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Background and objective

Biomass has a great potential to be used for energy purpose. However, conversion behaviors of
biomass materials are significantly different than for fossil fuel such as coal and can vary in a
wide range depending on the raw material properties. In addition, the conversion process
conditions, such as temperature, heating rate and atmosphere, have great effects on the thermal
conversion behavior and the efficiency of biomass and waste materials conversion processes.
Devolatilization is a very important primary step during thermal conversion of biomass materials
with high volatile matter content. Reactions occurring during devolatilization of biomass
materials, conversion degree of the raw feedstock, distribution of gas and solid products, further
reactions of volatiles and degradation of char etc. are important aspects. Thermogravimetric
analysis (TGA) is an efficient and useful tool to characterize devolatilization behaviors of
biomass materials under conditions. The objective of this project is to investigate devolatilization
behaviors of selected biomass under different conditions via thermogravimetric analyzer (TGA).
Devolatilization of representative biomass materials are studied by using a thermogravimetric
analyzer (TGA) for studying decomposition behaviors and possible reaction mechanisms of two
biomass feedstocks under different conditions.



The following tasks are to be considered:

1. Literature study
a. Biomass for energy production
b. Devolatilization behaviours and reactions of biomass
c. Analytical techniques for studying devolatilization of biomass
d. Biomass devolatilization kinetic modelling and evaluation
2. Experimental study
a. General characterization of selected biomass materials
b. TG study on devolatilization of selected biomass materials
c. Kinetic evaluation of devolatilization of the studied biomass materials
3. Data processing and evaluation
4. Report writing

Within 14 days of receiving the written text on the master thesis, the candidate shall submit a
research plan for his project to the department.

When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

The thesis should be formulated as a research report with summary both in English and
Norwegian, conclusion, literature references, table of contents etc. During the preparation of the
text, the candidate should make an effort to produce a well-structured and easily readable report.
In order to ease the evaluation of the thesis, it is important that the cross-references are correct. In
the making of the report, strong emphasis should be placed on both a thorough discussion of the
results and an orderly presentation.

The candidate is requested to initiate and keep close contact with his/her academic supervisor(s)
throughout the working period. The candidate must follow the rules and regulations of NTNU as
well as passive directions given by the Department of Energy and Process Engineering.

Risk assessment of the candidate's work shall be carried out according to the department's
procedures. The risk assessment must be documented and included as part of the final report.
Events related to the candidate's work adversely affecting the health, safety or security, must be
documented and included as part of the final report. If the documentation on risk assessment
represents a large number of pages, the full version is to be submitted electronically to the
supervisor and an excerpt is included in the report.

Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science” at NTNU §20, the Department reserves the permission to utilize all
the results and data for teaching and research purposes as well as in future publications.
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digital format.
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Abstract

The rapid industrialization, high growth rates of population and urbanization, and
the developments in transportation contributed to accelerate the use of fossil fuels. This has
resulted in doubling the energy demand from 1970 to 2000 and increase by 26% from 2000
to 2010. Nowadays, ca. 82% of world’s energy consumption is satisfied mostly by oil, coal
and natural gas [Bilgili et al., 2017]. Taking those facts into account, expenditure of fossil
fuels and environment pollution would grow with appalling rate. Hence, the United Nations
decided to aim for reduction of greenhouse gases by 50-80% by 2050 [Bhaskar and Dhyani,
2017]. Achieving this goal replies on searching for clean, renewable, and sustainable
resources, and developing and optimizing processes which allows extracting energy from
them. One of the potential clean energy sources is biomass. Unlike fuels such as oil, coal
and gas, biomass is globally available and is not concentrated only in restricted
geographical areas. . Bioenergy can be produced from the biomass through different
thermochemical and biochemical conversion paths including pyrolysis, gasification,
combustion, aerobic digestion, and fermentation [Mamvura et al., 2017; Dai et al., 2017].

This study focuses on the effect of conversion parameters and fuel property on
devolatilization behaviors of woody biomass. The research can aid in determining the more
suitable and economically reasonable way of thermal transformation of waste biomass in

order to maximize overall efficiency and productivity of its conversion process.



Research objectives

The depletion of fossil energy sources, environmental pollutions and government
restrictions has led to exploiting and utilization of new, sustainable and renewable energy
resources such as biomass. Studying and understanding of the conversion behaviors of
biomass during thermal decomposition processes is necessary to increase the efficiency of
its application in energy-generating sector. The first objective of this experimental
investigation is to study devolatilization behaviors of spruce and birch wood. For this
purpose, experimental wodk is conducted using thermogravimetric analysis (TGA). For the
spruce and birch wood, experiments are conducted with varying heat rate (5, 20 and 50
K/min) and sample size (0.063-0.1 mm and 0.2-0.3 mm). The pyrolysis process was
subdivided into four stages at a rate of 5, 20 and 50 K/min, varying from 30 to 600 °C.
Below 170 °C, a mass loss occurred for drying and preheating the sample and a significant
mass loss occurred between 230-420 °C.

The second objective of this thesis is to mathematic evaluation of chemical kinetic
parameters of studied spruce and birch wood. The results obtained during the TGA
measurements allow to estimate the kinetic parameters using the Coats-Redfern method.
The estimation of kinetic parameters for the temperature range of 150-600 °C resulted in
obtaining values of activation energies between 54.48-66.76 kJ/mol and 50.03-65.04 kJ/mol

for spruce and birch, respectively.
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MSW
GHG
GHGP
CHP
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HHV
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bubbling fluidized bed
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evolved gas analysis

mass spectrometer/spectrometry

Fourier transform infrared

electron-impact ionization

chemical ionization

matrix-assisted laser desorption/ionization
electrospray ionization

direct current

alternating current

liquid chromatography-mass spectrometry
radio frequency

gas chromatography

levoglucosan

low molecular weight compounds
polyaromatic hydrocarbons

Friedman differential method
Ozawa-Flynn-Wall linear integral method
Kissinger-Akahira-Sunose linear method

the advanced Vyazovkin nonlinear integral method
the Vyazovkin nonlinear integral method
distributed activation energy model
extended independent parallel reaction model



Biomass and waste resources for energy production/purposes

Biomass, as a renewable energy source, is defined as biological material from living,
or recently living organism, most often referring to plants or plant-derived materials [Jia et
al., 2013]. Biomass is generated through photosynthesis. During that process, carbon
dioxide from air and water from ground is combined to produce carbohydrates, which form
the biochemical structure of biomass. The solar energy absorbed by plant during
photosynthesis is stored in chemical bonds of the carbohydrates and other molecules which
are present in biomass. If the cultivation and harvest of biomass is carried out in a way that
allows further growth without depleting nutrient and water resources, it is considered as a
renewable resource that can be used to generate energy on demand, with little or none
additional contributions to global greenhouse gas emissions [Kurchania, 2012]. This
phenomenon is defined as carbon-neutrality and refers to achieving net zero carbon
emission. This means that plants from which biomass is formed, balances measure amount
of carbon compounds released during combustion process by absorbing carbon dioxide
during their life cycle. [Chiueh et al., 2017; Mamvura et al., 2017; Sedjo, 2011].

It is interesting to note that out of the total global biomass production, forests
contribute largest option of biomass reservoir and has the greatest potential in terms of the
return of energy. Among other different alternatives the potential of their growth and
productivity stands out with relatively high rate [Maurya et al., 2018]. Latest statistics
estimate that trees present in forests cover ca. 4 billion hectares world-wide and that is
roughly 30% of the total land area [Rodl, 2018].

Biomass is considered to be energy safe. Energy safety is connected with satisfying
energy demand via continuous use of different types of energy at convenient price without
causing negative and intolerable effects on economy and environment. Energy price
variation also called as energy price shocks may cause break down of the trade balances of
countries, because of disproportionate distribution of energy sources across them. With the
provision of energy safety, economy would become stronger against energy price shocks
and thus the development of energy sector would accelerate as well [Bilgili et al., 2017].

The crux lies in evaluation of limiting factors of biomass availability, which is a supply of
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carbon dioxide, water, nutrients, solar energy and land area. Since the photosynthetic
efficiency under natural conditions varies around 1%, it translates into low area-specific
yields and consequently into and inefficient use of land. Therefore, the production of
biomass is very area-demanding and assessment of biomass potentials should be based on
the sustainable availability of suitable land [Batteiger et al., 2018].

Biomass is used to meet variety of energy needs, including generating electricity,
heating homes, fueling vehicles, and providing process heat for many industrial facilities
[Alidrisi and Demirbas, 2016]. It can be converted to many different types of final energy,
e.g., charcoal, electricity, producer gas, ethanol, methanol, biodiesel, additive for
reformulated gasoline, etc. [Demirbas, 2007]. The production of electricity by direct
combustion of biomass, advanced gasification and pyrolysis technologies are almost ready
for commercial scale use[Demirbas, 2004].

Percentage of population

3250 88
3000 Electricity e
5750 consumption /—\/ - 86
2500 —— Access to electricity / /\/ | g4
= P— P - 82
g-ZOOO
S
2 1500 — 78
= 1000 — 76
750 / 74
500 \
250 \/ 72
0 T T T T T T T T T T T T T 70

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Figure 1. The change of electricity consumption and access to electricity of population over the years
[World Bank, 2018].

Over the past few decades, the correlation between energy consumption and
economic growth along with economic growth and carbon dioxide emissions has been one
of the most intense subject matters of research. The relentless increase in energy

consumption has uncompromisingly intensified environmental degradation. With the
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increase of energy consumption, more environmental problems will take place such as
climate changes, GHG emissions, and global warming. These aspects will probably slow
down the planning process of the economic development if there is an absence of
government intervention in controlling the energy consumption and carbon dioxide

emissions together with other GHG emissions [Hilfa et al., 2016].

75 45
70

~—m- 40
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235 1
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0

T T T T T T T r r r -5
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Figure 2. GDP and GHG emissions change over the years [World Bank, 2018].

Demand for biomass and other resources for energy production increased not only
due to depleting of fossil fuel resources, but also for climate protection. This concern
represents a challenge of central importance for mankind in twenty-first century. At the
2015 United Nations Climate Change Conference (COP 21) held in Paris, the parties agreed
on the long-term target of limiting global warming to “well below 2 “C” compared to pre-
industrial levels and also “pursuing efforts to” limit the temperature increase to 1.5 °C.
According to some scientists, the 1.5 ‘C goal would require zero emissions sometime
between 2030 and 2050 [Le Quere, 2016]. In order to achieve this, we should reach the
peaking of GHG emissions as soon as it is possible and seek to rapid reductions afterwards
towards an essentially carbon-neutral global society and economy after 2050 [UNFCC,

2015]. This requires substantial contributions from all sectors which generate GHG
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emissions. A shift from fossil to renewable energy base will be crucial in this context
[Batteiger et al., 2018].

\_ Energy 1,4%

Industry 11%
Electricity and

Heat Production
25%

Transport 0,3%

Buildings 12%
AFOLU 0,3%

Buildings 6,4% Indirect emission

Direct emission

Figure 3. GHG emissions by sector [GHG Protocol, 2018; EPA, 2018].

Figure 3. shows contributions of each sector to the emission of GHG. According to GHG
Protocol (GHGP), emissions are divided into two main types: direct and indirect. Direct
GHG emissions are emissions from sources that are owned or controlled by the reporting
entity and indirect GHG emissions are those that are a consequence of the activities of the
reporting entity, but occur at sources owned or controlled by another entity [GHG Protocol,
2018]

Data from IPCC suggest that the main sectors responsible for largest GHG emissions are
respectively [EPA, 2018; IPCC, 2014]:
» Electricity and Heat Production — generated the largest share of 2010 global
GHG emissions from burning coal, natural gas and oil,
» Agriculture, Forestry and Other Land Use (AFOLU) — GHG emissions from
this sector comes mostly from cultivation of crops and livestock (agricultural

soils, rice productions, cows),
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» Industry — this sector produces GHG primarily from burning fossil fuels on site
at facilities for energy and from certain chemical reactions of raw materials
processing,

» Transport — GHG mostly from diesel and gasoline burning for road, rail, air and
marine transportation,

» Buildings — GHG from energy generation and burning fuels for cooking and
heat in buildings. Emissions from electricity use in this sector are excluded and
are instead covered in the Electricity and Heat Production sector,

» Other Energy — emissions of GHG from this sector refers to emissions from

energy sector which are not associated with electricity or heat production.

According to data from [World Bank, 2018] electricity production from renewables tends to
increase rapidly for the last two decades (figure 4.) and in view of the above facts, it is
obvious that development of technologies related to biomass and waste processing is

necessary.

1,5E+12
1,4E+12
1,3E+12
1,2E+12

M Electricity Production from Renewables

Electricity [kWh

2012 |
2014

Figure 4. Amount of electricity produced from renewables over the years [World Bank, 2018].
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Biomass composition

Biomass refers to a wide range of materials, including include various natural and
derived materials, such as woody and herbaceous species, woody wastes (e.g.from forest
thinning and harvesting, timber production and carpentry residues), agricultural and
industrial residues, The main biomass components are carbohydrates (mainly cellulose,
hemicellulose), lignin, protein and lipids. The composition of these constituents varies from
one plant species to another and their ratios depend on the type and source of the biomass.
For instance, hardwoods are abundant in cellulose, whereas leaves and wheat straw have
more hemicellulose [Bajpai, 2016; Hoffmann et al., 2014]. The relative contents of
biomass’ main components are the key factors in determining the optimum conversion route
for each type of biomass [Basu, 2013].

The elemental composition of biomass comprises mainly carbon, hydrogen, oxygen,
and nitrogen, but for example animal wastes may also have small amounts of chlorine and
sulfur. The latter is rarely present except for secondary sources like demolition woods
[Fantini, 2017]. Carbon, as the most important elemental constituent of biomass comes from
the atmospheric CO; during photosynthesis and represents the major contribution to the
overall heating value. Another major elemental constituent, hydrogen, is abundant in
chemical structures of carbohydrates and phenolic polymers and also contributes to the
overall heating value significantly. Nitrogen constitutes the vital nutrient form for plants
and its presence contributes to the degradation in biochemical processes, e.g. fermentation
or digestion [Gu et al., 2017; Hayes, 2013].

Cellulose

Cellulose is the main structural component of cell walls in biomass and functions as
the rigid, load-bearing component [Brunner, 2013]. It is the most abundant biogenic
polymer with estimates of 324 billion m* available globally with an annual production of
around 100 billion tons [Hayes, 2013]. Its content for most plants is around 33% except for

the cotton in which this value reaches even up to 90%. Cellulose is a linear
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homopolysaccharide composed exclusively of B-D-anhydro-glucopyranose units, which are
linked together by B-(1,4)-glycosycid bonds, represented by the generic formula (CsH10Os)n.
It is characterized by very high degree of polymerization (DP<10 000) [Basu, 2013;
Meincken and Tyhoda, 2014]. The B-(1,4)-glycosidic bonds have high tendency to form
strong intra- and intermolecular hydrogen bonds, leading to formation of either a highly
ordered crystalline structure or less ordered amorphous region. The crystalline three-
dimensional structure renders it insoluble in water and resistant to attack by enzymes or
acids [Brunner, 2013; Hoffmann et al., 2014]. This makes it difficult to be treated via non-
pyrolytic upgrading processes. The glucan chains require harsh conditions such as heating
at 320 °C under pressure of 25 MPa to be dissociated and become amorphous [Dyer et al.,
2013; Faik, 2013].

Intramolecular hydrogen bond

OH _—

H-O o
~__—"Intermolecular hydrogen bond

OH 1,4-glycosidic
OH bonds

Figure 5. The glucopyranoside residues and the inter-, intra-, and glycosidic bonding of cellulose
[Cornejo et al., 2013; Hayes, 2013].

Hemicellulose

Hemicellulose is present along with cellulose in almost all terrestrial plant cell walls
and it is the second most abundant chemical constituent of grassy and woody biomass [Dyer
et al., 2013]. The term “hemicellulose” represents variety of carbohydrate polymers that are
mostly resistant to hot water, but unlike cellulose, are soluble in weak alkaline solutions and
are easily hydrolyzed by dilute acid or base [Hayes, 2013]. The generic formula of
hemicellulose is (CsHgO4), and it consists of a group of carbohydrates representing quite
low degree of polymerization as compared to cellulose. It has a branched, weaker

amorphous structure than cellulose and there is a significant variation in its composition
14



among different types of biomass [Basu, 2013]. However, most of hemicelluloses are built
up by 100-200 units [Rafiqul et al., 2017] of pentoses like D-xylose and L-ababinose, and
hexoses like D-galactose, D-glucose, D-mannose [Meincken and Tyhoda, 2014].
Hemicellulose, among the key components of lignocellulosics is the most thermochemically
sensitive and tends to form inhibitory compounds like furfural and formic acids during
degradation processes [Bajpaj, 2016; D. Rana and V. Rana, 2017]. As compared to
cellulose, hemicellulose yields more gases and less tar in thermal conversions [Basu, 2013].
In biomass, hemicellulose and cellulose are connected via hydrogen-bonding interactions
and they together build structural matrix that is further bound to lignin and results in

formation of lignocellulosic complex [Rafiqul et al., 2017].

Xylose Mannose Glucose

/C?\

Galactose
OH

Figure 6. Molecular structure of typical hemicellulose composed of xylose, mannose, glucose and
galactose linked together via 1,4-glycosidic bonds [Basu, 2013; Vaz, 2016].

Lignin

Lignin is a high-molecular, branched, polyphenolic, and complex compound with a
highly random structure and together with cellulose and hemicellulose is a major
component of plant materials. The lignin content varies among species of biomass and even
among morphological parts of a plant. It is most stable component of biomass and is
considered to be responsible for mechanical support, resistance to variety of pathogens and
transport of water [Abramson et al., 2013; Dyer et al.,, 2013]. The characteristics of
amorphous form of lignin is similar to that of hemicellulose, whereas solubility to that of
cellulose. Furthermore, it possesses binding capacity of stem cells and fibrous contents of
plants which is the reason for strong structure. As compared to the other two main

compounds of biomass, lignin stores more energy content, hence products of its conversion
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have higher heating value of about 23 MJ/kg [Gu et al., 2017; Meincken and Tyhoda,
2014].

Lignin has a network structure and lacks a defined primary structure [Meincken and
Tyhoda, 2014]. The main building units of lignin are three monomeric blocks: coumaryl-,
coniferyl-, and sinapyl alcohol [Hoffmann et al., 2014]. These are the relatives of
carbohydrates produced via dehydration and cyclization of sugars [Hayes, 2013]. The
aromatic matrix of lignin makes it highly thermally stable, thus conversion of biomass that
is abundant in lignin require much harsher conditions which may cause some complications
during processing [Dyer et al., 2013]. Structure of lignin is not identical for different plants
and all the proposed structures in various sources are just approximations [Cornejo et al.,
2013].

Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol
7 7 F
OH OH OH
O AN
|
HO HO CH, CH, HO CH,

Figure 7. Monomeric lignin building units [Hayes, 2013; Hoffmann et al., 2014].

Protein

Proteins, as fundamental building blocks of living cells, consist of carbon, hydrogen,
oxygen, nitrogen, and sulfur. Their structure includes number of amino acids connected by
peptide bonding to polymers. Amino acids are highly heterogeneous and hence the
complexity in degrading them is challenging. There are only about 20 amino acids that are
found regularly in naturally occurring proteins [Hayes, 2013]. Peptide bonds of proteins are
considered to be much more stable than glycosidic bonds that were mentioned in case of
cellulose and starch. Thus, below 230 °C, only slow hydrolysis can occur [Hoffmann et al.,
2014]. Hydrothermal liquefaction of proteins leads to the formation of amines,
hydrocarbons, aldehydes, and acids like carboxylic, acetic, propionic and some butyric

acids [Gu et al., 2017]. The content of proteins in plants is usually determined via
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combustion methods by determining the content of nitrogen and multiplying it by so called

conversion factor (6.25 is most commonly used) [Aden et al., 2017]
Lipids

Lipids are generally defined as compounds that are insoluble in water, but are
soluble in organic solvents like alcohol, benzene. However, hydrolysis of lipids is possible
in harsher environment with hot and compressed water, because of the fact, that dielectric
constant of water significantly decreases at subcritical conditions [Hoffmann et al., 2014].
Lipids are a very heterogeneous group consisting of number of hydrophobic molecules
synthesized by several biochemical pathways and serving multiple physiological roles
[Behrendt et al., 2018]. They include fats, oils, waxes, sterols, fat-soluble vitamins (A, D, E
and K), phospholipids, mono-, di-, and triglycerides [Favaro et al., 2018]. Lipids constitute
a reservoir of chemical energy, which is of crucial importance when it comes for production
of biofuels. One of the biomass sources, that has is characterized by abundance in lipid
content is microalgae. It consists mainly of triglycerides which were found to yield bio-oil
that is completely different in terms of benzene content as compared to the one derived
from lignocellulosic materials [Dyer et al., 2013].

Other carbohydrates

Carbohydrates are divided into monosaccharides, disaccharides and
oligosaccharides, and polysaccharides. From the latter, apart from cellulose and
hemicellulose, starch and pectin are also worth mentioning. Starch, the simplest of glucans
in many plants functions as a sugar store. It is a mixture of two polysaccharides: linear
amylose and branched amylopectin [Cornejo et al., 2013]. Amylose has an approximate
degree of polymerization of 2000 and forms a helix containing six glucose units in every
turn. It consists of a-(1,4)-glycosidic bonds. The alpha-nature of the bond results in lower
strength and abundance of intermolecular hydrogen bonds between amylose molecules, thus
the overall structure of starch is weaker than that of cellulose [Hayes, 2013]. However,
amylose is generally a minor component of most starches, with amylopectin being the major

constituent. The content of amylose varies from 20 to 30%, whereas that of amylopectin
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from 70 to 80% [Brunner, 2013]. Amylopectin mostly contains glucose units linked via a-
(1,4) bonds, but there are also a-(1,6) branches that occur every 24-30 glucose units. Its DP
reaches even up to 200 000 in potatoes and is certainly much higher than that of amylose.
Unlike amylose, it does not form helix and does not present intermolecular alignment, and
hence no significant hydrogen bonding. This means, that it is much more soluble as
compared to cellulose [Hayes, 2013].

Pectins are heterogeneous mixtures of polysaccharides that mainly consists of a-
(1,4)-linked D-galacturonic acid (GalA) residues. GalA, a negatively charged
monosaccharide makes pectin easy to solubilize in hot water [Faik, 2013]. Pectin is a part of
primary cell walls of terrestrial plants and is responsible for porosity, cell wall adhesion,
environmental response, and structural integrity [Abramson et al., 2013]. It is considered to
be the most branched polysaccharide and can be found in significant quantities in

vegetables, fruits, and some food wastes, like apple pomace [Hayes, 2013].

Biomass conversion technologies

There are a number of conversion routes for producing energy from biomass.
Conversion technologies may release energy from biomass by using it direct as a solid fuel
or by synthesizing intermediate and final conversion products for production of useful
liquid fuels and chemicals.

The main routes of biomass conversion are the thermochemical conversion and
biochemical conversion. Generally, the biomass can be converted into charcoal, liquid fuels
(mainly transportation) and gaseous fuels (e.g. hydrogen, producer gas, bio gas) [Kurchania,
2012]. Unlike biochemical conversion process, which acts mainly on cellulose,
thermochemical conversion operates on most of the components of biomass material and
has much higher throughputs when compared to biochemical conversion processes [Atnaw
et al., 2017]. Thermochemical conversion efficiency of biomass greatly depends on the
properties and composition of biomass. Physicochemical characterization is critical for

evaluating suitability and grade of biomass and selection of further proper thermochemical
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conversion processes. Physicochemical characterization of biomass normally includes

measurement and determination of:

>
>
>

>
>
>

particle size
bulk density
proximate analyses including
o moisture content
o volatile matter
o fixed carbon content
o ash content
ultimate analyses for measuring content of:
o carbon
o hydrogen
o Nitrogen
o Sulphur
ash fusion temperature,
calorific value,

biochemical composition (cellulose, hemicellulose and lignin)

The thermochemical methods are more amenable to commercialization, because there are

based on technologies that are mature and established over years. On the other hand,

biochemical methods have greater potential for cost reduction and are less harmful to the

environment. These processes are mainly used to convert organic wastes, both MSW and

agricultural, which are relatively difficult to process because of handling barriers and low

energy density [Baskar et al., 2012].
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Biomass conversion routes

—  Thermochemical conversion — Biochemical conversion
Direct combustion Digestion
Pyrolysis Fermentation
Gasification Composting
Liguefaction

Figure 8. Biomass conversion routes diagram [Agbontalor, 2007; Atnaw et al., 2017; Baskar et al.,
2012].

Thermochemical conversion

Pyrolysis

Pyrolysis is defined as the irreversible thermochemical decomposition of organic
materials at elevated temperature in the absence of oxygen, water, or any other reagents
[Aden et al., 2017; Agbontalor, 2007]. It starts at 180 “C [Agbontalor, 2007] preceding the
combustion and gasification processes and is followed by partial or complete oxidation of
primary products [Mohee et al., 2018].

Pyrolysis can efficiently and successfully convert a wide variety of biomass to
commercially viable biofuels and chemical feedstock. Unlike combustion, pyrolysis is
endothermic reaction and requires to be supplied for the process. The liquid products
generated via pyrolysis include oils and water. Gaseous products are generally carbon
monoxide, carbon dioxide and methane, whereas carbonaceous solid residue is known as
charcoal. The liquid product (bio-oil) can be used for heating, power generation, as a
transportation fuel if upgraded properly, and for conversion into other suitable chemicals.
Upgrading is achieved through catalytic pyrolysis. Bio-oil is most preferred product as a
cleaner and more stable intermediate energy carrier. The gas produced can be used directly
as a heat resource for the pyrolyzer after combustion in a gas burner or can be processed

through gas turbines or gas boilers for production of electricity [Baskar et al., 2012; Mohee
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et al., 2018]. Charcoal can be used for heating or as a feedstock to prepare activated carbon,

used for soil remediation purposes [Arumugasamy et al., 2017].

Heat: ¢ ¢ Biomass

l—Gas— Pyrolyzer ——» Char
__R_estricted Gas burner —Gas—— Pyrolytic oils/tars | Chemicals
air supply

— Turbine/engine/boiler ———

Upgrading—» Transport fuel

—»  Electricity

Figure 9. Simplified layout of a pyrolysis plant [Basu, 2013].

As one can see on figure 9., in the typical pyrolysis plant biomass fed to the chamber is
transformed into condensable and non-condensable vapors released in the pyrolysis process.
These vapors leave the chamber containing part of produced solid biochar, while the rest of
it remains in the chamber. Char is later separated and collected, whereas gas is cooled
downstream of the reactor. The condensable vapor forms bio-oil in the gas condenser and
the non-condensable vapor leaves as a product or can be returned as a heat carrier to the
chamber, since it is free of oxygen and does not lead to combustion process [Aden, et al.,
2017; Basu, 2013]
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Types of pyrolysis processes

Pyrolysis processes can be conducted in various ways differing in reaction
conditions such as temperature, residence time, particle size, type of feedstock, etc. however
the main parameter on which the most common classification is based is heating rate.
Hence, three major pyrolysis processes are divided as follows: slow/conventional, fast, and
flash pyrolysis. Apart from these, there are also other types mentioned in various literatures,
which are: torrefaction, carbonization, intermediate pyrolysis, ultra-rapid pyrolysis, vacuum
pyrolysis, hydropyrolysis, methano-pyrolysis [Basu, 2013; Baskar et al., 2012; Bridgwater,
2017].

Slow pyrolysis

Slow pyrolysis is used when the main objective is to produce biochar and non-
condensable gases. It has the highest biomass to biochar conversion ratio, which is around
35% [Arumugasamy et al., 2017] and involves slow heating of the biomass over long
periods of time. The long residence times inside the reactor tend to promote secondary
reactions of the pyrolysis vapors, thus resulting in higher proportion of biochar [Pizarro de
Oro and Thormann, 2018]. Slow pyrolysis can be additionally divided into torrefaction and

carbonization.
Fast pyrolysis

Fast pyrolysis is a promising technology for generation of liquid biofuels from
lignocellulosic biomass. It is characterized by high heating rates and very short residence
times (to minimize secondary reactions) which lead to obtaining mostly bio-oil. The
maximum amount of bio-oil yield which is around 75% can be achieved at ca. 500 °C
[Bhuyan et al., 2018]. Higher heating rate favors production of liquids before they can react
to form undesired biochar. Bio-oil yields highly depend on the parameters of pyrolysis and
properties of processed feedstock. Generally, highest yields are obtained for woody
biomass, because they are more abundant in cellulose and hemicellulose content as

compared to e.g. agricultural residues or energy crops [Pizarro de Oro and Thormann,
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2018]. The particle size of feedstock is also very important issue. Bigger particles have
lower heat transfer rate which results in decrease of bio-oil yield and increase of char yield
instead. Thus, smaller particles are preferred. The produced bio-oil in fast pyrolysis process
has low pH value and is highly corrosive. Additionally, its heating value is relatively low
(approximately two times lower) as compared to crude oil, hence the necessity of upgrading
of bio-oil [Bhuyan et al., 2018; Bridgwater, 2017].

Flash pyrolysis

Flash pyrolysis which is still in research phase is an improved and modified form of
fast pyrolysis. The temperatures in flash pyrolysis varies from 900 °C to 1200 ‘C with a
heating rate of 1000 “C or even higher and a very short residence time of vapors in the range
of 0.1-1 s [Bhattacharyya et al., 2018]. The idea of this process is same as in the fast
pyrolysis, since combination of rapid heating rate, high temperatures, and short vapor
residence time favor high liquid yield. However, there are some important limitations of
flash pyrolysis process, e.g. stability and quality of the bio-oil affected by the char present
in the product. Additionally, its application on industrial scale still needs to be studied,
because configuration of reactor for flash pyrolysis, in which input biomass is treated by
very high temperature for such a short period of time is a huge challenge [Baskar et al.,
2012; Bhuyan et al., 2018].

Table 2. Operating parameters and characteristics of main pyrolysis types [Atnaw et al., 2017; Mohee et
al., 2018].

Heating Residence Particle o
Type | Temp. [°C] . . Characteristics
rate ["C/s] time [s] size [mm]
char formation higher than liquid and gaseous
Slow 300-700 0.1-1 45-550 5- 50 ] ]
products; energy intensive (low heat transfer)
60-75 wt% of liquid bio-oil; 15-25 wt% of
solid biochar; 10-20 wt% of non-condensable
Fast 600-1000 10-200 0.5-10 <1 . o
gases; high energy efficiencies; low
investment cost
Flash | 800-1050 > 1000 <05 <0.2 research stage; bio-oil yield of 75%
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Carbonization

Carbonization is a process by which solid residues with increasing content of carbon
are formed. It is a derivative of pyrolysis where biomass is heated slowly to temperature
around 400 °C in the absence of oxygen as well. This process is maintained for several days.
Long duration allows sufficient time to transform condensable vapors into char and non-
condensable gases [Aroca et al., 2018; Baskar et al., 2012]. Generally, carbonization refers
to processes in which char is the main product of interest derived from processing of wood.
The optimal temperature of carbonization, that is roughly 400 °C as it was mentioned
before, allows obtaining the highest yield of char production in this process [Demirbas,
2009]. Carbon accumulates due to gradual reduction of oxygen and hydrogen contained in
wood. The wood is processed in numerous physicochemical conversions with the increase
of temperature. It is considered that between 100 °C and 170 °C most of the water is
evaporated. The further increase up to 270 °C leads to formation of condensable gases,
whereas between 270 °C and 280 °C, an exothermic reaction takes place which can be

detected by sudden heat generation [Kurchania, 2012].

Intermediate pyrolysis

Intermediate pyrolysis operates at moderate temperatures and residence time. It is
usually conducted in order to obtain similar proportions of liquid and solid products. The
operating conditions of intermediate pyrolysis are set in such way to prevent formation of
high molecular weight tars and to produce dry char that can be applied to soil in agricultural
fields or used for energy generation along with bio-oil [Bhuyan et al., 2018; Ferdiosian and
Xu, 2017]. The typical temperature and residence time is in the range of 350-450 °C and 5-
10 min, respectively [Pizarro de Oro and Thormann, 2018]. However, there are plenty of
different conditions reported in other sources, e.g. according to Bhuyan et al. (2018) the

temperature is in the range of 500-650 °C, whereas residence time 5-15 min.
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Ultra-rapid pyrolysis

In ultra-rapid pyrolysis, which gives predominantly gaseous products the heating is
done by using a heat carrier solid such as sand. Thus, it is capable of conducting extremely
fast heating of feedstock, surpassing values of fast and flash pyrolysis. Since the output of
reactor is a mixture of solid heat carrier and non-condensable gases and primary product
vapors a gas-solid separator is required in order to recycle the heat carrier [Pizarro de Oro
and Thormann, 2018; Nachenius et al., 2013]

Vacuum pyrolysis

Vacuum pyrolysis process is characterized by heating rates similar to those of slow
pyrolysis and rapid removal of pyrolysis products as in e.g. fast pyrolysis. The temperature
ranges between 450 °C and 600 °C with total pressure around 0.05-0.20 MPa [Anatunovi¢ et
al., 2017]. The technology of vacuum pyrolysis allows for processing larger biomass
particles as compared to fast pyrolysis. Total liquid yields are relatively lower and varies
from 60% to 65%. Additionally, their properties are different (e.g. higher heating value) as
compared to those produced via fast pyrolysis. It is due to vacuum that allows for
decomposition of the organic components under lower temperatures. It was also observed
that vacuum conditions leads to obtaining biochar with more porous structure [Baskar et al.,
2012; Bhuyan et al., 2018; Nachenius et al., 2013].

Hydropyrolysis

Hydropyrolysis is a process in which a thermal decomposition of biomass it carried
out in an atmosphere of high-pressure (5-20 MPa) hydrogen/hydrogen-based materials.
Heat transfer rate, residence time, and temperature are kept approximately similar to that of
the fast pyrolysis, thus it is hydropyrolysis is often considered as fast pyrolysis under high
pressure condition. Hydrogen reduces the oxygen content in the produced bio-oil and
lowers the yield of char [Basu, 2013; Nachenius et al., 2013]. Hydrogen-pyrolysis also
enhances the content of hydrogen in liquid products. It is due to use of two stage system.

The first stage involves treating biomass with hydrogen at 200-300 °C under pressure,
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wheras the second stage involves cracking of the hydrocarbon produced in the first stage
into lighter hydrocarbon at around 500 °C [Baskar et al., 2012].There are often catalysts
used in order to increase the removal of water, O,, and COx from bio-oil and to reduce

depolymerization and coking reactions [Bhuyan et al., 2018].

Combustion

The most widely applied thermal conversion route for producingenergy from
biomass is combustion [Abdulrahman and Huisingh, 2018]. Combustion is burning of
biomass in the air and results in the generation of heat [Maurya et al., 2018]. Total
combustion process is divided into four stages:

1. heating and drying,

2. distillation of volatiles,

3. combustion of volatiles,

4. residual fixed carbon combustion.

During the drying phase most of the water within the biofuel is evaporated at
temperatures below 150 °C. Vaporization of the water is an endothermic reaction and
requires energy released from combustion process. Therefore, this step lowers the
temperature in the combustion chamber and slows down the whole combustion process. It is
estimated that in case of exceeding a certain percentage of water content (ca. 60%), biomass
would require too much energy to evaporate the moisture and would not result in sustain
combustion. Apart from moisture content, the size of feed particles also plays an important
role for conversion of biomass material. Most of biomass used for combustion applications
are woody biomasses. The woody biomass does not have good thermal conductivity, the
bigger the size of particles, the lower the rate of heat transmission through the feed bed
[Baskar et al., 2012; Wiese, 2017]. Therefore, the woody biomasses are normally shredded
and milled before fed into the combustion chamber for realizing complete combustion of
the fuel particles and overall conversion efficiency.

The second stage of biomass combustion normally occurs between 150 °C and 600
°C and is defined as devolatilization of fuel particles [Wiese, 2017]. During devolatilization,
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a large fraction of biomass is decomposed with formation of gases (CO, CO,, H,0,
methane) and, tars and residual char. Conversion of biomass fuel particles in this stage
generally depends on the heating rate and final temperature. Slow heating rates favor
formation of tar and char and low molecular weight gases. Whereas, fast heating rates
provide products that are liquid under normal conditions [Jones et al., 2014].

The ignition of volatiles normally takes place in the temperature range between 630
°C and 730 °C. The combustion involves an exothermic reaction of combination of volatiles
and oxygen. Ratio of amount of oxygen to volatiles, moisture content and biomass
composition determine the temperature of flame. The excess of oxygen is normally
preferred in order to avoid forming soot which absorbs volatiles and results in generation of
tar [Baskar et al., 2012].

In paralle to devolatilization, oxidation of residual fixed carbon also takes place. The
combustion of residual char is often affected by 1) mixing of char with oxidizing gas, and 2)
residence time of char at combustion temperature [Wiese, 2017].

The efficiency of the overall combustions process is described as combustion
efficiency. It is a ratio of the heat energy generated during combustion and the heating value
of the fuel. Apart from physical losses which are described as a heat exchange with
environment, there are also chemical losses which occur due to incomplete oxidation. In
this situation, the energy is still contained in un-oxidized components, which are released
with the flue gas to the atmosphere. Nowadays, power plants or combined heat and power
plants (CHP) are capable of achieving up to 98% of combustion efficiency however the
performance of combustion process is not expressed in terms of efficiency, but is controlled
by analysis of the ash and flue gases [Wiese, 2017]. The issue of ash generated due to
combustion of biomass is also an essential topic to discuss about. These amounts are
significant, for 50 MW power plant has to deal with up to 20 tons of ash per day [Maurya et
al., 2018].
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Figure 10. Combustion of biomass for heat and power generation [Baskar et al., 2012; Jones et al.,
2014].

Gasification
Biomass gasifiction refers to a controlled process involving heat, steam and oxygen

to convert biomass to mixture of gas products and solid residue[Luque and Speight, 2015].
This useful and convenient mixture of produced gases is often called syngas that can be
directly burned to release energy or can be used for production of value-added chemicals.
Combustion and gasification are two thermochemical processes which are closely related to
each other, but there is a significant difference between them. While combustion breaks
chemical bonds to release the energy, gasification is the process that packs energy into
chemical bonds in the product gas to form compounds with higher hydrogen-to-carbon
(H/C) ratio [Basu, 2013]. The use of syngas is more efficient as compared to direct
combustion fuels, because it can be [Jenkins, 2015; Luque and Speight, 2015]:

» Combusted at higher temperatures,

» Used in fuel cells,

» Used as a feedstock for methanol and hydrogen production,

» Transformed into a wide range of synthesis liquid fuels, e.g. via Fischer-Tropsch

(FT) process.

Hence, gasification finds application in converting biomass to useful carbon- and hydrogen-
rich fuel gas which is more suitable to handle and utilize in various processes [Atnaw et al.,

2017; Baskar et al., 2012]. This process can also be used for producing heat and electricity,
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obtaining up to 50% efficiency with respect to electricity generation in so called Biomass
Integrated Gasification Combined Cycle (BIGCC).

Biomass fuel

—Restricted air supply—

-4—Flue gases Gasifying unit Ash——»
+—Raw fuel gasQ
Gas cleaning —»  Gas turbi*ne/engine —HOBZ;(Q:UStT
Generator - Steam turbine
Elec:icity Low grtde heat

Figure 11. Biomass Integrated Gasification Combined Cycle (BIGCC) [Baskar et al., 2012].

Gasification process consists of various chemical reactions that include
homogeneous as well as heterogeneous reactions which generally follows the sequence of:
preheating and drying, pyrolysis and combustion, and char gasification.

The drying stage is when the moisture of the biomass is reduced or totally removed
and released as a vapor. The initial moisture content of biomass feedstock can reach up to
70% or even more, while every kilogram of water in biomass requires about 2242 kJ to be
vaporized. Therefore, the biomass feedstock is normally dried before gasification process.
The moisture content of the biomass used for the gasification varies in the range of 5-25%
to reduce energy losses [Atnaw et al., 2017].

The second stage is responsible for the release of volatile components of biomass
feedstock. It involves the thermal breakdown of larger hydrocarbon molecules into smaller
gas molecules with no major chemical reaction with any gasifying medium. During
devolatilization process, the most important product is the tar. At the same time, partial
combustion of solid carbon and gas products takes place with a limited air/oxygen supply to
provid heat for biomass gasification process. To prevent complete combustion, an amount
of delivered air/oxygen is lower than the amount that would be calculated from

stoichiometry [Luque and Speight, 2015]. The equivalence ratio varies in the range of 0.2-
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0.4 [Atnaw et al., 2017]. The generated heat is used for the endothermic reactions which
take place during pyrolysis.

Part of the char produced during devolatilization react towards to gasification agent
(i.e., air, oxygen, steam or carbon dioxide) to form a gas mixture of carbon monoxide,
hydrogen, methane, carbon dioxide as well as hydrocarbons such as ethane and propane.

Biomass gasification as a complex process can be affected by many factors, mainly
biomass characteristics (e.g. moisture content), operating conditions reactor configuration
and gasifying medium (agent). The influence of these parameters can be seen in table 1.
and table 2.

Table 1. Heating values of product gas and characteristics of gasification processes basing on gasifying
medium [Atnaw et al., 2017; Basu, 2013].

Medium Heating value [MJ/Nm®] Characteristics
Ai 3.7 low heating value of syngas due to dilution high amount of
ir -
nitrogen present in air, low investment costs
Steam 10-18 higher H/C ratio, higher investment costs
lower hydrogen and higher carbon-based compounds content in
Oxygen 12-28 . .
product gas, higher investment costs

Table 2. Influence of particle size on the properties of biomass gasification [Luque and Speight, 2015].

Biomass particle size [mm] 0.6-0.9 0.45-0.6 0.3-0.45 0.2-0.3
Average size [mm] 0.75 0.53 0.38 0.25
Gas yield [Nm®/kg of biomass] 1.53 1.93 2.37 2.57
Lower heating value of gas [kJ/Nm’] 6976 7937 8708 8737
Carbon conversion efficiency [%] 77.62 84.4 90.6 95.1

Most of the studies show that the concentration of component gases in syngas, its
heating value and yield is highly dependent also on temperature. Referring to some results,
high gas yield is achieved for gasification under temperatures higher than 900 “C [Lapuerta,
et al., 2008; Skoulou et al., 2008; Sharma, 2008]. The concentration of carbon oxide and

hydrogen increases with the temperature, while concentration of carbon dioxide, methane,
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tar and light hydrocarbons decreases [Skoulou et al., 2008]. On the other hand, Zhao et al.
(2010) reported that concentration of carbon oxide decreases with increase in reactor
temperature, while concentration of carbon dioxide and hydrogen increases with
temperature. Same study also concluded that the concentration of light hydrocarbons such
as methane and ethylene, heating value, carbon conversion were found to be maximum for
the temperature of reactor equal to 800 °C. This discrepancy of results is caused by the
difference between type of reactors, their conditions and biomass characteristic, but one can

be sure that temperature has high influence on product’s properties.

Hydrothermal Liquefaction

Hydrothermal liquefaction (HTL) is a technology that directly converts biomass into
liquid fuels (biocrude, bio-oil) under moderate temperature (200-400 °C) and high pressure
(5-25 MPa) in presence of water or water-containing solvent and a catalyst [Cheng et al.,
2014; Liu et al., 2017]. HTL’s products are also solid residue and gaseous products, but
liquid products are the most desirable. During hydrothermal liquefaction process, the
biomass conversion degree, biocrude oil yield and its quality depend on many factors. A
properly designed HTL process may reach a yield of biocrude oil at the level of 65% with

high quality (lower oxygen content) [Cheng et al., 2014].
The biomass hydrothermal process includes following steps:
1. feedstock preparation,

mixing feedstock with liquefaction solvent,

2
3. optional addition of reducing/inert gas and/or catalyst,
4. reaction of mixture in proper conditions,

5

separation of products.
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Figure 12. Biomass hydrothermal liquefaction [Huang et al., 2017].

Solvent type and composition has considerable effect of biomass decomposition
process and intermediate/final products during hydrothermal liquefaction of biomass. There
are two main categories of liquefaction solvents: water and organic solvents (e.g. methanol,
ethanol, phenol, acetone). Generally, solvents should strongly react with biomass, one
option is to use solvents which are derived from the liquefaction of biomass itself such as
phenol, simple alcohol, and phenol and its derivatives [Huang et al., 2017]. Studies show
that acetone, phenol and 1,4-dioxane are found to be more effective for liquefaction of
lignocellulosic biomass, whereas in case of algal biomass ethanol is considered to be most
suitable. Additionally, solvent with strong polarity results in higher conversion rate and
polarity of solvent does not really affect the yield of bio-oil [Huang and Yuan, 2015].

The selection and use of catalyst is also criticle for hydrothermal liquefaction of
biomass aiming for maximizing the biomass conversion and producing of liquid products.
The common catalysts include heterogeneous and homogeneous catalysts. Despite there is
no obvious catalytic activity for heterogeneous catalysts towards the liquefaction of biomass
research shows that homogeneous catalysts exhibit higher activity than heterogeneous
catalysts. According to Huang et al. (2017):

» organic acids as catalysts yield lower solid residue content as compared with

inorganic acids,

» salts such as chlorides, phosphates, carbonates, acetates, sulfates show lower

catalytic activity than sodium hydroxide (at typical liquefaction temperatures),

» alkali salts enhance yield of bio-oil (at subcritical conditions),

» acids enhance yield of water-soluble products.
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The biggest advantage of HTL is the fact that it can process wet feedstock without
need of the energy which is used in the drying process. Also, the bio-oil obtained from HTL
presents higher quality, higher yield, lower water and oxygen content as compared to the
bio-oil produced in pyrolysis process. It has also higher HHV (25-35 MJ/kg) than pyrolysis
bio-oil (14-20 MJ/kg) [Caprariis et al., 2017]. However, there are also few drawbacks such
as use of high pressure which potentially lead to high cost in the equipment necessary for

industrial scale biomass hydrothermal liquefaction applications.

Pretreatment techniques

Biomass pretreatment is a prerequisite for handling heterogeneous biomass and
removal of unwanted species from the feed streams [Bomans et al., 2013]. Some of biomass
resources like lignocellulosic materials (wood, stalks, straw, etc.) require pretreatment such
as size reduction before they can be used for pyrolysis in order to obtain acceptable yield
[Baskar et al., 2012]. The goal of pretreatment is to make some of compounds which are
present in processed biomass more accessible to conversion processes. Pretreatment
techniques are capable of changing both physical and chemical structure of biomass and
results in improvement of reaction rates [Barros et al., 2014].

The selection of the appropriate pretreatment technique strongly depends on the
proportion of constituents present in the processed feedstock. In order to carry out the
treatment process efficiently, it should meet following requirements [Bajpai, 2016; Gogate
and Joshi, 2017]:

» the pretreatment technology should be universal and capable of treating different

feedstocks with same or at least congenial efficiency,

» it should be environmentally friendly and produce as less harmful by-products

and waste chemicals as possible,

» it should result in high recovery desirable components in useable form in

separate fractions,

» it should require low investment, operational costs, and energy demand.
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Pretreatment methods are divided into different categories as follows:
a) biological pretreatment,
b) physical pretreatment:
a. milling,
b. extrusion,
c. ultrasound pretreatment,
d. hydrodynamic cavitation,
e. microwave pretreatment,
¢) chemical and physicochemical treatment:
a. steam explosion,
b. liquid hot water treatment,
acid hydrolysis,

e o

alkaline hydrolysis,
ammonia fiber explosion (AFEX),
organosolv pretreatment,

wet oxidation,

o «Q —Hh @

CO; explosion,

ionic liquids pretreatment,

J. ozonolysis.

Biological pretreatment

Biological pretreatment generally involves lignin-degrading organisms and is used
in treating cellulose-based biomass and algae biomass, preceded by physical or chemical
treatment [Li and Wan, 2013; Wang and Yin, 2017]. It is a low carbon footprint technology
and is an alternative to many other pretreatments techniques in many applications. The
organism that are used to secrete multiple cell was degrading enzymes are wood rot fungi
(including white rot, brown rot, and soft rot), ruminant bacteria, and symbiotic bacteria
present in invertebrate animas such as termites and earthworms. Wood rot fungi are the

most attractive for biological pretreatment due to their ability of degrading or modifying
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lignin through ligninolytic enzymes [Li and Wan, 2013]. Generally, brown and soft rots
attack cellulose and partially modify lignin, while white rot fungi more actively degrade the

lignin component [Bajpai, 2016].

Biological pretreatment is conducted via solid-state fermentation (SSF) process and
is mainly focused on delignification. It requires mild reaction conditions (15-40 °C; pH 4-
5), low energy demand, and no strict reactor parameters such as pressure and/or corrosion
resistivity [Moreno and Olsson, 2017]. However, using microorganisms is time consuming,
hence it requires even up to several weeks. The overall process time can be reduced to 4-24
hours if the external enzymes are added, but this requires additional investments. Despite
few disadvantages, it has great potential to reduce environmental impacts and energy

expenditure as compared to prevailing pretreatment technologies [Bajpai, 2016].

Physical pretreatment
Milling

Milling is generally conducted in order to reduce polymerization and increase the
available surface are of biomass based on the reduction size. The particle size affects
extraction, hydrolysis, and digestion rates [Aden et al., 2017]. There are many different
types of milling, including [Barros et al., 2014; Gogate and Joshi, 2017]:
hammer milling,
ball milling,
two-roll milling,

vibro energy milling,

YV V VYV V V

colloid milling.

Selection of proper type of milling depends on the moisture content of treated material.
Typically, materials with lower moisture content (10-15%) are usually treated with two-roll,
hammer, attrition, and knife mills, whereas for higher moisture content, colloid mills and

extruders are preferred [Gogate and Joshi, 2017].
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Extrusion

Extrusion is a thermo-mechanical pretreatment process. An extruder consists of
single or twin screws with rotating barrels and subjects material to mixing, heating, and
cutting. This process is based on the effect exerted by tight rotation of a screw at certain
temperature, which leads to physical and chemical modifications. The level of degradation
of treated material depends on the rotation speed and barrel temperature [Moreno and
Olsson, 2017]. The physical properties of material are changed when it is forced through
narrow clearance between screw and barrel. The surface are in extrusion process can be
increased by up to 75% [Khanal and Takara, 2012]. In case of e.g. lignocellulosic biomass,
it is beneficial to apply some catalysts (acid, alkali and/or hydrolytic enzyme) during
extrusion in order to obtain more efficient fractionation, leading to higher sugar yield in
subsequent steps [Aden et al., 2017; Gogate and Joshi, 2017].

Ultrasound pretreatment

Ultrasound pretreatment also called as ultrasonication is a technology that uses rapid
compression and decompression cycles of sonic waves to generate cavitation. This leads to
formation, growth and subsequent collapse of bubbles, which is characterized by high
temperature (500-15000 K) and pressure (100-5000 atm) attained locally [Gogate and Joshi,
2017]. Collapsing bubbles generate hydrodynamic shear force which leads to disruption of
the lignocellulosic materials’ structure, increasing the specific surface area and reducing
polymerization, leadintgto increased biodegradability [Sivakumar and Tang, 2015]. The
efficiency of cavitation effect is maximized between 30 °C and 70 °C, because this range
allows integration of ultrasonication and enzymatic hydrolysis. Combination of ultrasound
pretreatment with other techniques such as alkali- and acid-based pretreatments can increase
delignification up to 90% [Moreno and Olsson, 2017].
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Hydrodynamic cavitation

Unlike acoustic cavitation, where cavitation is generated by ultrasonic equipment,
hydrodynamic cavitation is caused by use of alternations in the liquid flow in the hydraulic
system [Debowski et al., 2017]. Hydrodynamic cavitation occurs when a moving fluid
suddenly changes its velocity resulting in localized pressure drop. For instance, it can occur
with the help of Venturi or orifice plates [Coward-Kelly et al., 2017; Gogate and Joshi,
2017]. Besides some minor differences like temperature and pressure of the collapsing
cavities, the principles which govern the acoustic cavitation bubbles and hydrodynamic

cavitation bubbles are basically the same [Almeida et al., 2017; Dgbowski et al., 2017]

Microwave pretreatment

Microwave pretreatment technique uses electromagnetic waves with frequencies in
range of 0.3-300 GHz to irradiate lignocellulosic materials. The interaction between treated
feedstock and electromagnetic field results in rapid heating, leading to faster reaction rate
and better yields. This encourages both thermal and non-thermal effects for enhancing the
accessibility of cellulose present in lignocellulosic materials to hydrolytic enzymes [Gogate
and Joshi, 2017].

There are various advantages of microwave pretreatment as compared to
conventional methods of heating. First of all, this process is more efficient, because
microwave irradiation is capable of heating whole sample at the same time. Unlike
conventional heating, it does not require time spent for waiting till sample heats up or cools
down. Also, controllability is very high and allows easy control over temperature and
pressure [Bajpai, 2016]. Microwave technique is often combined with other pretreatment
methods such as ultrasound, ionic liquids, alkali and acid solutions to obtain better
performance [Moreno and Olsson, 2017]. Studies report that the effectiveness of microwave
irradiation strongly depends on treating temperature and electromagnetic field power. To
some extent, the increase of temperature and/or electromagnetic power enhances

effectiveness [Wang and Yin, 2017]. However, the process’ energy and time demand is very
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high, hence limitations in large-scale application and lack of economic feasibility,

especially as an individual operation [Bajpai, 2016; Gogate and Joshi, 2017].

Chemical and physicochemical pretreatment

Torrefaction

Torrefaction is a thermochemical treatment of biomass that can be described as a
mild form of pyrolysis at temperature ranging between 200 °C and 320 °C. Torrefaction
changes the properties of biomass in order to obtain fuel with better quality for combustion
and gasification applications. It is carried out under atmospheric conditions and in the
absence of oxygen. During the process, water and redundant volatiles are removed, leaving
as a product solid, dry, blackened material which is also called “torrefied biomass” or “bio-
coal”. The combination of torrefaction and densification leads to a very energy dense fuel
carrier of 20-25 GJ/ton [Baskar et al., 2012; Kurchania, 2012]. It was estimated that about
70 wt% of treated material is retained as a solid which contains 90% of initial energy
content. On the other hand, the remaining 30 wt% that is converted into gas contains 10% of

the energy of biomass [Mohee et al., 2018].

Steam explosion

Steam explosion process releases individual biomass components through steam
impregnation under high pressure for a short contact time. This is the one of the most
studied methods for pretreatment of lignocellulosic biomass. It is usually used for treating
grinded biomass with saturated steam at temperatures 160-270 °C and pressures 0.69-4.83
MPa. The contact time varies from few seconds to 30 min and after that the pressure is
suddenly released, which causes an explosion [Woiciechowski et al., 2013]. Due to
material’s expansion and high temperature the biomass’ structure is disrupted and
hemicellulose, cellulose, and lignin are degraded.

Study shows, that the optimal parameters for best performance is either high
temperature and short residence time (270 °C; 1 min) or lower temperature and long

residence time (190 °C; 10 min) [Li and Wan, 2013]. Although harsher conditions lead to
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higher depolymerization of the biomass, these cause formation of toxic and fermentation-
inhibiting molecules. Steam explosion can be effectively improved by addition of acid
catalyst, preferably H,SO, [Gogate and Joshi, 2017]. The use of catalyst results in
increasing recovery of hemicellulose sugars, improving enzymatic hydrolysis on the solid
residue, and decreasing production of inhibitory compounds [Bajpai, 2016]. However, the
formation of inhibitory compounds (furan derivatives, weak acids, and phenolic
compounds) in harsh conditions is high hence the process still needs to be optimized.
Obviously, some advanced detoxification methods were supplied with success, but this

represents additional costs in overall process [Barros et al., 2014].
Liquid hot water treatment

Liquid hot water (LHW) process treats biomass with water only and none of
chemicals are added, even catalysts. For this reason, it is more economically profitable as
compared to other methods. This process is similar to steam explosion, but uses water in the
liquid state at high temperature instead of steam [Bajpai, 2016]. The temperature of water
varies in the range of 150-230 °C and is maintained under pressure to keep it in liquid form.
Hot water makes cellulose more accessible by solubilizing mainly hemicellulose also with a
significant formation of inhibitors. In order to prevent this, the pH should be kept at
relatively low level between 4 and 7 during the pretreatment. In this way, production of
oligosaccharides is favored instead of monosaccharides, which can subsequently degrade
into inhibitors. The main disadvantage of this technique is the fact that the concentration of
solubilized product is much lower as compared to steam explosion [Barros et al., 2014;
Khanal and Takara, 2012]

Acid hydrolysis

Dilute acid pretreatment enhances the degradation of hemicellulose, increasing
porosity of the pretreated biomass and improving reaction rates for the enzymatic
saccharification. This technique is widely reported pretreatment for rice straw, wheat straw,
and corn stover [Huang et al., 2017]. The most commonly acid that is used for this process
is the sulfuric, but there also other reagents such as hydrochloric, nitric, and phosphoric

acids which are found to be effective as well. However, using dilute sulfuric is considered
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as one of the most cost-effective methods [Woiciechowski et al., 2013]. Generally, the
concentration of acid varies between 0.5% and 5%. Use of concentrated acids (even higher
than 30%) is also possible, but due to problems with equipment corrosion, difficulties in
acid recovery, and considerable degradation products formation, diluted acids are more
popular [Moreno and Olsson, 2017].

The process is carried out at temperatures ranging from 140 °C to 215 °C. The
residence time highly depends on the temperature and feedstock and varies from few
seconds to even 24 hours [Bajpai, 2016; Wang and Yin, 2017]. From the economic point of
view, it is believed that concentrated acid accompanied with lower temperature is
reasonable however use of diluted acids with higher temperature occurs more often for its
better performance [Woiciechowski et al., 2013; Wang and Yin, 2017]. Despite that, few
studies reports that unusual process conditions can also lead to high efficient outcome, e.g.
81.6% of recovered sugar from bamboo by treating with 90.5% acid or 99% vyield and

0.07% acid in case of poplar wood [Woiciechowski et al., 2013]
Alkaline hydrolysis

In this technique the alkaline chemicals interacts directly on lignin, thus sugar
components are unaffected which is huge advantage when it comes to production of
biofuels [Khanal and Takara, 2012]. The lignin structure is disrupted due to swelling of
lignocellulosic material leading to increase of its internal surface, decrease in the degree of
polymerization and cellulose crystallinity, and separation of linkages between carbohydrates
and lignin [Woiciechowski et al., 2013]. Production of degradation compounds, which can
later transform into inhibitors, is lower as compared to acid treatment [Gogate and Joshi,
2017].

Since use of alkali results mainly in solubilization of lignin and to certain, but low
degree of hemicellulose and cellulose, the effectiveness of alkaline treatment is dependent
mostly on lignin content in feedstock. Processing may take from minutes to days depending
on characteristics of treated material and can be performed at room temperature. The most
common treatment agents are NaOH, KOH, Ca(OH),, NH3 and NH;OH, however due to

lower safety concerns and costs lime and ammonia are more commonly used [Gogate and
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Joshi, 2017; Moreno and Olsson, 2017]. Alkaline pretreatment as well as acid pretreatment
have one major drawback, which is pH adjustment required after treatment process, which
is both expensive and harmful for the environment. The performance of alkaline treatment
can also be enhanced by addition of some chemical reagents such as perhydrol or oxygen,
however this creates more work for the subsequent processing [Gogate and Joshi, 2017;
Wang and Yin, 2017].

Wet oxidation

In wet oxidation pretreatment, the material is treated with air or oxygen, which acts
as an oxidizing agent in process. The key parameters are the temperature, oxygen pressure,
and reaction time which are 170-200°C, 10-12 bar, and 5-15 minutes, respectively [Gogate
and Joshi, 2017; Li et al., 2017]. As phenolic compounds are degraded into carboxylic acids
during wet oxidation pretreatment, end products consists of less inhibitors as compared to
steam explosion and liquid hot water pretreatment. The other advantage is the fact that wet
oxidation is an exothermic process, thus the energy demand is reduced. Addition of catalyst
such as Na,COs also helps with reduction of inhibitory products formation and maintaining
pH at appropriate range. However, addition of catalysts involves higher costs [Gaur et al.,
2018]. Wet oxidation is considered to be effective for many biomass sources such as corn
stover and spruce giving high yields of monomeric sugars. The main disadvantage of this
method is that the produced lignin cannot be used as fuels as it is oxidized during process.
The other drawback is the risk of uncontrolled combustion that can occur at the oxygen
injection points. Therefore, this pretreatment method will most likely not find practical

applications in large-scale biomass processing [Bajpai, 2016; Gogate and Joshi, 2017].
CO; explosion

Carbon dioxide explosion process enhances the digestibility of lignocellulosic
biomass by involving the use of supercritical CO, under pressure. The mechanism of this
method is similar to AFEX and steam explosion, however it is conducted at lower
temperatures than steam explosion and has a reduced expense as compared to AFEX. The
efficiency of CO, explosion is also higher than both AFEX and steam explosion due to

41



smaller size of carbon dioxide molecule as compared to ammonia or water. The size of
molecules matters, because with its decrease the effectiveness of penetration process is
enhanced, thus hydrolysis is improved [Bajpai, 2016].

The relatively low temperature of the process prevents any significant
decomposition of monosaccharides by the carbonic acid formed when dissolved in water.
This acid also tends to increase the hydrolysis rate. CO, explosion method is
environmentally friendly, since it does not discharge harmful chemicals. Another advantage
from environmental point of view is the use of CO; which is abundantly available and co-
produced during many industrial processes. The processing costs are low, but the high cost
of equipment suitable for high pressure conditions of CO, explosion pretreatment is a strong
limitation to the application for a large scale. Furthermore, it is not effective on feedstock
with no moisture content [Gogate and Joshi, 2017].

Pyrolysis reactor and configurations

The type of reactor and its configuration depend on the objective of the pyrolysis
process. Various types of reactors have been designed and they are divided into:
» fixed bed reactors,
» fluidized bed reactors:
o bubbling fluidized bed reactors,
o circulating fluidized bed reactors,
ablative pyrolysis reactors,
auger/screw reactors,
rotating cone reactors,

ultra-rapid reactors,
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vacuum pyrolysis reactors.
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Fixed bed reactors

Fixed bed reactors, operating in batch mode, are the oldest pyrolysis reactor type.
Batch mode means that feedstock, catalyst, filter media, carrier system and other substances
remain stationary. The heat for the thermal decomposition of feedstock in this reactor type
is supplied either from an external or internal source by allowing limited combustion of
gaseous products. In some designs, an inert and oxygen free gas is used as a sweep gas for
effective removal of produced gases from the reactor often combined with a cold trap that is
used to collect condensable vapors to condense them into bio-oil [Adhikari and
Thangalazhy-Gopakumar, 2016; Basu, 2013].

The technology used in these reactors is simple, suitable, reliable, and is independent
of particle size. Fixed bed reactors can be made of firebricks, steel, or concrete and their
design includes feeding unit, an ash removal unit, a gas exit a gas cooling and cleaning

system that can be facilitated by addition of cyclone, and wet and dry scrubbers [Bhuyan et

al., 2018].
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Figure 13. Fixed bed reactor [Bhuyan et al., 2018].

Fluidized bed reactors - BFB and CFB
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Fluidized bed is a well-developed technology that is attractive and popular for
biomass fast pyrolysis. They provide following features [Pizarro de Oro and Thormann,
2018]:
rapid heat transfer,
uniform heat distribution,
short residence time,
high surface area contact,
ease of control,

YV V. V V V V

ease of scale.

In fluidized conditions, processed feedstock and heat carrier solids (bed material,
e.g. sand) are in fluid-like state generally achieved by introducing pressurized gas through
distributor plate which is located in the bottom of the furnace. The pyrolysis is carried out
by the contact of feedstock with hot bed particles. A fluidized state is obtained only when a
drag force of upwards moving gas is equal to weight of the particles [Stepien, 2015]. Hence,
the size distribution of particles and gas velocity need to be determined precisely. This
distributor plate includes plenty of vessels or orifices, etc. and ensures even distribution of
injected inert gas such as nitrogen or helium [Adhikari and Thangalazhy-Gopakumar,
2016]. They come in different design, depending on the size of particles and flow regimes.
Typical gas distributors are perforated and multiorifices plates, tuyers, caps, pipe grids, and
spargers [Kunii and Levenspiel, 1991]. As for pyrolysis, there are two types of fluidized bed
reactors which mainly differ in the residence times of vapors: bubbling fluidized bed and
circulating fluidized bed [Pizarro de Oro and Thormann, 2018].

Bubbling fluidized bed reactors have a simpler design. The particles in BFB reactors
have sizes of less than 2-3 mm and are bigger than those processed in CFB. Both BFB and
CFB have relatively high yield of bio-oil which is in range of 70-75% on dry wood feed. In
CFB the gas flow rate is higher so that the vapor residence times are shorter. Additionally,
both bed material and char particles are taken out of the CFB together with carrier gas and

pyrolysis vapors, hence CFB requires more heat carrier solids as compared to BFB. High
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velocity combined with excellent mixing allows a CFB to have larger throughputs of
feedstock [Basu, 2013; Bhattacharyya et al., 2018].
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Figure 14. A) Bubbling and B) circulating fluidized bed pyrolyzers [Pizarro de Oro and Thormann,
2018].
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Ablative pyrolysis reactors

Ablative pyrolysis is different in concept as compared with other methods of fast
pyrolysis. It is characterized by having the biomass pressed against a hot surface. This
somehow causes the “melting” effect forms an oil residue film on that surface. Its
temperature is approximately 600 °C and can be significantly enhanced by adjusting the
pressure force [Nachenius et al., 2013].

The evaporation of the decomposed biomass takes place when the feed is
mechanically moved away from the hot surface. At the same time, a char is deposited and
later removed through abrasion by subsequent feed. This leads to obtaining a bio-oil product
with a relatively high content of fine char particles that need to be removed. Typically, the
vapors that are produced during ablative pyrolysis have a lower molecular weight due to
vapor cracking occurring on the metal surface [Meier, 2017; Pizarro de Oro and Thormann,
2018].

As the reaction rate in ablative pyrolysis does not depend on heat transfer through
the feed, this method can not only process larger particles, but what is more, there is no
upper limit for the size and that is the major advantage [Bridgwater, 2017]. Also, in this
case no transport gas is necessary to remove the volatile pyrolysis products. Nevertheless,
the mechanical nature of the process is complex and costly and the throughput of this
process is limited by the amount of heat that can be transferred to the hot surface. Due to
that, this method is technologically challenging and is difficult to scale up [Pizarro de Oro
and Thormann, 2018; Nachenius et al., 2013]
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Figure 15. Ablative pyrolysis reactor [Bhuyan et al., 2018; Pizarro de Oro and Thormann, 2018].

Auger/screw reactors

This type of reactors used rotating screw of auger to displace the biomass feedstock
through an inert cylindrical heated tube. The function of the screw is also mixing the feed,
hence controlling the residence time of the biomass in the reactor [Adhikari and
Thangalazhy-Gopakumar, 2016]. The temperature of the feedstock passing through the tube
is lifted up to the temperature in range of 400-800 °C. The vapors residence time can be
easily manipulated by changing length of the heating zone. This method does not require
carrier gas, is very compact, energy efficient, and even portable in some cases, thus
allowing on-site conversion of biomass. However, auger/screw reactors are suitable only for

small scale production [Bhuyan et al., 2018; Nachenius et al., 2013].
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Figure 16. Auger pyrolysis reactor [Bhuyan et al., 2018].
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Rotating cone reactors

In these reactors, the mixture of feed and hot sand as heat carrier solids is fed into
the bottom of rotating cone. The use of intense mixing of feed and hot inert particles is the
most efficient approach as for heat transfer [Pizarro de Oro and Thormann, 2018]. In this
case, the excellent mixing allows rapid heating up to 5000 K/s. This method is similar to the
one used in fluidized bed reactors, however it does not require vast amounts of inert gas.
The rotation (up to 600 rpm) creates a centrifugal force that pushes the heat carrier solids
and char formed during pyrolysis against hot wall and finally out of the reactor [Basu,
2013]. Upon exiting the cone, the char is combusted to supply heat for pyrolysis, while sand
is returned to the pyrolysis reactor. The produced gas vapors leave through another tube.
The absence of carrier gas simplifies bio-oil condensation and bio-oil yields are
approximately 70 wt% when using wood as a feed material [Nachenius et al., 2013].
Rotating cone method is characterized by very fast heating and short residence time.
Unfortunately, it is relatively difficult to control an scale up [Bhuyan et al., 2018; Pizarro de
Oro and Thormann, 2018].
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Figure 17. Rotating cone pyrolysis reactor [Anatunovi¢ et al., 2017].

48



Ultra-rapid reactors

Ultra-rapid pyrolyzer is characterized by extremely short mixing time (10-20 ms),
reactor residence time (70-200 ms), and quench time (ca. 20 ms). Due to low processing
temperature that varies around 650 °C, it is possible to achieve a very high liquid yield,
which is around 90%. The feed is treated by inert gas heated to ca. 100 °C that is injected
into reactor via multiple jets at very high velocities in order to bombard the stream of
biomass. That type of pyrolyzer can also use heat carrier solids that might be introduced to
the reactor in the same way as inert gas [Basu, 2013].
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Figure 18. Ultra-rapid pyrolysis reactor [Basu, 2013].

Vacuum pyrolysis reactor

In this system, a vacuum pyrolyzer comprises a number of stacked heated circular
plates. The temperature of these plates rises down the reactor from about 200 °C to 400 °C.
Biomass is fed from the top of the reactor and drops to successive lower plate as it

undergoes thermal decomposition. The produced vapors during pyrolysis are taken away
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from the reactor by a vacuum produced by pump. Hence, this type of reactor does not
require carrier gas. The typical liquid yield reaches about 35-50% on dry feed, whereas char
yield is very high [Adhikari and Thangalazhy-Gopakumar, 2016; Basu, 2013]. The
advantage of this system is that it is able to process larger biomass particles (2-5 cm) and a
short residence time which reduces secondary reactions. On the other hand, it represents
poor heating rate, high investment and maintenance costs, and high risk of pump fouling
[Bhuyan et al., 2018]
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Figure 19. Vacuum pyrolysis reactor [Basu, 2013; Bhuyan et al., 2018].

Analytical techniques for organic matter devolatilization investigations

One of the most common techniques that are used to determine the nature and
amount of volatile products formed during thermal decomposition of material is called
evolved gas analysis (EGA). During themal conversion of the biomass, a series of chemical
reactions occur as a function of temperature resulting in formation of various gaseous
species that can be analyzed using different analytical methods. By determining the
composition of these products, EGA evaluates the chemical pathway of degradation
reactions.

Generally, two analytical techniques are widely employed to investigate
decomposition of biomass including TG/FTIR and TG/MS. The weight loss of one biomass
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sample and decomposition gas and liquid products can be monitored
simultaneously[Brown, 1988; TA instruments, 2012].

The sampled gas and liquid products from biomass decomposition process can be
analyzed with continuous or intermittent mode. In continuous mode the gaseous and
liquid products are introduced to the detector system directly, whereas intermittent mode
refers to trapping evolved species at a low temperature or in absorption chamber before
introducing them for the identification. Intermittent mode is used mostly in TG/GC-MS or
Pyrolysis/GC-MS and it allows the investigator to optimize the detector parameters to make
the best choice for different samples [Pan and Xie, 2001].

Thermogravimetric analysis (TG/TGA)

Thermogravimetric analysis is one of the most widely used methods for studying
biomass decomposition beahviours under different conditions. During the
thermogravimetric analysis, loss of biomass sample weight is recorded as a function of
conversion paramters including temperature, atmosphere, heating rate, etc. The change in
weight measured by TGA is quantitative and no information on the chemistry of evolved
gases is obtained. For chemical analysis of vapor products, TGA can be coupled to mass
spectrometer (MS) or Fourier transform infrared (FTIR) [Thomas and Schmidt, 2010]. at

each series for increasing temperature.
Thermal analyzers that are used for studying thermal decomposition include a high-

sensitivity balance, a temperature controlled furnace, a unit for evacuation and control of

the atmosphere in the furnace, and a control and data recording system.
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Figure 20. Schematic diagram of thermobalance system [Haines, 1995].

Depending on a specific model, the maximum load varies around 1 g, whereas
sensitivity around 0.1 pg [TA instruments, 2012]. As it comes to sample placement, there
are three main variations of positioning the sample relative to the furnace (figure 21.). The
first one is that the sample may be suspended from the balance beam and hang down into a
controlled-temperature environment. Alternatively, the sample may be placed above the
balance beam. This method has an important advantage over the first one, because unlike
suspended type, it does not require any protection system to prevent rising hot gases from
affecting the balance mechanism. The last and most commonly used is the horizontal

arrangement, where the sample support is an extension of the balance beam [Brown, 1988].
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Figure 21. Ways of positioning the sample relative to the furnace in TG unit [Brown, 1988].

The furnace normally is an electrical resistive heater and as it is shown in (figure
22.) it may be within the balance housing, part of the housing, or out of the housing. These

rely mainly on heating of the sample by conduction through solid or gas. Large temperature
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gradients, especially when sample is characterized by low thermal conductivity (e.g.
polymers, inorganic glasses) is inevitable. The most important features needed from the
furnace are as follows [Brown, 1988; Haines, 1995]:
» the furnace should have a zone of uniform temperature that is larger than the
sample including holder,

» balance mechanism should not be affected by heat from the furnace,

Y

the temperature range should include values well above those of interest,
» it should be capable of rapid response and be able to work in many different
heating and/or cooling rates,

» the furnace lining should be inert at all temperatures.

TR

Figure 22. Furnace positioning within the balance housing [Brown, 1988].

Noramlly, there are two kinds of temperature program used for TGA analysis of biomass
materials, including [Nirav, 2017]:
» Isothermal (static)-the temperature keeps at a certain value for desired time,

» Dynamic-the temperature increase at a certain heating rate),

Mass spectrometry (MS)

MS technique is to identifying composition and determine amount of gas products
released from decomposition ofbiomass at elevated temperatures. based on determining
masses of free ions in high vacuum and [Popp and Reichenbacher, 2012]. The gas products
are first ionized in high vacuum to produce free ions. Its sensitivity makes it useful for the
detection and analysis of traces of macromolecules down to less than 1 pg [Nolting, 2009].
The general design of a mass spectrometer includes:

» sample injector,

» sample ionizer,
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» mass analyzer,

> ion detector.
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Figure 23. Basic components of a mass spectrometer [Chu and Lebrilla, 2010; Nolting, 2009].

There is variety of methods for ion generation. Volatile molecules are best ionized in
the gas phase by bombarding them with electrons. The optimal methods for this purpose are
electron-impact ionization (EI) and its derivative-chemical ionization (Cl). The ionization
of thermally labile or large volatile compounds is conducted by desorbing them directly
from solid or liquid samples. For solid samples, matrix-assisted laser desorption/ionization
(MALDI) is used, whereas electrospray ionization (ESI) for liquid samples [Chu and
Lebrilla, 2010]. In EI ionization, ions are generated by directing and electron beam of
energetic electrons into the molecule of interest. The electric beam is produced by heating
filament (often tungsten) to emit electrons which are accelerated towards a positively
charged anode. The molecular vapor is passed through the ion source and individual
molecules collide with high-energy electrons which results in formation of a molecular ion
[Malainey, 2011]. CI technique is essentially EI with a reagent gas resulting in ionization of
the much more abundant reagent gas that reacts through ion-molecule reactions with the
analyte. Common reagent gases are methane, ammonia, and iso-buthane [Chu and Lebrilla,
2010; Popp and Reichenbacher, 2012]. In MALDI, the sample is dissolved in a matrix and
ionized using an UV laser. The matrix itself absorbs the laser energy which leads to
vaporization of the sample and matrix material, and as a proton donor and acceptor initiates
charge transfer to the analyte [Bobst and Kaltashov, 2013]. Electrospray ionization as the
most popular liquid chromatography-mass spectrometry (LC-MS) is highly sensitive
technique [Smith, 2017]. In ESI, the separated sample component and solvent mobile phase

is sprayed from a small tube into a strong electric field in the presence of a flow of warm
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nitrogen to assist desolvation. The spray droplets evaporate in a region maintained at a
vacuum causing the charge increase on the droplets. The charged ions then enter the
analyzer [Malainey, 2011; Smith, 2010]. Once the ions are formed in the ionizing source,
they are accelerated towards the mass analyzer and separated according to m/z ratios.

Mass analyzers separate the charged molecules or their fragments based on their m/z
ratio, which are further dected by ion detector. There are normally three kinds of mass
analyzer including quadrupole, magnetic sector, an ion trap [Christian et al., 2012]. In
quadrupole mass analyzer a combination of DC and AC potentials are applied to a set of
four rods (quadrupole). When the ion beam is accelerated to a high velocity by an electric
field and passes through the quadrupole, only ions with one mass-to-charge ratio can pass at
a time [Nolting, 2009]. lons that have unstable trajectory through the quadrupole are filtered
by colliding with rods and never reach the detector [Christian et al., 2012]. For this reason,
quadrupole MS should be called mass filter, rather than mass analyzer, because this device

allows ions within a narrow m/z range to be transmitted [Bobst and Kaltashov, 2013].

Oe&eﬁ‘a‘o‘i

Resonant ion
(stable trajectory)
Nonresonant ion

\oo‘oea“\ (unstable trajectory)

Figure 24. Quadrupole mass spectrometer [Malainey, 2011; Nolting, 2009].

The simplest means of mass separation is achieved through use of magnetic fields
alone. lons leaving the ion source are accelerated and pass through the sector in which the
magnetic (or electric) field is applied perpendicular to the direction of the ions trajectory.
lons with the same charge, mass, and energy will follow the identical circular path if the
strength of magnetic field is constant [Malainey, 2011; Nolting, 2009]. lon traps are
basically multidimensional quadrupole mass analyzers that store (trap) ions and eject them

according to their m/z ratios [Smith, 2017]. The ion trap consists of two end cap electrodes
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and a doughnut-shaped ring electrode to which variable radio frequency (RF) voltage is
applied. lons enter the trap through a hole in one-end cap electrode and circulate within the
electric field in three-dimensional orbits. The destabilization of the orbits by increasing a
voltage is used to eject ions through the other end cap to the detector [Malainey, 2011].

B)

Magnetic

or electric
field

lons in

End-cap electrode

Oscillating
lons trapped

— Ring electrode

‘ .

Multi-channel
detector
lon beam End-cap electrode
\J

- Entrance slit
—— lonsource lons to detector

Figure 25. a) Magnetic mass spectrometer and b) lon trap mass spectrometer [Nolting, 2009; Smith,
2017].

The detection of ions generally involves either converting them into negative
charges and multiplying the number of electron to amplify the signal (electron multiplier) or
counting the positive charges (Faraday cup). Faraday cup records impacts of positive ions
emerging from mass analyzer on a collector surface or collector electrode. The collector is
connected to the ground potential through a resistor and whenever a positive ion hits the
collector, a voltage drop occurs across the resistor and the resulting signal is amplified and
recorded. Electron multipliers use a process that is called secondary electron emission.
When the ions hit the inner surface of electron multiplier, secondary electrons are emitted
and then accelerated through an electric field which is generated by applying proper voltage
to that surface. The electric field forces emitted electrons to make impacts like ions, which
cause more electrons to be emitted. This process continues until there are enough electrons

to create a measureable current [Malainey, 2011; Nolting, 2009].
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Fourier Transform Infrared Spectroscopy (FTIR)

The main goal of using FTIR is to determine chemical functional groups present in
the sample. Each functional group absorbs characteristic frequencies of IR radiation. The
intensity of the absorption is related to the concentration of a compound. As the result, the
two-dimensional plot (spectrum) consisting of intensity and frequency of sample absorption
is obtained [Dhoble et al., 2012]. The IR spectra is acquired using special instrument knows
as spectrometer. One of the modern types of spectrometer is the single-beam FTIR
spectrometer that uses modulator (interferometer). In this device, the energy that passes
through the sample is examined using a Fourier transform instrument [Madejova and Petit,
2013].

The main element of FTIR spectrometer is an amplitude division interferometer,
most commonly Michelson interferometer. It consists of a beamsplitter, a compensating
plate, and a pair of mirrors [Stuart, 2004]. The beamsplitter divides radiation in two
directions. One beam goes to a stationary mirror and then back to the beamsplitter. The
other one goes to a second mirror which is moving. The sinusoidally moving mirror with
constant velocity makes the total path length variable versus that taken by the stationary-
mirror beam. These two beams meet again at the beamsplitter where they recombine, but
the difference in path lengths creates destructive and constructive interference that is called
interferogram [Doyle, 1992]. The interferogram is a plot of intensity of absorbed energy
versus time, but using a Fourier transform it is possible to obtain intensity versus frequency

spectrum [Christian et al., 2012].
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Figure 26. Scheme of a simple interferometer [Christian et al., 2012; Stuart, 2004].

Gas chromatography (GC)

Chromatography is a general term applied to a variety of separation methods based
on the partitioning or distribution of a sample within moving or mobile phase and a fixed or
stationary phase. GC is the type of chromatography in which gas is a mobile phase, whereas
stationary phase may be an immobilized liquid or an inert solid in either a packed or
capillary-type column. The gaseous sample, under a controlled temperature gradient is
injected onto the head of the column and entrained by the flow of an inert mobile phase that
is usually driven by pressure or gravity. The separation of volatiles is based on several
properties such as molecular size, boiling point, and polarity. Each compound interacts with
the column matrix, resulting in different mobilities down the column [Baraem, 2017]. The
modern chromatographic systems consist of:

» carrier gas,
flow control,
sample inlet and sample devices,
columns,
controlled temperature zones,

detectors,

YV V V V V V

data system.
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Figure 27. Scheme of a typical gas chromatograph [Mcnair and Miller, 2009].

The gas chromatograph functions as follows. An inert carrier gas flows continuously from a
gas cylinder through the injection port, the column, and the detector. Apart from just
carrying the sample, a secondary purpose of an inert gas is to provide a suitable matrix for
the detector to measure the sample components. Inert gas selected according to standards
should minimize detector drift and noise, and ensure reproducible retention times. Retention
time is the amount of time needed for a compound to pass through the column. It is
considered to be a time from injection to detection and it is different for each compound
(there might be some exceptions). The sample is introduced via heated injection port from
and carried into the column where it is separated into individual components. After the
column, sample together with carrier gas pass through the detector that measures the
quantity of the sample and generates an electrical signal. In the end, signals are processed in

a data system and a chromatogram is generated [Mcnair and Miller, 2009; Vitha, 2017].

Chemistry of lignocellulosic biomass decomposition

Reactions occurring during devolatilization and potential products

During devolatilization of biomass, large number of reactions take place in series or
in parallel, including depolymerization, dehydration, aromatization, isomerization,
decarboxylation, charring and etc. Generally, devolatilization of biomass consists of three
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main stages: free drying at early stage, primary decomposition , and secondary
decomposition, including repolymerization and cracking of tarry vapors. These stages are
more or less intermingled and their transitional behaviors can be observed through thermal
analysis [Anca-Couce, 2016; Evans et al., 2016].

As it was mentioned before, lignocellulosic biomass consists of three main
components which are cellulose, hemicellulose and lignin. Mechanisms of thermal
decomposition of these constituents differ from each other, which need to be considered and
investigated separately. The first thorough analyzes regarding pyrolysis of cellulose were
reviewed in 1982 by Shafizadeh and since then some schemes were proposed, developed
and later simplified. On the other hand, information about pyrolysis of hemicellulose in
literature is much more limited than for cellulose. As a substitute for hemicellulose, a
commercially available straight-chain polymer of xylose known as xylan is often used,
because of the fact that it is hard to extract native hemicellulose [Garcia-Perez and Pecha,
2015]. The first studies on thermal decomposition of cellulose were also conducted by
Shafizadeh et al and there were found a lot of similarities as well as differences between
pyrolysis of cellulose and hemicellulose [Anca-Couce, 2016; Cai et al., 2017]. Lignin’s
structure is more complex than the polysaccharides cellulose and hemicellulose therefore
the scheme of its decomposition completely differs and covers much wider temperature
range [Evans et al., 2016; D. Rana and V. Rana, 2017].

Cellulose breaks down into smaller sugar units through various degradation
reactions.. It is considered that primary reactions of cellulose lead to the production of
sugars cellobiosan and most desired levoglucosan (LGA). After that, secondary reactions
degrade primary products into smaller compounds and convert them into char and larger
products [Anca-Couce, 2016; Broadbelt et al., 2016; Pareek et al., 2013].

Identifying and verifying cellulose pyrolysis scheme experimentally is difficult and
compolicated, but they are essential for fitting data and estimating product yields. Thus,
there is a continuous debate about the real cellulose pyrolysis mechanism among many
researchers. Striving for the right model is additionally complicated by inconclusive kinetic

data that are collected with each reactor setup due to differences in fluid mechanics and heat
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transfers [Bhaskar and Dhyani, 2017]. However, there are few common models that were

considered as accurate and reliable and contributed to development of present model.
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Figure 28. First models of lignocellulosic biomass pyrolysis. A) Broido- Shafizadeh scheme; B) Piskorz
scheme; C) Banyasz scheme; D) Varhegyi-Antal scheme [Anca-Couce, 2016; Garcia-Perez and Pecha,
2015].

According to Broido-Shafizadeh, Piskorz, and Banyasz pyrolysis model, the reaction
R1 leads to formation of active cellulose by depolymerization of cellulose, reducing the
degree of polymerization, but without any volatiles as a product. The following
decomposing reactions involving active cellulose with low degree of polymerization are
either slower reaction (R2), producing char and permanent gases or main reaction (R3)
producing tarry pyrolyzate containing levoglucosan, cellobiosan (dimer), cellotriosan
(trimer) and other larger sugars [Anca-Couce, 2016; Dai et al., 2017]. Both crystalline and
amorphous cellulose first melt into liquid phase formed by oligo-anhydrosugars and
levoglucosan, then the products can evaporate or can be thermally ejected. The products
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that evaporate are mostly smaller sugars (like levoglucosan), whereas larger sugars are less
likely to evaporate at pyrolysis conditions and are removed by thermal ejection [Blasiak et
al., 2012; Garcia-Perez and Pecha, 2015].

Under fast heating rate conditions, the depolymerization of cellulose into LGA takes
place above 300 °C, when reaction R2 dominates over reaction R3. Below that temperature,
the crystalline cellulose remains as solid due to presence of cross-linking reactions and
because of the fact that reaction R2 has lower activation energy than reaction R3, charring is
favored at lower temperatures. It is generally considered that the amorphous cellulose is the
first to pyrolyze, followed by crystalline cellulose which requires more energy to break
interchain bonds. The boiling point of levoglucosan is in the range of 290 and 300 °C,
whereas cellobiosan and cellotriosan around 581 and 792 °C, respectively [Anca-Couce,
2016; Blamey et al., 2016; Garcia-Perez and Pecha, 2015]. For this reason, larger sugars
remain in the liquid phase and turn into char or smaller undesired products and are not
observed under atmospheric pressure pyrolysis conditions.

During slow pyrolysis of cellulose, instead of depolymerization, the dehydration
reactions dominate, thus formation of levoglucosan is much more limited. LGA is typically
observed in fast pyrolysis or at slow pyrolysis under vacuum. Additionally, high yields of
LGA mostly consist of small particle sizes and with rapid cooling of the vapors [Anca-
Couce, 2016; Dong et al., 2013].
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Figure 29. One of few proposed mechanisms of LGA formation — free radical mechanism [Dong et al.,
2013]
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In the free-radical mechanism, the formation of levoglucosan during cellulose
pyrolysis is proceded by the decomposition of cellulose chain into anydroglucose radical
units. After that, anydroglucose radicals can be transferred into levoglucosan. The formation
of free-radical is considered to be caused by cleavage of a cellulose chain by breaking f3-
(1,4)-glycosidic bonds into two equal molecules [Bai and Brown, 2013; Dong et al., 2013].

The Piskorz model involves a competition between low temperature char formation
reaction (R4) and a rapid depolymerization of cellulose to active cellulose (R1) in the initial
stage. At the later stage, the competitions exists between formation of intermediates like
hydroxyacetaldehyde due to ring fragmentation (R2) and depolymerization by
transglycosylation to obtain mainly lecoglucosan and other sugars (R3) [Garcia-Perez and
Pecha, 2015].

Banyasz et al. later modified and completed the Piskorz model, including
additionally char and permanent gases. In this scheme, intermediate products are generated
in reaction R2 and Iquid LGA is produced in reaction R3. The intermediated decompose
rapidy hydroxyacetaldehy in competition with the production of formaldehyde and CO.
Liquid LGA from R3 evaporates and undergoes char-forming reactions leading to
production of CO, and obviously char [Dong et al., 2013; Saka et al., 2016]. The interesting
fact is that CO and CO; in this model come from two different pathways. Furthermore, the
activation energies of reactions R2 and R3 are known and calculations estimated that
activation energy of ring fragmentation (R2) is higher so transgylcosylation is favored in
lower temperatures [Anca-Couce, 2016].

As opposed to other models, Varhegyi and Antal reported that anhydrosugars are not
secondary products, but primary products [Garcia-Perez and Pecha, 2015]. According to
Varhegyi-Antal model, during decomposition of cellulose, primary together with secondary
reactions of pyrolytic vapors are the source of produced char. Therefore, char is both
primary and secondary product like it was also presented in Banyasz model. The formation
of char depends mostly on residence time of tar in char-forming environment, because as it
was mentioned before, after LGA vaporizes, it undergoes charring if it cannot diffuse out of
the sample matrix [Anca-Couce, 2016; Broadbelt et al., 2016]. Fast removal of primary char

is a general requirement as it acts as a catalyst for crachink primary organic vapors to for
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secondary char, water, and gas, leading to lower bio-oil yields. Thereat, increase of mass
transfer prevents char production [Broadbelt et al., 2016; Pareek et al., 2013].

Despite the fact that above models were created quite long time ago, most of their
fundamental are believed to be valid and are often referred in the literatures. However, there
are still few controversies about some details of these schemes, such as the role of active
cellulose, the importance of secondary reactions, the optimal method to determine Kinetics,
and the activation energies for production of volatiles and tar [Anca-Couce, 2016].

Although a broad knowledge has been acquired about cellulose pyrolysis, the exact
mechanism is still unknown. In recent years, several papers concerning same survey have
been published, which have brought more insights. The current understanding of pyrolysis

of cellulose is presented in figure 30.
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) — Char, gas,
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sylation (R3) other sugars Transport out of the matrix;
| Char, gas, Secondary reactions:
R4 (?) water -charring: char,PAH, H,0, CO,

-cracking: LMWC, CO, H,

Figure 30. Cellulose pyrolysis scheme summarizing information available in the literature [Anca-Couce,
2016].

According to that scheme, after depolymerization (reaction R1) and formation of active
cellulose as an intermediate liquid compound, there is a competition between fragmentation
(R2) and transglycosylation (R3). The main products of fragmentation and
transglycosylation are low molecular weight compounds (LMWC) and LGA, respectively.
It is assumed that transglycosyltaion leads to formation of some cavities in the cellulose
matrix, which are filled up mainly by LGA forming liquid tar with high boiling point. This
disrupted macromolecule partially consists of LGA-end and non-reducing chain end. These
moieties take a part in converted reactions and form LGA. Heterolytic reactions leading
LMWC formation are favored in higher temperatures and can be favored by the catalytic

effect of inorganic compounds [Anca-Couce, 2016; Evans et al., 2016].
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Primary pyrolysis products further undergo secondary reactions outside the
cellulosic matrix or in the condensed phase. According to figure 30. char is both primary
and secondary product however its production through reaction R4 is still highly
questionable. The reaction pathways of char-forming reaction R5 are yet to be discovered.
For now, charring is associated with the production of H,O, CO, and polyaromatic
hydrocarbons (PAH) [Anca-Couce, 2016]. As in previous models, secondary reactions are
more likely to occur at lower temperatures and with increasing residence times of volatiles,
pressure and amount of inorganic impurities. The reaction R6 which is cracking of the
volatiles can occur both inside and outside of the cellulosic matrix. The mains products of
cracking are LMWC, hydrogen and CO, wherein production of carbon oxide is more
substantial in higher temperatures, above 500 °C [Broadbelt et al., 2016; Dai et al., 2017]

Most of the fundamentals regarding cellulose pyrolysis are also valid for
hemicellulose. The exception is that the competition occurs between the formation of
fragmentation products and sugars (but for example xyloses for xylan, instead of
levoglucosan) [Anca-Couce, 2016]. Hemicellulose is understood to convert to different
activated forms of hemicellulose according to fixed stoichiometry. The first activated
hemicellulose species is either converted to light hydrocarbons, gases, and char or to xylose.
The second form is converted to vapors, gases, and char [Nachenius et al., 2013; Peng and
Wu, 2010].

Hemicellulose undergoes degradation reactions at similary temperatures as
amorphous cellulose does (250-300 °C). It was found products from decomposition of
hemicellulose includes acetic acid, formic acid, acetol, furfural, 1-hydroxy-2-propanone,
CO, CO;, and H,0 [Peng and Wu, 2010]. As it was pointed out before, hemicellulose is
similar to cellulose in that is it made up of sugars. Pentoses and hexoses in hemicellulose
have different pyrolytic behaviors. It is considered that unlike pentoses (main component of
hardwoods), hexoses (main component of softwood) tend to produce hydroxymethylfurfural
[Anca-Couce, 2016].

Pyrolysis of lignin occurs over a broad temperature range and is often classified into
several stages that in general are divided into low-temperature reactions range (160-300 °C)

and high-temperature reactions range (300-600 °C). After lignin softening at 160-190 °C,
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dehydration occurs at around 200 °C and from 150 to 300 °C there is a cleavage of a- and -
aryl-alkylether linkages. With the start of high-temperature stage at around 300 °C, cleavage
of aliphatic side chains occurs and cleavage of C — C linkages at 370-400 °C. The cleavage
methoxy groups that are present in soft- and hardwood takes place at different temperatures
which are 340 and 310 °C, respectively [Babler et al., 2015; Garcia-Perez and Pecha, 2015;
Hu et al., 2017].

Monomers (phenolics),
—p  oligomers, char, gas,
light condensables

Pyrolytic | Secondary
lignin Reactions (R3)

P Liquid
R1—p» . ., —
Lz intermediate R2

Gas, light condensables
and char (possibly not)

Figure 31. Mechanism of pyrolysis of lignin [Garcia-Perez et al., 2014].

Like in case of cellulose and hemicellulose pyrolysis, when large molecules are not
able to evaporate under temperature and pressure conditions, a liquid intermediate forms
during pyrolysis of ligin and persists. It thermally ejects lignin oligomers which can further
crack to form lignin monomers during secondary reactions taking place at vapor phase. A
liquid lignin remains heated at a wide temperature range, which eventually cross-links and
forms char. At higher temperatures, due to cross-linking and polycondensing of lignin in
liquid intermediate phase, a polyaromatic carbonaceous solid is formed. The side reactions
of this process release methanol and formaldehyde [Broadbelt et al., 2016; Dai et al., 2017].

Generally, lignin pyrolysis produces phenolics, water vapor, carbonyls, alcohols,
and permanent gases like CO, CO,, and methane. Phenolics are the most characteristic
group of volatiles that are produced from lignin pyrolysis. Methanol and methane are also
distinctive of this process, and their formation is the result of methoxy group cleavage
[Garcia-Perez and Pecha, 2015]. In hardwoods, there is an extra methoxy group in syringyl
units that lead to less charring than in softwoods [Ding et al., 2016]. Methoxy groups
decompose into small molecular radicals, which further stabilize the large-molecule
fragments produced during lignin pyrolysis and prevent their polymerization to char. For

this reason, lignin with higher methoxy group contents produces less char during pyrolysis
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process. Furthermore, the catalyzing effect of presence of inorganic species is similar to that
of cellulose and hemicellulose [Anca-Couce, 2016; Evans et al., 2016].

During primary pyrolysis mainly pyrolytic lignin is produced. It comes along with
permanent gases and light condensable species, such as water, alcohols, and carbonyls. Char
is also included as primary product. However it is believed that as for cellulose, char is
mainly or exclusively a secondary product. Secondary reactions may take place inside the
matrix or in the gas phase when volatiles leave it. Pyrolytic lignin as the major reactant
produces phenolic oligomers, phenolic monomers, char, gases, and light condensable
species at this stage. Generally, during these secondary reactions the molecular weight is
reduced, but oligomers can also arise from re-oligomerisation. Typically, the degree of
oligomerisation increases with the decrease of residence time [Anca-Couce, 2016; Bhaskar
and Dhyani, 2017; Garcia-Perez and Pecha, 2015].

Biomass devolatilization kinetic modeling and evaluation

Typically, there are two main mathematical approaches that are used for the analysis
of biomass devolatization/pyrolysis in order to obtain the kinetics data: model-fitting
(model-based) and isoconversional (model-free) methods. Model-fitting methods can be
classified as one-component or multi-component according to how the initial biomass is
considered (e.g., specific type of biomass or by its components) and if the reaction
mechanism is lumped or detailed depending on how the products are defined (by lumped
products like gas, char and tar or by species in each lumped product) [Babler et al., 2015;
Cai et al., 2017].

Kinetic models are generalizable to a wider range of biomass in which the overall
decomposition is the weighted sum of the individual decomposition of cellulose,
hemicellulose, and lignin. Hence, a combination of the individual mechanism of these
components is used. The multi-component mechanism is suitable for a wide range of
biomassas long as the biomass is properly characterized. Determination and quantification
of each of main biomass component is crucialfor multi-component mechanism to study

decomposition behavior of biomass [Li et al., 2016].
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Criado et al. (2013) concluded that model-fitting methods should be employed
cautiously, because it might be possible they cannot exactly describe a real biomass
decompositon process. However, this uncertainty in estimation caused by model-fitting
methods is less likely to happen in the use of isoconversional methods.

In the first step, model-based methods require assumption of a reaction model. The
appropriate reaction model is selected on the basis of the quality of the regression fit. In
case of biomass, the most commonly employed method to fit experimental data (from TGA)
and evaluate the Arrhenius parameters is the nonlinear least squares fitting. Typically, first
and n-th order reaction model are selected [Biernacki et al., 2016; Li et al., 2016].

On the other hand, isoconversional methods can be used to calculate Kinetic
parameters during conversion without model-based assumptions. In these methods the
activation energies are calculated at fixed conversions, taking advantage of the fact that the
reaction rate depends exclusively on the reaction temperature. There are many
isoconversional kinetic evalution methods including [Anca-Couce, 2016; Cai et al., 2017]:

» Friedman differential method (FR),

Ozawa-Flynn-Wall linear integral method (OFW),
Kissinger-Akahira-Sunose linear integral method (KAS),
The Vyazovkin nonlinear integral method (NL),

YV V V V

The advanced Vyazovkin nonlinear integral method (ANL),
» Cai-Chen iterative linear integral method.

Each method has both advantages and disadvantages. For instance, FR method can gives
accurate results, but it is limited to the use of TGA data obtaind from experiments by using
linear heating rate. Additionally, the use of FR method requires derivative conversion data,
which are typically numerically unstable and noise sensitive. The advantage of OFW
method is also linearity like in case of FR and additionally the fact that an oversimplified
temperature integral approximation is used in the derivation. On the other hand, OFW
method was derived with the assumption of constant activation energy from the beginning
of the reaction to the conversion degree of interest and may lead to significant errors. The
pros and cons of KAS method are same as for OFW. Unlike FR method, the NL method is

not limited to the use of the linear variation of the heating rate and is free of temperature

68



integral approximations. NL method has same drawbacks as KAS and OFW and
additionally it is nonlinear. ANL method does not lead to obtaining errors of activation
energies like in case of OFW, KAS, and NL however it is also nonlinear like NL. The main
advantage of ANL is the fact that the results obtained from this method are very close to the
true values. It is also free of integral temperature approximations. The advantages Cai-Chen
method are its linearity and accuracy of results as for ANL method [Anca-Couce, 2016;
Criado et al., 2013; Li et al., 2016; Li et al., 2017].

In general, the rate of thermally stimulated processes can be parameterized in term of
temperature (T) and conversion degree (o) as follows [Fan et al., 2017; Mishra and
Mohanty, 2018]:

da

— = f(@k(T) 1)

dat
where f(a) is the reaction model which depends of the reaction mechanism and k(T) is the

rate constant which depends on the temperature.

The conversion degree defined by masses of sample at specific time is expressed by:

_ Me—m¢
=T (2)

Where mo, m;, and m¢ are the sample masses at the beginning, at a given time t, and at the

end of TG analysis.

For sample decomposition, the rate constant k(T) is usually expressed with the Arrhenius

dependence:

k(T) = Ae~E/RT 3)

where A is the pre-exponential factor, E is the activation energy and R is the gas constant.
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Including the Arrhenius expression in the Eq (1), the general expression for a single step

kinetic equation can be defined by the following Eq. (4):

2 = Af(a)e F/RT )
Friedman method is based on the equation obtained by taking the logarithm in Eq.
(1) and assuming that the term of Af (@) as a function of a, as shown as [Font and Garrido,

2018; Jong et al., 2009]:
In(52) = In(Af (@) - — (5)

Hence Af(a) will be constant at a fixed conversion degree for runs performed at different
heating rates. By measuring the temperature and the reaction rate (da/dt) at fixed
conversion degree for all experiments performed at different heating rates, the activation
energy can be calculated from the slope of In(da/dt) vs 1/T whereas pre-exponential
factor is obtained from the intercept of In(Af (@)).

FR method does not employ any mathematical approximation as in the case of
integral methods and it can be considered as much accurate as the integral ones. On the
other hand, these methods are sensitive to calibration of the thermal analysis equipment
leading to significant inaccuracy in the reaction rate. However, Friedman method can be
applied to data from TG experiments under different conditions, including isothermal
heating, dynamic heating, and stepwise linear heating, etc., with the only requirement —
values of In(do/dt),; must be correctly determined [Anca-Couce, 2016; Font and Garrido,
2018].

Ozawa-Flynn-Wall method uses Doyle’s approximation for temperature integration
[Cai et al., 2017; Cepeliogullar et al., 2016]:

A E
g(a) = 50.00484 exp (-1.0522) (6)
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where B is the heating rate.

By taking the natural logarithm and rearrangement of Eq. (6), following Eq. (7) is obtained:

AFE
Rg(a)

In(g) = 1n( ) ~5331-1.052— (7)

The plot between In(B) vs 1/T at different heating rates provides parallel line for

conversion value of 0 to 1, and each and every conversion yield corresponds to E from

0.457E

slope — -

KAS method does not require the knowledge of the exact thermal degradation
mechanism. It is based on the approximation of Coats-Redfern method as displayed in Eqg.
(8) [Lai Fui Chin et al., 2016]; Reshmi et al., 2016]:

A RT? (

p(a') = E Texp _RE_T) (8)

The KAS equation (9) can be defined by taking the natural logarithm and rearrangement of
Eqg. (8):

n(13) = (i) ~ 7 ©)

As for OFW method, the regression line of in (8/T?) vs 1/T based on the same conversion

at different temperature heating rates, provide the activation energy obtained from the slope.

Vyazovkin method, which is also an integral isoconversional method, is based on
minimization of the function shown in Eq. (10) by using approximation of Senum-Yang
[Khayati and Shahcheraghi, 2014; VVyazovkin, 2006].
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I(E,T)B;

O(E) = Ty Do s (10)
I(E,T) = fTT:_M exp (— :Ta) dT (11)

Where B; and B; represent different heating rates; T, and T,_,, are the reaction
temperatures corresponding to o and a-Aa, respectively. Due to great calculation accuracy
and comprehensive applicability for different heating programs, the advanced
isoconversional method developed by Vyazovkin is adopted to analyze the non-isothermal
reactions. Specifically, it is applicable to a non-isothermal kinetic process with a series of
linear heating. The advanced Vyazovkin method allows for the activation energy to be
accurately calculated, however its computational complexity is high, because it involves
nonlinear optimization calculations [Ozsin and Putun, 2017].

The Cai-Chen method offers two major advantages and allows for avoidance of
some problems occurring in above popular methods. Firstly, the integrations in Cai-Chen
method are performed over small conversion and temperature segments. It allows for
eliminating the systematic errors occurring in the conventional linear integral
isoconversional methods when the activation energy varies significantly with the
conversion. Secondly, as other linear methods it allows for faster determination as
compared to Vyazovkin nonlinear method [Cai et al., 2014].

This method is based on the integration of the basic kinetic equation:

E  pa

g(a,a —da) = [¢ L& Mﬂ“ exp (— a_7> dT (12)

a-daf@) B Ta-sa RT

where the subscript @« — Aa/2 denotes the values related to constant extent of conversion.

Rearranging Eq. (12) yields:

72



Aa—A—aR Ea—A—a
In a =1In 2 = (13)
x2eXa E sad(a,a—Aa) RT,
“—h(xa—Aa)> a-—

TZ( h(xgy)—

where
_ ¥ 14
Xg = (14)
E  pAa
= LAT 15
Xa—da = RT g—par ( )
h(x) = x%e* fxoo%xdx (16)

For series of non-isothermal experiments, i=1, 2, 3, n, Eq. (13) transforms into:

/ \ A, _4aR @ Aa
In £ =In 2 — 2 a7
x2 X E  ped(a,a-Aa) RTq,;
Taii<h(xa,i)_th(xa—Aa,i)) 7z

X i
e a—Aa,i
a-Aa,i®

The activation energy in this method is obtained from the slope of the plot of the left hand
side Eq. (17) vs —(RTa, i)~ 1. The left hand side of the equation is calculated from the last

iterative calculation value of E,_ ¢ 7.

Isoconversional methods are not commonly employed for biomass pyrolysis
however their popularity has recently increased. Differential isoconversional methods are
very sensitive to noises, thus integral methods are generally applied more often.

The complexity of biomass pyrolysis has led to development of more complex
models than the previously mentioned ones, with one reaction and single activation energy
for cellulose, hemicellulose and lignin separately. One of these models is the distributed

activation energy model (DAEM). DAEM was firstly applied for coal and later adapted for
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biomass. Their principle is based on the assumption that during the decomposition of
biomass, the first order of reaction and several irreversible parallel reactions are associated
with different activation energy varying with different bond strength species [Anca-Couce,
2016; Li et al., 2016]. DAEM is a powerful tool for understanding and expanding pyrolysis
kinetics of several materials. Moreover, it is in good agreement with experimental data,

especially at low heating rates [Blanco-Cano et al., 2014; Ceylan and Kazan, 2015].

According to Vand (the creator of DAEM), at a given temperature, change in total volatiles

can be written as:

v oo t _E
1-7=J e (-4 J, e7wrdt) [ EdE (18)

where V' represents effective volatile content and V; represents the amount of volatile
content at time t, A is a pre-exponential factor, and [ E represents distribution curve of
activation energy. Simplified method of DAEM model regarding Arrhenius equation is
given as [Garcia-Hernando et al., 2018]:

In(£) = () + 06075 - — (19)

T2 E

From Eqg. (19), the plot between In (%) vs 1/T gives straight line equation. E /R provides

slope of the equation. However, In (%) provides intercept value while value of 0.6075 is

kept constant for simplicity.

Effect of pyrolysis parameters on the process performance

The thermo-chemical decomposition of biomass is dependent on various process

parameters such as feedstock type and share of their constituents, operating conditions and
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physic-chemical properties of biomass, which affect the conversion time and pyrolysis rate

with product distribution and quality.
Effect of biomass constituents

The proportions of cellulose, hemicellulose and lignin with other components such
as minerals and extractives (generally polymers and smaller organic molecules) are
different depending on the biomass type. These proportions influence mainly the product
distribution in pyrolysis. Pyrolysis of each constituent features unique reaction pathways
and thermochemical characteristics, and produces different products [Abnisa et al, 2018;
Ganesan et al., 2016].

In the pyrolysis process, the main biomass components contribute to product yields
as follows: cellulose and hemicellulose form volatile pyrolysis products, while lignin
generally produces charred residues. It has been found that the yield of gaseous products is
larger for the biomass with higher cellulose content,. More biochar forms from the biomass
with higher content of cellulose and lignin. Lignin content of the biomass has more
dominant role then other two compounds in terms of char formation from the biomass
pyrolysis. Generation of the char from lignin is the result of fracturing of relatively weak
bonds and the consequent formation of more condensed solid structure [Ganesan et al.,
2016; Pareek et al., 2015]. Different contents of lignin associated with various species of
biomass result in different rates of degradation. Additionally, it was found that deciduous
lignin is less stable than coniferous lignin and the latter produces larger char [Brebu and
Vasile, 2010].

Minerals, particularly the alkali metals (especially potassium, calcium and sodium)
generally contribute to char production and have catalytic effect on pyrolysis reactions
leading to increased char yields depending on other conditions. Extractives which refer to
non-structural materials that can be extracted by solvents behave more like cellulose and
hemicellulose, forming liquid and gas products either through simple devolatilization and
decomposition [Abnisa et al, 2018; Evans et al., 2015].

Biomass always contains some amount of water or moisture content, which can exist

either as free liquid water, water vapor or as chemically bound water (adsorbed within the
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pores of biomass). Generally, it is well known fact that water content reduces the heating
value of processed biomass. It was also observed that the higher moisture biomass leads to
less amount of char residue. This was proved by conducting the pyrolysis of wood with 5
and 20 % moisture content and the result was respective with different heating rates [Biswas
et al., 2014]. Xiong et al. (2013) conducted the pyrolysis of sewage sludge and observed
that increase in water content decreases the char yield. Low moisture content is advisable
for char production using pyrolysis making the overall process more economically viable by
saving time and increasing the heating value of final product. Biomass can have up to 60 %
of water content, while biomass with more than 30 % moisture is not suitable for pyrolysis.
For this reason, is it recommended to reduce the water content by, e.g. air drying, sun

drying or mechanical drying.
Effect of temperature and heating rate

To certain extent, heating rate can change the nature and composition of the final
products. Low heating rate reduces the possibility of secondary pyrolysis reactions and
ensure that no thermal cracking of biomass takes place resulting in more biochar yield. On
the other hand, high heating rates backs the fragmentation of biomass and favors production
of gases and liquid, thus limiting the possibility of formation of the biochar. Evans et al.
(2016) observed a rapid increase in liquid yield for pyrolysis of cottonseed cake when
elevating the heating rate from 5 “C/min to 300 *C/min, but with no significant changes with
further increase to 700 °C/min. The similar results were also obtained for sawdust by
increasing heating rate from 500 “C/min to 700 °C/min however no obvious change in bio-
oil yields was detected when further increasing the heating rate to 1000 “C/min [Abedi et
al., 2009]. Aysu and Kucuk, and Angin and Sensoz observed the decrease of biochar yield
on the pyrolysis of ferula and safflower, respectively on increasing the heating rate from 30
°C/min to 50 °C/min.

The temperature also has significant impact on products yield and their properties.
Generally, higher temperatures result into lower char yield in pyrolysis reactions. The
reason for that is the fact that at temperatures, more volatile material is stripped from the
char as this condition allows the thermal cracking of heavy hydrocarbon materials. Atreya et
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al. (2009) reported the decrease of char yield from 31 % to 17 % on increase of the
temperature from 365 °C to 603 °C. The temperature also affects the biochar composition.
Generally, chars produced at higher temperatures have higher carbon contents. Liquid
yields tend to increase with the increase of pyrolysis temperature up to a maximum value,
which for biomass is usually 400-550 °C, depending on other operating conditions.
Typically, above these temperatures liquid yields are reduced, because of secondary
reactions that cause vapor decomposition becoming more dominant. Although there are
many literatures available with the study of effect of temperature on biochar yield, it is
difficult to find the suitable temperature for biochar production, because the optimized
temperature for its high yield strongly depends on nature, composition, type of biomass, and

other conditions.

Effect of particle size

Particle size is the factor that controls heat and mass transfer during conversion
biomass. The larger the particle’s size the longer the distance between the surface of the one
biomass particle and its core, which decreases the heat and mass transfer from the hot
surface to colder inner region of the particle Additionally, with the increase of the particle
size, the vapor formed during the thermal cracking of biomass covers more distance through
the char layer which causes more secondary reactions resulting in higher char yield. Garcia-
Perez et al. (2009) investigating the effect of particle size of Australian oil mallee woody
biomass from 0.81 to 5.6 mm at 500 °C observed that increase from 0.3 to 1.5 mm has
considerably decreased the bio-oil quantity. Many researchers stated that particles of size
bigger than 2 mm may be responsible for increasing the probability of secondary pyrolysis
reactions. Abedi et al. (2010) showed an increase in biochar yield from 11.85 % to 23.28 %
on increasing the particle size from 0.25 to 0.475 mm by pyrolysing the wheat straw and
interestingly with no significant increase of the biochar yield was noticed within the particle
size range between 0.475 and 1.35 mm. On the other hand, Angin et al. (2000) observed the
effect of biomass particle size of 0.224-0.425, 0.425-0.6, 0.6-0.85, and 0.85-1.8 mm and the
result showed that the highest liquid yield was obtained for the latter. According to Hisham
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et al. (2012), particle size of approximately 2 mm is necessary to produce significantly

higher liquid yield.
Effect of residence time

The residence time of volatiles depends on gas flow rate through the reactor, which
affects the contact time between primary vapors and hot char, and thus affects the severity
of secondary reactions and also volatile product properties. Increase of the vapor residence
time facilitates the repolymerization of the biomass constituents by giving them sufficient
time to react. Hence the yield of biochar is reduced when the residence time of volatiles in
the reactor and char matrix is shorter [Abnisa et al, 2018; Pareek et al., 2015]. The residence
time does not only affect the biochar yield, but the quality and characteristics of biochar by
promoting the development of macro- and micro- pores. Typically, the longer residence
time favors formation of char with larger pores and surface area. Additionally the increase
of biochar yield affected by prolongated residence time is observed for pyrolysis at high
temperature, whereas at low temperature the increase in residence time reduces the biochar
yield. It is considered that the effect of residence time is often dominated by other
parameters like temperature, heating rate, etc., which makes the role of residence time on
the production of biochar a little uncertain [Aysu and Kuzuk, 2014; Angin and Sensoz].
Choi et al. (2011) reported only slight increase in the char yield on increasing the residence

time during the fast pyrolysis of poplar wood.

Effect of pressure

Generally, yield of biochar has been found to be increased when the pyrolysis is
completed under the influence of pressure higher than ambient pressure. Due to pressure
increase, specific volume of volatiles decreases causing higher intra-particle residence time
which favors their decomposition while escaping the biomass particle. This also leads to
higher partial pressure (concentration) of volatiles, thus increasing the decomposition
reaction rate of secondary reactions. High pressure also influences the carbon content in the
biochar. Typically, the content of carbon in biochar rises when the biomass is pyrolyzed
under the high pressure. This leads to formation of biochar with higher energy density. This
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effect is useful in maximizing the carbon sequestration potential of biochars [Aysu and
Kuzuk, 2014; Evans et al., 2015; Ganesan et al., 2016].

Experimental procedure

Materials

The samples that were used in this study were representatives of softwoods and
hardwoods: spruce and birch. The spruce and birchwere harvested in South Norway from a
spruce forest (Latitude 59°38'N, Longitude 09°09'E) and a birch forest (Latitude 59°55'N,
Longitude 10°89'E). The harvested spruce and birch trees were first debarked and the stem
wood parts were chipped. Both spruce and birch wood chipes were dried at 105 °C for 24
hours and and then milled into particles with size smaller than 1 mm.

The powder samples produced after milling were sieved by a vibrating sieving
machine (Fritsch Analysette 3 Pro) with the following mesh sizes: 1 mm, 0.5 mm, 0.3 mm,
0.2 mm, 0.1 mm and 0.063 mm and divided into two groups of particle sizes 0.063-0.1 mm
and 0.2-0.3 mm.

The proximate analysis of the chosen samples was studied by using a
thermogravimetric analyzer Mettler Toledo TGA 851e The general fuel properties of two

wood samples are listed in the Table 4.

Table 3. The results of proximate analysis of tested samples.

Sample Moisture [%] | Volatile (ar) [%] | Volatile (d) [%] | Ash (ar) [%6] Ash (d) [%0]
Spruce 1.55 85.81 85.58 0.74 0.76

Birch 1.27 88.35 88.20 0.71 0.72

TGA procedure

The devolatilization behaviours of two wood samples were studied by using a
thermogravimetric analyzer Mettler Toledo TGA 851e. Before each experiment, 5 mg

sample was loaded in a TGA crucible and spread on the bottom. Then the crucible was
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loaded into the TGA and purged with high purity nitrogen (99.999%) for flushing away the
residual air in the furnace. The volume flow of nitrogen was 60 ml/min for performed
experiments.
Thermogravimetric analysis was performed in the temperature range from 30 to

600°C and consisted of four steps:

1. sample stabilization at 30 °C for 30 minutes,

2. heating from 30 to 105 °C with heating rate 5 K/min,

3. drying at 105 °C for 30 minutes,

4. devolatilization from 105 to 600 °C with three different heating rates: 5, 20

and 50 K/min.
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Figure 32. Experimental methodology of performed TGA.

Results and discussion
TGA

Blank tests

During TGA experiments, heating and other parameters affects not only sample
itself, but also the properties of purging gas and crucible. even with an empty crucible,
weight changes will be recorded due to for example buoyancy effect of purging gas as a

result of temperature increase. Hence, before an experiment with sample loaded, it is
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necessary to run one experiment with an empty crucible and obtainblank curve. The blank
curve with further subtracted from runs with sample loaded. After subtraction of blank
curve, the recorded mass loss from one experiment are those associated to decomposition of
one sample at elevated temperature. Figure 33. shows TGA curves obtained from blank

curve runs under different temperature programs.
0,24
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Figure 33. Blank curves obtained from experiments with different heating rate 5 K/min, 20 K/min and
50 K/min

The increase of weight is mainly due to decrease of the density of surrounding gas with
increase of the temperature. The buoyancy effect from the gas is the upward force on the
crucible. Once the density of gas decreases this upward force decreases. Due to that, the
crucible appears to gain weight.

Apart from that, there are also other factors affecting the measurement curve and that are
not directly caused by the sample, such as fluctuation of the purge gas flow rate, sudden
mass deviations arising from intensive release of volatile part of the sample, etc. These
effects may negatively affect the results of experiments and it can be minimized by running
a blank test. This allows to record buoyancy effect and other deviations that are present

during the experiment and to subtract them from the final data obtained from the
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experiments ran with sample. Majority of modern instruments do this automatically

however in some cases it needs to be done manually.

As it is shown in the figure 33., more significant weight deviation was recorded from the
higher heating rates experiments at the temperature increases from 105 to 600 -C. During an
experiment, the TGA furnace is heated up and the heat transfer to purging gas through
conduction and radiation . As the temperature increases from the initial low temperature
(105 -C as shown in Figure 34) to a higher temperature (155 -C as shown in Figure 34), the
higher heating rate will cause more intensive heat transfer and change of gas density as
well. For this reason, the recorded weight deviatings become more evident. On the other
hand, as the temperature in the furnace is over than a certain value, the the radiation
becomes the primary route for heat transfer and gas properties change slightly. Thus only

smaller mass changes observed at higher temperatures.

In order to check the repeatability of experiments, three blank tests were conducted using

the same crucible. The results are shown in the figure 34.
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Figure 34. Comparison of blank curves from three repeating experiments
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The difference between these tests are quite small and is about 0.01 pg.

For the current work, the crucibles made from alumina with same size and dimension were
used. There is slight difference of them in terms of weight. Figure 36 shows two blank
curves obtained from two new and clean crucibles under same heating program. It can be
see the two curves overlap well and only very small differences of measured weight can be

observed as the temperature over 500 °C. figure 35.
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Figure 35. The result of blank tests for the same heating rate using same two different crucibles.

The thermobalance is very sensitive and even the smallest disturbances that occur near TGA
instrument can affect the result. However, it would be more reasonable to say that
deviations that can be observed in figure 34. and figure 35. are the result of the
instrument’s accuracy rather than disturbances or slight dissimilarity of characteristics of

two crucibles.
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General decomposition hehaviours of spruce and birch wood sample

In figures below, it can be seen that three regions are evident which correspond to
water evaporation, active and passive pyrolysis. The first region from ambient temperature
to 105 °C is related to extraction of moisture and adsorbed water in the sample. For
comparison purpose, the sample weight recorded at the end of drying stage at 105 °C is
considered as initial value for calculating weight loss and further data procesising and

kinetic evalution.
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Figure 36. TG and DTG curves of both samples within temperature range 30 - 600 °C.
The passive pyrolysis region occurs from the end temperature of passive pyrolysis region to
600 °C where continuous slight devolatilization takes place. It is considered that reactions
associated with lignin decomposition are the most prominent in this region [Bhaskar et al.,
2015].

In the active pyrolysis region, one peak and one shoulder can be observed from each

DTG curve. In general, the main peak of DTG profile corresponds to cellulose degradation
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and the shoulder at lower temperature corresponds to the decomposition and hemicelluloses

and lignin, which covers a wider temperature range.

Effect of particle size

The effect of particle size on decomposition behavior of spruce and birch was

The sample particles in the size range of of 0.2-0.3 mm and 0.063-0.1 mm
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parison of TG and DTG curves of pyrolysis of birch wood samples at three different
heating rates.

igure 37. shows devolatilization of spruce wood sample under different heating
es. Decomposition of sample with the smaller particles is faster compared to sample with
large particle. In addition, char yield of small particle samples are lower than those
obtained from larger particle samples. It is partially caused by better heat and mass transfer
of small particle samples. Also, it is observed that DTG peaks are higher for bigger particles
which mean that the decomposition is more rapid in this case.

Figure 38. shows devolatilization behavior of studied birch wood sample Although
the beginning of devolatilization proceeds similarly as for spruce, it can be observed that in
case of birch the smaller particles lead to lower biochar yield. This phenomenon can be
more easily seen on figure 39.

In figure 38., for the heating rate 50 K/min, the DTG curve follow different pattern,
as the mass loss rate in the cellulose decomposition stage is slightly higher for smaller

particles. For the same heating rate value, it can be seen that devolatilization of smaller
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particles occurs much earlier as compared to 5 and 20 K/min, which may lead to the
statement that the higher the heating rate, the bigger the impact of particle size on the

pyrolysis process. Similar effect can be observed in figure 38. in case of spruce.
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Figure 39. The comparison of zoomed TG curves of pyrolysis of spruce and birch samples at three
different heating rates.

Effect of biomass type

One can clearly notice in figure 39. that hardwood (birch) tend to yield less char
residue as it was expected. This might be due to presence of additional methoxy group in
syringyl units as compared to softwoods which limits charring reactions [Ding et al., 2016].
Figures 40., 41. and 42. present comparison of TG and DTG curves of spruce and birch at
certain heating rates. For DTG curves obtained from birch samples the three heating rates,

shoulder corresponding to decomposition of hemicellulose is more evident as compared to
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those from spruce sample. For the spruce sample, there might be overlap of DTG peaks

relatee~ta_decompositien of cellulose and hemicellulose [Anca-Couce, 2016].
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Figure 40. The comparison of TG and DTG curves of pyrolysis of spruce and birch samples atNagatims

rate 5 K/min.

From TG, it can be seen that samples of hardwood tend to start the decomposition process

at lower temperatures. The reason for that might be the difference in content and ratio of

main constituents between spruce and birch.
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Figure 41. The comparison of TG and DTG curves of pyrolysis of spruce and birch samples at heating
rate 20 K/min.

DTG curves show that the growth of maximum speed of devolatilization with the growth of
heating rate is greater for spruce than for birch. As the heating rate rises, the difference

seems to be more pronounced.
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Figure 42. The comparison of TG and DTG curves of pyrolysis of spruce and birch samples at heating
rate 50 K/min.

Effect of heating rate

The main pyrolysis process proceeds in different ranges depending on type of the
sample and on heating rate:
Spruce:
» 105-360 °C for heating rate 5 K/min,
» 105-385 °C for heating rate 20 K/min,
» 105-400 °C for heating rate 50 K/min.

» 105-360 °C for heating rate 5 K/min,
» 105-390 °C for heating rate 20 K/min,
» 105-420 °C for heating rate 50 K/min.
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Figures 43-46. present the effect of heating rate separately for spruce and birch. The
heating rate is one of the most critical factors affecting devolatization behavior of biomass
sample. All four figures show more or less the same pattern. From the DTG curves it can be
noticed that as the heating rate was increased, the rate of decomposition shifted to a higher
magnitude. Also with the increase of heating rate, the DTG peak tends to relocate towards
higher temperatures and it can be observed that at higher heating rates the overlapping of
hemicellulose and cellulose peaks is favored. TG curves show that higher heating rates
delays the start of devolatilization. The reason for above phenomena is that the minimum
heat required for the cracking of particles is reached later at higher temperature since the
heat transfer at rapid heating is less effective as compared to slow heating rates.
Additionally, at low rate of heating, a high instantaneous thermal energy is ensure in the
system and the purging gas can take an extra time to reach equilibrium with the furnace
temperature. In this case, an increased heating rate corresponds to a shortened reaction time
and, hence, to a higher temperature of sample decomposition [Islamova and
Khamatgalimoc, 2017].

Except for birch sample of particle size between 0.2 and 0.3, other samples do not
comply with the rule that with the increase of heating rate the yield of residue (ash) also has
to increase. Typically, pyrolysis of such material should be more moderate with slower
heating rate. The intensity of the pyrolysis reaction and the volatiles production rate should
increase with the increase of heating rate. Probably for such small particles the difference in

heating rates is too small in this case. Nonetheless, a different effect was expected.
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Figure 43. The TG and DTG curves of spruce samples of size 0.2 - 0.3 mm obtained from three different
heating rates.
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Figure 44. The TG and DTG curves of spruce samples of size 0.063 - 0.1 mm obtained from three
different heating rates.
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Figure 45. The TG and DTG curves of birch samples of size 0.2 - 0.3 mm obtained from three different
heating rates.

——TG 5 K/min 0.063-0.1 mm
——TG 20 K/min 0.063-0.1 mm

TG 50 K/min 0.063-0.1 mm

[%/min]

——DTG 5 K/min 0.063-0.1 mm
—— DTG 20 K/min 0.063-0.1 mm

DTG 50 K/min 0.063-0.1

Mass loss [%]
(92
(0]

°© ”‘Dgi"ﬂiﬁ"&“{lﬁig@ lgsss &

100 150 200 250 300 350 400 450 500 550 600
Temperature [°C]

Figure 46. The TG and DTG curves of birch samples of size 0.063 - 0.1 mm obtained from three
different heating rates.
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Kinetic evaluation

The results obtained during the TGA measurements allow to estimate the kinetic
parameters using the Coats-Redfern method. In this method (for n = 1), the following

equation is used:

in(42) = (£ (1 -21)) - £ 20

Since the term % « 1, then it can be omitted. After simplification, equation 20. can

be givec in the form:

in (=52) = n (55) - &7 @

The activation energy E and the pre-exponential factor A were determined from the

-n(1-a)
TZ

curve In — £ (2) in the range of temperatures from 150 to 600 °C. Experimental
T g p p

data were fitted by a linear least square refinement as the slope and the exponential of the y-
axis intercept are proportional to E and A, respectively. The reaction order was assumed to

be equal to 1. The results were tabulated and are as follows:

Table 4. Kinetic parameters of spruce pyrolysis calculated using Coats-Redfern method.

Spruce
Heating rate ) )
[K/min] E [kJ/mol] A[1/s] InA particle size [mm]

57.07 36.45 3.60 0.2-0.3

> 53.48 18.97 2.94 0.063-0.1
63.08 380.90 5.94 0.2-0.3

20 58.93 182.25 521 0.063-0.1
66.76 1688.94 7.43 0.2-0.3

>0 60.44 567.31 6.34 0.063-0.1
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Table 5. Kinetic parameters of birch pyrolysis calculated using Coats-Redfern method.

Birch
Heating rate
E [kd/mol] A [1/5] InA particle size [mm]
[K/min]

53.31 20.77 3.03 0.2-0.3

° 50.03 10.80 2.38 0.063-0.1
62.58 412.52 6.02 0.2-0.3

20 58.31 189.17 5.24 0.063-0.1
65.04 1431.47 7.27 0.2-0.3

>0 58.08 412.33 6.02 0.063-0.1

The obtained values are within the range that has been reported for similar biomass samples
(table 6.). The difference in activation energies and pre-exponential factors between spruce
and birch are not so significant. It can be noticed, that in this case, there two major factors
that affect the values. which are particle size and heating rate. With the increase of heating
rate and/or particle size, the activation energies also increase. This is associated with less
effective heat transfer as it was mentioned before. The values of activation energies as well
as pre-exponential factors seem to be higher in case of spruce as compared to birch. The
reason for this phenomenon could be the presence more developed network of bonds (for
example hydrogen bonds) in spruce samples than in birch samples that requires more
energy to be broken. Also, spruce wood and birch wood represent two different types of
wood that differ in ratios and types of cellulose, hemicellulose and lignin, and each of them
require different amount of energy to react. So the fluctuation of the activation energies can
be attributed to the different reactions, namely the reactions of these three major
components in the sample. The other reason however least likely, could be the difference in

water content as it can be seen in table 3.
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Table 6. Survey of TGA study on devolatilization of woody biomass

model Ea [kJ/mol] In (A) [1/5] Reference
FOW 165.18 31.74
Beech wood Ding et al.. 2016
KAS 163.25 11.54
hardwood OFW 158.58 32.01
Poplar wood K 153.92 28.39 Bartocci et al.. 2012
KAS 157.27 30.46
Balsa wood K 104.20 17.53 Jacquemin et al.. 2014
Spruce trunk 131.83 19.09
Pine trunk 98.00 11.16
EIPR Brillard et al.. 2016
Spruce bark 79.33 8.37
Pine bark 84.83 9.70
softwood NL 145.70
KAS 145.24
Pine - Alves et al.. 2018
FR 155.46
FOW 147.84
Pine wood DAEM 170.04 30.54 Chen etal.. 2015
sawdust
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Conclusions

The following conclusions can be drawn from this study:

» Thermal decomposition of biomass samples occurred within temperature range of
170-510 °C of which a significant mass loss occurred in the temperature range of
230-420 °C. Beyond 510 °C, there was only a slight change in mass loss.

» Mass loss rate increased with increase in heating rate with the highest mass loss rate
occurring at temperature range of 345-385 °C.

» With the increase of heating rate, the difference of DTG curves of same species
differing in particle size seems to become more visible, so the impact of particle size
increases with the increase of heating rate.

> Efficiency of heat transportation and values of kinetic parameters strongly depend

on particle size and heating rate.
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