol-
formaldehyde resins, they physically blended bio-oil with phenol and formaldehyde
resin at addition levels of (4, 13, 23, 38) wt%. The two resins prepared in such a way
were then used in the production of plywood. Finally, they concluded in their work
that the best bio-oil addition percentage was 13 wt% for blended phenol-
formaldehyde resins, while for synthesized phenol-formaldehyde resins, the best
phenol substitution percentage was 25 wt%. Further, the possibility of using bio-oil
as a part of a polymeric diphenylmethane diisocyanate (pMDI) binder system in the
production of flakeboard was also investigated by Mao et al. [116]. They mixed
bio-oil obtained from the pyrolysis of pinewood with acetone and pMDI in the
preparation of resin and manufactured flakeboard using a hot press. The authors
reported that the pMDI resin with a bio-oil content of 25 wt% had bonding properties
comparable to those of pure pMDI resin.

11.4.2 Other Uses

In addition to phenolic resins preparation, PL and bio-oils rich in phenols have been
tested for other uses. Fini et al. [117] tested PL as a replacement for fossil bitumen
(e.g. asphalt binder) and reported that the use of bio-binder made from PL improved
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the petroleum asphalt binder’s low-temperature properties while reducing asphalt
pavement construction costs. A bio-oil rich in phenols could be used as a wood
preservative. Mourant et al. [118] conducted the vacuum pyrolysis of mixed bark
residues of balsam fir and white spruce at 450 �C, divided the bio-oil into four
fractions, and investigated the anti-fungal properties of each fraction. They con-
cluded in their work that fractions with higher concentrations of 4-ethyl-2-
methoxyphenol and 4-propyl-2-methoxyphenol might have a predominant role in
fungal inhibition.

11.5 Conclusions and Future Outlook

Renewable phenols are gaining attention because they can be readily produced
wherever lignocellulosic biomass is available. A representative technique for pro-
ducing renewable phenols is fast pyrolysis. To optimize phenols production, a few
points must be checked. Firstly, lignin-rich biomass should be screened. Many
researchers have recommended softwoods, barks, and shells as proper feedstocks
for phenol production. Secondly, appropriate catalysts should be selected and used.
The use of catalysts can be a good option when the catalysts have high selectivity for
phenols, but problems related to their deactivation and cost should be solved before
their application in industry. Non-catalytic pyrolysis of lignocellulosic biomass,
which has economic merit but which usually suffers from a low selectivity for
phenols, may have good chance to be implemented in industry if proper reactor
configurations, lignin-rich biomass, and optimized reaction conditions are used. In a
two-stage non-catalytic pyrolysis of palm kernel shells, the phenol content in bio-oil
amounted to 12 wt%. After production of phenols-rich bio-oil, efficient and eco-
nomical separation techniques are needed. Until now, extraction, column chroma-
tography, distillation, and molecular distillation appear to be applicable as separation
methods.

If valuable phenols could be separated with high purity from bio-oil, they could
effectively replace fossil phenols in many industrial applications. In particular,
simple phenols separated from bio-oil can be used in synthesizing materials such
as bio-based antioxidants, which would improve the economics of bio-oil through
production of value-added products. Although such desirable separations cannot be
readily achieved, whole bio-oils with a high phenols content can have other uses,
such as in phenolic resins production.
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Part V
Design of Pyrolysis Units and Models



Chapter 12
Syngas Production, Storage, Compression
and Use in Gas Turbines

Minjiao Yang, Haiping Yang, Hewen Zhou, Qing Yang, Haibo Zhao,
Eid Gul, Mohsin Ali Khan, Øyvind Skreiberg, Liang Wang, He Chao,
Pietro Bartocci, Katarzyna Slopiecka, Gianni Bidini,
and Francesco Fantozzi

Abstract This chapter analyses syngas production through pyrolysis and gasifica-
tion, its compression and its use in gas turbines. Syngas compression can be
performed during or after thermal treatment processes. Important points are
discussed related to syngas ignition, syngas explosion limit at high temperatures
and high pressures and syngas combustion kinetics. Kinetic aspects influence igni-
tion and final emissions which are obtained at the completion of the combustion
process. The chapter is organized into four subsections, dealing with (1) innovative
syngas production plants, (2) syngas compressors and compression process, (3) syn-
gas ignition in both heterogeneous and homogeneous systems and (4) syngas
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combustion kinetics and experimental methods. Particular attention is given to
ignition regions that affect the kinetics, namely systems that operate at temperatures
higher than 1000 K can have strong ignition, whereas those operating at lower
temperatures have weak ignition.

Keywords Pyrogas · Pyrolysis · Ignition · Syngas · Compression · Gasification

12.1 Innovative Pyrolysis and Gasification Plants

Seven pyrolysis plants are discussed herein: (1) integrated pyrolysis regenerated
plant (IPRP), (2) pyrolysis polygeneration plant, (3) Carbofex plant, (4) Carbon
Terra plant, (5) Pyreg plant, (6) TCR® plant and (7) 3R Agrocarbon plant. Each of
these plants and their developing organizations is described briefly next. The IPRP
design was developed by the University of Perugia (Italy) with collaboration of
BIONET-Biomass and New Technologies and Biomass Research Centre, University
of Perugia and it is now located in the Terni site. The IPRP pilot is based on a rotary
kiln pyrolysis reactor. The pyrolysis polygeneration plant was developed by the
State Key Laboratoy on Coal Combustion (SKLCC) of Huazhong University of
Science and Technology (HUST) and is basd on a moving bed reactor. The Carbofex
plant was developed by a Finnish company producing charcoal to be used as
fertilizer and filter. The Carbofex reactor is based on an auger reactor. The Carbon
Terra plant was developed by a German company, named Carbon Terra which has
developed the Schottdorf-Meiler kiln. The Pyreg plant was developed by a German
company named Pyreg which has developed a reactor heated at (500–700) �C and in
which biomass is moved by screw conveyors. The thermo-catalytic reforming (TCR)
plant was developed by a German company (Susteen) who commercialized the
TCR® plant for pyrolysis that is coupled to reforming. The 3R Agrocarbon plant
was developed by Terra Humana company; the technology is called 3R Agrocarbon.
The 3R Agrocarbon plant is based on a rotary kiln reactor.

Together with the seven pyrolysis plants, three gasification plants are presented:
(1) Milena (developed at ECN – now TSO – in the Netherlands), (2) Güssing
gasifier, developed by a consortium called “Renet Austria” with important partici-
pation of Technical University of Vienna and (3) GoBiGas, which was built in
Gothenburg (Sweden) with the support of Chalmers university.

12.1.1 IPRP Technology

The integrated pyrolysis regenerated plant (IPRP), is an innovative technology
which combines a rotary kiln pyrolyser with gas turbines (GTs) to make full use
of the pyrogas produced from biomass and waste thermal conversion.
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The IPRP approach was proposed by D’Alessandro et al. [1]. The target of this
project was to design a technology which can use the biomass with a higher
efficiency. This technology mainly includes a GT fueled with syngas. The exhaust
gases produced from the GT can be used to provide the energy required by the
pyrolysis reactor. Figure 12.1 shows the exact layout of IPRP technology. The final
outputs of the IPRP plant are heat and electricity.

The heat is produced after two heat recovery stages (REG and REC) aiming at the
full use of the energy through regeneration of exhaust heat by two-stage air
preheating. There is one regenerator (REG) used to recover the thermal energy of
exhaust gases out from the turbine, and one recuperator (REC) to recover the thermal
energy of exhaust gases out from the pyrolysis reactor. A picture of the plant is
shown in Fig. 12.2.

The feedstock is fed through a hopper into a rotary kiln pyrolyser, which has a
reaction chamber that thermally degrades the feedstock into syngas, coke and tar in
the absence of oxygen. The hermetic seal between the rotary kiln and the oven is
achieved by a high temperature resistant graphite ring, while the hermetic seal
between the rotary kiln and the inlet and outlet sections is achieved by a soft iron
ring. The refractory chamber containing the pyrolysis furnace is equipped with a
combustion system at the bottom which continuously feeds the char conveyed by the
screw conveyor at the outlet portion of the pyrolysis furnace. Combusting char could
provide the heat required for pyrolysis, and the combustion air is provided by a
dedicated blower or by the gas turbine exhaust gases. This depends on operational

Fig. 12.1 Integrated pyrolysis regenerated plant (IPRP) concept. Reprinted with permission from
[1] Copyright © 2013, Elsevier
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requirements. Dual fuel gas burners exhaust gases (i.e. natural gas and syngas) are
discharged directly into the refractory chamber above the char burner to provide the
final additional heat for temperature control and startup. The particulates in the
syngas coming from the pyrolysis furnace are removed in a cyclone. Syngas finally
is cooled to condense tar and water in the wet scrubbing section, which is comprised
of a two-stage quencher for temperature reduction. This is made by a variable throat
Venturi tube, consisting of a two-stage scrubber with a final demister. Heavy tar and
light tar are extracted respectively from the bottom and the top of the tank and can be
returned to the dedicated burner in the refractory chamber of the pyrolysis furnace
via a hot pipe, although this solution is still under investigation. The syngas is
withdrawn from the pyrolysis furnace through the cleaning section by a side channel
blower, and the speed of the side blower is adjusted to maintain a slight negative
pressure in the rotary kiln, thereby providing the required pressure to the syngas
compressor of the micro turbine. The micro turbine is coupled to a radial geometry
turbo compressor with an annular combustion chamber suitable for combustion
gases (the main parameters of the micro-turbine are shown in Table 12.1).

The compressor has an approximate compression ratio of 4. The gas turbine
provides energy to drive compressors and alternators. Electrical energy is generated
by a 4-pole permanent magnet alternator that rotates within the oil-cooled stator
assembly, which operates as an engine during initial startup, thereby reducing the
need for auxiliary starting hardware. The micro turbine is equipped with a REG for

Fig. 12.2 Integrated pyrolysis regenerated plant (IPRP) demonstrative unit. Reprinted with per-
mission from [1] Copyright © 2013, Elsevier

Table 12.1 Parameters of the
micro gas turbine used in the
IPRP demonstrative unit [1]

Parameter Value

Electric Power (kW) 80

Electric Efficiency (%) 27

Turbine inlet temperature (�C) 1010

Manometric compression ratio 4

Exhaust gases flow (kg/s) 0.77

Exhaust gases temperature (�C) 270

rpm 68,000
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preheating the combustion air by using the waste heat generated by the exhaust gas
cooling; thereby reducing the exhaust gas temperature to approximately 270 �C.

12.1.2 Polygeneration Plant Based on Moving Bed in HUST

Given the abundance of agricultural residues in China, the biomass energy can play a
significant role to satisfy at least part of the energy demand, granting environmental
protection [2]. The thermal conversion technologies of biomass mainly involve
combustion, gasification and pyrolysis. However, the combustion technology
would release large amount of particulate matters with relative low energy efficiency
[3]. In addition, biomass gasification has been widely used in China and there has
been over 70 gasification systems built. The heating value of syngas produced in
applied air-gasification systems is still too lower to be used. Compared with these
two technologies, the pyrolysis system converts biomass into three main products
(i.e. pyrolysis gas, bio-oil and biochar), in which the heating value of pyrolysis gas is
higher because no gasification medium is used in the reactor [4]. In addition, these
high-quality products can bring economic benefits to the pyrolysis system. Thus,
pyrolysis technology is an important and promising method for Chinese biomass
utilization.

Particular interesting results have been obtained in the research and development
of poly-generation pyrolysis systems to promote the resource utilization of biomass.
HUST has proposed a new poly-generation pyrolysis technology, and developed this
technology to the commercial scale (see the demonstration poly-generation pyrolysis
plant in Ezhou, Hubei Province, China). In addition, based on this moving-bed poly-
pyrolysis technology, they have received the Blue Sky Award from the United
Nations Industrial Development Organization in 2014. The layout of the biomass
polygeneration system demonstration plant is shown in Fig. 12.3.

In Fig. 12.3, the biomass feedstock (e.g. agricultural residues and forest residues)
would be firstly crushed to a particle size (<5 cm) and then sent to a torrefaction
oven for 1 hour. The dried biomass pellets are fed from the top to the pyrolysis
furnace (designed as moving bed) at high temperature. Both the baking furnace and
the pyrolysis furnace are in a closed atmosphere. In the moving bed pyrolysis
furnace, the biomass particles move up and down under the action of gravity to
complete the pyrolysis, and control the discharge time and quantity of the biochar, so
that the biomass particle volatiles are completely released. The high temperature
volatiles from the top of the pyrolysis furnace are sequentially passed on to air
cooling, water cooling, cleaning and adsorption towers to bring the temperature
down to the range (40–60) �C to obtain liquid products (tar and vinegar) and purify
the gas product (pyrolysis gas). Throughout the baking and pyrolysis process, heat is
provided by the high temperature flue gas of the biomass burner. In order to increase
the thermal efficiency of the system, the air required is from the heat exchanger of the
air cooling tower. The calcining pyrolysis furnace can process 6 tons of biomass per
hour (water content <20 wt%), and the furnace requires about 0.6 tons of biomass
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per hour. The temperature of the pyrolysis zone in the operating state of the pyrolysis
cogeneration system is 600 �C.

12.1.3 Pyrolysis Plant at Carbofex

Carbofex is a technology developed in Finland. The plant is fed with (400–500) kg/h
of dried wood chips and produces (100–140) kg of charcoal and (90–100) L of high
quality pyrolysis oils. The syngas is burned to provide the heat required by the
pyrolysis process, and to provide heat to a district heating network. When in the
summer heat is not required, a significant part of the syngas can be stored, see [5].

12.1.4 Pyrolysis Plant at Carbon Terra

Carbon Terra pyrolysis plant is based on a reactor named Schottdorf kiln. The
reactor is fed with 1 MW input of biomass [6, 7]. The power output for the products
is composed by: 300 kW pyrolysis gas and 600 kW biochar (i.e. about 600 tons per
year). The energy efficiency is between (90 and 95) %. The operating temperature of
the process is about (800–900) �C. During the start-up phase, it dry biomass is used.
The char outlet is at the bottom of the reactor. Char passes a sieve made by holes with
50 mm diameter. At the exit char is cooled down using water. Biochar contains

Fig. 12.3 Biomass-based pyrolytic polygeneration demonstration system. Reprinted with permis-
sion from [2]. Copyright © 2018, Elsevier
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approximately 60% of the input power. The produced pyrolysis gas pass though the
biomass and reach the top of the reactor and then enter a combustion chamber.

12.1.5 Pyrolysis Plant at Pyreg

The plant is fed with sewage sludge. The pyrolysis reactor is heated by exhaust gases
obtained from the combustion of pyrolysis gas. The reactor can be fed with about
1000 tons of dry mass per year [8]. The mass flow rate of biochar out of the plant is
constant and the process is continuous.

Carbonization efficiency is up to 60%. The energy efficiency of the entire process
is comprised between 90% and 95%. The temperature in the reactor is between
(400 and 850) �C depending on the fuel moisture. The pyrolysis gas is combusted in
a FLOX-burner, which has high efficiency and high combustion temperature (about
1250 �C). The burner is designed to have low NOx emissions.

12.1.6 Thermo-Catalytic Pyrolysis

The thermo-catalytic reforming (TCR®) reactor is an electrically heated auger type
reactor developed and built by Fraunhofer UMSICHT, Sulzbach Rosenberg, Ger-
many. The TCR®-2 reactor setup consists of a hopper (1) connected to an electrically
heated horizontal auger reactor (2) which is followed by a vertical reforming unit (3).
Then follows a shell and tube type heat exchanger (4) which is used to condense
vapors coming from the reforming unit. An external chilling unit (5) maintains the
temperature of the condenser at �5 �C. The condensation unit (4) is followed by a
gravity settler (6) which collects the liquid products coming from the vapors (7).
Provisions have been made to collect condensed liquid products from the vapors
condensation unit and separation unit via a common condensate collection system
(7). Then follows an ice cooled second heat exchanger (8) and a gas cleaning unit
(9) for further purification of incondensable gases. After condensation the gas is
filtered with: activated carbons (10), candle filter (11) and silica wool filter (12). The
exit pipe of the reactor is connected to a measuring unit composed by: gas flow meter
(13), online gas analyzer (14) and a gas calorimeter (15). The plant is shown in
Fig. 12.4.

12.1.7 3R Agrocarbon

The 3R Agrocarbon technology is based on a thermochemical (pyrolysis) process.
The main input used is represented by food grade cattle and other types of bone grist.
The main output is charcoal to be used as a fertilizer, which has a high content of
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nutrients (P, K, Ca and N). The capacity of the plant is higher than 12,500 t/y.
Technology Readiness Level is very high and can be considered about TRL8/IRL8.
In the 3R process the bone grist is heated to as high as 850 �C in the carbonization
kiln [10]. Temperature is higher than usual biomass processing temperatures, but it is
needed to get high quality products. The main advantage of the technology is
represented by feed flexibility. A wide range of different types of organic material
streams can be fed to the reactor which is based on a rotary kiln.

12.1.8 Milena Gasifier

The Milena gasifier design uses the coupling of two reactors: a bubbling fluidised
bed (BFB) combustor and a riser reactor. The BFB combustor is used to provide heat
externally to the riser reactor where gasification take place. For this reason, the
Milena gasifier is an allothermal gasifier [11]. The selection of a riser reactor for the
gasification process has a positive effect on cold gas efficiency compared to a BFB,
because less dilution gas is introduced into the gasifier. Fluidization gas is required
to fluidize the bottom part of the riser, not to create the velocity required for vertical
transport of the bed material. The amount of required fluidization gas is mainly
influenced by reactor area and this is much smaller for a riser than a BFB reactor. The
velocity in the riser required for vertical transport of the bed material originates by
the fact that the gas produced during the devolatilization of the biomass adds
pressure inside the riser and pushes the products of the process out of it.

Fig. 12.4 TCR®-2 Laboratory plant. Reprinted with permission from [9]. Copyright © 2018,
Elsevier
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Compared to other gasifiers, like circulating fluidised bed (CFB) or BFB gasifiers
and downdraft gasifiers, the Milena gasifier has a higher cold gas efficiency (CGE).
The Milena CGE in fact is about 80% while the other gasifiers can reach usually
70%. The advantage of the gasifier is that a higher efficiency is achieved at lower
temperature and also that the heating value of the producer gas is relatively high,
about (12–15) MJ/Nm3 (dry gas basis), with a very low content of nitrogen. The
syngas is cleaned with the OLGA system.

12.1.9 Güssing Gasifier

The combined heat and power (CHP) plant at Güssing in Austria is a FICFB (Fast
Internal Circulating Fluidised Bed) steam gasifier that converts wood chips to a
product gas with a heating value of approximately 12 MJ/Nm3 (dry basis), see
Fig. 12.5.

After passing through a cleaning section (two-stage gas cleaning system), the
product gas is used as fuel in an internal combustion engine with a generator
producing electricity and heat for the grid. If the engine is not in operation, the
product gas can be burned in a boiler, producing only heat. The plant is characterized
by a thermal input of 8 MW, electric output of about 2.0 MW, thermal output of
about 4.5 MW and an overall efficiency of about 25%. The FICFB gasifier consists
of two zones; a gasification zone and a combustion zone. The combustion zone
provides heat through the bed material to the gasification zone. Steam is used as
gasification agent; this implies a lower tar content, compared to air-blown gasifiers
[13]. Olivine sand is used as bed material. The amount of tar in the raw product gas is

product gas
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filter

product gas
scrubber
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gas engine

steam
air

air

air
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cooler
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chimney
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Fig. 12.5 Gasification CHP plant at Güssing. Reprinted with permission from [12]. Copyright
© 2013, Elsevier
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about (1500–4500) mg/Nm3 (dry gas basis). Leaving the gasifier, the product gas is
cooled down to a temperature of about (160–180) �C. Then it is passed through a
fabric filter, removing particles and part of the tar. After the filter comes a scrubber
which uses rapeseed methyl ester (RME) as scrubbing liquid. The spent scrubber
liquid is recycled in the gasifier combustion zone. The final tar content of the gas is
about (10–40) mg/Nm3 dry gas. The exhaust gas of the engine is catalytically
oxidized to reduce CO emissions. In January 2009, the plant had operated for
more than 40,000 h since 2002 [14].

12.1.10 GoBiGas Gasifier

The Gothenburg Biomass Gasification (GoBiGas) plant produces 20.5 MW of
bio-methane from an input of 32 MW of wood pellets.

The GoBiGas project currently comprises a 32 MW dual fluidized bed (DFB)
gasifier (150 dry tons of biomass/day) coupled to a state-of-the-art synthetic natural
gas (SNG) synthesis process that produces up to 20 MW of biomethane. The plant
has run about 10,000 h [16–18], see Fig. 12.6 for the process steps.

The gasifier in the GoBiGas demonstration plant is one of two, third-generation
dual fluidized bed gasifiers which originated from the 8 MW (40 dry tonnes of
biomass per day) Güssing CHP plant, which dates back to year 2000. This gasifier
was followed by the construction of a CHP plant of the same size in Oberwart,
Austria [19–21]. The other third-generation gasifier is a 16 MW (80 dry tons of
biomass/day) CHP plant in Senden, Germany. A gasification system similar to the
one adopted by the GoBiGas is the one developed and built under the TIGAR
trademark by IHI Corporation of Yokohama, Japan. This has been later scaled up
to a 15 MW (30 dry tons of biomass/day) demonstration unit in Kujan, Indonesia and
brought into operation in 2015 [22, 23]. In general, the GoBiGas process can be
divided into three conversion steps Heat Generation (1); Gasification (2); and

Fig. 12.6 GoBiGas process steps. Reprinted with permission from [15]. Copyright © 2016,
Elsevier
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Synthesis (3). In addition, there are 2 units for compression (4) and BTX
removal (5).

12.2 Production of Pressurized Syngas During Pyrolysis

To produce compressed gas there are two strategies: (i) compression after thermal
treatment or (ii) compression during the thermal treatment. The pyrolysis process is
influenced by many parameters such as final temperature, heating rate, dimensions of
the biomass particles, residence time and pressure. The influence of pressure on
pyrolysis product yields and composition has been not fully considered in many
studies [24]. In the study of Mahinpey et al. the effect of pressure on the pyrolysis of
wheat straw in a tubular reactor is considered and reported [25]. A heating rate of
12 �C/min is considered. Experiments have shown that reactor pressure can influ-
ence significantly both yields and quality of the obtained pyrolysis products. How-
ever, the work of [25] considered a narrow range of pyrolysis pressures, that is,
(0.689–2.758) bar. Mahinpey et al. inferred that 1.379 bar is a favorable pressure for
the pyrolysis process of wheat straw in a tubular reactor, to obtain syngas.

Other researchers [26] have worked with an entrained flow pyrolysis reactor fed
with pulverized wheat straw and working at pressures of (10 and 20) bar and
temperatures of (700–1000) �C. Results have shown that the product yields in this
case are not greatly influenced by the operating pressure.

Whitty et al. focused their study on the effect of pyrolysis pressure on char [27]
and noted that with an increase in pressure, the particle size of the char obtained from
kraft liquors decreased. These results are not as in Mahinpey et al. [25], who used
wheat straw as a feedstock.

While there are many studies on the influence of pressure on biomass pyrolysis
products, even more studies are available on coal pressurized pyrolysis. Roberts
et al. [28] found that:

1. yields of coal pyrolysis products (liquid and gaseous) decreased with an increase
in pressure, even though the rate of increase was not easy to predict;

2. large differences were found in the morphologies of the chars produced at
different pressures;

3. char porosities were greatly influenced by pressure inside the reactor along with
char morphologies [29].

The results obtained for coal cannot be easily translated to biomass because of
physical and chemical characteristics, E.g. the bonds between carbon atoms in coal
and in biomass substrates are very different. The major components of biomass are
cellulose, hemicellulose and lignin. While cellulose and hemicellulose are charac-
terized by glycosidic linkages between the sugar molecules, lignin is characterized
by ether linkages between the aromatic components and between the aromatic
functionalities and the phenylpropane components. The energy needed to break
these bonds of (380–420) kJ/mol is lower than that needed to break the polycyclic
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aromatic hydrocarbon structures which are characteristic of some coals. These bonds
in fact require about 1000 kJ/mol of energy to be cleaved [30]. These large
differences in bond energies that are encountered in the pyrolysis of biomass,
compared with that of coal can be studied by analyzing the char, its morphology
and active sites. In this way also the effect of pressure can be better understood
[31]. In the work of Cetin et al. [31] pressurized pyrolysis tests were used with a wire
mesh reactor working at high heating rates (500 �C/s), which can reach an internal
pressure of about 100 bar.

A typical way to study char morphology is with scanning electron microscopy
(SEM) in which charcoal structure can be analyzed instead of or as supplement to
Brunauer-Emmett-Teller (BET) porosity analysis.

Many works in the literature have reported that pressure has an important effect
on the composition of pyrolysis products. Pressure is an important effect on the
porosity of charcoal. In fact, with an increase in pressure, volatiles escape from the
pores slower and so will have a longer residence time inside the pores, producing
secondary char and reducing porosity which is a phenomenon that can be detected
using NMR spectroscopy and indicates that chars formed at high pressures have an
aromatic structure that tend to fuse and collapse in presence of high pressure. Chars
formed under high pressure conditions have usually higher carbon content, due to
secondary char formation. Figure 12.7a, b show SEM images of samples of char
produced from Radiata pine pyrolysis at different pressures [31]. Char samples
reported in Fig. 12.7 have been produced using a wire mesh reactor operating
under a nitrogen atmosphere. As shown in Fig. 12.7a, char particles have been
generated at pressures of (5, 10, 20) bar. It can be seen by comparing Fig. 12.7a-c
that generally the cross section image of charcoal obtained at high pressure is
characterized by particles that have larger cavities and thinner cell walls, compared
with chars that have been generated at low or atmospheric pressure. If pressure is
applied, bigger particles are obtained, which are characterized by a perforated
surface structure. So with an increase in temperature, the porosity of charcoal
enlarges, leaving space to large voids inside the particles and making cell walls
thinner. This means that microporosity is reduced while macroporosity increases
with an increase in pressure.

Similar results to those shown in Fig. 12.7 have been obtained with eucalyptus
wood [31]. These tests have been performed at 20 bar pressure at different heating
rates in the same wire mesh reactor. It has been noted that when high heating rates
are used the char particle melts down and loses completely its structure. Regarding
pyrolysis gas composition, Porada [32] shows analysis of the kinetics of gaseous
products evolved during coal pressurized pyrolysis, namely, methane, ethane, eth-
ene, propane, propene and hydrogen at (0.1, 2.5, 5.0, 10) MPa. The experiments
were performed by heating a 1 g sample of coal with particle size comprised between
(0.8 and 1) mm. The heating process was performed in a quartz tube reactor in argon
atmosphere, starting from ambient temperature and reaching up to 1200 K at a
heating rate of 3 K/min using electric heaters. Pyrolysis gases were cooled down
to enable tar and water to condense. The noncondensable gases at the exit of the
condenser were analyzed with the use of gas chromatography: an HP 5890-A type
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gas chromatograph (GC) equipped with FID for analysis of C1–C3 hydrocarbons and
another GC equipped with TCD to measure H2, CO and CO2. Analysis of the
pyrolysis gases have shown that an increase in pyrolysis pressure gives an increase
in methane yield and a reduction of hydrogen yield where the C2 and C3–hydrocar-
bons are given by single reactions. With an increase in pyrolysis pressure, an
important decrease in the yield of CO and CO2 occurs.

12.3 Syngas Compression

12.3.1 Compressors Classification and Selection

As reported by Blackmer [33] for compressor selection, compression ratio is a key
parameter as defined by:

a

b

c

Acc.V
15.0 kV 3.0 SE 20 0  Wire mesh 5 bar

Spot Det  WD 500 µm

Acc.V
15.0 kV 3.0 SE 19 4  Wire mesh 10 bar

Spot Det  WD 500 µm

Acc.V
15.0 kV 5.0 SE 29 1  Wire mesh 20 bar

Spot Det  WD 2mm

Fig. 12.7 SEM analysis of
sawdust pine chars produced
under pressure (a) 5 bar, (b)
10 bar, (c) 20 bar. Reprinted
with permission from
[31]. Copyright © 2005,
Elsevier
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R ¼ Pd=Ps ð12:1Þ

where Ps represents the absolute suction pressure and Pd represents the absolute
discharge pressure. Usually the identification of the compression ratio is the first step
in compressor selection, which involves globally the following steps:

1. Calculation of compression ratio;
2. Selection of a single-stage or a two-stage compressor;
3. Calculation of discharge temperature;
4. Determination of volumetric efficiency;
5. Determination of required piston displacement;
6. Selection of compressor model;
7. Determinaton the minimum rpm required of selected compressor;
8. Selection of actual rpm;
9. Calculation of actual piston displacement;

10. Calculation of power required;
11. Selection of appropriate options.

Details on how to address each step are proposed in ref. [33]. Another important
aspect to take into account in compressor selection is which type of compressor
fulfills better the process requirements. Generally the goal of a compressor is to
increase the static or inlet pressure of the gas and deliver it at the specified discharge
pressure and flow rate. This can be done by different types of compressors. The two
basic categories of compressors are: dynamic (centrifugal and axial) and positive
displacement (reciprocating and rotary types). Table 12.2 shows a summary of
typical operating characteristics of compressors. Dynamic compressors are based
on the principle that they provide velocity to a gas which passes through impellers or
blades. The gas then exits the blades and enters into a stationary volume were its
velocity is transformed into pressure. In centrifugal compressors the acceleration of
the gas is obtained through the action of one or more rotating impellers, while in
axial compressors we find both rotating and stationary. The shaft rotates a drum
inside a casing, which is stationary. Between the drum and the casing rows, airfoils
are placed, which are either connected to the drum or the casing.

In positive displacement compressors the compressing action is due to a mechan-
ical part which reduces the volume of a chamber. As shown in Table 12.2, an
important parameter of the compressor is the efficiency. Different types of efficien-
cies can be considered, as explained in the next section.

12.3.2 Compression Efficiency

For a compressor the efficiency can be defined as the ratio of output work (head) to
input work (shaft power) of a system [35]. The difference between the two works is
due to friction and results in a higher temperature at discharge. Assuming negligible
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heat transfer, minimal velocity effect and an isentropic process, the work can be
calculated as follows:

W ¼ cp T2 � T1ð Þ ð12:2Þ

which is derived directly from the general energy equation given by the first law of
thermodynamics. In Eq. (12.2), W is the work, cp is the specific heat of the
compressed material and T1 and T2 are respectively the inlet and the outlet temper-
ature. So, based on this definition, the isoentropic (or adiabatic) efficiency results
from Eq. (12.3).

ηad ¼ cp T2ad � T1ð Þ=cp T2 � T1ð Þ ð12:3Þ

where T2ad represents the isentropic compression temperature and ηad represents the
isentropic efficiency. For an adiabatic process for a gas, the following equation
applies:

T1

T2
¼ P1

P2

� � k�1ð Þ=k
ð12:4Þ

where k is the ratio between specific heats and it is a constant, P1 is the pressure at the
inlet and P2 is the pressure at the outlet. Through mathematical calculation, the
denominator of Eq. (12.3) can be written as:

T2 � T1 ¼ T1
T2

T1
� 1

� �
ð12:5Þ

Substitution of Eq. (12.4) into (12.5) gives:

T2 � T1 ¼ T1 rp
� � k�1ð Þ=k � 1
h i

ð12:6Þ

where rp is the ratio between P2 and P1. If Eq. (12.6) is substituted into Eq. (12.3), the
equation for isentropic efficiency changes into:

ηad ¼
T1 P2=P1ð Þ k�1ð Þ=k � 1

h i
T2 � T1

ð12:7Þ

The adiabatic or isentropic efficiency is useful to determine the power of the
compressor and its performance. Nevertheless, the polytropic efficiency gives a
more accurate efficiency for the compression of an ideal gas. For real gases instead
it has to be considered that k is not always constant.
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Once compression efficiency has been calculated, overall efficiency has to be
taken into account [36], defined as the ratio between the adiabatic power (Wad) to the
shaft power (Wsh), Eq. (12.8):

ηoverall,ad ¼
_Wad

_W sh
ð12:8Þ

If a compressor system consists of a compressor, a motor, a controller and other
devices, the efficiency of the system has to take into account also other losses (e.g.
electrical), that gives:

ηsys ¼ ηoverall,ad ∙ ηmotor ∙ ηcontroller ∙ ηauxiliary þ . . . : ð12:9Þ

12.3.3 Syngas Compression in IGCC Plants

Gaseous fuels derived from thermochemical treatment of biomass, coal and waste
are commonly called “syngas”, “pyrogas” or “producer gas”. Usually the word
“syngas” is used when the gas final use is the synthesis of useful final products
that can be a biochemical or a fuel. Dry syngas is usually composed of the following
gaseous compounds: H2, CO, CO2, CH4, N2, CxHy, traces of tar and water vapor.
This gas has, in many cases, a low calorific value and can be burnt in turbines and
microturbines. If coal is gasified to produce syngas and then combusted to produce
electricity, this results in a more clean process than combusting coal directly as a
solid fuel. Syngas can be used also as a raw material, to produce hydrogen and
methanol. Gasification is the first process encountered in Integrated Gasification
Combined Cycle (IGCC) power plants, which can emit lower quantities of SOx,
NOx, particulate matter and heavy metals, and have high electrical efficiency [36],
compared to combusting the solid fuel directly.

Although IGCC plants have many advantages, they are hampered by economic
and technical barriers because it is difficult to operate these plants under fast
changing loads. A possible solution to this problem is represented by the compres-
sion of the produced syngas and its storage. This technology can grant more
flexibility to the plant and widen its field of operation. [37]. If the syngas can be
successfully stored, this can help to use it in the power plant only during peak-load
demand and so having higher prices per unit of electricity produced from the
distribution system operator [38]. So syngas compression can permit operation of
a plant when the price of electricity is more convenient and this increases the IGCC
plant profitability (see Fig. 12.8). The compression process is simple but at the same
time needs large volumes for storage if the compressing pressure is low, (10–20) bar.

Both volumetric and centrifugal compressors can be used for syngas compres-
sion. Volumetric compressors can be used with different ranges of mass flow and
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different compression ratios. Centrifugal compressors can be operated with higher
efficiencies [39]. The two parameters to be considered when designing a syngas
storage facility are: power demand and syngas storage capacity. These are directly
influenced by the peak energy demand and the conversion efficiency of the IGCC
plant [40]. An optimum volume has to be found, given that with the decrease of the
storage volume the energy consumption for compression increases (Fig. 12.9).

Once the syngas has been produced and stored, to transform it into energy, it has
to be burnt in gas turbines, internal combustion engines, or combined cycles that
couple a gas turbine with a steam turbine recovering the residual heat contained in
the exhaust combustion gases, which have expanded in the gas turbine. Many
researchers have studied the energy and economic performance of different prime
movers (see Cau et al. [38]). In this study, different prime movers (i.e gas turbines
and internal combustion engines) are analyzed when integrated into a small and
medium size coal gasification power plant, in which a syngas storage section is
present. The results of the comparison are shown in Table 12.3. The data shown in
the Table 12.3 are the result of plant optimization realized in the software Aspen
Plus™. Plant performance and load modulation capacity are linked deeply with two
parameters: syngas storage ratio and gasifier capacity ratio. The syngas storage ratio
is the ratio between the syngas produced in the gasifier section and the syngas stored
in the syngas storage section. The gasifier capacity ratio is defined as the ratio
between the coal energy input of the IGCC and the coal energy input of the base
load coal gasification plant. The power ratio defined in the Table 12.3 is the ratio
between the base load power and the peak load power. The peak load energy ratio is

Fig. 12.8 Coal gasification plant with syngas storage. Reprinted with permission from [38]. Copy-
right © 2012, Elsevier
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the ratio between peak-load and base-load. The Table 12.3 shows that the IGCC
configuration using a GT has significantly lower efficiency. This can be explained by
the fact that at off-design conditions the efficiency of the gas turbine decreases
significantly. At design conditions the turbine in fact has an electrical efficiency of
27.1% and a thermal efficiency of 59%. The thermal efficiency is calculated assum-
ing cooling down the exit gases from the turbine from a temperature of 594 �C to a

Fig. 12.9 Energy consumption for syngas compression in function of pressure ratio and isentropic
efficiency. System efficiency (ηSYS) takes into account the mechanical and electrical energy losses
and is assumed to be 95% Reprinted with permission from [38]. Copyright © 2012, Elsevier

Table 12.3 Main perfor-
mance indicators of Integrated
Gasification Combined Cycle
power plants with gas turbines
(GT) or internal combustion
engines (ICE) [38]

IGCC-GT IGCC-ICE

Power ratio 0.6 0.6

Peak-load energy ratio 0.1333 0.1333

Gasifier capacity ratio 1.241 1.201

Syngas storage ratio 0.065 0.075

Overall efficiency (%) 20.6 32.3

Coal energy input (kW) 10980.0 7028.0

Syngas mass flow rate (kg/s) 1.541 0.986

Stored syngas (t/day) 8.65 6.38

Storage volume (m3) 466.7 344.0

Compressor power (kW) 81.6 60.1

CGS power consumption (kW) 140.1 89.7

PGS power output (kW) 3473.4 3423.0

Base-load power output (kW) 2000.0 2000.0

Peak-load power output (kW) 3333.3 3333.3
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temperature of 120 �C, but what happens in practice is that the turbine works at
design conditions only at peak load. At off-design conditions the performance of the
GT results is influenced by the load rate. So what actually happens is that in
off-design conditions the performance of the GT decreases significantly, contrary
to an internal combustion engine.

The performance of the internal combustion engine is evaluated based on litera-
ture data for capacities ranging between (1–5) MWe. The thermal efficiency of the
ICE is determined based on heat recovery from exhaust gases, lubricating oil and
engine cooling mediums. Generally, the ICE has a higher efficiency at part load
compared to the gas turbine.

Once the syngas is compressed before it can be used in gas turbines. Here the
issue is how to maintain an efficiency comparable to the one which can be achieved
with natural gas, using syngas and without changing turbine materials and design too
much. As it is shown in the study of He et al. [41], gas turbines (GT) are designed to
be fed with natural gas; if they have to be fed with gases with a lower heating value,
the input flow has to be increased, to obtain a Wobbe index which is similar to that of
natural gas. The Wobbe index is defined as the ratio between the higher heating
value of the gas and the specific gravity. On one hand, if syngas is to be fed to a gas
turbine, both the inlet flow and the inlet pressure have to increase; on the other hand,
if the pressure ratio is too high, there is the risk of encountering instability at the
compressor side and too high temperature on the turbine blades.

To respond to the problems caused by the increase of the syngas mass flow other
measures can be adopted, such as: air bleeding and fuel dilution [42, 43]. Air
bleeding is compressed air extracted from the compressor, before it arrives in the
combustion chamber. Usually bleed air can be used to cool down the gas turbine
blades, and to move pneumatic actuators, for example. In this study [42] it is
assumed that air bleed is used in an air separation unit (ASU), the nitrogen obtained
from the ASU is fed to the combustion chamber to dilute the fuel. An example of
plant layout, where the bleed air is fed to an ASU (which is also fed with the air
supplied by the auxiliary air compressor) is shown in Fig. 12.10. The performance of
the considered plant can be evaluated based on two fundamental parameters: air
bleed ratio and integration degree.

Air bleed ratio ¼ Air to ASU from GT=Air at GT inlet ð12:10Þ
Integration degree ¼ Air to ASU from GT=Total air to ASU ð12:11Þ

Both air bleeding and integration decrease the quantity of exhaust gases flowing
through the turbine expander, therefore they reduce the adaptations required in case
of an important increase in the volumetric flow through the expander. Many papers
have shown that for IGCC plants the recommended integration ratio ranges between
(25–30) %, which provides the best balance between the maximum plant electricity
production and the efficiency and it does not compromise the reliability and avail-
ability of the plant [44, 45]. Generally speaking, in a conventional IGCC plant, the
amount of air required at the ASU is about (20–25)% of the air that flows into the
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GT. The air required by the ASU is directly determined by the oxygen flow required
by the gasification reactor. So, an integration degree of (25–30)% determines an air
bleed ratio of about (5–7)%.

The injecting of compressed nitrogen coming from the ASU into the fuel gas
before combustion is considered a fuel dilution technique; which has numerous
advantages, among them the reduction of NOx emissions and the increase in power
production [46].

A possible layout of a gas turbine with air bleed used as a cooling medium is
shown in Fig. 12.10. The plant shown in the figure is basically composed by a
compressor, a combustion chamber and a turbine expander. The compressor pro-
vides two output flows of bleed air which is used as a coolant: one before the turbine
inlet and the other behind the first expansion vane. The air entering at the turbine
inlet is assumed to do mechanical work, while the air entering after the first vane
produces work only in the second rotor [47].

The work of He et al. 2010 [41] calculates the turbine operation window in the
case of the plant shown in Fig. 12.10. The window shows the power production from
the turbine at different flame temperatures. The change in flame temperature is
calculated referring to the operating parameters of the turbine, referring to a
E-class GE gas turbine power plant, with the following characteristics: 166.5 MW
(power output), 17.6 compressor pressure ratio, 1100 �C turbine inlet temperature,
524 �C turbine exhaust temperature, net efficiency equal to 35.7%.

The operation window of a plant fed with CO-rich syngas, is shown in Fig. 12.11.
Figure 12.11a shows the operation window without air bleed and Fig. 12.11b shows
the operation window with 5% air bleed.

Fig. 12.10 Gas turbine with air cooling arrangement. Reprinted with permission from [41]. Copy-
right © 2012, Elsevier
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The operational field of the gas turbine at full load is comprised between the
‘VIGV ¼ 0’ and the “Tbl ¼ 0” contour lines. Regarding the Variable Inlet Guide
Vane (VIGV), when it is equal to zero it represents the position at the design point,
while when it is equal to 30 it refers to a fully closed position where the compressor
inlet mass is reduced by 30%.

Compared to the case where the GT is fed with natural gas, given that the syngas
has a lower LHV and assuming that the air flow in the compressor is constant, this
implies an increase in the fuel mass flow rate to maintain the same flame temperature.
Increasing the syngas mass flow rate will cause also the increase of the hot gas mass
flow and so the heat output at turbine exit.

Secondly, due to the fact that the volumetric flow of the gas turbine (also known
as swallowing capacity) can be changed in a very limited way, the increase in the
exhaust gases mass flow can be done only by increasing the compression ratio. If the
compression ratio increases then the temperature of the cooling flow extracted from
the compressor also increases. In Fig. 12.11a, it can be seen that if the gas turbine is
operated with the design Tbl, the flame temperature will be reduced significantly.
This implies also a reduction of 22 �C for the TIT. It can be seen also that
the operating point of the gas turbine approaches the surge line. This is mainly due
to the significant increase in the compression ratio. Another important change is that
the Turbine Exhaust Temperature (TAT) decreases of about 20 �C, because of the
increased turbine expansion ratio. This has as a consequence also an increased power
production of about 16.6%, compared to the design value.

Figure 12.11b shows the results for the scenario using 5% of bleed air extracted
from the compressor to produce oxygen in the ASU, this layout is quite common in

Fig. 12.11 (a) Operation window of a diluted CO-rich syngas fired gas turbine without air bleed;
(b) Operation window of a diluted CO-rich syngas fired gas turbine with 5% air bleed. Reprinted
with permission from [41]. Copyright © 2012, Elsevier. Line definitions. (red line): Turbine inlet
temperature (TIT); (black line): Blade temperature (Tbl); (pink dashed lines): compressor outlet
temperature (TK2) is represented by pink dashed lines; (purple lines): turbine exhaust temperature
(TAT)
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an IGCC plant with partial integration. This new layout is better performing and has
many advantages compared to the previous configuration, among them:

– an increase in the compressor surge margin;
– in this case a big reduction of the flame temperature is not needed;
– the decrease in the Turbine Inlet Temperature (TIT) is also smaller.

When the gas turbine is operated at full capacity, the power output increases by
8% from the design-point value.

If the plant is fed with undiluted CO-rich syngas we will have the operational
maps shown in Fig. 12.12a, b. Compared with the case of dilution, non-dilution has a
larger operation window. The following positive effects can be noted:

– first of all, turbine blade cooling is remarkably improved;
– the reduction in the TIT, which is necessary to prevent overheat of the turbine

blades is less intense. In fact a smaller reduction (about 5 �C) in the TIT is
required at full load for a gas turbine with 5% air bleed, compared to the 10 �C
which are needed for a gas turbine without air bleed.

– the compressor surge margin is further enlarged. In fact this parameter is about
8% for a gas turbine without air bleed and about 15% for a gas turbine with 5%air
bleed.

– the plant can be controlled based on a constant turbine exhaust temperature (TAT)
control mode in the load range comprised between 51% and 77% for a gas turbine
without air bleed and from 39% to 78% for one with air bleed. This allows to have
a relatively higher temperature of the exhaust gases in a wider load range. This

Fig. 12.12 (a) Operation window of an undiluted CO-rich syngas fired gas turbine without air
bleed; (b) Operation window of an undiluted CO-rich syngas fired gas turbine with 5% air bleed.
Reprinted with permission from [41]. Copyright © 2012, Elsevier. Line definitions. (red line):
Turbine inlet temperature (TIT); (black line): Blade temperature (Tbl); (pink dashed lines): com-
pressor outlet temperature (TK2) is represented by pink dashed lines; (purple lines): turbine exhaust
temperature (TAT)

12 Syngas Production, Storage, Compression and Use in Gas Turbines 345



can increase the amount of heat which is recovered by the HRSG (heat recovery
steam generator).

The main disadvantage caused by the operation with undiluted syngas is
represented by the fact that the gas turbine has limited possibility to increase the
power output given that the undiluted fuel has a smaller mass flow rate compared to
the diluted gas.

12.3.4 Syngas Ignition Behavior during Compression

Micro-turbines and gas turbines have been tested using different biofuels in many
works reported in Literature [48]. Among them: bio-ethanol, bio-methanol, straight
vegetable oils, bio-diesel, biogas, hydrogen and pyrolysis oils, syngas, DME.

Despite some difficulties in using syngas in gas turbines, many experiments have
been performed in various plants all over the world, especially in the United States
[49–51]. Syngas is mainly composed of mixtures containing different concentrations
of carbon monoxide (CO) and hydrogen (H2) [50]. The variation in syngas compo-
sition can complicate the turbine design and operation. Hydrogen can increase the
temperature in the combustion chamber, leading to important nitrogen oxide (NOx)
emissions. The actual dry low-NOx gas turbine technologies cannot easily support
high mass flow rates and fuel concentrations between 15% and 40% [49, 51]. Thus,
firing diluted syngas, typically using nitrogen (N2) or steam in the dilution, can be a
good approach [52]. Gas turbines operated in lean premixed combustion conditions
can overcome the problem of high emissions and low efficiency. The new concept
for syngas turbines is focused on such premixed systems. For premixed operation,
there could be concerns over pre-ignition, flashback and safety and performance
problems.

Some important publications on the use of H2 and CO2 mixtures on GTs are
represented by [52–55]. There are also many studies on developing revised H2 and
CO reaction mechanisms which will be explained in Sect. 12.4.1 [56–58]. However,
lack of data at elevated pressures and temperatures and use of non-diluted fuel/air
mixtures make reaction kinetics of syngas blends widely unexplored at conditions
relevant to gas turbine applications.

Walton et al. [59] gave an important database of combustion kinetic benchmarks
for syngas combustors at typical conditions of temperature and pressure. The study
has been done to understand properly the ignition behavior of the simulated syngas
mixtures as a function of combustion conditions and syngas composition. To
analyze high temperature and high pressure combustion phenomena the use of
rapid compression facilities (RCF) can be beneficial. These are test benches which
are used also for internal combustion engines, because their piston compresses the
test-gas mixture in the chamber, in a similar way to what happens in an internal
combustion (IC) engine, leading to a very rapid increase in pressure and temperature.
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These facilities can be used also to analyze the behavior of gas turbines combustion
chambers.

Different tests have been realized at the rapid compression facility (RCF) of the
Michigan University (see Fig. 12.13) [60].

The UM-RCF is mainly composed of the following:

– a driven section, that is where the syngas is contained and compressed;
– the test manifold, where the compressed syngas is stored at uniform high pressure

and high temperature conditions;
– the driver section, that is where compressed air is contained and used to drive the

sabot;
– the hydraulic control valve assembly; which liberates the compressed air;
– the sabot (free piston), which is driven by compressed air.

Pressurized gas is used by the UM-RCF to move the sabot down the bore of the
driven section. The test syngas is loaded in front of the sabot, into the driven section
and then it is compressed when the sabot traverses the driven section length.

The phases in which a compression test is divided are:

1. loading of the gas in the driver section. Driver section is loaded with
pressurized air.

2. The hydraulic valve is opened to allow compressed air to exit the driver section
and to push the sabot along the length of the driven section.

3. the sabot moves through the driven section compressing the syngas ahead of the
sabot.

Fig. 12.13 Depiction of the
Michigan University rapid
compression facility in
operation. Reprinted with
permission from
[60]. Copyright © 2004,
Elsevier

12 Syngas Production, Storage, Compression and Use in Gas Turbines 347



4. the sabot arrives to the end of its movement and traps the syngas in the test
manifold.

In detail it can be said that before starting each test a diffusion pump makes the
void in the driven section. To begin the experiment the hydraulic control valve and a
sheet of polyester film (0.05 mm thick, Mylar®) are used to separate the driver and
driven sections. When the driven section is charged with the gas mixture, the
hydraulic control valve opens and the high-pressure gas, coming from the driver
section, breaks the polyester film, enters the driven section and accelerates the sabot.
In the driven section, the test gas mixture compression is done in front of the sabot.
When, the sabot nose cone seats by an annular fit situated in the test manifold wall,
the compressed test gas is sealed within the test manifold. The compression process
can be considered isentropic.

The University of Michigan (UM) used the rapid compression facility (RCF) to
perform ignition experiments to analyze the chemical kinetics related to the syngas
combustor operation. The UM-RCF is an effective experimental apparatus that can
be employed [60] to create constant high-temperature (T ¼ 500–3000 K) and high
pressure (P ¼ 0.5–60 atm) conditions. The test facility recreates an environment
which is typical of GTs working conditions. The test bench can be used to analyze
the ignition delay time (τign) of the syngas. This parameter is the most important
kinetic characteristic of the combustion process and it is strongly influenced by the
syngas chemical composition and also by the temperature and the pressure
conditions.

The τign value obtained from the experiments is of fundamental importance to
indicate the extent of the reaction kinetics and to verify detailed, skeletal and reduced
kinetic schemes [56, 58, 61].

With the RCF test bench different kinds of syngas with different H2:CO ratios
(ranging from 0.25 to 4.0) can be tested. Also different syngas dilution rates can be
tested by mixing N2 with syngas; so that the behavior of the syngas can be analyzed
at high pressures and lean or stoichiometric conditions. These experiments are of
paramount importance to design modern gas turbines. In the study of Walton et al.
2007 [59], to simulate the ignition behavior of syngas mixtures consisting of CO and
H2, different parameters have been analyzed, such as: the H2:CO ratio, the equiva-
lence ratio, the oxygen concentration, the pressure and the temperature. The pres-
sures derivative time-history and the pressure time-history for both pure H2 and pure
CO ignition experiments of the ignition are shown in Fig. 12.14; those data can be
compared with the data reported in [62].

The first peak in the pressure curve shows the end of the compression phase. The
pressure remains practically steady for a while, after the gases are sealed in the test
section. This stabilization phase is followed by a fast rise in pressure, which coincide
with the ignition of the syngas (set as t¼ 0 s in Fig. 12.14). After the time of ignition
the pressure data show an increase in the pressure, which is slow at first and then is
followed by a rapid increase. The rapid increase in pressure is due to the presence of
reaction fronts before the volumetric ignition. The τign is given from every test as the
time between Pmax at the end of compression and the maximum value of dP/dt
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(Fig. 12.14). Repeating the tests in different conditions and with different syngas
composition and measuring the ignition delay time for all the cases, a database of
ignition times can be produced. Through regression analysis the ignition delay time
has been calculated by Walton et al. 2007 [59], as shown in Eq. (12.12).

τign ¼ 3:7 � 10�6P�0:5ϕ�0:4χO2
� exp 12, 500=R cal=mol=K½ �T

� � ð12:12Þ

where,

– P is the pressure;
– ϕ is the equivalence ratio;
– χO2

is oxygen mole fraction;

– R cal=mol=K½ � is the universal gas constant.

In the ignition tests previously reported in literature and performed on hydrogen
and hydrocarbons, when shock tube and rapid compression facilities have been used,
similar phenomena of creation of localized reaction fronts and propagation to the
entire combustion chamber have been noticed [63–67]. This phenomenon is
depending on syngas composition. The reaction front propagation is absent in the

Fig. 12.14 Typical experimental results for pressure and pressure derivative time-histories for
experimental conditions of Teff¼ 1004 K, Peff¼ 11.3 atm, H2:CO ratio¼ 0.4, inert:O2 ratio¼ 3.76,
syngas fuel ¼ 20% H2, 80% CO. Reprinted with permission from [59]. Copyright © 2007, Elsevier
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case of lean mixtures (with fuel mole fractions below a critical limit), above a limit of
fuel concentration ignition fast propagation is observed (Fig. 12.15).

Ignition delay time can be also described by the kinetic mechanism developed by
Wang and co-workers [57, 68]. This derives from the mechanism previously devel-
oped by Davis et al. [57], which is based on the work of Mueller et al. [56].

The scheme of [56] was re-evaluated by Davis et al. [57], updating it with reaction
chemistry and thermodynamic data to obtain results which were more correspondent
to the experimental conditions.

Figure 12.15 shows the complete dataset of experiments performed by [50]. The
results of ignition delay time are plotted against 1000/T. The results are also
interpolated with Eq. (12.12). This kind of interpolation is also compared with the
model of Davis et al. [57]. It can be seen that the interpolation had a better
performance than the model of ref. [59].

Fig. 12.15 Comparison of experimentally measured H2 and CO ignition delay time with model
predictions as a function of inverse temperature. The experimental data have been normalized to
P¼ 15 atm, ϕ¼ 0.4, χO2¼ 18% using Eq. (12.12). Reprinted with permission from [59]. Copyright
© 2007, Elsevier
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12.3.5 Syngas Homogeneous and Heterogeneous Ignition

In combustion processes we can have premixed flames and diffusion flames. Diffu-
sion flames in particular can be classified as homogeneous and heterogeneous. In
homogeneous flames the characteristics are determined by the flow of gases and by
interdiffusive phenomena; while in heterogeneous flames the characteristics are
determined by the exchange of heat and material with the surface of the solid. An
important study authored by Chaos and Dryer [69] has evaluated the recent research
on chemical kinetics of syngas combustion. The study presents a critical comparison
of the differences between kinetic model predictions and experimental measure-
ments in high-pressure ignition tests.

Auto-ignition can be of two types: strong and weak [70]. Weak ignition is defined
as non-uniform ignition of the mixture; while strong ignition is defined as a phe-
nomenon which starts with a wave that propagates through the whole combustible
mixture.

Voevodsky and Soloukhin were the first to study this phenomenon [71]. They
arrived at the conclusion that the weak ignition can be explained by a kinetic
phenomenon which is delimited by the second explosion limit. Thereby, the chem-
ical kinetic process in determining the behavior of ignition is essential.

Meyer and Oppenheim [72] linked the weak ignition to the post shock temper-
ature in the shock tube reactor. Assuming stoichiometric H2/O2 mixtures, the
following equation for the ignition delay time can be inferred:

∂τign
∂T5

����
p5

¼ �2 μs=Kð Þ ð12:13Þ

where T5 and p5 are temperature and pressure in the shock region. The interesting
conclusion of Mewer and Oppenheim [72] is that weak ignition is a phenomenon
linked with the dynamics of the gases and it is induced by perturbations to the flow-
field.

To understand better the results of [71, 72], Fig. 12.16 presents the data of the
study of [71, 72] on weak and strong ignition of different syngases (obtained from
mixtures of H2 and CO in different concentrations). From Fig. 12.16 it can be seen
that the sensitivity criterion developed byMeyer and Oppenheim (reported in dashed
lines) performs better in predicting the weak ignition boundary than the second
explosion limit, especially in the low-pressure region.

In the work of Mansfield and Wooldridge [73] an experimental campaign was
conducted to analyze the ignition delay of syngas, differentiating between strong and
weak ignition.

From Fig. 12.17 it can be seen that the strong ignition is located usually at
temperatures which are higher than 1000 K. The strong ignition limit is not existent
anymore at high pressures, where it has been assessed only strong ignition (i.e
homogeneous ignition).

Figure 12.17 shows two explosion limits:
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– the second explosion limit and
– the extended explosion limit.

The second explosion limit represents the competition between the dominant
chain-branching combustion pathway and the dominant chain-terminating pathway.
The extended second explosion limit is defined as the state in which no net radicals
(H, O, OH, HO2) are produced. In this case also HO2 chemical reactions are
included, which are only significant at pressures higher than 1 atmosphere.

12.4 Combustion of Pressurized Syngas in Gas Turbines

12.4.1 Modeling Aspects

Syngas is highly variable in composition. Given that major gaseous components are
always the same, i.e. H2, CO, CO2, CH4, N2 and eventually O2; the percentage
content of those gases can be very different, depending on thermochemical process
conditions (final temperature, heating rate) and on the use of reagents, like steam.
The variable composition of syngas influences substantially the combustion behav-
ior both in steady state and transient regimens [74].

Generally syngas composition has an important influence on:

Fig. 12.16 Weak and strong ignition limits as a function of temperature and pressure for a H2/O2

stoichiometric mixture. Reprinted with permission from [70]. Copyright © 2014, Elsevier
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– combustion instabilities (different instabilities can happen during combustion, for
example: acoustic instabilities, shock instabilities, fluid-dynamic instabilities,
chemical-kinetic instabilities, diffusive-thermal instabilities, hydrodynamic insta-
bilities, feed-system interactions, exhaust-system interactions etc.)

– blowoff (flame blowoff can be indicated also as static instability, this happens
usually due to a change in the composition of the syngas-oxidizer mixture or in
the flow environment of the flame);

– blowout (when excessive flow of oxidizer quenches the flame);
– flashback (upstream propagation of the flame back to the burner);
– pollutant emissions (CO, CxHy, PM, NOx, PAH, etc.);
– flame structure (which can be mainly analyzed based on the shape and on the

colors of the flame).

Combustion instability is an important topic for gas turbines, which are usually
designed to reach very low emissions levels and so are often operated in conditions
which are quite close to the blowout limits. Flashback is also an important instability
generated by high flame speed fuels which contain high hydrogen levels.

Given the wide variety of composition of syngas it has to be taken into account
that a system designed for a low hydrogen containing syngas cannot be easily
adapted to work with a high hydrogen content syngas.

Fig. 12.17 Ignition behavior as a function of thermodynamic state for mixtures with equivalence
ratio equal to 0.1. The strong ignition limit is shown as a hashed area. H2/O2 explosion limits are
shown as solid lines with upper and lower bounds shown as dashed lines, representing uncertainty
in the rate coefficient of reactions Reprinted with permission from [73]. Copyright© 2014, Elsevier
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To reduce combustion instabilities much modeling work has been performed,
based on kinetic studies. These have been developed to characterize the combustion
behavior of H2/CO mixtures which can be used to model the behavior of syngas
[48, 75–78]. Studies have been performed using both approaches: experimental and
modeling. Modeling can also play an important role in emissions reduction. Burning
hydrogen rich syngas higher combustion temperatures are obtained and this can
cause an increase in NOx emissions. For this reason the current approach is to dilute
syngas using N2 or steam [58]. So to reduce emissions a possible solution can be a
lean premixed turbine operation, here combustion modeling can be used to check
safety issues. For this purpose, very reliable kinetic models are needed. The devel-
opment of kinetic mechanisms of syngas combustion is a key step toward the
optimization of syngas fed gas turbines [75].

Several works are available in the literature on syngas combustion modeling, as
presented in Table 12.4.

Table 12.4 CO/H2/O2 mechanisms [74]

Number Mechanism Species Reactions

1 NUIG-NGM-
2010 [80]

15 species (obtained from an
original number of 293)

41 reactions (obtained from an
original number of 1593)

2 Kéromnès-2013
[81]

15 species (obtained from an
original number of 17)

49 reactions

3 Davis-2005 [48] 14 species 38 reactions

4 Li-2007 [82] 15 species (obtained from an
origi nal number of 21)

45 reactions (obtained from an
original number of 93)

5 USC-II-2007
[83]

14 species (obtained from an
original number of 111)

48 reactions (obtained from an
original number of 784)

6 SanDiego-2014
[84]

15 species (obtained from an
original number of 50)

37 reactions (obtained from an
original number of 244)

7 CRECK-2012
[85]

14 species 34 reactions

8 Li-2015 [86] 14 species 37 reactions

9 Starik-2009 [87] 16 species 44 reactions

10 GRI3.0-1999
[88]

15 species (obtained from an
original number of 53)

48 reactions (obtained from an
original number of 325)

11 Rasmussen-2008
[89]

15 species (obtained from an
original number of 24)

59 reactions (obtained from an
original number of 105)

12 SaxenaWilliams-
2006 [78]

14 species 30 reactions

13 Sun-2007 [90] 15 species 48 reactions

14 Ahmed-2007
[91]

14 species (obtained from an
original number of 246)

37 reactions (obtained from an
original number of 1284)

15 Zsély-2005 [49] 13 species 44 reactions

16 Dagaut-2003
[92]

13 species (obtained from an
original number of 132)

34 reactions (obtained from an
original number of 922)
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An interesting comparison of the different kinetic schemes that have been devel-
oped for syngas combustion in gas turbines is proposed in the work of Olm et al.
[79]. Sixteen combustion mechanisms for syngas are compared, based on the
performances on 5 parameters:

– ignition delay;
– flame velocities;
– species concentrations;
– overall results, all diluents except He;
– overall results, all diluents including He.

To evaluate the performance on the 5 parameters an error function is considered,
which is calculated in the following way:

Ei ¼ 1
Ni

XNi

j¼1

Ysim
ij � Yexp

ij

σ Yexp
ij

� �
0
@

1
A

2

ð12:14Þ

where,

– N is the number of available data.
– Yij

sim is the j-th simulated data;
– Yij

exp is the j-th experimental data;
– σ(Yijexp) is the standard deviation of the j-th experimental data.

The total error is the sum of the errors obtained from Eq. (12.14):

E ¼ 1
Ni

XN
j¼1

Ei ð12:15Þ

The mechanisms are assigned a number based on their performance on the
5 chosen parameters (number 1 is the best, number 16 is the worst), they are
shown in Table 12.4.

Here the model used to simulate CO/H2 mixtures by the CRECK modeling group
is shown. This model is the first step in the implementation of the CRECK-2012
model and contains a large number of the reactions. We chose to present this model
given the experience on biomass modeling of the CRECK research group. This
model has been realized by adding the hydrogen oxidation mechanism [76] to the
oxidation of CO. In this way the model is mainly based on the oxidation of H2/CO
mixtures, where CO and H2 are the main syngas components.

The model has been verified by comparing the results with experimental data
obtained mainly under high-pressure conditions. It is thought to be used to model
syngas combustion in gas turbines in a wide range of conditions. The kinetic model
includes:

– recent and accurate thermodynamic and kinetic estimates;
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– the interaction of the combustion system with pollutant species (NOx) [93].

The scheme published in [74], which is based on 32 elementary reactions is
proposed in Table 12.5. The part on methane combustion is taken from Ranzi
et al. [94].

The first reaction consists of the oxidation of a single hydrogen atom, which is a
chain branching reaction, where O is a diradical; so in this step from one H radical
3 radical products are formed. The diradical can react with a hydrogen molecule to
form two radicals (see branching reaction number 2). The two branching reactions
can be responsible of explosion phenomena.

Hþ O2 ¼ OHþ O ð12:16Þ
Oþ H2 ¼ OHþ H ð12:17Þ

The third-order reaction, H + O2 + M ¼ HO2 + M, is important as a chain
terminating reaction in combustion. The reaction competes with the branching
reaction, H + O2 ¼ OH + O, at temperatures less than �900 K and, therefore, has
a substantial effect in the later stages of combustion in both flames and practical
combustors [100, 101].

Hþ O2 þ M½ � ¼ HO2 þ M½ � ð12:18Þ

Equation (12.18) can involve also a H radical and two molecules of oxygen
(H + O2 + O2 ¼ HO2 + O2).

The reaction OH + HO2 ¼ H2O + O2 plays an important role in combustion
chemistry. It is a major HO2 termination path in lean combustion [102, 103], and it is
responsible for the depletion of both OH and HO2 radicals in burnt gases [104, 105].

OHþ HO2 ¼ H2Oþ O2 ð12:19Þ

The H2/CO2 sub-mechanism consists of 20 reversible reactions, as reported in
[76]. The extension to syngas combustion requires the addition of only three new
species (CO, CO2 and HCO) and 12 new reactions.

As reported in the work of Davis [48], the reaction CO + OH ¼ CO2 + H is the
critical step in syngas oxidation and combustion and special attention should be
focused on its rate constant. The importance of this reaction in syngas combustion is
linked with the significant heat released during CO to CO2 conversion. This reaction
has been experimentally studied by Wooldridge et al. [106] who suggested a new
expression to define the rate coefficient, based on experimental measures performed
with infrared absorption of CO2 and the UV laser absorption of OH. This rate is
confirmed also by other measures reported in the literature [107, 108].

Davis et al. [48] added two modified Arrhenius expressions to describe more
accurately the high temperature data of Wooldridge et al. [109] and of Golden et al.
[110]. Similarly, a combination of two expressions was used by Joshi and Wang
[108] while three expressions were combined by Sun et al. [111].
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Table 12.5 CO/H2/O2 mechanism with rate coefficients in the form k ¼ A � T n � exp(�Ea/RT), A
units: mol/l/s/K; Ea units: cal/mol [74]

Reaction A n Ea Source

1 H+ O2 ¼ OH + O 2.21E+11 0 16,650 [76]

2 O+ H2 ¼ OH + H 4.33E+10 0 10,000 [76]

3 H+ O2 + [M] ¼ HO2 + [M] 4.65E+09 �0.8 0 [76]

Low-pressure limit: 7.00E + 11 0.4 0

Troe parameters: 0.5, 1E � 30 1E + 30

Enhanced third-body efficiencies: H2O¼ 18.0, H2 ¼ 2.5, N2 ¼ 1.26, O2 ¼ 0, Ar¼ 0.8, He¼ 0.8,
CO ¼ 1.2, CO2 ¼ 2.4

H + O2 + O2 ¼ HO2 + O2 8.90E+0.8 0 �2822 [76]

4 OH+ HO2 ¼ H2O + O2 5.00E+10 0 1000 [76]

5 H+ HO2 ¼ OH + OH 2.50E+11 0 1900 [76]

6 O+ HO2 ¼ O2 + OH 3.25E+10 0 0 [76]

7 OH + OH¼O + H2O 7.36E+09 0 1100 [76]

8 H2 + [M] ¼ H + H+[M] 2.23E+11 0 96,081 [76]

Enhanced third-body efficiencies: H2O ¼ 12.0, H2 ¼ 2.5, CO ¼ 1.9, CO2 ¼ 3.8, Ar ¼ 0.5,
He ¼ 0.5

9 O2 + [M] ¼ O + O+[M] 1.55E+11 0 115,120 [76]

Enhanced third-body efficiencies: H2O ¼ 12.0, H2 ¼ 2.5, CO ¼ 1.9, CO2 ¼ 3.8, Ar ¼ 0.2,
He ¼ 0.2

10 H + OH+[M] + H2O+[M] 4.502E+16 �2 0 [76]

Enhanced third-body efficiencies: H2O ¼ 16.0, H2 ¼ 2.0, CO2 ¼ 1.9

11 H + HO2 ¼ H2 + O2 2.50E+10 0 700 [76]

12 HO2 + HO2 ¼ H2O2 + O2 2.11E+09 0 0 [76]

13 OH + OH+[M] ¼ H2O2 + [M] 7.40E+10 �0.37 0 [76]

Low-pressure limit: 2.30E + 12 �0.9 �1700

Troe parameters: 0.7346, 94.00, 1756, 5182

Enhanced third-body efficiencies: H2O ¼ 6, H2 ¼ 2, CO ¼ 1.5, CO2 ¼ 2.0, CH4 ¼ 2.0,
C2H6 ¼ 3.0, Ar ¼ 0.7, He ¼ 0.7

14 O + OH+[M] ¼ HO2 + [M] 1.00E+10 0 0 [76]

15 H + H2O¼H2 + OH 4.00E+07 1 19,000 [76]

16 H2O2 + H¼H2O + OH 2.41E+10 0 3970 [76]

17 H2O2 + H¼H2 + HO2 6.03E+10 0 7950 [76]

18 HO2 + H2O ! H2O2 + OH 5.39E+05 2 28,780 [76]

19 OH + H2O2 ! H2O + HO2 3.20 + E+05 2 �4170 [76]

20 O + H2O2 ! OH + HO2 1.08E+06 2 �1657 [95]

21 CO + O+[M] ¼ CO2 + [M] 9.64E+07 0 3800 [48]

Low-pressure limit: 2.07E + 20 �3.34 7610

Enhanced third-body efficiencies: H2O ¼ 12.0, H2 ¼ 2.0, CO ¼ 1.5, CO2 ¼ 2.0, Ar ¼ 0.5

22 CO + OH¼CO2 + H 9.60 + 08 0.14 7352

23 CO + H2O¼CO2 + OH 3.01E+10 0 23,000 [47]

24 CO + H2O¼CO2 + H2 2.00E+08 0 38,000 [95]

25 O2 + CO¼CO2 + O 2.53E+09 0 47,000 [96]

26 HCO+[M] ¼ CO + H+[M] 1.20E+14 �1 17,000 [97]

(continued)
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This is due to the complexity of the CO + OH reactions and to the difficulty in
describing them using a single Arrhenius expression which should perform well over
a wide range of temperatures. The CO + OH reactions can proceed in both ways:
passing and not passing through the chemically activated complex HOCO
[108]. Consequently, the temperature dependence of the reaction can be explained
better using two rate expressions and a two-channel reaction.

CO to CO2 conversion can also proceed through the following recombination
reaction:

COþ OþM ¼ CO2 þM ð12:20Þ

This happens mainly at high pressures and/or in anhydrous systems, as reported
by [74]. Figure 12.18 shows that in literature we can find very different values of rate
constants [47, 96, 112–119]. In the model presented in Table 12.5 we can see that the
reaction number 21 is modelled with the following Arrhenius expression:

k ¼ 2:07� 1020� T � 3:34� exp ð�7160=RTÞ ð12:21Þ

Which in case of high-pressure is combined with the parameters of Kondratiev
[120] as suggested by Allen et al. [121]. The value of the kinetic rate at high-pressure
value is about 2–3 times faster than the one suggested by Troe [122]. Dealing with
the reaction, Eq. (12.22),

COþ HO2 ¼ CO2 þ OH ð12:22Þ

the equation was modified, according to what was reported in Mueller et al. [47], to
take into account syngas reactivity at low temperature and high pressure.

Nitrogen chemistry and kinetics has been analyzed in many papers [76, 123,
124]. The kinetic model presented in Table 12.5 can be combined with a NOx kinetic
scheme in which the following reaction was updated to improve the model
predictions:

Table 12.5 (continued)

Reaction A n Ea Source

Enhanced third-body efficiencies: H2O ¼ 5.0, H2 ¼ 1.9, CO ¼ 1.9, CO2 ¼ 3.0

27 HCO + O¼CO2 + H 3.00E+10 0 0 [96]

28 HCO + H¼H2 + CO 1.00E+11 0 0 [98]

29 HCO + OH¼H2O + CO 5.00E+10 0 0 [99]

30 HCO + HO2 ¼ H2O2 + CO 4.00E+08 0 0 [94]

31 O2 + HCO¼H2O + CO 1.00E+09 0 0 [94]

32 HCO + HO2¼ > H + OH + CO2 3.00E+10 0 0 [99]
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HONOþ OH ¼ NO2 þ H2O ð12:23Þ

Another interesting scheme, which is not comprised in Table 12.5 is the one
proposed by Boivin et al [125]. This is a four step mechanism which builds upon a
three step mechanism for H2 combustion in air [126]. Also in this case CO combus-
tion is added to an already existing scheme describing H2 combustion. The final
scheme is quite simple and composed by 16 elementary steps.

12.4.2 Experimental Pressurized Syngas Combustion Test
Benches

Burke et al. [127] used a dual-chambered, pressure-release type high-pressure
combustion apparatus (see Fig. 12.19) to assess the influence of temperature and
pressure on mass burning rates of syngas with different compositions.

In recent studies, the facility shown in Fig. 12.19 was managed in the “closed
configuration”, as discussed in [128], such that the combustion chamber can be
considered as a constant-volume cylindrical bomb. Experimental and numerical
studies have been done to investigate the dependencies between the pressure and
flame temperature of mass burning rates for H2/CO/O2/diluents blends. Mass burn-
ing rates and flame speeds were extracted from externally propagating flames for
equivalence ratios from 0.85 to 2.5, flame temperatures of (1500–1800) K, pressures

Fig. 12.18 Reaction CO + O + M ¼ CO2 + M. Comparison of the low-pressure rate constants
suggested by [47, 74, 96, 112–119] (K units: mol cm3 s). Reprinted with permission from
[74]. Copyright © 2007, Elsevier
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from (1 to 25) bar, CO fuel fractions from 0 to 0.9 and dilution concentrations of He,
Ar and CO2 up to respectively 0.8, 0.6 and 0.4. The main conclusions are explained
in the following paragraphs:

At low pressure, the mass burning rate increases with pressure, while at high
pressure conditions there is an inversely proportional relationship between the mass
burning rate and the pressure for both lean and rich conditions. A negative depen-
dence of the mass burning rate on pressure is observed at lower pressure and lower
temperature. With the increase of pressure the dependence on temperature of the
burning rate increases. Compared to pure H2 at the same pressure and temperature
conditions, a 0.5 mass fraction of carbon monoxide addition to the fuel doesn’t have
an important effect on the pressure dependence. Dilution with CO2 enhances the
pressure and temperature dependence.

Currently there is no kinetic model which can predict the dependence of the
burning rate on pressure across all the pressure and temperature conditions.

Considering experiments which applied the typical conditions of a gas turbine
combustion chamber. In order to keep the same flame temperature, the dilution can
be increased together with the preheating of the mixture; this will give the same
burning rate-pressure dependence with respect to the non-preheated test. Burning
rate-pressure dependence and sensitivity results are reduced in the case of preheating
the mixture with fixed dilution rates. Referring to the previous case, if dilution is not
maintained constant, but decreased, then we will have also an increase in the flame
temperature and a weaker dependence of burning rate from pressure. The strength of
the burning rate-pressure dependence of H2/O2/diluent flames is influenced by
diluent according to the following order: He < N2 < CO2 < H2O.

When the pressure is increased, the extended second explosion limit, which
delimits straight-chain kinetics from chain-branching kinetics, translates to higher

Fig. 12.19 Dual chamber high pressure combustion apparatus. Reprinted with permission from
[127]. Copyright © 2010, Elsevier
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temperatures. As a result, the part of the flame zone in which intense branching
happens is restricted to a narrower, higher temperature window as the pressure is
increased—resulting in a shift of the peak for all radical reactions to higher temper-
atures. According to the sensitivity analysis, the pressure dependence for rich
conditions is controlled by two competing chemical reactions:

– H + O2.
– and H + HO2.

which largely govern the fate of H. The same reactions are important for lean
conditions together with:

– OH + H2.
– and OH + HO2.

which are mainly responsible of the OH radical fate.
The sensitivity of mass burning rates to elementary rate constants increases

greatly with pressure. The big sensitivities at elevated pressures raise the effects of
uncertainties in rate constants for elementary reactions. Consequently, the inconsis-
tencies in the burning rate predictions by different models may be due to uncer-
tainties associated with a number of reactions, radical recombination reactions; such
as HO2 + radical reactions, radical recombination reactions and even well-studied
reactions (like hydrogen oxidation reactions). The collision efficiencies, as well as
the treatment of fall-off for the reaction: H + O2(+M)¼HO2(+M) can influence in an
important way the predictions at high pressures, whereas for “fall-off” a reaction has
an increasing rate with an increase in temperature.

It becomes clear that one or more elementary reactions could be significant in
high-pressure H2 flames but are not considered by most of the current H2 combustion
models (e.g. O + OH + M ¼ HO2 + M).

In the case of increasing pressure and decreasing flame temperature, the recom-
bination reactions are thought to become more important. For this reason the flux
through branching and recombination channels may become approximately equal in
the most reactive portion of the flame at low flame temperatures and high pressures
conditions. Hence, the sensitivity of the predictions to the rate parameters for those
reactions increase dramatically. The high sensitivities to input parameters gives
important implications. For example it will be very difficult to model exactly the
flame at high-pressure, and uncertainty in a rate parameter will result in a larger
uncertainty in the flame speed/burning rate.

Another experimental apparatus is shown in Fig. 12.20; this has been realized in
the ‘Centro Combustione Ambiente’ Gioa del Colle, through the collaboration of
Ansaldo and Turbec, it is based on a pressurized combustion chamber which
simulated the combustion chamber of a micro-gasturbine. Tests have been
performed to understand the combustor performances when fed with compressed
air from bottles and a mixture of syngas and steam; where syngas is provided by
bottles.

Figure 12.20 shows a clarified view of the experimental installation used to fire
the pressurized combustion on NG/syngas or a mixture of both. The flows of
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compressed carbon monoxide (20.5 vol.%) and hydrogen (79.5 vol.%) are regulated
via electronic valves. The steam is generated externally and premixed to create a wet
syngas. The temperature of the combustion mixture is monitored using 24 K type
thermocouples. Pressure sensors are used to monitor the pressure ratio of the air
when it is compressed externally to the combustion chamber. Downstream of the
combustion chamber, there is a diaphragm that regulates the pressure and represents
the turbine backpressure. Electric heaters preheat the air up to a theoretical maximum
of 450 �C. To maintain the same pressure drop used for methane the injection
nozzles were slightly to optimize the injection of hydrogen-rich synthesis gas.

The combustion gases are cooled by a water-cooling circuit respectively after
passing the adjustable diaphragm and before being analyzed to determine their
composition and evacuated through the exhaust pipe.

After the syngas combustion tests in a microturbine combustion chamber, it can
be inferred that:

– the values obtained during measurements of wall-temperature for the combustion
of synthesis gas did not exceed those obtained with natural gas. So there should
be no problem regarding temperature limits of the materials due to the use of wet
hydrogen-rich gas.

– during partial load and full load operation of the syngas combustion chamber, no
observations have been made which could indicate a declining flame anchoring
position. According to the temperature profiles, it can be noted that the flame does
not come close to the combustor rim, so there are not flashback problems.

Fig. 12.20 Simplified overview of the experimental setup used to test different fuel types in the
pressurized combustor. Reprinted with permission from [129]. Copyright © 2010, Elsevier
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– the production of NOx and CO measured over combustion remain notably low. It
can be noted that the combustion regime was stable producing very low CO
emissions during the operation with syngas. So no incomplete combustion was
observed. The small values for the NOx emissions are due to the positive effect of
the steam content on flame temperature. So thermal NOx have been minimized.
Prompt NOx was not expected to have significant contributions. Correspond-
ingly, the total NOx emissions generated during syngas combustion were found to
be very low, under (<5 ppm).

– no auto-ignition, flashback instabilities or blow-off were noticed.

12.5 Conclusions and Future Outlook

Syngas is the product of pyrolysis and gasification processes which can be used both
for CHP and for the production of chemicals. Syngas compression is a useful process
which can boost its utilization in many cases: for the chemical conversion of the gas;
for power production in IGCC plants; for heat production for cooking and heating
needs. The compression has to be performed in safe and effective ways. This chapter
shows that:

– it is important to analyze the explosion limit of the syngas, the ignition delay and
the behavior of the syngas in high pressure and high temperature environments.

– this can be done following two approaches: experimental and modeling.
– experiments can be performed in Rapid Compression Facility (RCM) test bench

and also shock tube reactors.
– kinetic models can be verified on experimental data and used to simulate syngas

behavior and the combustion performances of gases with different composition
which are compressed and ignited in different conditions of temperature and
pressure.

– experimental tests have shown that after ignition the pressure data show an
increase, which is slow at first and then is followed by a rapid increase.

– further studies have shown that auto-ignition can be of two types: strong and
weak. Weak ignition is defined as non-uniform ignition of the mixture; while
strong ignition is defined as a phenomenon which starts with a wave that
propagates through all the combustible mixture. The weak ignition can be
explained with a kinetic phenomenon which is delimited by the second explosion
limit.

– weak ignition is a phenomenon linked with the dynamics of the gases and it is
induced by perturbations to the flow-field. It has to be taken into consideration
also that the strong ignition is occurring usually at temperatures which are higher
than 1000 K. The strong ignition limit is not existent anymore at high pressures,
where it has been assessed only strong ignition (i.e homogeneous ignition).

– when the pressure is increased, the extended second explosion limit, which
delimits straight-chain kinetics from chain-branching kinetics, translates to higher
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temperatures. As a result, the part of the flame zone in which intense branching
happens is restricted to a narrower, higher temperature window as the pressure is
increased – resulting in a shift of the peak for all radical reactions to higher
temperatures.

– according to sensitivity analysis, the pressure dependence for rich conditions is
controlled by two competing chemical reactions: H + O2 and H + HO2; which
largely govern the fate of H. The same reactions are important for lean conditions
together with: OH + H2 and OH + HO2; which are mainly responsible of the OH
radical fate.

Dealing with future outlook and future areas of research, if the syngas has to be
compressed and stored in closed vessels, the condensation of tar will be very relevant
in the compressed syngas systems, and this is a new topic which deserves to be better
studied to protect the components of the compressor and ensure the long life of the
process. For this aspect, modeling of tar dew point will be of paramount importance
in the design and optimization. Systems will be needed to:

– extract the condensed tar from the compressor;
– avoid tar entering the compressor itself;
– model tar dew point and tar condensation.
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Chapter 13
Review on Modelling Approaches Based
on Computational Fluid Dynamics
for Biomass Pyrolysis Systems

Przemysław Maziarka, Frederik Ronsse, and Andrés Anca-Couce

Abstract Modelling is a complex task combining elements of knowledge in the
field of computer science, mathematics and natural sciences (fluid dynamics, mass
and heat transfer, chemistry). In order to correctly model the process of biomass
thermal degradation, in-depth knowledge of multi-scale unit processes is necessary.
A biomass conversion model can be divided into three main submodels depending
on the scale of the unit processes: the molecular model, single particle model and
reactor model. Molecular models describe the chemical changes in the biomass
constituents. Single-particle models correspond to the description of the biomass
structure and its influence on the thermo-physical behaviour and the subsequent
reactions of the compounds released during decomposition of a single biomass
particle. The largest scale submodel and at the same time, the most difficult to
describe is the reactor model, which describes the behaviour of a vast number of
particles, the flow of the reactor gases as well as the interaction between them and the
reactor. This chapter contains a basic explanation about which models are currently
available and how they work from a practical point of view.

Keywords Biomass · Conversion · Pyrolysis · Modelling · CFD · Multiscale

13.1 Introduction

One of the most important processes of primary biomass conversion into carbona-
ceous materials is pyrolysis. It can be defined as the thermal conversion of biomass
in an atmosphere with no oxygen to prevent its burnout. The “idea” of this process is
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not a new concept and has been known since ancient times [1]. As one can presume,
these traditional technologies are based on very basic solutions, like kilns or burning
pits, which are simple in use, but their efficiency and process control are relatively
poor. In the past, the knowledge about the conversion process itself was not
profound and did not allow for significant improvements in the technology. In the
last four decades, due to social pressure favouring renewables and though research
initiatives, the knowledge gaps started to fill, and new, more efficient solutions
started to appear. Unfortunately, despite the increasing pressure for replacing fossil
fuels, the alternative materials produced using novel renewable technologies are in
many cases not sufficiently engineered, or their price is uncompetitive on the current
market. For this purpose new and more sophisticated methods of research as well as
new technological ideas, including modelling, are being developed to meet both
economic and engineering ends of the problem.

13.2 Biomass Conversion: The Modeller’s Approach

13.2.1 General Overview of Simulation and Its Uncertainties

Substantial improvements in computer science in the last 30 years eased and spread
access to a robust tool—numerical modelling. Simulations conducted on numerical
models have allowed to significantly improve the pace of research and development
in the biomass processing field.

Some commonly used terms need to be defined and clarified before the topic of
computational modelling can be dealt with. A “model” is the mathematically
described (by algorithms and equations) representation of a system existing in real
life, and a “simulation” is an act of performing a test on a model. The term
“numerical” means that the mathematical model will be translated through infor-
matics into a numerical language, known by a numerical tool (more straightforward,
a computer) to perform the computations [2, 3]. Models can be various, depending
on the field where they are used, but in natural sciences and engineering, the most
commonly used ones are numerical models.

A simplified scheme of a simulation study with the linkage between the exper-
iments, theory, and model is shown in Fig. 13.1. As can be seen in this figure, the
simulation has to be validated to obtain proof of its usefulness. Models based on
experimental data are reliable only in a specified range of experimental values and
only for this range results are valid. In general, it is always better to set the
foundation of the model on fully established theories, which have a broader range
of validity.

It needs to be kept in mind that models are only a representation of a real system,
and in most cases, they include simplifications and approximations. Moreover, the
model background lies often in experimental data, which could be burdened with
errors. Therefore, simulation results in most cases show discrepancies from “true/
real” results, caused by unknown deviations of the model elements. These deviations
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are known as “uncertainties”. To be able to bring the model result’s closer to reality,
the uncertainties need to be found, quantified and clarified. The sources of uncer-
tainty can be divided into [4]:

• Parameter uncertainty—related to the parameters used in the model, which
cannot be experimentally measured (too hard or too expensive) and have to be
assumed in the model

• Model inadequacy—lack of full knowledge about the theory behind the
modelled system or influence of the simplifying assumptions

• Residual variability—simulation output differs from experimentally obtained
results through random fluctuations of parameters in a real situation (low repeat-
ability of the real system)

• Parametric variability—the modelled system is not sufficiently described/mea-
sured, and input values have to be assumed

• Observation error (experimental uncertainty)—stemming from deviation in
values due to the variability of experimental measurements

• Interpolation uncertainty—related to the assumption of the parameter trend in
the range of experimental results between two consecutively measured data
points

• Code uncertainty (numerical uncertainty)—the strongest uncertainty related to
numerical procedures, caused by the inability to exactly solve the problem
(technical boundaries) and the use of approximations while solving, e.g., in
solving partial differential equations by a finite element solution method

A clear indication of the individual share of each uncertainty on the total
uncertainty is not simple if at all possible, because of their strong interdependencies.
For example, application of thermo-physical data from literature can influence
parametric variability and residual variability. The initially implemented experimen-
tal correlations in the model and the simplification of a real system introduce model
inadequacy, and the model’s validation with its consecutive adjustment to

Fig. 13.1 Simplified
scheme of a simulation
study
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experimental data can increase the residual variability and the observation error.
Proper clarification of errors can improve the modeller’s awareness about possible
flaws within the model. Modellers are advised to keep a critical and very careful
approach due to the possible implementation of unknown (unexpected) errors. The
aforementioned errors, after implementation, are usually difficult to identify and
time-consuming to remediate.

13.2.2 Simulation and Profit

Simulations on a properly constructed model provide valuable information about the
system behaviour, which often cannot be obtained through experimental measure-
ments. Such knowledge can give a significant boost for the development of innova-
tive solutions and helps to identify the critical points within the system (bottlenecks).
In general, the use of modelling studies brings four main advantages [2]:

• Allows for conduction of proof-of-concept (PoC) at the very beginning of the
project (low sunk cost in case of failure)

• Allows for a performance of numerous tests with a low unit cost
• Increases the knowledge about dependencies in a real system
• Accumulates the obtained datasets and simplifies their treatment and sharing (big

data processing)

All of the mentioned advantages can have a crucial impact on the economic
feasibility of new technological solutions. As it is shown in Fig. 13.2, the application
of simulations can reduce the overall cost of new solution implementations and
reduce the risk of the project's unprofitability, which in the development of new
technologies is a strong benefit.

Models are more flexible than real processes, so changes in modelled systems and
their influence can be quickly verified. The model allows for solving technical
problems in the early stage, which is the lowest cost extensive option. Modelling

Fig. 13.2 Changes to the
new idea implementation
costs, through the project
time (adapted with
permission from [2]
Copyright © 1990, Taylor
and Francis Group, LLC, a
division of Informa plc.)
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can also expand the knowledge about the investigated process. If the model is
detailed and mimics the real system well, there is a possibility to investigate and
validate new correlations and theories through large and detailed databases of the
process history.

13.2.3 Theoretical Framework of a Comprehensive Model
for Pyrolytic Biomass Conversion

As it is illustrated in Fig. 13.3, a comprehensive/multi-scale model for biomass
conversion can be divided into few submodels according to the scale in which the
crucial processes take place. Besides combined implementation, each submodel can
be studied separately, experimentally or through simulation, leading to expanding
the knowledge of certain biomass conversion phenomena.

The smallest considered scale in a comprehensive model is the molecular model.
It describes the chemical reactions of organic compounds and catalytic effects of
inorganic compounds which take place during biomass conversion. Chemical reac-
tions themselves are not necessarily bound to spatial dimensions, so the implemen-
tation of geometry (i.e. biomass particle) can be omitted. The amount of data which
is used for this model scale allows for simulations without the need for robust
numerical solvers.

A submodel covering a larger size is the single-particle model. It describes the
behaviour of one individual biomass particle for which temperature, species
concentration and pressure gradients during the process play a crucial role. A
single-particle model needs to contain a description of the heat and mass transport
phenomena and fluid dynamics. The model may cover changes in particle size, shape

Fig. 13.3 Framework of a comprehensive biomass conversion model (adapted with permission
from [5] Copyright © 2016, Elsevier)
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and structure (porosity) as well as bio-polymers chemical reactions and water
evaporation processes. The particle properties, intra-particle processes and boundary
conditions have a strong influence on the final products yield and composition
[5]. Therefore, the intra-particle phenomena, as well as their chemistry, has to be
described in a very detailed manner. In the model, the gases and liquids are treated as
fluids and biomass as a stagnant solid. The Eulerian description (see later) is
sufficient to cope with such physical behaviour for both phases. The single particle
model is strongly dependant on the geometry, so the use of a numerical solver is
necessary to perform simulations at this stage.

The last submodel of a comprehensive biomass conversion model is the reactor
model. It covers the description of every relevant process in a reactor for biomass
thermochemical conversion. The behaviour of each biomass particle in most cases
should be, if possible, described separately with a single-particle submodel. Besides
the particles’ conversion, the model also consists of flow and thermal behaviour of
gases, particles movement (collisions with each other and walls) and thermo-
physical interactions between gas and solid phases. Therefore in the reactor model,
the Eulerian description of fluids needs to be combined with biomass particles
movement described with a Lagrangian approach (more complex and precise,
simultaneously harder and more computationally extensive option), or with an
Eulerian approach (this simplification is not always possible and valid but less
complex and less computationally burdening). The quantity of equations and the
amount of data needed to be processed in the reactor submodel is the largest among
all submodels of a comprehensive biomass conversion model. To perform simula-
tions in an efficient manner, the model requires appropriately large computational
power resources, adequate to the chosen sub-models and their complexity.

13.3 Molecular Model

13.3.1 Brief Overview of Biomass Composition

Before the description of chemical reactions that occur in biomass during thermo-
chemical conversion, a brief explanation of biomass composition should be made.
There are several biomass sources such as wood and woody biomass, herbaceous
and agricultural residues, starchy crops, oil crops, aquatic biomass and, animal and
human biomass wastes. The most commonly employed biomasses for energetic
purposes, such as woody biomass, herbaceous biomass or agricultural residues,
have a lignocellulosic structure. In lignocellulosic biomass, organic matter is mainly
made from 3 main structural biopolymers: cellulose, hemicellulose, lignin and other,
minor compounds which are organics named extractives and inorganics called
mineral matter. The concentration of each substance varies with biomass type, and
even within the same species, they are distributed in different ways among the plant
organs (e.g. leaves, stem, bark, roots in wood) [6]. Detailed characterisation of the
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structure of bio-polymers and their thermal degradation has been extensively inves-
tigated and can be found in numerous literature reports [7–22].

13.3.2 Single Component and Competitive Schemes

Historically, the description of the pyrolysis reaction started with the introduction of
simple biomass thermal degradation models. Those models are largely based on
mass-loss data obtained in thermo-gravimetric (TG) experiments and up to this day
are very common among researchers due to their simplicity. The core of said models
is the biomass degradation kinetic, in which biomass is treated as a bulk material.
Those models only take into consideration the primary biomass degradation reac-
tions. Models based on TG show strong fluctuations between publications in
obtained kinetic values. Differences can be caused by using feedstocks with different
bio-composition, size, and morphology as well as by the applied methodology and
calculation procedures [5]. In order to systematise TG measurements, the Interna-
tional Confederation for Thermal Analysis and Calorimetry (ICTAC) presented
guidelines for an experimental procedure for kinetic investigations, including
researches related to biomass degradation [23]. Discrepancies between the kinetic
data among publications can also be caused by inappropriate assumptions regarding
the kinetic mechanism. In most cases, TG models consider only the primary biomass
degradation and they do not take into account the low-temperature tar-char interac-
tions (<500 �C). Additionally, the secondary charring reactions in most TG-based
models are not distinguished nor considered. Those reactions are usually lumped
together with the primary degradation reactions, which leads to a shift in the value of
primary kinetic parameters and as such, discrepancies in values between sources. A
detailed overview of the experimental approach of a mass-loss based biomass
degradation study can be found in a recent and comprehensive review by Anca-
Couce [5].

Introduction of the single-component competitive models led to an improvement
of TG models accuracy. Those models, besides prediction of mass loss, aim to
predict also the three main products of biomass pyrolysis: char, tar, and gas—
without distinction on their detailed composition. Single-component competitive
models are covering only primary biomass degradation reactions, which have an
influence on the prediction accuracy of product’s yields [24]. Further development
of the single-component competitive models was made by the introduction of
cracking reactions of high molecular mass vapours (tars) at temperatures higher
than 500 �C [25]. The most often used kinetic scheme is the one proposed by
Shafizadeh and Chin [26].

When a higher prediction accuracy is required, the degradation of individual
biomass components has to be considered in the kinetic scheme. Such schemes are
named the multi-component parallel schemes, and they cover the degradation of the
main biomass components (e.g. cellulose) and their intermediary products [27]. In
literature extensions and improvements of the original Shafizadeh and Chin’s
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competitive scheme can be found, e.g. via the addition of intermediate compounds or
considering the three main biomass constituents. Nevertheless, the expanded models
show only moderate improvement regarding the accuracy in model prediction
[28, 29]. For more detailed outcomes, kinetic schemes need to cover the description
of the thermal degradation of all bio-components, combined with a description of the
consecutive degradation of the primary pyrolysis products.

13.3.3 Detailed Reaction Schemes: Ranzi Scheme

A more detailed description of biomass degradation in a kinetic scheme was first
introduced by Ranzi et al. [30], and was further improved by him and co-workers
[31–35]. The most recent extension of the model was published by Debiagi et al.
[36], which improves the accuracy of the prediction of char yield. In general, the
Ranzi model combines all findings related to the thermal decomposition of each
major component of biomass: cellulose, hemicellulose (2 types), and lignin [11, 16,
37]. In the scheme, the overall lignin is divided into 3 artificial types of lignin:
LIG-H, LIG-O, and LIG-C (hydrogen-, oxygen- and carbon-rich, respectively).
Another innovation of the Ranzi model is a description of char, which distinguishes
“pure” char and the volatiles “trapped” within a char metaplastic phase. Thermally
unstable “traps” degrade according to the applied kinetic, releasing captured vola-
tiles. Such a description allows for the introduction of the char devolatilisation into
the kinetic scheme. The Ranzi model does not cover all possible evolved species in
pyrolysis, but reduces their amount to 20 representative volatile compounds, being
the most abundant in non- and condensable vapours. The Ranzi scheme allowed for
the derivation of a complex reaction scheme, combining separate mechanisms into a
consolidated form. The latest version of the composition of vapours, kinetic param-
eters, and the reaction heats can be found in the work of Ranzi et al. [34, 35].

The Ranzi model is a milestone in the description of pyrolysis kinetics, but there
are a few areas in which improvements or extensions can be made. The kinetic
scheme was developed for a description of fast pyrolysis, so it does not cover the
secondary charring reactions. Moreover, it does not consider the catalytic influence
of the of mineral matter (mainly AAEM’s) contained in biomass, which leads to
overprediction of the sugars and underprediction of the non-condensable gases and
char. Also, the pyrolytic mechanism of the evolution of phenolic compounds is not
contained in the base scheme, causing an underprediction of BTXs at higher
temperatures [5, 19]. Accuracy improvement can be made by the implementation
of secondary cracking reactions of the primary pyrolysis products in the gas phase.
For example, it can be done by the implementation of the POLIMI kinetic mecha-
nism, developed by the CRECK modelling group, recently revised by Ranzi et al.
[35]. The POLIMI kinetic mechanism is a complex, radical, kinetic scheme, whose
application improves the accuracy of prediction, but is also time-consuming to
implement and increases the computational burden significantly.
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13.3.4 Detailed Reaction Schemes: Ranzi—
Anca-Couce Model

As was mentioned in the previous section, the Ranzi model was intended for the
prediction of products from fast pyrolysis, so it shows some limitations in terms of
describing biomass conversion in less severe thermal regimes. Lower thermal
gradients or extended gas-solid reactions, e.g. in pyrolysis of larger samples, can
lead to losses in prediction accuracy in case of application of the Ranzi model. An
extension of secondary charring reactions to the Ranzi scheme, named as RAC
(Ranzi—Anca-Couce) scheme was introduced by Anca-Couce et al. [19]. Their
adaptation aimed to incorporate the secondary charring phenomena with the possi-
bility of their adjustment to the severity of the conversion regime. A full description
of the model with its kinetic parameters and reactions heat values can be found in the
works of Anca-Couce et al. [19, 37].

The RAC model introduces an adjustable parameters “x” which defines the share
of the alternative degradation, named “charring” or “secondary charring” in the
overall degradation process. The adjustable parameter also partially takes into
account the influence of inorganics which have a role in promoting “charring”
reactions. As the main factors which increase the extent of charring, the adjustable
parameter value can be modified to account for [5]:

• Decrease in the pyrolysis temperature,
• Decrease in the heating rate,
• Increase in volatiles retention time in the particle (larger particle or slower gas

movements),
• Increase of the pressure in the reactor,
• High concentration of the mineral matter, especially AAEMs.

The extent of secondary charring can be different for each bio-component, so the
value of the “x” parameter should be assigned separately. Unfortunately, lack of
quantitative correlations between the pyrolysis conditions, biomass composition and
amount of secondary charring reactions cause the need for the iterative fitting of the
“x” parameter to the experimental results. A common approach is to set the adjust-
able parameter for all bio-components a priori, based on the available experimental
data and then slightly adjust to the experimental result [5, 38]. It is worth to mention
that the amount of secondary charring reactions have as well a noticeable influence
on the heat of the reaction, as it was observed by Rath et al. [39].

The RAC scheme also does not cover all areas which the Ranzi scheme lacks,
e.g., a detailed description of AAEM’s influence or insights into polycyclic aromatic
compounds formation. The base RAC scheme does not take into account the
secondary gas-phase tar cracking kinetics. As well as the Ranzi scheme, it can be
extended with the POLIMI kinetic mechanism. Another possible option is the simple
one-step kinetics firstly introduced by Blondeau and Jeanmart [40], and consecu-
tively improved by Mellin et al. [41] and most recently by Anca-Couce et al.
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[42]. Application of the one-stage kinetic cracking scheme is relatively simple, and it
improves the accuracy of predictions of the vapour composition.

Constant work and recent findings on the subject gives promise of improvement
and further extension of the pyrolysis reaction schemes, which would allow for
better understanding of biomass pyrolysis and the ability to predict its outcome with
higher accuracy [17, 43, 44]. In Table 13.1 is shown a brief summary of
the comparison of kinetic models. As it can be anticipated, the more detailed the
model, the better the accuracy of the predictions that can be attained. From the
practical point of view, the application of a detailed model needs a lot more initial
information about the processed feedstock. It also increases the complexity of the
model, which leads to a higher computational burden. Therefore, the complexity of
the calculation has to be chosen with caution, in relation to the desired precision of
the model outcome.

13.4 Single-Particle Model

As was mentioned previously in Sect. 13.2.3, the single-particle model focuses on
the influence of the composition of a particle and its thermo-physical properties on
the particle’s behaviour during pyrolysis. The biomass particle, due to its structure,
cannot be treated as an impermeable solid object, so the description of a porous
structure needs to be implemented. In practical pyrolysis applications, the biomass is
rarely fed to the process in a completely dry state. Therefore, besides the description
of the pyrolytic behaviour, the drying process and description of water movement
within the particle have to be included in single particle models.

Due to the geometrical dependence as well as the complexity of the phenomena
occurring in this stage, robust numerical solvers have to be applied. Having in mind
that the Eulerian approach is able to handle the description of the processes, suitable
numerical tools have to be applied, such as the Computational Fluid Dynamics
(CFD).

Table. 13.1 Brief summary of the comparison of kinetic models

Detailed mass loss
prediction

Detailed product
composition

Single component competitive
scheme

No Limited

Multi-component parallel scheme Yes No

Detailed schemes (Ranzi, RAC) Yes Yes
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13.4.1 Modelling Conversion Based on CFD

Prior to the mathematical description of the thermo-physical phenomena occurring
in the single particle, a brief explanation of CFD will be provided here. It should give
the reader a basic insight in the Eulerian approach, which is applied in single particle
models as well as in the modelling of gas flow at the reactor scale.

Computational Fluid Dynamics (CFD) is the analysis of systems involving fluid
flow, heat transfer and associated phenomena (e.g., chemical reactions) by using
computer-based simulation [45]. In general, CFD can be treated as the integration of
the following fields: natural sciences (physics and chemistry), mathematics and
computer science [46].

The model behaviour is based on governing equations—in which physical
phenomena like transport phenomena are mathematically described through differ-
ential equations (e.g. Navier-Stokes equation). To solve the governing equations,
high-level computer programs and software packages convert them with the use of
computer programming languages to numerous, simple commands that can be
understood by a computing machine.

CFD for its computation needs dimensional geometrical domains. As the first step
of the model’s construction, the initially specified geometry (“domain”) needs to be
subdivided into a finite number of smaller, non-overlapping subdomains called
“cells”. The process of dividing a domain into subdomains is called “meshing”,
and it results in a grid of cells (“mesh”), that occupies the whole geometry. The cell
can be defined as a representative element or a representative volume, depending on
the division method (“finite element” or “finite volume”, respectively). Geometry
division techniques are already included in most commercially available CFD
software packages. Each cell in the domain has a “node”, which holds information
about this certain area in the geometry. Information stored in the node changes
according to the applied physical phenomena and chemical reactions.

The fluid dynamics principle employed in CFD means that it treats the flow of
matter (fluid) as a continuum (Eulerian approach). In the Eulerian description of fluid
dynamics, points in the geometry do not change their position with respect to the
fluid motion [47, 48]. The only change that occurs is the change of the values of
parameters stored at specific, fixed points (nodes). Therefore, it allows only for a
description of changes taking place in nodes in the investigated geometry. As a
consequence, the approach makes no distinction of single molecules or particles, so
their time-based investigation is not possible.

The accuracy and precision of a CFD simulation are determined by the number of
cells contained in the grid (“mesh coarseness”). An increase in the number of cells
improves a simulation accuracy, until the moment when a simulation becomes grid-
independent. In other words, there exists a number of cells above which the addition
of new cells no longer influences the simulation quality. The simulation is called a
grid-independent simulation when further mesh densification does not lead to an
improvement in solution accuracy [45]. Grid independent simulations have a major
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advantage, which is the smallest numerical error is achieved with the most coarse
mesh (least computational burden).

A detailed explanation of the CFD solution procedure is complex and goes
beyond the purpose of this chapter. Nevertheless, a brief introduction to the matter
will be provided. The CFD framework consists of three main elements [46]:

• Pre-processor—is a part of a CFD code that is responsible for the creation of an
investigated geometry and its consecutive meshing. The mesh obtained in the
pre-processor is a foundation for implementation of governing equations.

• Solver—through implemented solution methods, the solver simulates the
changes of the variables in the nodes according to the applied governing equa-
tions and boundary conditions. The solver processes information regarding the
applied physics and chemistry located on the nodes of the grid. Therefore, the
solver is responsible for performing the simulation.

• Post-processor—is responsible for the visualisation of the simulation results.
Most post-processors allow for quick creation of 1D, 2D or 3D plots and
representation of variables of interest on the applied geometry.

The CFD solution scheme which can be found in [45] provides a general scheme,
which is valid for any model based on the Eulerian approach. The specification of
parameter values in the governing equations depend on the characteristics of the
process which one needs to solve. Moreover, the reliability of a simulation’s results
is linked directly to data and auxiliary correlations, so to their compliance with the
modelled system and range of application. Therefore further subsections will be
focused on the reliable description of the phenomena occurring in the single particle
models as well as the validity of the thermo-physical parameters applied in model-
ling of biomass pyrolysis.

13.4.2 Definitions of Phases in a Particle’s Structure

Biomass feedstock which has not been dried previously, and is typically used for
conversion, consists in most cases of four different phases: liquid water, bound
water, solid and gas. The bound water is distinguished from liquid water due to its
significant difference in behaviour. Each of the mentioned phases needs to be
identified and described separately.

A detailed theoretical description of each phase was first made by Whitaker [49],
in which a boundary surface between each phase has to be differentiated and known
during the whole process. Wood has a very complex geometric structure, which
strongly changes during pyrolysis, so identification of boundary surfaces at every
point in time is a very difficult and complex task. Also, the amount of computation
for such a sophisticated model would be very high.

The efficient description of phases has been investigated by Perre and his
co-workers [50, 51], and on this basis, an elegant description of the system was
presented in the work of Grønli [52]. In their approach, all of the phases are treated as
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a continuum for which conservation laws must be satisfied. The description assumes
averaging of variables and parameters over a finite volume, which can simulta-
neously contain all phases. This results in a set of conservation equations for every
phase, valid within the applied geometry.

For further model description, it will be helpful to define the spatial average over
the geometry’s total volume for any given variable (φ) valid for every phase. The
spatial average is defined as:

< φ >¼ 1
V

Z
V

φ dV ð13:1Þ

The spatial average for one of the phases (γ) is defined as:

< φ>γ ¼ 1
V γ

Z
Vγ

φ dV ð13:2Þ

where <φ>γ is the variable ‘s averaged value in the phase γand Vγ is the volume of
the phase in the representative volume V. The volume fraction occupied by the phase
γ is defined as:

εγ ¼ V γ

V
ð13:3Þ

A relation between the averaged value in phase γ and a spatial average is
described as:

< φ >¼ εγ < φ>γ ð13:4Þ

In other words, <φ>γ is an intrinsic or true value of the variable and <φ> is an
averaged value in the representative volume. For example, if <ρS>

S would be
defined as the true density of the solid phase, then <ρS> will be defined as the
density of contained solids in a representative volume of the porous particle structure
(i.e. bulk density). The notation with the <,> brackets is based on the authors
believe that it is clearer, and of course, it is not mandatory.

Since the particle is made in most cases out of four phases, the representative
volume can be treated as a sum of volumes of each phase:

V ¼ VS þ VL þ VB þ VG ð13:5Þ

where subscripts S, L, B, and G represent solid, liquid water, bound water and gas,
respectively. Sum of volume fractions occupied by each phase sums into one, so:
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εG ¼ 1� ðεS þ εL þ εBÞ ¼ 1� < ρS >
< ρS>S þ

< ρL >

< ρL>L þ
< ρB >

< ρB>B

� �
ð13:6Þ

which means that knowing the intrinsic and average density of a solid, and both
types of water, a volume fraction occupied by the gas can be calculated. Visual
representation of a real system in the Whitaker theory is shown in Fig. 13.4.

13.4.3 Governing Equations

In this section, an explanation of the conservation laws will be provided. Nonethe-
less, the theoretical derivation of the formulas will be omitted. In here, the funda-
mental description of the mathematical description of the governing equations is
applied. Therefore, the negative signs in the equations originated purely from
mathematical derivations, and they are reflecting the actual values of parameters
(positive or negative). All equations mentioned in this subsection are valid only
within the applied particle geometry, and they do not describe the interactions of the
particle with its external environment. Reading this subsection is worth to keep in
mind that all conservation equations are referring to a single, finite and representative
volume.

For clarity purposes, the one component kinetic scheme will be used for
explaining the principles. All kinetic schemes described in this section are treated
as first-order Arrhenius kinetics with the pre-exponential parameter set as constant or
temperature dependent. Additionally, from now on, wood will be treated as the
exemplary lignocellulosic biomass type in the model description.

Fig. 13.4 Visual representation of the conversion of a real system (woody biomass) into a model
system according to Whitaker’s theory
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13.4.3.1 Mass Conservation Equations: Solids

At any given time of a pyrolysis reaction, the solid is represented by a mix of
unconverted biomass and biochar, so it can be stated that:

< ρS >¼< ρBM > þ < ρBC > ð13:7Þ

where <ρS>, <ρBM> and <ρBC> are the volume-averaged densities of solid,
biomass and biochar respectively. Mass conservation equation of biomass is defined
as:

∂
∂t

< ρBM >¼ _ωBM ð13:8Þ

where _ωBM is the mass change rate of biomass caused by degradation and
devolatilisation reactions. Although the degradation reactions lead to a reduction
in mass, a negative sign is not used in Eq. (13.8). Similarly, the mass conservation
equation of biochar is defined as:

∂
∂t

< ρBC >¼ _ωBC ð13:9Þ

In most general form, the mass conservation equation is defined as:

∂
∂t

< ρS >¼ _ωS ð13:10Þ

where _ωS is the total mass change of a solid obtained from a sum of the biomass
degradation and char formation.

13.4.3.2 Mass Conservation Equations: Single Component in the Gas
Mixture

The equation for mass conservation of the ith component in a gas mixture is defined
as:

∂
∂t

ðεG < ρi>
GÞ þ∇ < uiρi >¼ _ωi ð13:11Þ

where <ρi>
G is the density of the ith component in the gaseous phase, <uiρi> is ith

component’s transport term and _ωi is the mass change rate caused due to formation/
degradation reactions of the ith gas component. Transport of the gas is driven by two
phenomena: convection and diffusion. Therefore the transport term can be described
as:
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< uiρi >¼ uG < ρi>
G� < ρG>

GDef f∇
< ρi>

G

< ρG>G

� �
ð13:12Þ

where uG is the superficial gas velocity, <ρG>
G is the total density of the gas

mixture, Deff is the effective gas diffusion coefficient. The low permeability of
biomass structures (small pores) leads to relatively low Reynolds numbers (<10)
for the gas movement inside a particle. Therefore the viscous resistance force is
much larger than the inertial one, which simplifies the description of flow from
Darcy and Forchheimer’s description to a pure Darcy’s description [53]:

uG ¼ KG,ef f

μG
∇ð< PG>

GÞ ð13:13Þ

where KG,eff is the effective gas permeability, μG is the gas dynamic viscosity and
<PG>

G is the pressure in the gas mixture.

13.4.3.3 Mass Conservation Equations: Liquid Water

Mass conservation equation for liquid water is defined as:

∂
∂t

< ρL > þ∇ < uLρL >¼ _ωL ð13:14Þ

where <ρL> is the volume-averaged liquid water density, <uLρL> is its transport
term and _ωL is a mass change rate caused by evaporation or re-condensation. It is
assumed that liquid water migrates through the structure entirely due to a pressure
change (convectively), so its transport term is expressed as:

< uLρL >¼ uL < ρL > ð13:15Þ

where uL is a superficial velocity of the liquid water. Similar to the gas mixture,
Darcy’s law is also avalid to obtain the superficial liquid velocity:

uL ¼ KL,ef f

μL
∇ð< PL>

LÞ ð13:16Þ

where KL,eff is the effective liquid water permeability, μL is the liquid water dynamic
viscosity and <PL>

L is the pressure in the liquid water.

13.4.3.4 Mass Conservation Equations: Bound Water

Mass conservation equation of bound water is defined as:
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∂
∂t

< ρB > þ∇ < uBρB >¼ _ωB ð13:17Þ

where <ρB> is the volume-averaged bound water density, <uBρB> is the bound
water’s transport term and _ωB is the mass change rate caused by water’s unbinding.
In opposition to the liquid water, it is assumed that the bound water migrates entirely
by diffusion, so its transport term is:

< uBρB >¼ � < ρS > DB∇
< ρB >
< ρS >

� �
ð13:18Þ

where DB is the bound water’s diffusion coefficient.

13.4.3.5 Energy Conservation Equation

The energy conservation equation is based on the assumption that the Péclet number
for heat transfer is sufficiently large, so a local thermal equilibrium is obtained by all
phases [53]. Therefore the equation is defined as:

∂T
∂t

ð< ρS > CP,Sþ < ρL > CP,Lþ < ρB > CP,B þ εG < ρG>
GCP,GÞ

þ∇T < uLρL > CP,Lþ < uBρB > CP,B þ εG
XN
i¼1

< uiρi > CP,i

 !

¼ ∇ðλef f∇TÞ þ Q ð13:19Þ

where CP is the heat capacity/specific heat and subscripts S, L, B and i indicate solid,
liquid water, bound water, and the ith component of the gas mixture, respectively, λeff
is the effective thermal conductivity andQ is the total heat produced by the occurring
reactions, and it is defined as:

Q ¼
XN
i

Hi _ωi þ HL _ωL þ HB _ωB þ HS _ωS ð13:20Þ

where H is the overall heat of the reaction. In the most general case, the transport
terms are implemented in the conservative form, so the energy conservation equation
takes into account the heat transfer through conductive, convective and diffusion
transport [52, 54, 55]. Some authors apply simplifications in defining the transport,
by omitting the heat transported through diffusion, assuming that the amount of heat
exchanged through this phenomenon is negligible [28, 56–58]. Taking
abovementioned simplification into account, the energy conservation equation
takes the form:
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∂T
∂t

ð< ρS > CP,Sþ < ρL > CP,Lþ < ρB > CP,B þ εG < ρG>
GCP,GÞ

þ∇TðuL < ρL > CP,L þ uB < ρB > CP,B þ uGεG < ρG>
GCP,GÞ

¼ ∇ðλef f∇TÞ þ Q ð13:21Þ

13.4.3.6 Reactions

The mass change rate of every reaction in the kinetic scheme is defined as:

_ωj ¼ kj < ρj >¼ kjεγ < ρj>
γ ð13:22Þ

where _ω j is the mass change rate of the jth species (e.g., biomass, tar, gas), kj is a
reaction rate of the jth species,<ρj> is the averaged volume density of the jth species
and <ρj>

γ is the intrinsic density of the jth species in phase γ. Water can be an
exception to this definition. Depending on the applied drying/evaporation model
(equilibrium, heat sink, kinetic model) the mass change rate for the liquid and bound
water will take a form suitable for the chosen model.

13.4.4 Evaporation of Water

Moisture evaporation is one of the most energy-intensive phenomena occurring
during pyrolysis of wet biomass particles. Therefore, its appropriate description
has much importance. Three common ways of implementing biomass drying can
be used in practice: the kinetic model, heat sink model and equilibrium model.

13.4.4.1 Kinetic Model

The kinetic model represents the simplest way of describing evaporation. It was first
introduced by Chan et al. [59], and then, due to its simplicity, it has been widely
applied by other authors [60–63]. The kinetic model assumes a first-order Arrhenius
reaction of the liquid water phase turning into vapour. In work by Haberle et al. [64]
a summary of the commonly used parameters for this model can be found.

The kinetic model is very convenient, but it treats a physical phenomenon via a
chemical description, so it does not reflect the process well in real terms. In practice,
in the kinetic model, water evaporation starts before water obtains its boiling
temperature (100 �C at 1 atm), and the temperature during evaporation does not
stay constant during the whole process. Therefore, such a model may be suitable for
specific cases, but it is not advised for general application.
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13.4.4.2 Heat Sink Model

The heat sink model (thermal drying model, heat flux model) [57, 64, 65] assumes
that water evaporation in a representative volume occurs only at the boiling temper-
ature, and the temperature stays constant until all water is evaporated. To maintain a
constant temperature, the evaporation reaction needs to consume all the energy
transferred to the representative volume. Thus all the energy delivered to the volume
is absorbed (sunk) by the evaporation reaction. Mathematically the model is formu-
lated as:

_ωe ¼

jHeat

He
T � Te and < ρL >> 0

0 otherwise

8>>>><
>>>>:

ð13:23Þ

where _ωe is the evaporation rate, Te is the water boiling temperature, He is the heat of
water evaporation and jHeat is the heat flux towards to the representative volume.
With the assumption that heat is not transferred by water, the heat flux is defined as:

jHeat ¼ ∇ðεGuG < ρG>
GCp,G � λef f∇TÞ ð13:24Þ

The heat sink model of Lu et al. [65] assumes that the boiling temperature of
water is fixed at 373 K. Nevertheless, strong local evaporation can cause noticeable
changes in pressure which shifts the boiling temperature. The pressure effect on the
boiling temperature can be modelled as [64]:

Te ¼ Te,0 log
< PG>

G

P0

� �
þ T0 ð13:25Þ

where <PG>
G is the actual gas pressure, P0 is atmospheric pressure (1 atm), Te, 0 is

an empirical constant (32.7 K) and T0 is the water boiling temperature at atmospheric
pressure (373 K).

The heat sink model describes the evaporation phenomena more accurately than
the kinetic model, and it suits very well the models of large particles, which are
subjected to a high temperature and a high heating rate. Nevertheless, it also has its
flaws. The model assumes an infinitely thin moving volume where evaporation takes
place, so it is not valid in case if the thickness of the drying volume is not negligible
in comparison to the size of the domain [5]. Another disadvantage of the model is the
application of a step function (Eq. (13.23)), which is hard to handle by a numerical
solver and results in numerical instability [57, 66]. The step function was investi-
gated by Haberle et al. [64], who advised using an evaporation fraction factor ( fevap)
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as the multiplier of the heat flux. The purpose of this limiting factor is to reduce the
amount of the heat sunk by the evaporation reaction. In that way, the drying is
distributed over neighbouring nodes, leading to the smoothing of the step and
reduction of numerical instability. The disadvantage of such an approach is the
forced broadening of the thickness of the drying volume.

13.4.4.3 Equilibrium Model

The equilibrium model assumes that an equilibrium between liquid water and water
vapour exists inside the particle’s pores. The water vapour’s partial pressure at any
given time tends to be equal to the saturation vapour pressure (when the biomass
moisture content is above the fibre suration point, or FSP) or saturation vapour
pressure reduced by the relative humidity factor (moisture content below the FSP).
For a whole range of moisture concentrations, it can be stated that:

< Peq
v >

G ¼
Psat Tð Þ MC > MCFSPð Þ

Psat Tð Þ κ MCB,Tð Þ MC � MCFSPð Þ

8>>><
>>>:

ð13:26Þ

where < Peq
v >

G is the equilibrium’s partial pressure of water vapour, Psat(T ) is the
saturation pressure in function of the temperature, κ(MCB,T ) is the relative humidity
factor calculated from the wood isotherm. This parameter depends on the bound
water content and the temperature. The saturation pressure in function of tempera-
ture can be obtained from Raznjevic’s [67] experimental correlation:

Psat ¼ exp 24:21� 467:35
T

� �
ð13:27Þ

The equation for the wood’s relative humidity can be obtained based on data from
the Encyclopedia of Wood [68], which was obtained by Grønli [52]:

κ MCB,Tð Þ ¼ 1� 1� MCB

MCFSP

� �6:453�10�3 T

ð13:28Þ

From the equilibrium partial pressure, the vapour density can be obtained
through:

< ρeqv >
G ¼ < Peq

v >
GMH2O

RT
ð13:29Þ
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where MH2O is the molecular mass of water. Taking into account all above, the final
equation for water evaporation rate can be defined as:

_ωe ¼ εGð< ρeqv >
G� < ρv>

GÞ
teq

ð13:30Þ

where < ρeqv >
G is the equilibrium vapour density, <ρv>

G is the water vapour
density at a given time and teq is the time it takes to reach equilibrium between the
actual vapour density and theoretically assumed saturation vapour density (“equil-
ibration time”). Jahili et al. [54] stated that the equilibration time has to be appro-
priately short in relation to the pore diameter of wood and proposed a constant value
of 10�5 s. Lu et al. [65] proposed a correlation of the equilibration time based on
particle specific surface area and pore diameter, expressed as:

teq ¼ SSSA
3:66 Deff ,H2O

dpore
ð13:31Þ

where SSSA is the specific surface area of a porous particle, Deff ,H2O is the effective
diffusivity of water, calculated according to the work of Olek et al. [69] and dpore is
the average pore diameter. In their work, Lu et al. applied values obtained experi-
mentally from N2 adsorption [65].

The equilibrium model was designed initially for the modelling of slow,
low-temperature drying. Nevertheless, it was also applied in the modelling of fast,
high-temperature drying, but only with moderate success [57, 64, 65, 70, 71]. In the
literature, hybrid evaporation models can also be found. Those models combine
different models for liquid and bound water evaporation [63, 64].

13.4.4.4 The Heat of Water Evaporation

The most convenient way to implement the heat of evaporation is by using a constant
value. For models without differentiation between liquid and bound water or models
with liquid water only, the heat of evaporation can be assumed to be equal to
2440 kJ/kg (at 20 �C) [64, 65] or as 2257 kJ/kg (at 100 �C) [57]. A more appropriate
way to implement the heat of evaporation can be done by using a temperature-
dependent heat of evaporation correlation, e.g. the equation suggested by Ranzjevic
[67]:

HL ¼ 3179� 2:5 T ð13:32Þ

where HL is the heat of water evaporation. In models where both liquid and bound
water are distinguished, a more complex approach for describing the heat of evap-
oration is needed. Such a model should include an additional term to account for the
energy required for unbinding of the bound water prior to its evaporation. As such,
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the heat of evaporation for a whole range of moisture contents (liquid and bounded
water) can be defined as:

He ¼
HL if MC � MCFSP

HL þ HB if MC < MCFSP

8><
>: ð13:33Þ

where He is the total evaporation heat of water and HB is the the energy needed to
unbind the water. The latter can be calculated using the equation proposed by Stanish
[72]:

HB ¼ 0:4 HL 1� MCB

MCFSP

� �2

ð13:34Þ

13.4.5 Shape Specification and Coordinate Systems

The most common coordinate system for fluid dynamics is the Cartesian coordinate
system. In cases where the particle anisotropy in a direction other than Cartesian’s
the implementation of another coordinate system can be beneficial. A wood particle
does not have large property differences in the radial and tangential direction.
Therefore in case of a wood particle, despite the particle’s anisotropy, the Cartesian
system can be applied without significant error. Table 13.2 shows the changes in
description between coordinate systems for particles of different shapes: block
(Cartesian), cylinders (Cylindrical) and spheres (Polar).

Table. 13.2 Coordinate systems for CFD systems

Coordinate system D ∇ < uρ>

Cartesian (x, y, z) 1 ∂
∂x < uρ >

2 ∂
∂x < uρ > þ ∂

∂y < uρ >

3 ∂
∂x < uρ > þ ∂

∂y < uρ > þ ∂
∂z < uρ >

Cylindrical (r, θ, z) 1 1
r

∂
∂r r < uρ >ð Þ

2 1
r

∂
∂r r < uρ >ð Þ þ ∂

∂z < uρ >

3 1
r

∂
∂r r < uρ >ð Þ þ ∂

∂z < uρ > þ 1
r

∂
∂θ < uρ >ð Þ

Polar (r, θ, φ) 1 1
r2

∂
∂r r2 < uρ >ð Þ

2 1
r2

∂
∂r r2 < uρ >ð Þ þ 1

rsin θð Þ
∂
∂θ sin θð Þ < uρ >ð Þ

3 1
r2

∂
∂r r2 < uρ >ð Þ þ 1

rsin θð Þ
∂
∂θ sin θð Þ < uρ >ð Þ þ 1

rsin θð Þ
∂
∂φ < uρ >ð Þ

D number of dimensions
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13.5 Thermal and Physical Properties of Lignocellulosic
Biomass

13.5.1 Density

13.5.1.1 Density of Biomass

The composition and the structure of biomass differ significantly not only with plant
species but also within individual specimens of the same species. Moreover, the
climate, the availability of nutrients, solar radiation and genetic changes have an
influence on the plant growth, hence its structure and composition. Also, different
plant organs differ in structure and composition. This leads to significant differences
in biomass densities among others. Analysis of apparent density (oven dry) data of
167 measurements of the Pinaceae family from the Global Wood Density Database
shows a significant heterogeneity within one family of a single plant (n ¼167,
average ¼ 435 kg/m3, st. dev. ¼ 65 kg/m3).

Measurement of the solid’s apparent density can be conducted by a simple
measurement of weight over mass. This is not a very accurate method, especially
for finely ground biomass or char samples, due to the free spaces between the grains
of a solid. A more sophisticated method for measuring the apparent density is
mercury porosimetry, in which Hg displaces gas around the grain. At atmospheric
pressure, mercury is not able to penetrate pores whose size is below 15 μm.
Therefore, the result of the measurement by mercury porosimetry is only slightly
overestimated [52]. Due to the high toxicity of mercury, recently more interest is
devoted to measurement methods with micro-granular suspensions. Their role is
similar to mercury and relies on displacement of the gas from spaces between the
grains. Some sources call the density measured with micro-granular suspensions as
“envelope” density [73], in order to distinguish it from bulk density, but stay with the
name “apparent” [74].

The true (skeletal, intrinsic) density is measured by helium pycnometry. The
method uses helium as the pore displacement gas because it can penetrate pores with
a diameter larger than 40 nm [52]. If the analysed material does not have closed
pores, helium pycnometry allows for very accurate true density measurements. As is
shown in the work by Brewer et al. [75], some pores in the biochar structure are not
penetrable by helium, without prior grinding of the material.

Knowing both true and apparent densities and in case that samples were measured
with zero moisture (dry state), the volume fraction occupied by gas, can be calcu-
lated using:

εG ¼ 1� εS ð13:35Þ

The orientation of the cut plane of a sample during true density measurement
influences the result due to the anisotropy within the wood cell walls. Table 13.3
shows a summary of the apparent and true densities together with resulting porosity
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for selected biomasses. If not specified, the sample anisotropy was not taken into
account in the measurement.

Table. 13.3 Apparent and true densities together with resulting porosity of selected biomasses

Species (common
name) Type

Apparent density
(kg/m3)

True density
(kg/m3) Porosity Ref.

Birch HW 580 1450 0.600 [52]

Spruce SW 470 1390 0.662

Bilinga TW 603 1458 0.586 [74]

Beech HW 781 1472 0.469

Boxwood HW 940 1506 0.376

Danta TW 698 1480 0.528

Afzelia TW 826 1501 0.450

Yew SW 626 1481 0.577

Maple HW 483 1512 0.681

Spruce SW 401 1524 0.737

Idigbo TW 616 1501 0.590

Birch HW 594 1502 0.605

Larch SW 588 1481 0.603

Mansonia TW 625 1466 0.574

Merbau TW 902 1518 0.406

Gaboon TW 426 1473 0.711

Ramin TW 608 1505 0.596

Black locust HW 726 1509 0.519

Oak HW 706 1528 0.538

Pine SW 451 1489 0.697

White alder HW 538 1492 0.639

White lauan TW 627 1474 0.575

Spruce (2 mm) SW 420 1470 (L) 0.714 [76]

1290 (T) 0.674

Spruce (6 mm) SW 420 1380 (L) 0.696

1310 (T) 0.679

Maple (2 mm) HW 520 1510 (L) 0.656

1430 (T) 0.636

Maple (6 mm) HW 520 1430 (L) 0.636

1400 (T) 0.629

Ash wood (2 mm) SW 660 1360 (L) 0.515

1350 (T) 0.511

Ash wood (6 mm) SW 660 1320 (L) 0.500

1330 (T) 0.504

Mesquite wood SW n.a. 1204 - [75]

Miscanthus GR n.a. 1322 -

SW softwood, HW hardwood, TW tropical wood, GR grass, L longitudinal, T transverse
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13.5.1.2 Density of Char

The char’s density and porosity depend on the initial composition and structure of
biomass, as well as on the conditions of a pyrolysis process. The production
temperature has a significant effect on the char’s true density, as opposed to the
heating rate, which seems to not have a relevant influence [75, 77]. In Table 13.4
data of the true and apparent (if available) density as well as the porosity of chars
obtained from different biomasses distinguished by pyrolysis conditions is
summarised. The theoretical maximum of the true density of a char is 2250 kg/m3,
which refers to the true density of graphite [78], but in practice, the maximum that
can be obtained is within the range between 2000 kg/m3 and 2100 kg/m3.

13.5.1.3 Densities of Bound and Liquid Water

Bound water is water that exists in the biomass structure, and which is partially
incorporated into the cell wall. In literature an explanation of the interaction between
bound water and the cell structure as well as information about the storage locations
of bounded water can be found [79]. In general, the cell wall of biomass, due to its
chemical structure, is hydrophilic in its nature, and it has the ability to interact with
water molecules through hydrogen bonding. Through this mechanism, water is able
to stick to the wall and occupy empty spaces in its structure [80].

The cells wall of biomass has only a finite ability to bind water. To describe the
amount of water that can be bound to a wall, the term fibre saturation point (FSP)
was introduced first by Tiemann in 1906 [79]. It is defined as the moisture content
below which only bound water exists in a biomass structure. Above the fibre
saturation point, cell walls cannot bind more water, so both bound and liquid
water can exist. In literature, the two most commonly applied values of the base
FSP have been reported: 30% proposed by Stamm in 1971 [81] and 40% proposed
by Skaar in 1988 [82]. Measurements show that above the FSP, the density of the
bound water is close to 1110 kg/m3 and with moisture content close to zero its value
rises up to 1300 kg/m3 [83]. The bound water’s density increases at lower moisture
content, according to the cell wall binding strength per amount of available water
molecules [80]. In order to avoid over-complexity of the problem, authors typically
use a constant value of 1000 kg/m3 for the true density of the bound water [52, 54,
57, 64, 65].

The true density of the liquid water depends on the temperature, due to its thermal
expansion. In the pyrolysis conditions, the water does not significantly exceed
100 �C, so the simplification that the true density of water has a constant value of
1000 kg/m3 does not induce strong inaccuracies in the model.
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Table 13.4 True and apparent (if available) densities with resulting porosity of chars obtained
from different biomasses

Species
Final pyro.
temp. (�C)

Heating rate
(�C/min)

Apparent density
(kg/m3)

True density
(kg/m3) Porosity Ref.

Birch 600 5.0 390 1570 0.752 [52]

Spruce 600 5.0 390 1540 0.747

Mesquite
wood

300 5.0 603 1340 0.550 [75]

350 532 1382 0.615

400 523 1384 0.622

450 476 1433 0.668

500 492 1520 0.676

600 447 1634 0.726

700 509 1735 0.707

Miscanthus 350 5.0 262 1392 0.812

400 282 1438 0.804

450 274 1466 0.813

550 286 1611 0.822

600 293 1722 0.830

700 271 1965 0.862

Miscanthus 350 23.3 284 1357 0.791

360 24.0 307 1368 0.776

370 24.7 271 1380 0.804

400 26.7 270 1402 0.807

425 28.3 295 1432 0.794

450 30.0 253 1432 0.823

Pitch pine 450 0.5 n.a. 1360 – [77]

3.3 n.a. 1370 –

10.8 n.a. 1370 –

16.7 n.a. 1390 –

525 0.5 n.a. 1400 –

3.3 n.a. 1400 –

10.8 n.a. 1410 –

16.7 n.a. 1420 –

750 0.5 n.a. 1740 –

3.3 n.a. 1740 –

10.8 n.a. 1720 –

16.7 n.a. 1760 –

1000 0.5 n.a. 1970 –

3.3 n.a. 1980 –

5.8 n.a. 2000 –

8.3 n.a. 2010 –

10.8 n.a. 2000 –

12.5 n.a. 2010 –

16.7 n.a. 2010 –
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13.5.1.4 Density and Pressure of Gases and Vapours

Temperatures and intrinsic pressures during pyrolysis allow for the assumption that
gases and vapours can be treated as ideal gases, so:

< Pi>
G ¼ < ρi>

GRT
Mi

ð13:36Þ

where <Pi>
G andMi are the partial pressure and molar mass of ith component in the

gas mixture, respectively. The total gas density can be calculated from:

< ρG>
G ¼

XN
i

< ρi>
G ð13:37Þ

The molecular mass of the gas mixture is defined as:

MG ¼
XN
i

< ρi>
G

< ρG>GMi

 !�1

ð13:38Þ

where MG is the mean molar mass of the gas mixture. The total gas pressure can be
calculated as:

< PG>
G ¼ < ρG>

GRT
MG

ð13:39Þ

where <PG>
G is the total pressure. In case of the application of a simple, single-

component model, permanent gases and tars are often treated not as a product
mixture, but as single representative species of the mixture. For example in the
work of Grønli [52], tars are represented by benzene with a molecular mass of 110 g/
mol and gases are represented by a 1:1 mixture of carbon monoxide and carbon
dioxide with a molecular mass of 38 g/mol.

13.5.2 Moisture Content and Saturation

The amount of water in biomass is described by the moisture content (MC), and
calculated as:

MC ¼ mass of water
mass of biomass db:ð Þ ð13:40Þ

The water in biomass can exist in two phases, so:
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MC ¼ MCL þMCB ð13:41Þ

whereMCL is the moisture related to the liquid water andMCB is the moisture related
to the bound water. To calculate both moisture contents, the value of the fibre
saturation point (function of the temperate) has to be obtained, for example, with
the equation proposed by Siau [84]:

MCFSP Tð Þ ¼ Mo
FSP þ 0:298

� �� 0:001 T ð13:42Þ

where MCFSP is the fibre saturation point at a certain temperature, and Mo
FSP is the

base fibre saturation point (value between 0.3 or 0.4). Knowing that only above the
fibre saturation point both types of water can be found in biomass, it can be stated
that:

MCB ¼ min MCFSP,MCð Þ ð13:43Þ
MCL ¼ max MC �MCFSP, 0ð Þ ð13:44Þ

With the assumption that the water content in the gas phase is negligible, the
apparent density of bound and liquid water can be calculated respectively:

MCB ¼ < ρB >
< ρS >

ð13:45Þ

MCL ¼ < ρL >
< ρS >

ð13:46Þ

where <ρS> is the solid’s apparent density in the dry state. Having the value of the
true and apparent density for both water types, the volume fraction occupied by these
phases can be calculated.

Saturation of a particle quantifies to what extent the space within pores is
occupied by water. This value should not be confused with the MCFSP. Saturation
is defined as:

S ¼ liquid volume
pore volume

ð13:47Þ

where pore volume is a particle’s empty (filled with gas) volume which theoretically
can be occupied by the liquid water. When equal representative volumes are
considered:

S ¼ MCL

MCsat �MFSP
ð13:48Þ

where MCsat is the maximum moisture content which can be retained by a biomass
structure:
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MCsat ¼ MCFSP þMCsat,L ð13:49Þ

where MCsat,L is the maximum liquid water content which can be retained by a
biomass structure. Assuming that during the maximum saturation state all pores of
biomass are filled with water, and that liquid and bound water have the same density,
MCsat can be obtained from the equation:

MCsat ¼< ρL>
L 1

< ρS >
� 1
< ρS>S

� �
ð13:50Þ

In the literate devoted to wood drying, a parameter “irreducible water content of
structure” (Sirr) can be found. It refers to the water bound so strongly to a cell wall
structure that it is not removed during a conventional drying processes (up to
120 �C). In the model of a pyrolysis process of biomass, it is not advisable to
implement such parameter for two reasons. First, the energy flux added to water is
much higher than in conventional drying due to higher temperatures. Theoretically,
it should allow for complete unbinding of water. Second, even if the energy flux
would be insufficient during the pyrolysis, the structure of biomass changes and cell
walls lose their binding ability (hydrophilicity).

13.5.3 Capillary Pressure

For models in which the transportation term for the liquid water is included in the
mass conservation equation, the capillary pressure needs to be defined. Capillary
pressure in the lumens of wood is defined as:

< PL>
L ¼< PG>

G þ PC ð13:51Þ

where PC is a capillary pressure and <PL>
L is pressure in of the liquid water. In

literature different correlations for the capillary pressure can be found. An extensive
comparison can be found in the work of Jalili et al. [54]. Here are shown only two,
most commonly used empirical correlations, one by Spolek and Plumb [85]:

PC ¼ 8:4 � 104
S0:63

ð13:52Þ

where S is the saturation. The second, by Perre and Degiovanni [86]:

PC ¼ 1:364 � 105 σ Tð Þ
MCL þ 1:2 � 10�4
� �0:63 ð13:53Þ

where σ(T ) is the temperature-related coefficient, defined as:

13 Review on Modelling Approaches Based on Computational Fluid Dynamics for. . . 401



σ Tð Þ ¼ 128� 0:185 Tð Þ � 10�3 ð13:54Þ

Both above mentioned empirical correlations were established for softwood.
Therefore they should be applied only for modelling those biomasses due to
significant differences in pore size, pore shape and surface wettability with other
wood types.

13.5.4 Permeability

The permeability has a major influence on the fluid movement through a porous
structure. The permeability determines the superficial velocity and pressure forma-
tion of gases and transport of liquid water in a porous biomass structure.

13.5.4.1 Intrinsic Permeability of Biomass

The proper assumption regarding biomass permeability is not an easy task. As it was
pointed out by Grønli [52], the value of the intrinsic gas permeability of wood shows
high variability and strongly depends on:

• type of wood: hardwood or softwood
• position in the plant from which the wood sample was taken: heartwood (older

part) or sapwood (younger part)
• cut plane direction (related to sample anisotropy): longitudinal, tangential or

radial

Table 13.5 contains experimental data of the intrinsic gas permeability of selected
biomasses. As it can be noticed, sapwoods show higher intrinsic gas permeability
than heartwoods. Regarding the cut plane direction, the permeability in the longitu-
dinal direction is much higher than in the radial or tangential direction, for which
values are comparable. Taking this into account, the assumption that radial and
tangential permeability are equal does not lead to a significant loss in model
accuracy. In publications related to modelling, the implemented values of the
intrinsic gas permeability sometimes differ significantly from those experimentally
obtained. For example, some authors adjust the permeability values according to the
simulation’s result, or, as it was done by Di Blasi [71], the author adapted perme-
ability to obtain the same pressure as in the experimental data from Lee et al. [87].

Analysis of the intrinsic gas permeability with differentiation on the cut plane
direction, for c.a. 100 different wood samples was made by Smith and Lee in 1958
[84]. Results of their study are presented in Fig. 13.5. Values of the longitudinal
permeability used by modellers are in general within the range of experimental data,
but for the radial permeability, values are usually overstated by at least one order of
magnitude [50, 71, 90–93]. From experimental data, it can be stated that the valid

402 P. Maziarka et al.



Table 13.5 Intrinsic gas permeability for selected biomass in different directions

Species P

Permeability (m2) Ratio

Ref.L R T L/R R/T L/T

Pine h 2.98 �
10�11

2.07 �
10�15

3.65 �
10�16

14,381 5.68 81,621 [88]

Pine h 1.86 �
10�12

3.55 �
10�16

7.80 �
10�17

5222 4.56 23,797

Fir s 8.88 �
10�13

7.90 �
10�17

1.28 �
10�17

11,250 6.15 69,230

Fir h 4.44 �
10�14

1.51 �
10�17

1.68 �
10�18

2941 9.00 26,470

Douglas-fir h 1.78 �
10�14

5.43 �
10�19

1.48 �
10�18

32,727 0.37 12,000

Redwood s 1.40 �
10�11

3.95 �
10�16

1.23 �
10�14

35,500 0.03 1136

Redwood h 5.38 �
10�12

3.95 �
10�16

5.92 �
10�16

13,625 0.67 9083

Red cedar s 1.63 �
10�12

1.97 �
10�16

1.97 �
10�15

8250 0.10 825

Red cedar h 1.04 �
10�12

1.38 �
10�15

1.97 �
10�15

750 0.70 525

Spruce s 1.90 �
10�16

2.90 �
10�18

n.a. 65.52 n.a. n.a. [89]

Maritime
pine

s 1.47 �
10�17

8.60 �
10�16

n.a. 0.02 n.a. n.a.

Scots pine s 7.10 �
10�16

4.20 �
10�17

n.a. 16.90 n.a. n.a.

P place in the wood, s sapwood, h heartwood, L longitudinal, T tangential, R radial, n.a. not
available

Fig. 13.5 Intrinsic gas permeability range for woods, based on the data from Smith and Lee [84]
(s sapwood, h heartwood,� sample from the coast, �� sample from mountains)
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range for the longitudinal intrinsic gas permeability is between 10�11 m2 and 10�17

m2 and for the radial between 10�15 m2 and 10�19 m2.

13.5.4.2 Intrinsic Permeability of Char

The thermal decomposition of biomass increases the internal volume of the structure.
Therefore, chars formed in pyrolysis show higher permeability than the initial
biomass due to an increase of the size of the channels (pore size) and development
of new pores and cracks in the cell walls. Experimentally measured permeabilities of
char are rarely found in the literature. Hence, most works related to the modelling of
biomass pyrolysis estimate its value. Usually, the permeability of a char in the
longitudinal direction is estimated to be about 1–2 orders of magnitude higher, and
in the radial and tangential direction from 1 to 4–5 orders of magnitude higher than a
value of the initial biomass. In Table 13.6 data of the intrinsic permeability of a
pinewood char is presented. Unfortunately, the data source did not provide infor-
mation regarding the direction other than the longitudinal.

13.5.4.3 Intrinsic Permeability of Liquid Water

Table 13.7 shows a summary of the relationship between the intrinsic permeability
of a gas and liquid water in biomass. According to the literature, the liquid perme-
ability should be in the range of 	1 order of magnitude different than that of the gas
permeability. It is worth to mention that during pyrolysis at any given time, the liquid
water does not co-exist with the char.

Table 13.6 Pinewood char’s
longitudinal intrinsic gas per-
meability as a function of
pyrolysis temperature [94]

Temperature (�C) Permeability (m2) Raw/char

20 5.42 � 10�13
–

200 9.27 � 10�13 1.71

250 1.20 � 10�12 2.22

300 2.68 � 10�12 4.94

350 5.74 � 10�12 10.58

Table 13.7 Relationship
between gas and liquid intrin-
sic permeability in biomass

Empirical correlation Ref.

KL ¼ 10KG [72]

KL ¼ 5KG [95]

KL ¼ KG [96]

KL ¼ 0.1KG [86]
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13.5.4.4 Intrinsic, Relative and Effective Permeability

The intrinsic permeability at any time of the reaction is defined as:

Kph ¼ XBMKph,BM þ XBCKph,BC ð13:55Þ

where Kph is the intrinsic permeability of a phase and XBM and XBC are the mass ratio
of the unreacted biomass and biochar in the solid matrix, respectively. The subscript
ph refers to a particular phase (gas or liquid).

The relative permeability reflects the difference between a material effective
permeability in a wet state and the intrinsic permeability in a dry state. The
correlation of moisture content and the permeability is expressed by the saturation.
The most commonly used correlation is the one developed by Perre et al. [97] and is
shown in Table 13.8. It is based on experimental data retrieved on softwood. In
literature, other correlations between saturation and relative permeability are also
available [54].

The effective permeability consists of two parts: a first related to the solid porous
structure (intrinsic permeability) and a second related to the effect of saturation of
pores on the fluid movement (relative permeability). Effective permeability can be
calculated as:

Kph,eff ¼ Kph � Kph,rel ð13:56Þ

where Kph,eff is the effective permeability of a phase, Kph is the intrinsic permeability
of a phase, and Kph,rel is the relative permeability of a phase.

13.5.5 Diffusion

13.5.5.1 Bound Water Diffusion

The migration of bound water arises only from diffusion through cell walls of
biomass. Mathematically, such transport can be described using Fick’s law [98]. Dur-
ing pyrolysis and at any given time, bound water does not co-exist with biochar.

By fitting the experimental data of bound water diffusivity in a transverse
direction, the following correlations based on the Arrhenius expression were
proposed:

Perre and Degiovanni [86]:

Table 13.8 Most commonly
used correlations for relative
gas and liquid permeabilities
[96]

Direction

Relative permeability

Gas (KG,rel) Liquid (KL,rel)

Longitudinal 1 + (4S � 5)S5 S8

Tangential 1 + (2S � 3)S2 S3
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DB,T ¼ exp �9:9þ 9:8 MCB � 4300
T

� �
ð13:57Þ

Perre and Turner [98]:

DB,T ¼ exp �12:818þ 10:895 MCB � 4300
T

� �
ð13:58Þ

Stamm [99] stated that the following dependency exists between diffusion of
bound water in different directions:

DB,T ffi 1
3
DB,L ffi 2

3
DB,R ð13:59Þ

where subscripts T, L, and R denote the transverse, longitudinal and radial direction
respectively. More complex dependency between bound water diffusion and direc-
tion can be found in the works of Pierre and Turner [98, 100].

13.5.5.2 Gas Binary Diffusion

The gas-vapour mixture, which exists in the pores during pyrolysis consists of a
variety of compounds in different concentrations and its composition changes as the
process progresses. Mathematical description of such a process is not
straightforward.

Application of binary diffusion description is valid only for systems where only
two major components interact with each other, and there are no other components
or their influence on a mixture is negligible. Also, binary diffusion is based on the
assumption that one compound has to be indicated as an inert during the whole
process. Such a situation is far different from the one that takes place in the pores
during the pyrolysis process of biomass. Therefore, the application of the binary
diffusion description can lead to significant inaccuracies in prediction. Hence, other
more complex ways of describing diffusion have to be applied. A satisfactory
procedure which is always valid for a multi-component system is the Maxwell-
Stefan equations system, so in theory, its application would be the most valid
option [101].

Diffusion is the dominating transport phenomenon only in systems where large
pressure gradients do not exist. An increase in the pressure gradient leads to a
reduction of the diffusion’s share in the overall transport of gases, as convection
becomes the dominating phenomenon of transport [52]. During pyrolysis of dry
biomass, especially at high temperatures and with a high heating rate, the pressure
gradients are significant, which indicates that the diffusion does not play a major role
in gas transport. It leads to the conclusion that implementation of the binary diffusion
model, which will be rather inaccurate, but fairly simple in implementation and easy
in computation should not add a significant inaccuracy to the prediction of fast
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pyrolysis. In general, it is always advised to try to avoid the application of a robust,
global description, which can be overcomplex and simultaneously not lead to visible
improvement in modelling accuracy.

On the other hand, for a pyrolysis process of wet biomass, so combined with
particle's drying, the diffusion of water vapour can be significant. Especially for
pyrolysis of a large particle that is exposed to moderate thermal conditions, where
evolved pressure gradients can be insufficient to shift the convection into the
dominant transport process. For such situations, an assumption that diffusion is
negligible will not be valid. During drying, an inert (most often nitrogen)—water
vapour system will appear, which can be described satisfactorily by binary diffusion.
Often in practice, the binary diffusion of an inert-water vapour system is treated as an
air-water vapour system instead of nitrogen-water vapour system due to the marginal
difference in gas properties and higher availability of data for the air-water vapour
system.

The air-water vapour binary diffusion coefficient (DA/V), in function of the
temperature and the pressure inside a particle, can be calculated with the equation
proposed by Siau [84]:

DA=V ¼ 2:23 � 10�5 T1:81

< PG>G ð13:60Þ

Alternatively, it can be calculated with a more often used equation, proposed by
Grønli [52]:

DA=V ¼ 1:192 � 10�4 T1:75

< PG>G ð13:61Þ

Correlations above can be used not only for the water vapour but also for other
compounds in the pyrolysis gas mixture without introduction of a significant error. If
higher accuracy is needed, a discrete description of the binary diffusion coefficient
for each component of a system can be calculated with the Chapman-Enskog
equation, based on the kinetic gas theory, or with the equation proposed by Poling
et al. [102]:

Dinert=i ¼ 1:43 � 10�7 T1:75

P Minert=i
1=2 Σinert

v

� �1=3 þ Σi
v

� �1=3h i2 ð13:62Þ

where Dinert/i is the binary diffusion coefficient between an inert and an ith compo-
nent, Σv is the sum of the atomic diffusion volumes (from Poling et al. [102]) and
Minert/i is the mean molecular mass ratio between an inert and an ith compound.

The diffusion phenomena are omitted in certain publications related to modelling
of pyrolysis of dry biomass [28, 42, 56, 103]. Authors who modelled the pyrolysis of
wet biomass have treated the diffusion coefficients as constant values (range from
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10�6 m2/s to 10�5 m2/s) for all gas species in order not to overcomplicate the model
[59, 91, 92, 104]. Such approaches are not fully invalid with respect to the minor role
of diffusion in the overall transport of gases in specific cases.

13.5.5.3 Effective Gas Diffusion Coefficient

Besides the gas mixture composition, the structure of the porous material in which
the diffusion process takes place has an influence on the diffusion coefficient. The
effective gas diffusion coefficient can be defined as:

Deff , inert=i ¼ θ Dinert=i ð13:63Þ

where Deff, inert/i is the effective inert—ith component diffusion coefficient, Dinert/i

is the inert—ith component diffusion coefficient and θ is the structure resistance
factor (tortuosity factor). The structure resistance factor is an artificial parameter
describing the restriction of diffusion in narrow pores, which can be linked to the
porosity. The correlation of the structure resistance factor to porosity is obtained by
fitting a function to the experimental data. A summary of the correlations available in
literature is shown in Table 13.9.

13.5.6 Heat Capacities

13.5.6.1 Heat Capacity of Biomass

In the literature devoted to drying of biomass, empirical correlations can be found
which combine the influence of temperature and moisture content (liquid and bound
water) on the specific heat of biomass. Since there are no theoretical reasons to
combine the effects of both parameters into one correlation, the specific heat of
biomass and water will be treated separately.

Biomass starts its degradation in the temperature range from 200 �C to 250 �C.
Therefore the range of temperature for which specific heat of biomass has to be
described is more narrow than for gas and vapour compounds. One of the most
commonly used correlations is the one obtained experimentally by Grønli [52] for
spruce wood and is valid in the range from 80 �C to 230 �C:

Table 13.9 Proposed corre-
lations for the structure resis-
tance factor

Theta (θ) Ref.

εG
3/2 Bruggeman [105]

εG
4/3 Millington and Quirk [106]

0.05εG
2 Stannish [107]

εG
6 Bonneau and Puiggali [108]

εG6

1:37
Fernandez and Howell [109]
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CP,BM ¼ 1500þ T ð13:64Þ

where CP, BM is the specific heat of biomass. Dupont et al. [110] conducted an
analysis of the specific heat of 19 different biomasses in the temperature range from
40 �C to 80 �C. The result for every biomass shows a linear change of the specific
heat with temperature in the investigated range. Taking into account Grønli’s
correlation, it can be assumed that this trend will be kept until the temperature at
which biomass starts to thermally decompose. Averaged for all biomasses used in
the study of Dupont et al., the correlation between the specific heat and the
temperature has the form:

CP,BM ¼ 1032:8þ 3:783 T ð13:65Þ

It is proven that the specific heat of biomass is a function of temperature, but in
some older publications, it can be found that the parameter as a constant value
[87, 91, 92]. Recent work of Gorensek et al. [111] deserves attention in where the
authors, starting from fundamentals of thermodynamics, calculated missing heat
capacities of artificial, initial components and their transitional forms from the
Ranzi scheme. Thereby, they allowed for the implementation of biomass into the
model as a mixture of individual bio-components.

13.5.6.2 Heat Capacity of Char

The most well-known correlation between the specific heat of char and the temper-
ature is the one provided by Raznjevic [67], valid in the range from 0 �C to 1000 �C:

CP,BC ¼ 1430þ 0:355 T þ 6:85 � 10�4 T2 ð13:66Þ

where CP, BC is the specific heat of biochar. In literature, also other correlations for
specific heat capacity can be found, e.g. one proposed by Larfeldt et al. [93], valid in
the range from 0 �C to 800 �C:

CP,BC ¼ 420þ 2:09 T � 7:32 � 107
T2 ð13:67Þ

The specific heat for solids at any given time of the reaction is defined as:

CP,S ¼ XBMCP,BC þ XBCCP,BM ð13:68Þ

where CP,S is the specific heat of the solid.
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13.5.6.3 Heat Capacity of Bound and Liquid Water

Liquid water heat capacity (CP,L) at the atmospheric pressure does not change
significantly within the range from 20 �C to 100 �C. Therefore the value of its
heat capacity can be assumed as a constant value of 4.20 kJ/(kg K), which is an
averaged value within the mentioned temperature range. The specific heat of the
bound water (CP,B) is assumed to be slightly higher than the liquid water. Hunt et al.
[112] proposed a value of 4.66 kJ/(kg K), but this is a rough estimated value, not
measured analytically. For the sake of simplicity, the value of CP,B can be treated as
equal to CP,L without introducing significant error.

13.5.6.4 Heat Capacity of Gases and Vapours

The specific heat correlation of compounds in the gas mixture applied in a model
depends on the complexity of the kinetic scheme. For all low-molecular compounds
and most of the high-molecular compounds data can be obtained from the NIST
Chemistry WebBook [113] and Gorensek et al. [111]. In case of missing heat
capacity data for a specific compound, the authors suggest to find the data record
of a compound with similar mass, chemical structure, and chemical properties and
treat it as a representative. If more accuracy is needed, the use of thermodynamically
based approaches provided by Gordon and McBride [114] is advised.

For the single component reaction scheme, only four representative compounds
have to be described: air, water vapour, gas (1:1 mixture of CO and CO2) and tar
(benzene). For the mentioned compounds, Grønli’s correlations [52] can be used:

CP,Air ¼ 950þ 0:188 T ð13:69Þ
CP,v ¼ 1670þ 0:64 T ð13:70Þ

CP,Tar ¼ �100þ 4:4 T � 1:57 � 10�3 T2 ð13:71Þ
CP,Gas ¼ 770þ 0:629 T � 1:91 � 10�4 T2 ð13:72Þ

where CP, is the specific heat and subscript Air, v, Tar and Gas denotes air, water
vapour, tars and gases, respectively. The specific heat for the gas-vapour mix at any
time in the process can be obtained from an equation:

CP,G ¼
PN
i
CP,i < ρi>

G

< ρG>G ð13:73Þ

where CP,G is the specific heat of the gas-vapour mix and CP,i is the specific heat for
the ith component of the gas mixture.
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13.5.7 Dynamic Viscosities of Fluids

13.5.7.1 Dynamic Viscosity of Gases-Vapour Mixture

According to the definition, viscosity is a property of a fluid which indicates its
resistance to flow (i.e. continual deformation). The viscosity of fluids depends
strongly on temperature and pressure. In the atmospheric pyrolysis, a pressure
change during the process is not significant in relation to viscosity, so the pressure
influence on fluid viscosity can be omitted. The temperature between the start and
the end of the pyrolysis usually exceeds a few hundred degrees, so its influence on
the viscosity is significant. Therefore, the temperature dependence of the viscosity
should be to implemented into a model.

Similar to heat capacity, the correlations of the viscosity of compounds in the gas
mixture applied in a model depend on the complexity of the kinetic scheme. Data for
permanent gases and light organic compounds can be found in the NIST database
[113]. Heavy organic compounds, for which data is lacking, can be replaced by
other, similar compounds and treat them as representatives. The missing data can
also be calculated, according to the procedure provided by Poling et al. [102]. For the
single component kinetic scheme, the correlations valid in the range from 0 �C to
1000 �C, for air, water vapour, tars and gases, provided by Grønli [52] can be
applied:

μG,Air ¼ 9:12 � 10�6 þ 3:27 � 10�8 T ð13:74Þ
μG,v ¼ �1:47 � 10�6 þ 3:78 � 10�8 T ð13:75Þ
μG,Tar ¼ �3:73 � 10�7 þ 2:62 � 10�8 T ð13:76Þ
μG,Gas ¼ 7:85 � 10�6 þ 3:18 � 10�8 T ð13:77Þ

where μG is the dynamic viscosity of gaseous matter and subscript Air, v, Tar and
Gas denote air, water vapour, tars and non-condensable gases, respectively. To
calculate the viscosity of a gas mix at any given time, the Grahammodel can be used:

μG ¼
PN
i
μG,i < ρi>

G

< ρG>G ð13:78Þ

where μG is the viscosity of the gas mix and μG, i is the viscosity of the i
th component

of the mixture. Above mentioned Eq. (13.78) is appropriate for rough calculations,
and it is fully valid only when the molar masses of the mixture components are
relatively similar [115]. For a more accurate calculation it is advised to use the
Wilkie model with the Herning and Zipperer approximation:
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μG ¼
PN
i
μG,i < ρi>

G
ffiffiffiffiffiffi
Mi

p

PN
i
< ρi>G

ffiffiffiffiffiffi
Mi

p ð13:79Þ

where Mi is the molar mass of the ith component in the mixture. In most of the
publications related to modelling, the subject of viscosity is treated with neglect.
Most of the authors apply the assumption that the viscosity of gases and vapours is
invariant to either the gas mix composition and the temperature and its value is
constant, equal to 3 � 10�5 Pa s.

13.5.7.2 Dynamic Viscosity of Liquid Water

As it was mentioned in Sect. 13.4.3.3, only the liquid water has the ability to move
actively through convection. The viscosity of liquid water as a function of temper-
ature can be calculated with the equation proposed by Grønli [52]:

μL ¼ 1:40 � 10�2 � 7:30 � 10�5 T þ 9:73 � 10�8 T2 ð13:80Þ

where μL is the liquid water viscosity. Alternatively the correlation proposed by de
Paiva Souza et al. [116] can be used:

log μLð Þ ¼ �13:73þ 1828
T

þ 1:97 � 10�2 T � 1:97 � 10�5 T2 ð13:81Þ

13.5.8 Thermal Conductivity

13.5.8.1 Thermal Conductivity of Biomass

For particles in the thermally thick regime, thermal conductivity and radiative
thermal conductivity have a major influence on the thermal behaviour of the biomass
sample. Therefore their appropriate implementation into the model is crucial in terms
of the model accuracy.

In Table 13.10 is shown a summary of thermal conductivity data of different
biomasses. The thermal conductivity of biomass depends on the bio-composition
and structure of the cell wall as well as on the direction of the cut plane (direction of
fibres). A rough analysis of the data indicates that the thermal conductivity of
hardwoods in the longitudinal direction is c.a. 1.6 times higher than the thermal
conductivity in the radial direction. The difference for softwoods is much higher and
the ratio of longitudinal to radial thermal conductivity has a value of 2.7. On average,
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the difference in thermal conductivity in the longitudinal direction between both
wood types is relatively low. The difference between both wood types is more
visible for the radial thermal conductivity, where hardwoods show c.a. 1.5 times
higher thermal conductivity than for softwoods.

13.5.8.2 Thermal Conductivity of Char

The thermal conductivity of char depends strongly on the initial thermal conductivity
of the parent biomass, as well as on the pyrolysis process conditions. In Table 13.11
summarised data of char thermal conductivity originating from different biomasses
are shown, at different pyrolysis temperatures. In general, an increase in the pyrol-
ysis temperature results in a decrease in the char thermal conductivity. Data indicate
that the thermal conductivity in the longitudinal direction is much less sensitive to
the pyrolysis temperature than the one in the radial direction (relative change of 1.3
for the longitudinal direction and 2.4 for the radial direction). For chars originating
from softwood and pyrolysed at 470 �C, the longitudinal thermal conductivity is on
average five times higher than the radial thermal conductivity. It is suspected that

Table 13.10 Data of thermal conductivity of different biomasses

Biomass
species Type

Temp.
(�C)

Density (d.b.)
(kg/m3)

λBM, L

(W/(m K))
λBM, R

(W/(m K)) Ref

Fir S 20 370 0.305 0.112 [117]

Fir S 20 430 0.387 0.118

Spruce S 20 385 0.422 0.087

Pine S 20 414 0.450 0.105

Pine S 20 438 0.246 0.111

Pine S 20 440 0.358 0.313

Fir S 20 540 0.350 0.140 [118]

Pine S 60 450 0.260 0.110

Pine S 20 450 0.259 0.098 [119]

Fir S 20 540 0.340 0.138

Oak H 15 710 0.361 0.209

Spruce S 20 414 0.279 0.128 [67]

Maple H 30 710 0.419 0.158

Beech H 20 700 0.349 0.209

Birch H 21 680/680 0.323 0.214 [120]

567/473 0.293 0.196

543/443 0.291 0.177

100 680/680 0.370 0.250

567/473 0.309 0.244

543/443 0.318 0.207

S softwood, H hardwood, in case two values are mentioned for thermal conductivity, they represent
longitudinal and radial thermal conductivity respectively
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such a large change in the radial direction is related by breaking the continuity of the
cell wall’s structure caused by the bio-polymers degradation.

The thermal conductivity of solids in a given direction (D¼ L, R, T) at any given
time of the reaction is defined as:

λS,D ¼ XBMλBM,D þ XBCλBC,D ð13:82Þ

where λBM,D and λBM,D denote the thermal conductivity in a given direction for
biomass and biochar, respectively.

13.5.8.3 Thermal Conductivity of Liquid and Bound Water

The thermal conductivity of liquid water as a function of temperature can be
obtained through the correlation of data from the NIST database [113]:

λL ¼ 0:7695þ 7:5 � 10�3 T � 1 � 10�5 T2 ð13:83Þ

In literature, constant values of thermal conductivity of liquid water, i.e. 0.658 W/
(m K) [52] can be found. Due to a lack of experimental data regarding the thermal
conductivity of bound water, it has to be assumed that its thermal conductivity value
is similar to that of liquid water.

Table 13.11 Data of thermal conductivity of char originated from different biomasses

Biomass
species Type

Temp.
(�C)

Temp. of
pyro. (�C)

Density (d.b.)
(kg/m3)

λBC,L
(W/(m K))

λBC,R
(W/(m K)) Ref

Fir S 50 270 340 0.338 0.112 [117]

450 264 0.255 0.034

Fir 270 331 0.325 0.087

450 255 0.223 0.032

Spruce 270 337 0.344 0.105

450 249 0.186 0.052

Pine 270 330 0.265 0.118

450 248 0.247 0.049

Pine 270 360 0.198 0.111

450 251 0.188 0.046

Pine 270 364 0.180 0.131

450 269 0.216 0.072

Maple H – 450 200 0.105 0.071 [87]

Miscanthus GR – 500 – 0.152 [121]

Switchgrass GR – 500 – 0.153

S softwood, H hardwood, GR grass
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13.5.8.4 Thermal Conductivity: Gas Mixture

The thermal conductivity of most of the permanent gases, light and heavy organic
compounds can be found in tables [67, 122, 123] or in the NIST database
[113]. Heavy organic compounds, for which data is lacking, can be replaced by
other, similar compounds and treat them as representatives. The missing data can
also be calculated, according to the procedure provided by Poling et al. [80]. For the
single component kinetic scheme, correlations between the thermal conductivity and
the temperature for air, water vapour and permanent gases are based on data from
NIST [113], and they are valid in range from 0 �C to 1000 �C. The correlation for tar
(benzene) can be obtained from the work of Zaitseva et al. [124], and it is valid in the
range from 320 �C to 660 �C.

λG,Air ¼ 9:3 � 10�3 þ 6 � 10�5 T ð13:84Þ
λG,v ¼ �8:1 � 10�3 þ 1 � 10�3 T ð13:85Þ

λG,Tar ¼ �5:07 � 10�1 þ 1:1 � 10�3 T ð13:86Þ
λG,Gas ¼ 1:01 � 10�2 þ 4 � 10�5 T ð13:87Þ

Analogous to the viscosity, the thermal conductivity of a gas mixture at any time
in the pyrolysis process can be calculated with the equation:

λG ¼
PN
i
λG,i < ρi>

G

< ρG>G ð13:88Þ

where λG,i is the thermal conductivity of the ith component in the gas mix. For more
accurate calculations, the Wassilijewa’s equation with the Herning and Zipperer
approximation can be used:

λG ¼
PN
i
kG,i < ρi>

G
ffiffiffiffiffiffi
Mi

p

PN
i
< ρi>G

ffiffiffiffiffiffi
Mi

p ð13:89Þ

where Mi is the molar mass of the ith component in the mixture. Many authors use
simplifications and implement the thermal conductivity of the gas mix as a constant
value in the range from 0.025 W/(m K) to 0.026 W/(m K) [52, 56, 91, 103].
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13.5.8.5 Radiative Heat Transfer

When the pyrolysis temperature exceeds 600 �C, the share of the heat transferred
through radiation within the particle starts to become significant. In such cases,
implementation of the radiative heat transfer into the model is necessary. Radiative
thermal conductivity within a particle can be defined as:

λrad ¼ A ℓn σ T3 ð13:90Þ

where λrad is the radiative thermal conductivity, ‘n is the photon’s mean free path, σ
is the Stefan-Boltzman constant and A is the coefficient of the radiative model. In
Table 13.12 are presented the most commonly used correlations for radiative thermal
conductivity, others can be found in work of Grønli [52].

Where ω is the surface emissivity and dpore is the average diameter of the pores,
calculated as:

dpore ¼ XBM dpore,BM þ XBC dpore,BC ð13:91Þ

where dpore is the average pore’s size and subscripts BM and BC denote the biomass
and the biochar, respectively. The average pore size of biomass or biochar in the
equation above is obtained from the whole range of pores existing in the structure
(micro-, meso- and macropores). Therefore, its value should be obtained by helium
pycnometry.

Regarding the influence of the pore size on the radiative thermal conductivity,
the work of the Janse et al. [104] is worth to mention. They proposed a division of
the radiative thermal conductivity in the macropore radiative conductivity and the
micropore radiative conductivity. Such an approach seems intuitively reasonable and
in theory, it should be more accurate. Nonetheless, the lack of reliable data regarding
the pore size distribution of the biochar and its evolution throughout pyrolysis does
not allow to obtain solid proof. In the literate applications of Janse et al.’s radiative
heat transfer model with an averaged pore size [57, 65] can be found.

13.5.8.6 Effective Thermal Conductivity

The effective thermal conductivity depends on the following factors: anisotropy of
the structure, porosity and pore size distribution, bio-composition of the cell wall and
water content. In literature examples of correlations for the thermal conductivity of

Table 13.12 Models of radi-
ative thermal conductivity

A ‘n Ref.

4 εGωdpore
ð1�εGÞ

Pantoon and Ritman [125]

13.5 dpore
εGω

Chan et al. [59]

1 dpore
ω

Di Blasi [92]
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wet biomass particles obtained empirically can be found. In most cases, they were
applied for the description of a drying process, not pyrolysis combined with drying
[50, 72, 84, 86, 126]. In order to describe the thermal conductivity of biomass, the
following general equation is often used:

λeff ,D ¼ λcond,D þ λrad ð13:92Þ

where λeff,D is the effective thermal conductivity, λcond,D is the thermal conductivity,
λrad is the internal radiative thermal conductivity and the subscript D denotes the
direction of the conduction. The thermal conductivity can also be treated as a
function based on conduction through the solid matter with respect to the heat
transfer direction (λS,D), the conduction through the liquid and bound water (λL,
λB) and the conduction through gas filling the pores (λG). The last three terms are not
directionally dependent.

λcond,D ¼ f λS,D þ λL þ λB þ λGð Þ ð13:93Þ

The share of each thermal conductivity component is proportional to its volume
fraction, so the effective thermal conductivity within a particle can be defined as:

λeff ,D ¼ εS λS,D þ εL λL þ εB λB þ εG λGð Þ þ λrad ð13:94Þ

More detailed approaches on the modelling of the thermal conductivity can be
found in work of Suleiman et al. [120], Thunman and Leckner [127], Blondeau and
Jeanmart [40] and Gentile et al. [53]. All mentioned approaches are based on the
comprehensive thermal conduction model developed by Kollmann and Côte [128].

13.5.9 Surface Emissivity

Radiative heat emissivity from natural surfaces is usually modelled as a “grey body”.
According to the definition and the Stefan-Boltzmann law, a “grey body” is an
intermediate material between a perfect absorber of light (ideal “black body”) and a
perfect reflector of light (ideal “white body”). The value of the emissivity of the
“grey body” depends on the surface’s temperature, colour and roughness. For
biomass, emissivity (ωBM) is usually assumed to be in the range between 0.7 and
0.85 [64, 65] and for biochar (ωBC) in the range between 0.9 and 0.95 [52, 59]. The
surface emissivity (ω) at any time of the process can be defined as:

ω ¼ XBMωBM þ XBCωBC ð13:95Þ
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13.5.10 Particle Shrinking

Drying and thermal degradation of a biomass particle have an influence not only on
its porosity and thermo-physical properties but also on its overall geometry and
shape. To model a particle’s change in geometry and shape, usually, one out of three
methods of shrinking process description is applied: uniform shrinkage, shrinking
shell, or shrinking cylinder.

An analysis of shrinkage during pyrolysis shows that final shrinkage in the
longitudinal direction is lower than in the radial direction. Additionally, for small
particles, the shrinking takes place mostly at the end of the conversion. During the
conversion under a high heating rate, strong mechanical tensions occur within a
particle, which leads to particle cracking and in some cases, even to the fragmenta-
tion of a particle. Besides the reduction in particle shape by shrinking, the expansion
via the swelling can take place. The expansion can be observed usually at the
beginning of the conversion, especially for large particles [129]. The details regard-
ing cracking and swelling are not incorporated in mentioned models of shrinking.

A detailed description of mentioned shrinking models can be found in the work of
Bryden et al. [61] and Bellais [130]. The most commonly used shrinking model is
the uniform shrinking model, so its basis will be briefly described here. Shrinking in
a selected direction can be defined as [61]:

f D ¼ current dimension
original dimension

¼ LD
LD0

ð13:96Þ

where fD is the shrinkage factor in the D direction, LD is the dimension after
shrinkage in the D direction and LD0 is the original dimension in the D direction.
The uniform shrinking model assumes, that particle size change is directly propor-
tional to the mass loss, so it can be stated that:

f D ¼ η� 1ð ÞpD þ M� 1
� �

mD

	 
 ð13:97Þ

where η is the conversion extent of pyrolysis, averaged over the particle’s geometry,
pD is the parameter of final shrinkage due to pyrolysis in direction D, M is the
progress of the particle’s drying, averaged over the particle’s geometry, mD is the
parameter of final shrinkage due to drying in theD direction. The drying influence on
the shrinkage in any direction is not large (6–7%) [61], so its omission does not
introduce significant accuracy loss in modelling [131]. Applying the aforementioned
simplification, the following equation is obtained:

f D ¼ η� 1ð ÞpD½ � ð13:98Þ

The averaged conversion extent of the pyrolysis reaction is defined as:

418 P. Maziarka et al.



�η ¼ current mass of biomass
inital mass of biomass

¼ < ρBM >
< ρBM0 >

ð13:99Þ

where <ρBM0> is the initial apparent density of biomass. A more in-depth descrip-
tion of changes to the conservation equations due to implementation of the uniform
shrinking model can be found in the work of Bryden et al. [61] and Anca-Couce
et al. [56].

Exemplary final shrinkage parameters that can be found in the literature are
summarised in Table 13.13. The symbols α, β and γ denote the final shrinkage in
the longitudinal ( pL), radial ( pR) and transversal ( pT) direction, respectively. The
data in the table indicates that the final particle shrinkage depends not only on the
pyrolysis temperature but also on the heating rate.

An extensive analysis of particle shrinkage was performed by Davidson et al.
[133]. It resulted in a correlation between the highest temperature in pyrolysis and
the final shrinkage parameter in direction D. The correlation is valid for temperatures
from 350 �C to 700 �C.

pD ¼ aD
2 aD þ bDT þ cDT

2
	 
 ð13:100Þ

where aD, bD and cD are correlation parameters obtained by fitting to experimental
data. Their values are shown in Table 13.14.

13.6 Boundary Conditions

13.6.1 Boundary Conditions Equations

Boundary conditions are the drivers of the modelled process through the description
of phenomena occurring on the geometrical surface of a particle. In other words,

Table 13.14 Parameters of
Davidson et al. correlation
[133]

D aD bD cD
L �4.7 1.08 � 10�2 �5.86 � 10�6

R 4.4 �8.56 � 10�3 4.55 � 10�6

T �1.0 3.95 � 10�3 �2.62 � 10�6

D direction, L longitudinal, R radial, T tangential

Table 13.13 Exemplary
values of final shrinkage
parameter in pyrolysis, and
obtained experimentally

pL ¼ α pR ¼ β pT ¼ γ Ref.

0.34 0.50 1 [93]

0.30 0.40 1 Low HR [132]

0.30 0.05–0.20 1 High HR [132]

HR heating rate

13 Review on Modelling Approaches Based on Computational Fluid Dynamics for. . . 419



boundary conditions define the behaviour of the nodes located on the geometry edge.
In the most general case, they are defined as [134]:

• For pressure:

< PG>
G jx¼xp ¼ P1 ð13:101Þ

• For heat transfer:

∇ λeff∇T
� � ��

x¼xp
¼ hT Tflow,1 � T

��
x¼xp

� �
þ σω T4

wall � T4
��
x¼xp

� �
ð13:102Þ

• For mass transfer:

Def f∇ð< ρi>
GÞ jx¼xp

¼ hm ρi,1� < ρi>
Gjx¼xp

h i
ð13:103Þ

where j x¼xp denotes the position (xp point of the surface, “x” can be adapted
according to the appropriate coordinate system), P1 is the pressure of the environ-
ment (ambient), h is the convective transfer coefficient, subscript T and m denote
heat and mass respectively, Tflow,1 is the temperature of the flowing fluid at a
considerable distance from the particle’s surface, Twall is the temperature of the
reactor wall, σ is Stefan-Boltzmann coefficient, ω is surface emissivity and ρi,1 is
the density of the ith compound at a considerable distance from the particle’s surface.
Even though the radiative heat transfer at a temperature below 600 �C does not have
a large share in the total heat exchange [135], its implementation is not complex and
can result in improvements in model accuracy.

13.6.2 Dimensionless Numbers and Transfer Coefficients

Convective heat and mass transfer coefficients can be obtained from correlations of
the dimensionless numbers.

• The convective heat transfer coefficient from the Nusselt number:

Nu ¼ hT L
λeff

ð13:104Þ

• The convective mass transfer from the Sherwood number:
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Sh ¼ hm L
Deff

ð13:105Þ

where L is the characteristic dimension of a particle, hT is the convective heat transfer
coefficient, hm is the convective mass transfer coefficient, λeff is the effective thermal
conductivity and Deff is the effective diffusion coefficient. For laminar flow, the
dimensionless numbers can be obtained from flow-shape correlations presented in
Table 13.15.

Where Pr is Prandtl’s number, Sc is Schmidt’s number, μ is the dynamic viscosity
of the gas mix, and subscript1 and S denote the free stream and the surface (on the
fluid’s side) respectively. Above mentioned correlations are valid only for particles
immersed in a single-phase flow. It is advised to use other correlations to calculate
the convective heat and mass transfer coefficient of particles immersed in two-phase
flows (e.g. gas-solid systems in a fluidised bed), [92, 137–140].

Rapid evaporation or ignition of evolved pyrolysis gases can cause a temporary
disturbance in the convective transfer. In order to account for it in a model, Stefan’s
correlation can be used to calculate the mass and heat convective transfer coefficients
with an extensive outflow from surfaces [57, 65, 92, 101]. Correlations are defined
as:

• Heat transfer:

hTs ¼ ASuGεG < ρG>
GCP,G

exp ASuGεG<ρG>GCP,G

hT

� �
� 1

ð13:106Þ

• Mass transfer:

hms ¼ ASuG

exp ASuG
hm

� �
� 1

ð13:107Þ

where hTs is the convective heat transfer coefficient with surface outflow, hms is the
convective mass transfer coefficient with surface outflow and AS is the external
surface area of a particle.

In literature, exemplary values of the convective heat transfer coefficient can be
found: flat plate—5 W/(m2 K) [52], sphere—20 W/(m2 K) [28], shapes with
different size from 8.4 W/(m2 K) to 20 W/(m2 K) [141], particles in a fixed bed—
50W/(m2 K) [142] or particles in a fluidised bed—400W/(m2 K) [143]. Not as many
examples for the convective mass transfer coefficient can be found: flat plate—
0.03 m/s [52]. It is possible that many authors consider that the mass transfer from a
particle is not hindered nor enhanced. Therefore the convective mass transfer
coefficient is equal to the superficial gas velocity on the surface.
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13.7 Reactor Model and Multiscale

The gases and the solid phase (processed biomass) in a given reactor have significant
differences in physical, chemical and thermal behaviour. Therefore, in this section,
the description of each phase separately needs to be considered as well as interac-
tions between the phases.

13.7.1 Lagrangian method: Particle Movement Description

In reactor systems, the movement of every single particle is independent. The
method which allows for describing the behaviour of each individual particle is
the Lagrangian approach, which is based on Newton’s second law of motion
[56, 144]. In the Lagrangian framework, each particle is modelled with its own
body (subdomain), which moves independently in an applied geometry according to
the forces affecting the particle. This framework allows for investigating the time-
position relation of each particle (e.g. trajectory).

The framework of the Lagrangian method also allows for the implementation of
mechanical interactions between particles and between phases. Consecutively, it
opens the possibility for implementation and investigation of particle-particle and
particle-wall interactions. The visualisation of the basic difference between the
Eulerian and the Lagrangian approach is shown in Fig 13.6.

13.7.2 Methods of Two-Phase Flow Description

The Eulerian approach is sufficient to describe a single-phase flow and all significant
unit processes occurring in it. Unfortunately, such an approach may not be sufficient
to describe two-phase flows (e.g. gas-solid systems) appropriately.

Fig. 13.6 Simplified visualisation of the difference between Eulerian and Lagrangian approach
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A comprehensive and complete description of the behaviour of two-phase flow is
provided by a combination of Computational Fluid Dynamics (CFD) with the
Discrete Element Method (DEM) resulting in the so-called Eulerian-Lagrangian
approach (CFD-DEM method). The first part of the name indicates that the gas
phase description (fluid with continuum properties) is done according to the Eulerian
method. In the Eulerian approach, fluid properties are stored in grid nodes of the
applied geometry. The fluid movement does not interfere with the grid arrangement.
The second part of the name indicates that the description of the solid phase
(particles) is done with the Lagrangian approach. In this approach, solid particles
are not linked to the grid used for modelling fluid dynamics, and the subdomains of
particles can move freely through the applied geometry. Nevertheless, both phases
are interconnected, so, e.g. the movement of the particles causes changes in the fluid
phase, and the flow of the fluid can alter the movement of particles.

With an increase in the number of investigated particles as well as with an
increase of the complexity of the single-particle behaviour, the quantity of data
that needs to be handled by the solver grows exorbitantly. Therefore, a proper
description of the investigated system with the full Eulerian-Lagrangian method,
besides an in-depth knowledge about its fundamentals, needs robust numerical
software tools and powerful computing hardware.

The Discrete Phase Model (DPM) is a hybrid method, and it is based on a partial
simplification of the DEM method. The DPM method still has its base in the
Lagrangian description and takes into accountsthe particle’s movement resulting
from forces like: gravity, drag force, pressure force and Magnus force, but the
particle-particle collisions are neglected. Additionally, the Discrete Phase Model
method omits the fluid volume’s displacement by particles, so the volume of a fluid
phase remains constant. Recommendations with respect to choosing the simplifica-
tion from DEM to DPM, are not clear in the literature. The cause of this can be linked
to the difference in types of reactors that were modelled with the use of the
simplification. The most general recommendation is to apply the simplification in
cases when the solid phase is strongly dispersed, and its volume fraction is less than
5 vol. % [145].

The Dense Discrete Phase Model method (DDPM), an improved version of the
DPM is an another, more recently developed hybrid method. The DDPM method is
capable of handling higher volume fractions of the solid phase, and it has an in-built
particle-particle collision sub-model through a collision component taken from the
DEM method. One of the drawbacks of the DDPM method is that the flow around
particles is not taken into account during the simulation, so the dynamic behaviour of
particles still can differ from reality. Both hybrid approaches (simplifications) lead to
a significant reduction in the computational burden in comparison to the full DEM
description method. Also, the influence of applying these simplifications on the
accuracy loss strongly depends on the modelled scenario (reactor type, number of
particles and their size).

In peculiar cases, when the size of the particles is sufficiently small and the
particles are strongly dispersed among the fluid phase (suspension), there is the
possibility of a strong simplification with the assumption that the particles suspended
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in a fluid are “dissolved” in it. Therefore they can be treated as part of the fluid, and
they can behave as such (quasi-continuous solid phase). The method of describing a
two-phase system where both phases are treated as a continuum is called the
Eulerian-Eulerian approach. It indicates that both phases, fluid and solid, are
described by the Eulerian approach, so the model does not distinguish each particle
in the solid phase. Therefore in this approach, it is impossible to investigate the
single particle movement. The Eulerian-Eulerian approach is the least computation-
ally burdening method of simulating two-phase flow. Moreover, the simplification is
very convenient in terms of mathematical description. Expressions used for describ-
ing the movement, thermal and chemical behaviour of the solid phase have the same
construction as those used for the fluid phase description. There is a strong restriction
regarding the application of this simplification. The Eulerian-Eulerian approach for
particles with relatively large size introduces a significant deviation from reality in
the model. In such cases, the result of the simulation is burdened with a considerable
inadequacy, so its accuracy is low.

13.7.3 Particle Conversion Regimes and Two-Phase Flow
Models

The fluid phase in a reactor is always described with the Eulerian approach. In
comparison to the description of the solid phase, it makes the fluid phase a less
challenging part of the reactor model. The description of the fluid phase has to
contain, among others: fluid motion within the reactor geometry, changes of fluid
phase volume due to particle movement and rotary elements (if any), the heat
exchange between the fluid and reactor’s walls and particles. The description of
the fluid phase in the reactor has to cope also with the chemical behaviour of the
compounds (e.g., secondary tar cracking) that are contained in it.

As it has been mentioned, the possibility of simplifying the description of the
two-phase flow into the a quasi-one phase fluid flow (Eulerian-Eulerian) is only valid
when particles immersed in the fluid are sufficiently small. To assess if this simpli-
fication is valid, values of two non-dimensional numbers have to be checked: the
thermal Biot number (Bi) and the Pyrolysis number (Py), the latter is also called
reversed thermal Thiele modulus [56]. Those numbers indicate to which thermal
regime the investigated particles belong. Each of the regimes indicate which thermal
phenomena (chemical reactions, intra-particle or extra-particle heat exchange) have
the strongest influence on the rate of the particle’s conversion [24, 91, 146–148]. Par-
ticles can be assigned to one of the four following thermal regimes: pure kinetic,
thermally thin, thermal wave and thermally thick.

The simplification through the Euler-Euler approach is the most valid for particles
in the pure kinetic regime, whose size usually is smaller than 1 mm in any direction
[5]. Conversion of particles in the thermal thin regime is also driven mostly by the
reaction kinetics, but also external heat transfer starts to play a significant role. Due
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to a relatively small size, those particles do not show high thermal or internal
pressure gradients during conversion. The application of this simplification for
particles in the thin thermal regime is not advised, but it would not introduce a
critical error to the model. For this regime, the dilution of the solid phase also has to
be taken into account. In case of a highly concentrated solid phase, the Eulerian-
Eulerian approach is not valid, so more sophisticated description methods (DPM or
DDPM) have to be applied to obtain more accurate and reliable description.

The conversion of particles assigned to the thermal wave regime is mostly driven
by the internal and external heat transfer. Additionally, a significant temperature and
pressure gradient is formed during the conversion. For particles in the thermal wave
regime, the particle’s location during the process starts to play a major role in its
conversion. Therefore, applying the Euler-Euler simplification is not valid for
particles in this regime, and thus they have to be described with a Lagrangian
approach. It is expected that, in the thermal wave regime the conversion of the
particle takes place in a thin surface front, so the assumption that the conversion front
thickness strives to 0, is not a large departure from reality. Such an approach opens a
possibility of a partial simplification of describing the conversion process. The
simplification can be made by implementation of the unreacted shrinking core
model or the layer model [5, 24, 149].

The internal heat transfer has the largest share in the control of the conversion of
particles in the thermally thick regime. To this regime are assigned the largest
particles, which show the highest temperature and pressure gradients during con-
version. There is no stiff border, from which point the particles have to be assigned to
the thermally thick regime. In literature, it can be found that the particle is considered
to be in the mentioned regime if the Bi number is higher than 40 or 100 and the
thermal Thiele modulus (1/Py) number is higher than 100 or 1400 [148, 150]. The
conversion of the particle in the thermally thick regime is the most complex and
cannot be simplified, so only a detailed description via the Eulerian-Lagrangian
approach is valid (DDPM or DEM).

13.7.4 Appropriate Model for Different Kinds of Beds

For fixed bed reactors, the only limitation for the particle size are the reactor
dimensions. Therefore relatively large biomass particles (e.g. logs or large chunks)
can be processed in a fixed bed. For this reactor type, the movement of particles is
negligible, and the mixing of solids is insignificant. Taking this into account,
Wurzenberger et al. [151] proposed the Representative Particle Model (RPM),
suitable for the description of the conversion of single particles in fixed bed reactors.
The method assumes that parameters of biomass conversion can be treated as
homogenous for the whole reactor, so all processed particles show the same behav-
iour. In consequence, it leads to the conclusion that for the RPM, the single-particle
model needs to be solved for one representative particle only once for the applied
boundary and initial conditions. Application of the RPM method for modelling fixed
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beds reduces the computational time significantly and shows moderately good
agreement with experimental results [5, 152, 153].

An additional challenge is brought into the reactor model description for systems
in which particles are in motion. Movement of particles can be driven by changes in
pressure of a fluid (pneumatically driven) or by the physical forces transmitted to the
particles via the reactor’s rotary elements (mechanically driven). In the second
scenario, the moving element also has an influence on the gas motion in the reactor,
and this needs to be taken into account in the description of a model. The selection of
the driver of the particle’s movement imposes practical boundaries on the size of
particles that can be processed in the reactor.

For fluidised beds, the particle size has to be significantly small to be able to be
suspended and/or dragged by the fluidising gas. In general, the size of particles that
can be applied in fluidised bed reactors does not exceed 2–3 mm. Application of such
small particles in fluidised bed reactors opens possibilities for model simplification
(Eulerian-Eulerian, DPM or DDPM). An implementation of the simplification leads
to a significant reduction in complexity of the description and simultaneously, it
lowers the computational burden.

In processing in rotary reactors (auger/screw or rotary kiln reactors), the size of
particles is usually larger than in fluidised bed reactors. The maximum size of
particles for rotary reactors is limited by the dimensions of the reactor and its moving
parts (e.g. size of a screw and its pitch), the reactor’s mechanical durability and the
homogeneous distribution of solid material in the reactor. The particles processed in
rotary reactors cannot be assigned to the kinetic thermal regime due to their large
size. Therefore there is no possibility of applying the Euler-Euler approach for those
systems. For rotary reactors, the Eulerian-Lagrangian approach of the two-phase
flow has to be implemented (DPM, DDPM, or DEM). It has to be kept in mind that
for rotary reactors, the influence of the movement of the reactor’s elements as well as
of the particles on the fluid phase has to be included in the model description. Models
for rotary reactors are the most demanding, both for the modeller (interdependences
between phases, number of correlations and parameters), as well as for the software
and hardware used to conduct computation on such complex systems.

An extensive and comprehensive overview of the application of different
approaches for describing specific reactor modelling cases can be found in the recent
work of Xiong et al. [154]. The work contains numerous references to examples
from literature, so the authors strongly recommend this review for readers interested
in the subject. Among many others, the works of Subramaniam [155], Ku et al.
[156, 157] and Xie et al. [158] are worth to mention, as they contain the mathemat-
ical description of the Eulerian-Lagrangian method, as well as the work of Funke
et al. [159] in which, for the first time the heat transfer between particles in an auger
type reactor was calculated using a combined fundamental heat transfer model with
DEM simulation.
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13.7.5 Reactor Model and Limitations

Increase in complexity of a comprehensive model for biomass conversion, in
principle, is done to bring a model closer to reality and improve its prediction
accuracy. Simultaneous application of detailed models causes the issue requiring a
vast amount of data and correlations that need to be handled and computed by a
solver. A vast increase in computational load requires simultaneously a higher need
for hardware power to obtain adequate solving efficiency. A very complex model
and limited computational resources result in elongated computational time, which
does not allow for a rapid refinement of the model to the investigated scenario.
Therefore, model complexity is a bottleneck for the investigation and the develop-
ment of the reactor technology under study. For a modeller, it is crucial to select the
level of complexity that simultaneously will fulfil a required, satisfactory accuracy of
a prediction, will be technically possible in implementation and will be feasible in
terms of time and cost.

The reactor submodel of a comprehensive biomass conversion model is the most
difficult and the most complex part among all model parts, so a short elaboration on
its problems is provided here. An increase of the computational demand needed to
solve a reactor model, besides the increased complexity of solid phase movement
description (e.g. via application of DEM), is caused by expanding the meshed
geometry of a reactor domain as well as by an increase in number of particles that
have to be considered. Besides high requirement of the hardware computational
resources, an additional issue is connected to the application of the DEM method in
the solid phase description. A detailed description of solid-phase interactions and
mechanical changes of particles is not fully developed yet, so there is no certainty
that already established solid-phase descriptions are accurate in their predictions.
Another issue that hinders the effective use of the complex reactor models is the
in-depth knowledge on how to use the computational resources in an economical and
an effective manner (e.g. parallelisation of computation, adjustment of the procedure
of a solver) [5]. From the side of practice, there also exists a problem with the
insufficiently developed software, which can have problems with mesh adaptation in
more complex scenarios which form a barrier in modelling, like in e.g. modelling a
double-screw rotary reactor [160].

13.8 Conclusions

Numerical modelling is a very robust tool, which allows for cost-effective research
and development of technologies within the field of biomass thermal processing. As
it is indicated in this chapter, proper construction and use of a comprehensive model
needs knowledge from different areas of science. Only through their combination in
an efficient manner, the model will lead to reasonable and useful results.
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Table 13.16 Descriptive summary of components of a comprehensive biomass conversion model

Submodel Molecular Single particle Reactor

Used for Investigation of biomass
degradation chemistry
depending on the initial
feedstock composition

Investigation of parti-
cles’ thermo-physical
and structural changes
and their influence on
the pyrolysis product
yields and composition

Investigation of the
influence of large-scale
production parameters
on the product quality
and process efficiency

Possible to
predict

Pyrolysis product yields
and composition

Yields and composition
of pyrolysis products,
mass loss, temperature
distribution, pressure
distribution, shape and
porosity in single
particles

Product streams and
their composition, size
distribution of solids,
mass and heat transfer
distribution in a reactor,
production quality and
efficiency

Particles size/
thermal regime

Only fine powders,
which belong to the
kinetic regime, for other
thermal regimes the
influence of structural
and material thermo-
physical factors will
introduce bias

Theoretically applicable
to every size of a given
particle (and associated
thermal regime), in
practice it is not efficient
to model kinetic regime

Applied simplification
depends on the particle
size (thermal regime):
small particles, kinetic
regime—Eulerian-
Eulerian, medium size
particles, thermally thin
regime—Eulerian-
Lagrangian (DPM,
DDPM), large particles,
thermally thick
regime—Eulerian-
Lagrangian (DEM)

Complexity Simple, only needs ther-
modynamic data for the
compounds in the
kinetic scheme

Complex, besides the
data for reaction kinet-
ics, the model also
requires material's
thermo-physical and
structural information
and their changes with
conversion

The most complex,
requires data of molec-
ular and single particle
model as well as data of
particle-wall, particle-
particle and particle-
reactor gas interactions

Computational
burden

Low, numerical solver
depends on the com-
plexity of the applied
kinetic scheme

Medium, numerical
solver is needed,
depends on the com-
plexity of the molecular
model, the structure-
chemistry interconnec-
tions and thermo-
physical changes
description

High, robust numerical
solver essential,
depends on the single
particle model com-
plexity, number of
modelled particles and
applied simplifications

Knowledge-
gap to fill
urgently

Quantitative influence of
the mineral matter and
heating rate on the deg-
radation mechanism

The link between pore
size distribution, gas
permeability and extent
of conversion; a reliable
model of solid thermal
conductivity

A detailed description
of the mechanical
behaviour of particles
and their interactions
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In theory, there is no limitation to model every processing technology or to base
the model on parameters for any range (feedstock or process-related). Nonetheless,
from a practical point of view, the selected environment of conversion, as well as the
applied processed material, imposes strong boundaries on the modelled system.
Those boundaries impose limits on possibilities of the model’s validation against
experimental data, which is the only reliable method to assess model performance.

The level of complexity and the proper selection of components of the model has
a significant influence on the model’s accuracy and reliability. A general, descriptive
summary of the submodels of a comprehensive biomass conversion model is
presented in Table 13.16. In general, the balance between accuracy and computa-
tional efficiency as well as the technical feasibly have to be obtained. It is advised to
apply the most detailed description when it is feasible, and always a check if the
model cannot be simplified without loss in model accuracy. This balance has to be
taken as one of the priorities in modelling practice.
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