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Abstract

Biomass is the only renewable carbon source that can compete with fossil energy
sources in terms of production of materials, chemicals and fuels. Biomass can be
transformed into charcoal, liquid and gas through pyrolysis, i.e. pure thermal de-
composition. By changing the pyrolysis conditions either solid, liquid or gaseous
fractions can become the main product and pyrolysis is thus a very versatile pro-
cess. Pyrolysis is also the first step in combustion and gasification, two important
thermal processes in our society. The importance of biomass pyrolysis has led to
extensive research in this area but due to the complexity of the process there is still
no general understanding of how to describe biomass pyrolysis, which is essen-
tial in order to optimize thermal processes. The research presented in this thesis
thus aims at finding a simple yet accurate way to model the decomposition rate of
biomass during pyrolysis.

Thermogravimetric analysis, a well known method that is simple to use, was cho-
sen to collect the experimental data used for kinetic evaluation. The reaction kinet-
ics were derived using two different model-free, isoconversional methods, i.e. the
non-linear form of the Friedman method and the incremental, integral method of
Vyazovkin. By using these two methods and experimental data, complete reaction
rate expressions could be derived for commercial cellulose, Norway spruce and
seven different samples originating from kraft cooking, the most common pro-
cess to produce pulp for the paper industry. The derivation of model-free rate
expressions have never been performed before for these materials and since the
rate expressions are model-free, no assumptions or knowledge about the pyroly-
sis reactions were required. This is a great advantage compared to the commonly
used model-fitting methods that rely on information about these aspects. All the
rate expressions were successful in predicting mass-loss rates at extrapolated py-
rolysis conditions. This is a clear indication of the soundness of the methodology
presented in this thesis.

Keywords: Pyrolysis, biomass, kinetics, cellulose, spruce, black-liquor, model-
free, isoconversional, prediction



Sammanfattning

Biomassa dr den enda fornybara kolkéllan som kan konkurrera med fossila ener-
gikillor nér det géller produktion av material, kemikalier och brinslen. Biomassa
kan omvandlas till biokol, bioolja och gas med hjilp av pyrolys, dvs termisk ned-
brytning. Genom att variera de processforhillanden som rader under pyrolysen
kan man fa antingen fast, flytande eller gasfasiga &mnen som huvudprodukt, na-
got som gor pyrolys vildigt flexibelt. Utover detta &r pyrolys dven betydelsefull
vid forbrénning och forgasning, tva viktiga processer i dagens samhille. Vikten av
biomassapyrolys har resulterat i omfattande forskning inom omradet men pga bio-
massas komplexa natur rader det dnnu ingen enighet gillande hur biomassapyrolys
bor modelleras. Detta forsvarar utveckling och optimering av termiska processes
matade med biomassa. Forskningen som presenteras i denna avhandling fokuserar
saledes pa att finna en enkel men noggrann metod for att beskriva hastigheten med
vilken biomassa bryts ned under pyrolys.

Termogravimetrisk analys, en vanligt forekommande metod som ir enkel att an-
vinda, valdes for att samla in experimentell data som kan anvéndas for att under-
soka hastigheten for termisk nedbrytning, dvs kinetiken. Tva olika metoder som pa
engelska gar under bendmningen “model-free” och “isoconversional” har anvints,
nimligen den icke-linjidra formen av Friedmans metod och den stegvisa, integrala
metoden som utvecklats av Vyazovkin. Genom att anvinda dessa tva metoder och
experimentell data kunde kompletta reaktionshastighetsuttryck tas fram for kom-
mersiell cellulosa, gran och sju olika material framstillda genom sulfatprocessen,
den idag vanligast forekommande pappersmassaprocessen. Pyrolyskinetiken for
dessa material har aldrig tidigare analyserats med dessa tva metoder och fordelar-
na med metoderna gjorde det mojligt att bestimma hastighetsuttryck utan nagon
kunskap om de pagaende reaktionerna. Detta dr en viktig férdel jamfort med andra
metoder som idr beroende av sadan information. Alla framtagna reaktionshatig-
hetsuttryck kunde anvéndas for att framgéngsrikt forutsdga minskningen av massa
vid extrapolerade pyrolysforhallanden. Detta ér en tydlig indikation pa att metoden
anvind i denna avhandling fungerar vil.

Nyckelord: Pyrolys, biomassa, kinetik, cellulosa, gran, svartlut, model-free, isocon-
versional, forutsdgelse
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Chapter 1

Introduction

1.1 Motivation
Bedtime story year 2050

Once upon a time there was a society that used fossil fuels to create almost ev-
erything they needed. From coal, oil and natural gas they could produce heat and
electricity, plastics, medicines and even fabrics. On top of that, pretty much their
whole transportation fleet was relying on fossil fuels. The discovery of fossil fuels
had made the society wealthy and industrialized but soon the first problems be-
came evident. Forests and lakes were suffering from acid rain, and smog appeared
over the cities. Conflicts arose around the world between countries fighting for the
valuable resources. The weather on the planet started to change, and when whole
societies disappeared into the oceans people started to worry about the future for
real. Something had to be done to limit the damage, and fast. Researchers all
over the world started to look for renewable alternatives to minimize the use of the
ever so convenient fossil fuels. With wind, water and sun, the societies could get
renewable electricity and hydrogen. This was definitely valuable but how about
all the rest? How about all the hydrocarbo... Eureka, the answer is biomass! This
is the only renewable alternative to all the products manufactured from fossil en-
ergy sources. By fermenting biomass, biogas for electricity, heat and fuel can be
produced and by thermochemical conversion biomass can be converted into bio-
coal, synthesis gas and bio-oil. With this idea, the societies abandoned the fossil
resources and focused on using the renewable carbon-sources everywhere around
them. It was a tough balance between food and fuel production but with algae they
could make use of non-arable land and salt water instead of fresh water. This time
they used their resources in a sustainable manner and lived happily ever after.
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Although greatly simplified, this short story explains the motivation for this thesis,
i.e. the importance to study thermochemical conversion of biomass. We are all
aware of the greenhouse effect resulting mainly from carbon dioxide, water vapor
and methane as a result of our daily life here on earth. By using biomass instead
of fossil energy sources the build-up of carbon dioxide in the atmosphere can be
decreased. The decrease of the carbon dioxide build-up rate is possible since the
time scale to go from carbon dioxide to biomass is very short compared to the
time it takes to create fossil fuels. The carbon dioxide released during combustion
of biomass can quickly be removed from the atmosphere due to growth of new
biomass.

Simply switching from using coal, oil and natural gas to using biomass is for eco-
nomic, legislative and technical reasons difficult. Biomass is any renewable hydro-
carbon such as straw, wood, algae, compost, fish bones, manure, sewage sludge,
paper, slaughter waste, nut shells etc.[1, 2]. Biomass is thus a very diverse group of
materials, all having different physical and chemical properties. In 2007 the share
of energy from biomass (wood, agricultural sources and municipal solid waste) in
the world was 10 %. Based on the available biomass and technology, this share is
estimated to have the potential to increase to 25-30 %, taking into account sustain-
able biomass production[3]. The research in this thesis focuses on lignocellulosic
biomass, i.e. biomass from plants. Using wood as an example and comparing it
to coal will illustrate some of the problems related to the use of biomass in con-
ventional thermochemical technology developed for fossil fuels. A majority (more
than 95 %) of all commercial burners and gasifiers are powder fed[4]. Since wood
is a hard, fibrous material it is very energy intensive to grind it into fine particles, a
fact that severely limits the application of biomass in today’s technology. Coal on
the other hand is brittle and easy to mill. Secondly, wood contains up to 45 wt%
water which has to be removed before combustion or reduced to 10-15 wt% be-
fore gasification[5]. Coal, being a hydrophobic material, has much lower moisture
levels (10-15 wt%)[6]. The hydrophilic nature of wood also prevents easy storage
outdoors. Wood adsorbs moisture and it is prone to biological degradation from
bacteria and fungi. Coal has none of these problems[6]. Thirdly, due to the bulky
nature of stems and branches, and the high water content, wood is expensive to
transport. The energy density of wood is 2-3 GJ/m? while the corresponding value
for coal is 18-23 GJ/m?, based on the lower heating value[6].

Thermochemical conversion can transform biomass into a solid biocoal, a gas or
a liquid[1]. Usually all three phases are produced simultaneously but in varying
proportions. All thermochemical processes are initiated with a pyrolysis step[7, 8].
During pyrolysis the biomass is thermally decomposed in the absence of an oxida-
tion agent like oxygen. Depending on the process conditions the main product can
be solid, liquid or gas and pyrolysis can thus be very versatile in terms of product
distributions. During combustion on the other hand, the biomass is oxidized in an
atmosphere having an excess of oxygen. All carbon and hydrogen atoms in the
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biomass are oxidized to carbon dioxide and water and after complete conversion
only ash is left as a solid residue. In addition to these two processes there is gasi-
fication, in which biomass is decomposed under sub-stoichiometric oxidant con-
ditions. Steam, oxygen or air are usually used as oxidation media and the desired
product is hydrogen and carbon monoxide, so called synthesis gas. This synthe-
sis gas can be upgraded to a variety of organic molecules such as pharmaceutical
drugs, diesel fuel and plastics[9].

Returning to the issues related to the use of biomass as a feedstock for commercial
coal applications, one solution to the feeding, storage and transportation issues
is torrefaction. The temperatures associated with this low temperature pyrolysis
process are usually between 473 and 623 K[10]. Except for the fact that heating is
performed in an inert atmosphere no established definition of torrefaction seems to
exist. Reports from ECN (Energy research Centre of the Netherlands)[11, 12] state
that, in addition to the already mentioned criteria on temperature and atmosphere,
torrefaction is characterized by low heating rates (< 50 K/min), atmospheric pres-
sure and relatively long residence times (around 1 h). Torrefaction transforms
biomass into a solid with improved grinding and feeding properties[12—-14], makes
it hydrophobic[15, 16], resistant to biological degradation[6] and increases the spe-
cific energy density up to six times compared to that for raw biomass[6, 11, 14, 17].
Additionally, since the process temperature for torrefaction is low, waste heat from
other processes might be used and the energy efficiencies in such industries would
thus be improved[18]. After an increase in the research activities on torrefaction,
in 2015 the first commercial plants were finally operating[19].

Some gasification and combustion technologies can use coarse biomass particles
such as pellets and chips, which avoid the expenses of milling biomass. Exam-
ples of such technologies are fixed or moving bed gasifiers and fluidized bed
gasifiers[5]. The aim of gasification is to produce a synthesis gas but unfortunately,
biomass gasification also gives tar. Tar, usually defined as volatile hydrocarbons
that condense at room temperature[7, 20], is detrimental to the gasification system
since it leads to clogging of pipes and other downstream problems[1, 21]. Addi-
tionally it reduces the yield of synthesis gas since some of the biomass is used to
produce tars[1]. A way to minimize the tar issues is to use staged gasification[22—
24]. By performing pyrolysis in a preceding reactor the tars evolved during py-
rolysis can be separated from the process stream before performing gasification in
the following stage. Gasification of biochar gives less tar[23—25] and additionally,
the pyrolysis vapors can be burned to add heat to the process in an efficient way.

1.1.1 Model-fitting and model-free isoconversional methods

The importance of pyrolysis, both as a process on its own, e.g. torrefaction, and
as a part of gasification and combustion, has led to extensive research in this
area[8]: Especially the kinetics of the pyrolysis process has been given a lot of
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attention[26]. In order to optimize pyrolysis processes a process model describing
the transport phenomena and the reaction rate is required. The reaction kinetics
of biomass is usually studied by thermogravimetric analysis (TGA)[27, 28], an
experimental technique giving mass-loss data as a function of time and tempera-
ture. The kinetic models derived from such data can be used to describe the overall
conversion (mass-loss) and, if the vapors are condensed, the product distribution
between volatiles (tar) and gas. The methods used when deriving kinetic parame-
ters from experimental thermal analysis data can be categorized into model-fitting
and model-free methods.

In model-fitting methods a reaction scheme, e.g. Wood — Gas + Char, is selected
and for each step in this scheme a reaction model, also called conversion func-
tion, describing the influence of conversion on the reaction rate, is assumed. The
unknown parameters in the resulting system of equations are found from experi-
mental data using regression. The parameters giving the best fit are chosen, giving
these methods the name model-fitting. The name refers to the need to choose a re-
action model for each step in the reaction scheme but it could also be refered to as
“reaction scheme fitting”. If experimental data from several temperature programs
are used then the model-fitting methods can give parameters applicable for predic-
tion at extrapolated conditions[29-32]. This is not different from model-free meth-
ods. Indeed, it has been shown that kinetic parameters derived from single temper-
ature program data is not reliable and should be avoided[31]. Due to simultaneous
derivation of several parameters the model-fitting methods give rise to correlated
parameters that are not unique solutions to the minimization problem[30]. Addi-
tionally, the model-fitting methods are dependent on detailed information about
the process chemistry in order to choose a suitable reaction scheme and conver-
sion functions[30, 31]. If an erroneous conversion function is chosen the derived
kinetic parameters will be erroneous. Some of the mathematically more compli-
cated model-fitting methods are the distributed activation energy models (DAEM),
modeling a reaction step as an infinite number of parallel reactions, each with its
own apparent activation energy[33, 34]. The frequency factor is usually the same
for all of the reactions[26]. This method has been found successful for complex
materials[27, 31, 35, 36] but it has also been criticized for introducing an unnec-
essary number of reactions[26]. It is also not trivial to know what value to choose
for the frequency factor and a reaction scheme is still needed.

The problem with uniqueness of the derived kinetic parameters and the difficulties
in choosing a reaction scheme and conversion functions were partly solved by the
introduction of model-free methods[27]. In these methods, the apparent activation
energy can be determined independent of conversion function and the frequency
factor, giving a unique apparent activation energy. The term model-free refers to
this fact, i.e. that no conversion function is needed. In the so-called isoconver-
sional model-free methods, this is possible by making the assumption, referred to
as the isoconversional principle, that at a certain conversion the reaction rate is
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only a function of temperature. This enables separation of the conversion func-
tion and the temperature function in the reaction rate expression (see Eq. (2.1)
on page 17) which results in apparent activation energies valid at a certain con-
version. In other words, the apparent activation energy is derived as a function of
conversion, explaining the name isoconversional. The isoconversional principle
comes with a limitation since the biomass pyrolysis process is assumed to follow
a reaction scheme consisting of several reactions in series. The applicability of the
isoconversional principle must be validated and this is most easily done by using a
Friedman plot, i.e. for a range of conversion values, &, the natural logarithm of the
conversion rate, do;/dt, is plotted as a function of the inverse of temperature. This
is done for a minimum of three different temperature programs and if the relation-
ship is linear for a certain conversion then the isoconversional principle holds at
that conversion[37]. The isoconversional principle has been shown to be valid for a
range of different processes such as e.g., thermal degradation of polymers, curing,
dehydration and crystallization[38] as well as for oxidation of crude-oil[37, 39]
and pyrolysis of calcium carbonate[40].

Another advantage (in addition to the derivation of a unique value of the activation
energy, independent of conversion functions) of isoconversional analysis, com-
pared to model-fitting methods, is that, due to the availability of the activation en-
ergy as a function of conversion, these methods can be used to predict conversion
as a function of time based solely on the derived apparent activation energy. The
so called kinetic triplet (i.e. the conversion function, apparent activation energy
and frequency factor) does not need to be determined explicitly. Unfortunately, it
is quite rare that the derived apparent activation energy is used in this way, at least
in the field of biomass pyrolysis. The success of a prediction is a good indication
of the soundness of the derived kinetic parameters. Except for the mentioned ad-
vantages with isoconversional analysis there are also some disadvantages. Since
the apparent activation energy is derived as a function of conversion, the experi-
mental data needs to have high resolution and the definition of conversion needs to
be applicable to to the whole dataset[30]. The importance to define the conversion
in a consistent way can be understood easily if we understand the isoconversional
principle: at one and the same conversion, the same reaction is rate limiting and
the kinetic parameters are only a function of temperature. Performing pyrolysis
experiments on wood at different temperatures give varying final yields of solid
residue as a function of temperature and the definition of conversion as “100 %
conversion at the end of the process” can thus not be used. Another drawback with
isoconversional methods is that the derived reaction rate expression can only be
used to describe processes with the same underlying reaction mechanism. This
limits the applicability of these methods since, as discussed in Section 2.2.1.1 on
page 11, pyrolysis product ratios are strongly dependent on the reaction condi-
tions. Such relationships between process conditions and product yields can be
included in reaction schemes in model-fitting methods but not for isoconversional
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methods[30].

1.1.2 Problem statement

Pyrolysis of biomass has mainly been modeled using global reaction schemes[41,
42]. In these methods, wood is usually described as one[43] or three components[44]
decomposing individually into the lumped products char (biocoal, biochar), gas
and tar (bio-oil). As explained, if data from several different temperature programs
is used, model-fitting methods can give kinetic parameters that are successful in
predicting pyrolysis conversions[29-32], but the success of model-fitting relies
upon a proper choice of a reaction scheme and conversion functions for each step
in the mechanism. Reaction schemes applying distributed activation energy mod-
els (DAEM) to describe the reaction rates for each step is also commonly used for
biomass[33, 34]. Despite the importance of finding kinetic models for biomass
pyrolysis, so far there is no consensus on how to model the kinetics of lignocel-
lulosic biomass pyrolysis[27, 34, 41, 42, 45]. Already in 1970 Roberts [46] dis-
cussed the significant spread in the kinetic parameters derived for woody biomass
pyrolysis, and the spread is still considerable in recent studies[42]. The same is
true for pyrolysis of cellulose: the derived kinetic parameters reported in literature
are widely scattered[47]. Even though cellulose is chemically much less complex
than biomass, the literature suggests many different reaction schemes and conver-
sion functions to describe cellulose pyrolysis[41, 47, 48]. Although there is still no
complete understanding of the kinetics of cellulose pyrolysis, recent mechanistic
modeling results have confirmed many of the experimental findings in literature,
increasing the understanding of cellulose pyrolysis on a mechanistic level[49]. A
reason for the spread in the values for the kinetic parameters, at least for biomass,
could be due to actual differences in the reaction kinetics for the studied samples,
resulting from differences in sample composition or experimental conditions. The
spread could also result from the use of different reaction schemes and reaction
models, a hypothesis that is strengthened by the scattered results achieved for the
more homogeneous cellulose.

The scattered kinetic data is not only present in the field of biomass kinetics and as
a response to this fact the Kinetics Committee of the International Confederation
for Thermal Analysis and Calorimetry (ICTAC) recently (2011) published recom-
mendations on how to estimate thermal decomposition kinetics of solids[31]. One
of their recommendations is to use isoconversional methods to derive the appar-
ent activation energy as a function of conversion. As mentioned, isoconversional
methods are not dependent on information about the ongoing processes, hence an
understanding of the processes that take place can be obtained without any hypoth-
esis of the reaction mechanism and reaction model(s). This is an important feature
that facilitates kinetic analysis of complex materials like biomass, since the same
protocol can be used for different samples.
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The importance of biomass pyrolysis for our future society, the advantages of iso-
conversional analysis[31] and the fact that there is still no consensus in how to
model biomass pyrolysis kinetics, clearly motivates the work presented in this the-
sis.

1.2 Aim and scope

The overall aim of the present thesis was to find a simple way to model and predict
the pyrolysis rate of biomass. The research has been performed with an engineer-
ing perspective, which means that the ability to model the studied process is the
aim. The method should be simple to use to allow for industry or other interested
stakeholders to include it as part of their process control routine. Additionally the
data for the model should be easy to collect. With these requirements in mind
we used isoconversional methods to derive biomass pyrolysis kinetics from TGA-
data. More precisely, we investigated the possibility to derive isoconversional re-
action rate expressions for pyrolysis of microcrystalline cellulose, spruce powder,
pulp and black liquor precipitates from kraft cooking of spruce. Furthermore, the
predictive capabilities of the rate expressions were investigated. As said, the exper-
imental data used for deriving the rate expression came from TGA, a commercial,
widely distributed analysis method that is easy to use.

The microcrystalline cellulose was chosen since it is a commercially available ma-
terial that has been extensively studied in the literature using mainly model-fitting
methods. There is thus a lot of available literature data to which our results can
be compared. Since the end of 1990’s there has been an increase in isoconver-
sional studies on cellulose pyrolysis kinetics[50-56], but in these studies only the
apparent activation energy is obtained in a strictly model-free manner. The ki-
netic triplet (i.e. the frequency factor, activation energy and conversion function)
has been completed through a combination of model-fitting and isocoversional
methods. In paper 1, we applied two different isoconversional methods to this
substrate in order to i) compare the reliability of the two methods, ii) investigate
if cellulose pyrolysis follows the isoconversional principle, iii) extend the isocon-
versional methodologies to enable derivation of a complete reaction rate expres-
sion (without model-fitting) and iv) properly test the derived rate expression at
extrapolated conditions. To the best of our knowledge, prior to our cellulose study,
there were no other biomass pyrolysis studies that had derived a complete rate
expression isoconversionally and tested the predictability at extrapolated condi-
tions. Strictly model-free rate expressions have been used before (and in some
cases for prediction) to describe combustion of pyrolysis char from pine[57], NiS
recrystallization[58], pyrolysis of calcium carbonate[40] and the self-accelerating
decomposition temperatures of explosives[59].

In paper 2, the developed methodology was applied to Norway spruce, the major
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wood species grown in Sweden[60]. The aim with this study was to obtain a rate
expression for biomass pyrolysis that can be used to model industrial processes.
At the same time we could test the developed methodology on a material that is
more complex than cellulose. The reliability of the derived rate expressions were
properly checked at extrapolated conditions.

Wood is a relatively expensive source of energy since it is also needed e.g. as
a construction material and as feedstock for the paper industry. Except for the
feeding, storage and transportation issues, wood is a good fuel with low ash con-
tent. Wood is also a good candidate for research since it is relatively homoge-
neous compared to waste materials like straw and branches. As a feedstock for
the biofuel industry though, it is more logical to use waste sources of biomass,
like demolition wood, agricultural waste or industrial waste streams. In paper 3,
we thus studied the applicability of isoconversional analysis to model the pyrol-
ysis of black-liquor precipitates as well as wood pulps. Today the black-liquor
streams in kraft pulp plants are combusted to regenerate cooking chemicals and
supply the mill with electricity and heat[61]. Since modern, heat integrated kraft
pulp mills are net producers of heat[62-64], some of the organic matter in the
black liquor might instead be extracted and converted to high-value renewable
products. For example, hemicellulose can be used to produce sugars[65] or plas-
tic films and coatings[66] while lignin could be pyrolyzed to produce functional
char materials[67] or be depolymerized to produce aromatic building blocks for
the chemical industry[68]. Also, lignin could be recovered in form of a powder
suitable for thermal applications[69]. The aim in paper 3 was to investigate the
potential to create char from both pulps and black liquor precipitates and derive
the rate expressions necessary to model such conversion processes.

As we learned, milling of wood is expensive and for many thermal applications,
e.g. torrefaction, wood chips are used[6]. In the fourth paper we investigated to
what extent the rate expression derived from spruce powder at low heating rate
conditions could be used to predict the conversion rate for wood chips at high
heating rate conditions, mimicking the sudden feeding of chips into a preheated
reactor.

Outside the scope of this thesis lie the determination and modeling of reaction
heats, gas and vapor species formed as well as the modeling of heat and mass
transfer phenomena, shrinkage and fragmentation of the fuel. No product analysis
was performed.



Chapter 2

Biomass pyrolysis

This chapter presents background information provided with the intention of help-
ing the reader to understand the results in this thesis.

2.1 Woody lignocellulosic biomass

The word biomass includes all organic materials that due to their production rate
can be regarded as renewable[1, 2]. The biomass samples studied in this thesis
are so called lignocellulosic biomass, i.e. biomass from the plant kingdom[2].
The word lignocellulose is easy to understand knowing that plant based biomass is
mainly composed of cellulose, hemicellulose and lignin[1]. Cellulose and hemi-
cellulose are polysaccharides, i.e. polymers consisting of sugar monomers. To-
gether with starch and pectic substances they constitute the carbohydrate part of
biomass[70]. Cellulose is a crystalline non-branched polymer of glucose while
hemicellulose is a branched polymer that in softwoods consists mainly of galac-
toglucomannan (galactose, glucose and mannose) and arabinoglucuronoxylan (ara-
binose, glucose and xylose)[65]. The third main component in wood is lignin.
Lignin is not a carbohydrate but a complex aromatic network built up of mainly
coniferyl alcohol, together with sinapyl alcohol and p-coumaryl alcohol[67, 70].
Cellulose, hemicellulose and lignin together constitute about 90 % of the dry solid
mass of wood, the remaining 10 wt% consisting of ash (usually below 1 wt%) and
extractives[70, 71].

Norway spruce (Picea abies) wood is one of the materials studied in this thesis.
Spruce is a so called softwood, a gymnosperm, in contrast to hardwoods that
belong to the group angiosperms[70]. Some differences between softwoods and
hardwoods are differences in the cells that the wood consists of and differences in
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the macromolecules and their relative amounts[70]. For example, softwoods con-
tain approximately 40 wt% cellulose, 30 wt% hemicellulose and 30 wt% lignin
while for hardwoods the corresponding general composition is 45, 25 and 30 wt%
(ash, moisture and extractive free basis)[65, 70]. A comprehensive review of the
organic and inorganic phase composition of biomass is given in[72].

2.2 Pyrolysis processes

In this thesis, the word pyrolysis is used to describe the thermal decomposition in
the absence of an oxidation agent, i.e. in an inert atmosphere. The term pyrolysis
is sometimes also used to describe thermal degradation at the specific conditions
suitable to produce bio-o0il[71, 73].

The different chemical nature of the three main components of wood, i.e. hemi-
cellulose, cellulose and lignin, result in different thermal properties for the com-
ponents and for the composite biomass. In general, at low heating rates the de-
composition temperatures for hemicellulose, cellulose and lignin are 493-598 K,
598-648 K and 523-773 K, respectively[41, 43]. Wider ranges have also been
reported[74, 75] and the ranges may vary depending on the origin of the biomass
and the chemical structure of the components. The thermal decomposition range
will be a function of the heterogeneity of the molecules in the sample and as such,
cellulose usually has the most narrow decomposition range, followed by hemicel-
lulose and lignin[8].

2.2.1 Chemistry of biomass pyrolysis

During pyrolysis of wood, three product groups are achieved, i.e. gas, volatiles
and char. The product distribution from biomass pyrolysis is strongly influenced
by process parameters like heating rate, temperature and pressure but also factors
like sample size and ash content[41, 76]. Examples of gases are carbon dioxide,
carbon monoxide and methane[41, 43]. In some literature, these species are de-
noted as volatiles[43, 77] but that is not the nomenclature used in this thesis. The
term volatiles is in this thesis used to denote the tars and other species that are
condensible at room temperature. Tars can be classified as primary, secondary
and tertiary[7, 41, 78], depending on the temperature range in which they are
formed. Examples of primary tars, also called oxygenates, are acids, ketones,
phenols and furans[21, 78]. Primary tars are formed at temperatures up to 673-773
K while secondary and tertiary tars are formed at about 773-1123 K and 1123-
1223 K, respectively[41, 78]. Secondary tars are e.g. phenols, while tertiary tars
are e.g., PAH, polyaromatic hydrocarbons[21, 78]. In some literature only or-
ganic molecules with high boiling points are considered as tars since these pose
the biggest problems during gas cleaning downstream of gasification[79]. Another
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classification is to divide the volatile species into non-polar, high molecular weight
organic species, called bio-oil or tar, and species soluble in water[80]. The term
bio-oil is sometimes used to denote all condensibles, even water soluble species
like acids[20, 81]. The water that evolves due to drying and as a reaction prod-
uct is not classified as a tar. A good overview of volatile species evolved during
pyrolysis of biomass is given by Anca-Couce [77].

Char is the solid fraction resulting from pyrolysis at temperatures above ca. 573
K[25]. Char consists of mostly carbon but it may also include ash[20, 80]. The
term fixed carbon sometimes used in this field refers to the amount of carbon, or
the combustible fraction in char. Due to the different chemistry of the three main
components in wood, the volatile fractions are mostly resulting from pyrolysis of
the carbohydrates (cellulose and hemicellulose) while char, being mainly carbon,
results from mainly lignin[43, 82]. However, such characterization is only quan-
titative and, as shown in paper 3 in this thesis, the amount of char formed during
pyrolysis is not a linear function of lignin content.

Pyrolysis of biomass is not well understood[73]. This is readily seen from the
complex influence of process parameters, sample composition and sample form
on the product ratio. In general, the pyrolysis pathways for cellulose and hemi-
cellulose (xylan) are similar[8, 43]. One of the first steps is the cleavage of glu-
cosidic bonds, i.e. the covalent ether-linkage between a carbohydrate and another
molecule (could be a carbohydrate). This process is called transglycosylation and
starts around 573 K[43]. This creates light tars such as levoglucosan and other
anhydro-sugars. If levoglucosan is prevented from further reactions this is the
main product from cellulose pyrolysis[73]. Furfural is one of the major compo-
nents from hemicellulose[8]. Meanwhile, dehydration and elimination reactions
are present, together with ring opening and fragmentation reactions[8]. The prod-
ucts formed during cellulose pyrolysis usually results from several of these mecha-
nisms. A good overview of the pyrolysis chemistry of cellulose is given by Emsley
and Stevens [83], Lin et al. [84] and Mamleev et al. [85]. The decomposition of
lignin differs from that of the carbohydrates: between 423 K and 573 K dehydra-
tion gives water and formaldehydes from oxygenated propyl chains, at 473 K ether
linkages can break giving phenolic compounds with alkyl chains while at temper-
atures above 573 K alkyl chains decompose to give phenolic compounds[8].

At temperatures above about 773 K secondary reactions of the formed volatiles are
initiated. These reactions are called secondary pyrolysis since the products from
the initial decomposition act as reactants[20]. Secondary reactions give rise to so
called secondary products.

2.2.1.1 Pyrolysis product ratios: fast, intermediate and slow pyrolysis

The ratios between char, volatiles and gas are influenced by process parameters and
sample properties. Examples of the most important process parameters are heating
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rate, pressure, gas residence time and temperature. Regarding sample properties,
important factors are sample size, sample composition, ash amount and moisture
amount. There is a lot of research regarding the product distribution (see [41] and
references therein) and there is consensus that high heating rates and low vapor
hold-up time in contact with the solid material give more liquids, while a high
vapor hold-up time in combination with low heating rates and high pressures favor
char formation[1, 20, 25, 86]. In general, low temperatures favor solid products,
medium temperatures favor vapors while at high temperatures mostly gases are
formed[20]. The strong influence of heating rate on the product distribution has
lead to the somewhat arbitrary classification of pyrolysis into slow (conventional,
carbonization), intermediate (or fast) and fast (or flash) pyrolysis[1, 71, 80].

2.3 Biomass pyrolysis kinetics

2.3.1 Thermogravimetric analysis (TGA)

The most commonly used experimental technique to study biomass pyrolysis ki-
netics is thermogravimetric analysis[27, 28]. Thermogravimetric analysis, referred
to as TGA in this work but also known as TG in some literature[28, 87], is a ther-
mal analysis (TA) technique used to study mass-change phenomena induced by
temperature changes. The temperature changes in the samples are achieved by
external heating or cooling, but it can also be the result of processes within the
sample. Since the method measures mass-change, TGA can only be used to study
thermal processes leading to a change in sample mass. Other thermally induced
processes such as melting and crystallization can not be studied using TGA but
are instead analyzed using DSC, differential scanning calorimetry. As the name
reveals, DSC measures the difference in heat flux to the sample compared to that
to a reference. This allows for determining reaction and phase transformation en-
thalpies.

Due to the limited information that can be gathered using TGA, i.e. mass as a
function of time and temperature, the technique is often combined with DSC in a
so called simultaneous thermal analyzer, STA. To further increase the information
that can be collected about a thermal event the evolved gases and/or vapors can be
analyzed using evolved-gas analysis (EGA)[27]. The term EGA is also used to de-
note thermally stimulated exchanged gas analysis[87] but that is not the meaning
of EGA used here. EGA can give either qualitative or quantitative information and
examples of EGA are mass-spectrometry (MS), Fourier-transform infrared (FTIR)
spectroscopy and gas chromatography (GC). In addition to TGA and DSC there
are also other thermal analysis methods. Examples of such are differential thermal
analysis (DTA), thermomechanical analysis (TMA), thermomanometric analysis,
thermoelectrical analysis (TEA), thermomagnetic analysis, thermooptical analysis



2.3. BIOMASS PYROLYSIS KINETICS 13

(TOA) and thermoacoustic analysis (TAA). To my knowledge, none of these meth-
ods are used for studying kinetics of thermal decomposition of biomass, and these
methods are thus not further discussed. An overview of thermal analysis methods
can be found in[87].

Before presenting some technical aspects of TGA, let’s illustrate what can be mea-
sured with TG-EGA. Calcium oxalate monohydrate is used as an example. Due to
its relatively simple mass-loss curve this chemical compound is commonly used as
a control substance in TGA[88-91]. Calcium oxalate monohydrate, CaC,04 - H,O
is a salt that during pyrolysis decompose in three successive reactions:

Dehydration: CaC,04-H,0(s) — CaCy04(s) +H20(g)
Decarbonylation: CaC;04(s) — CaCO3(s) +CO(g)
Decarbonation: CaCO3(s) — CaO(s) +CO;(g)

These three processes all give rise to mass-loss steps since for each step water
vapor, carbon monoxide and carbon dioxide, respectively are evolved from the
sample. Since the material is stable and does not adsorb water due to its already
hydrated form, it is convenient to use as a control substance to check the accuracy
of the balance and the attached gas analysis equipment. By carefully loading a
well defined sample mass in the TGA the theoretical mass loss for each step is
easily calculated. The mass-loss recorded during TGA can then be compared to
the theoretical value to get an estimation of the accuracy of the balance system. By
connecting a mass-spectrometer to the TGA the amount and type of evolved gas
for each step can be recorded. The time difference between the actual evolution of
the gas and the detection in the EGA can easily be established for the setup, which
will be useful when studying other, unknown processes. Even though the decom-
position of calcium oxalate monohydrate is easily illustrated by the three above
reactions, the actual thermogravimetric mass-loss curves can vary significantly as
a function of process conditions and experimental setup[92]. Since this is true for
this relatively simple system, we must be aware that the same can be true for other
systems studied with TGA. The influence of process parameters, sample charac-
teristics and gas flow configurations will be discussed in connection to biomass in
Section 2.3.2.

There are some concepts that are of importance when discussing TGA. A temper-
ature program describes the alterations in sample temperature. It is the term used
to denote the program made by the TGA operator but it can also be used to de-
scribe the temperature of the sample, caused by both the programmed temperature
schedule and/or reaction heat. If the temperature program consists of only heat-
ing rate segments (heating ramps), i.e. is non-isothermal, then the program can be
described as being dynamic[87]. Correspondingly, the term dynamic TGA exper-
iments is used to denote experiments with a linear heating rate from start to end
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of the run. Contrary to this, isothermal experiments apply a constant temperature
throughout the whole process. This mode of operation is very hard to achieve in
practice since, even though a sample is dropped down into an already hot furnace,
the sample has a finite heat capacity which prevents instantaneous heat-up[28]. In
literature, the term isothermal is often used incorrectly to describe so called quasi-
isothermal experiments. Quasi-isothermal experiments are experiments that for
the main part consist of an isothermal segment but which are initiated by a heating
ramp to reach the desired isotherm.

A key concept in studies of thermal decomposition kinetics is thermal lag. Ther-
mal lag means that the actual temperature of the sample is not following the desired
temperature program used in the TGA[27]. This will result in the mass-loss being
logged at a temperature not corresponding to the actual sample temperature, which
will give erroneous kinetic parameters. The deviation between the programmed
temperature and the actual sample temperature can be a result of the finite heat
capacity of the sample or a finite heat transfer rate, as well as self-heating or self-
cooling of the sample due to reaction heat or evaporation of evolved gases. Finally,
the buoyancy effect and the correction or blank run is sometimes mentioned. The
buoyancy effect give rise to mass changes due to changes in gas density as a func-
tion of temperature. All non-isothermal runs or other processes where the gas
atmosphere around the sample changes in density need to be corrected with a cor-
rection or blank run. Such a run is performed using the same temperature program
but without any sample. The resulting blank curve is then subtracted from the
experimental curve to give the mass-loss for the sample.

2.3.2 Collecting kinetic information of biomass pyrolysis using
TGA

The data available from TGA is the mass-change as a function of sample temper-
ature and time. In order to get data representing the kinetics of the sample decom-
position process, the process rate (mass-change per time) needs to be governed by
the rate of the ongoing chemical reactions. Other processes that may be governing
the rate are heat and mass transfer processes, as well as thermodynamic phenom-
ena such as equilibrium. The short compilation below tries to address important
aspects to take into account when conducting TGA experiments on biomass in or-
der to obtain reliable kinetic data. For more general, but detailed guidelines of how
to collect thermal analysis data for kinetic evaluation the reader is referred to the
paper by the Kinetics committee of ICTAC (International Committee of Thermal
Analysis and Calorimetry) published in 2014[28].
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2.3.2.1 Sample size and sample mass

The sample particle size and sample mass should be chosen to avoid thermal lag
and to obtain a representative sample composition. The sample size also influences
the presence of secondary reactions.

The heterogeneous nature of most biomass needs to be taken into account during
the planning of the experiments. To obtain representative kinetic parameters each
sample should be prepared so that the whole biomass composition is represented.
In the case of wood, this can be achieved by milling and mixing and by removing
heterogeneous parts like branches and bark. Milling will also decrease the particle
size, which can decrease intra-particle temperature gradients that otherwise can
occur. Extensive milling may result in a dense powder which may affect the pyrol-
ysis process due to trapping of evolved gas species (secondary pyrolysis). To test
if this effect is present several experiments with different sample layer thickness or
different sample crucibles and gas flow configurations and flow rates can be used.
If milling is not desired then the number of repetitions should be high to ensure
capturing representing kinetic properties.

The actual sample mass that can be used is usually dependent on the instrument
accuracy and maximum loads for the balance. The sample mass can also be lim-
ited by the size of available crucibles. In general, for kinetic investigations a lower
mass is preferred since this minimizes the thermal lag and the presence of sec-
ondary reactions (due to decreased hold-up time of vapors in the solid matrix).
Low mass will increase the signal to noise ratio and the difficulty to obtain homo-
geneous samples. Ideally, tests with different sample mass and heating rates are
performed to make sure that the chosen sample mass is not resulting in thermal lag
for the chosen heating rates. Additionally, one has to make sure that the balance
is calibrated and that the buoyancy effect is accounted for[28]. One final thing to
remember is that a smaller sample particle size will increase the surface to bulk
ratio. If the reactions at the surface are different to those in the bulk, this may be
of importance[27, 93].

2.3.2.2 Temperatures and heating rates

The aim with the kinetic studies performed in this thesis is to develop a reaction
rate expression that can be used to describe pyrolysis processes, preferably at in-
dustrially relevant conditions. The heating rate in some industrial applications can
be several hundreds of Kelvin per second[94]. In most commercial TGA the max-
imum heating rates achievable are much lower than this, partly as a result of large
thermal inertia in the furnaces used. The question to ask then is if the kinetics
determined in a TGA at lower heating rate conditions can be used to model the
high heating rate processes in industry. One thing that is important to remember
is that even though the heating rate is high on the surface of the particle the in-
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ternal heating rate is not necessarily high[94, 95], which suggests that, at least at
lower process temperatures, TGA may give relevant information. From a scientific
perspective, low heating rates are advantageous since they will decouple overlap-
ping mass-loss rate peaks which enables separate analysis of the sub-processes. A
lower heating rate will also decrease the thermal lag. If high heating rates are de-
sired then the sample mass needs to be low. Thermal lag between the furnace and
the sample thermocouple can be accounted for with temperature calibration as de-
scribed in e.g. [28]. The thermal lag inside the sample can not be accounted for by
calibration but instead needs to be avoided through the choice of sample mass and
crucible type, or, for macroscopic particles, measured by intra-particle thermocou-
ples. Comparing the temperature for which the maximum mass-loss is achieved
for different sample masses and heating rates provides a simple measure to assess
the thermal lag in the system. During kinetic analysis, systems with thermal lag,
resulting in a lower actual sample temperature than the measured temperature, will
give rise to apparent kinetic parameters that are lower than if thermal lag was not
present[85]. The opposite is true in cases where the sample temperature exceeds
that of the temperature program, e.g. during sample self-heating due to exothermal
reactions.

Essential for isoconversional methods but also very important for model-fitting
methods is that the experiments are performed with a minimum (preferably more)
of three different heating rates or temperature programs[31].

2.3.2.3 Gas atmosphere and flow rate

For simplicity, in kinetic studies of biomass pyrolysis the gas flow and atmosphere
is usually chosen to minimize the influence from secondary pyrolysis processes[28].
This should be tested by varying the gas flow rate and making sure that it does not
influence the mass-loss curve. No lid on the sample crucible is used in these cases
and a high gas flow rate is important. The gas flow configuration will also be an
important factor to vary. The gas should be inert, i.e. no oxidizing agent like
water or oxygen should be present. This is very important especially during long
runs and runs at high temperature, where even trace amounts of oxygen can lead
to detectable mass-loss[28]. The choice of inert gas will be a function of price,
availability, thermal conductivity and density. A higher thermal conductivity of
the gas will improve the heat transfer between the furnace and the sample, which
may decrease thermal lag.

2.3.2.4 How to assure high accuracy of the collected data

The accuracy of the collected data, i.e. how well the data reflects the rate of the
ongoing chemical processes will depend on the sample size, sample mass, tem-
perature program, gas flow rate and gas type. In addition to this it will depend
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on the quality of the temperature calibration, balance calibration, buoyancy effect
correction, cleanliness of the system and the crucibles, as well as on how good the
reproducibility in sample preparation and handling is. Additionally, all the hard
work done during calibration, cleaning and planning can go to waste if the TGA
is not placed in a vibrational free environment at constant atmospheric conditions.
All these factors are discussed in details in [28] and thus not further discussed here.
Two final things that may influence the data quality is the sampling rate and the
automatic smooting that exists in some commercial TGA softwares.

2.3.3 Thermal decomposition kinetics

The Kinetics Committee of ICTAC recently published recommendations on how
to estimate thermal decomposition kinetics of solid[31]. In addition to the impor-
tance of having high quality data they recommend i) using data from a minimum
of three different temperature programs, ii) using an isoconversional method to
derive the apparent activation energy as a function of conversion, iii) complete the
reaction rate expression and finally, iv) validate the derived rate expression with
experimental data not included in the derivation of the kinetic parameters. All
these recommendations have been followed in this thesis.

In thermal analysis, processes initiated by a change in temperature are studied. The
reaction rate for such processes, having no pressure dependence, is often described
as:

 —k1)f(@) @1
t

where k(T') is a rate constant (temperature function), ¢ is the conversion, 7 is
the time and f(a) is the conversion function (reaction model). Equation (2.1) de-
scribes the rate of a single step process. Depending on the process studied & can be
evaluated as e.g. a fraction of the total mass-loss or a fraction of the total heat ab-
sorbed or released in the process. Regardless of what fraction ¢ denotes it always
increases from O to 1 as the process progresses[38]. Since decomposition rates
during thermal analysis of complex materials reflect the overall transformation of
reactant to product the rate constant derived for a process found to obey a single
step equation is likely not describing a process consisting of a single step. Instead
the process probably involves several steps where one step is much slower than
the others and thus determines the overall kinetics[31]. The Arrhenius equation,
i.e. k(T) = Aexp(—E/RT), is, almost without exceptions, applied to describe the
temperature dependence of the thermal decomposition process[38], where R is the
gas constant and T is the temperature. The experimentally determined activation
energy, E, and frequency factor, A, should be denoted as effective, apparent, empir-
ical or global since they may deviate from the intrinsic kinetic parameters[31, 38];
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even though the studied process is limited by the reaction rate, the measured quan-
tities reflect the sum of all ongoing reactions, and probably not the rate of a single
elementary reaction step. There is actually a vivid discussion in the thermal analy-
sis community whether the Arrhenius expression should be used as a temperature
function in solid state reactions or not[27, 47]. As of yet there is no agreement.
The motivation to use other temperature functions is that i) the data from TGA can
not give information on separate energy boundaries of elementary reactions, ii) it
would decrease the interpretation of the apparent kinetic parameters E and A as ki-
netic parameters with physical meaning described by the transition state theory[96]
and iii) the temperature integral (see Section 2.3.3.1) would be avoided, since with
other temperature functions there can be an analytical solution[97]. Since the tem-
perature integral is easily solved using modern computers the third of these moti-
vations is redundant. Regarding the reaction model, f(a) in Eq. (2.1), also called
the conversion function, several different expressions have been used to describe
solid-state kinetics. There are power law models, diffusion models, contracting
sphere models, Avrami-Erofeev models and the Mampel model. Some examples
of what f(a) may look like are found in[31]. Once the kinetic triplet (E, A and
f(@)) is determined the rate expression, e.g. Eq. (2.1) can be used to model the
process (there are model-free methods where only the apparent activation energy
is needed, see Section 2.3.3.1).

Before presenting an overview of the modeling work done on biomass pyrolysis
kinetics, isoconversional methods used in the literature are shortly described, fo-
cusing on their different accuracy. A description of the two isoconversional meth-
ods used in this thesis is found in Section 3.2.

2.3.3.1 Isoconversional methods

The isoconversional methods can be divided into differential and integral methods.
The Friedman method[98] is a differential method developed in 1964. It is called
differential since the rate expression is evaluated in its differential form. The ba-
sic equation of Friedman’s differential method is readily obtained by taking the
logarithm of Eq. (2.1):

da E
In < 7 ) =In(Af(a)) R 2.2)
This method is very simple to apply and it is the isoconversional method based
on the fewest number of assumptions[31, 99]. An often mentioned drawback with
the Friedman method is the need to differentiate the data, i.e. to estimate the
derivative dot/dt, which in the case of TGA data may result in significant levels of
noise[31, 100]. To avoid this problem, the integral methods can be used[90, 99].
The first integral methods were the method by Ozawa[101], developed in 1965, as
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well as the method of Flynn and Wall[102, 103], from 1966. The integral methods
are based on the integral form of the rate equation, given in Eq. (2.1):

* A ! —F
g(oc):/o mda:A/o exp (RT) dr. (2.3)

Here, g(a) is the integral form of the conversion function. From Eq. (2.3) we
can immediately see one of the limitations of the earlier integral methods, i.e.
the constant apparent activation energy and frequency factor over the time 0 to
t. This will cause an averaging of the determined apparent activation energies,
which can lead to significant errors[90, 100]. This averaging is present in the
most commonly used integral isoconversional methods, i.e. the Ozawa-Flynn-Wall
(OFW) method and the Kissinger-Akahira-Sunose method (KAS)[30]. Another
reason for the low accuracy of these methods compared to the more recent integral
methods (see below) is the application of an approximation for the temperature
integral in Eq. (2.3). The integral in the time domain can easily be transformed
to the temperature domain for linear heating rate programs where the heating rate
B =dT /dt. The low accuracy in the OFW method[99, 100] has resulted in ICTAC
clearly advising against using this method[31]. The temperature integral can not be
solved analytically for a non-isothermal temperature program and much effort has
been put into finding an as accurate approximations for the integral as possible. A
review of this work has been written by Orfdo [104]. If an accurate approximation
for the temperature integral is used the error connected to this approximation is less
than 1 % [99]. With the availability of modern computers the numerical solution
of the temperature integral is trivial and there is no need to apply approximations
for the integral. The error introduced by the averaging of the apparent activation
energy still remains for these methods though. Notice that if the process consists
of a single reaction, described by a single activation energy, then the averaging will
not induce any errors.

The more modern integral isoconversional methods avoid the problem with the
temperature integral approximation by solving the integral numerically. The av-
eraging of the apparent activation energy is also avoided by using increments of
temperature for which the integral is solved. An example of an advanced iso-
conversional method is the integral incremental method of Vyazovkin[90]. This
method has been criticized for being unnecessarily complex and thus also mak-
ing it difficult to analyze the error propagation in the derived apparent kinetic
parameters[99]. The method has also been criticized for being computationally
slow[105, 106]. Several papers exist (e.g. [30, 40, 57, 58, 100, 105, 107, 108])
that compare the accuracy of the most commonly used isoconversional methods
in terms of the derived apparent activation energy. Overall, the advanced isocon-
versional methods are of similar accuracy or more accurate than the older isocon-
versional methods (KAS, OFW). The methods used in this thesis is the non-linear



20 CHAPTER 2. BIOMASS PYROLYSIS

form of the Friedman method[98] as well as an extended version of the integral
incremental method of Vyazovkin[90]. The mathematical details of the applied
methods are presented in Section 3.2 and a compilation of the differences between
the applied methods and similar methods is found in Section 3.2.3.1.

Finally, an interesting observation by Vyazovkin[38] in 2015 is that the most in-
accurate among the integral isoconversional methods, i.e. the OFW method, is the
most commonly used. This method is as simple to use as the much more accurate
method by Kissinger-Akahira-Sunose[109] and the method of Starink[99]. The
most versatile methods, i.e. methods that can handle data from arbitrary tempera-
ture programs (e.g., the Friedman method and the integral incremental method by
Vyazovkin) are not as frequently used as one could expect.

2.3.4 Literature overview of biomass pyrolysis kinetics based
on TGA data

This section gives an overview of the published work applying model-fitting and
isoconversional methods to derive the pyrolysis kinetics of biomass. Pyrolysis
models describing heat and mass transfer are not reviewed. Due to the vast amount
of different reaction schemes developed for biomass this overview is by no means
complete. The review is focusing on studies investigating woody biomass. Studies
dealing with samples consisting of the main components of biomass, i.e. pure
cellulose, hemicellulose and lignin are only shortly mentioned. Review papers
and other studies giving good overviews of the pyrolysis models used for cellulose
are found in [47-49, 52, 76, 77, 83-85, 89, 110, 111]. The main findings of these
articles are presented at the end of this section, together with some findings for
hemicellulose and lignin.

Furthermore, this section is limited to biomass pyrolysis literature that use so
called lumped reaction models[34, 41]. This means that they do not describe the
actual reaction mechanisms but instead lump the evolved products together in cat-
egories denoted solid, volatiles (tar) and gas. This has also been called visible
kinetics[45] and semi-global models[27]. This kind of models are the most com-
monly used but there are studies where the kinetics of specific gas species are also
modeled (e.g. [112-115]). Recently, studies using quantum calculations to esti-
mate the energetically most favorable decomposition pathways have also entered
the field[49, 77]. A final limitation to this literature compilation is that mainly
studies based on simultaneous analysis of experimental data from several different
temperature programs are reviewed. This limitation is based on the now widely
recognized fact that it is not possible to derive reliable kinetic parameters from
data based on a single temperature program[31].
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2.3.4.1 Model-fitting woody biomass literature

A first mathematical model describing pyrolysis kinetics was set up by Bamford
et al. in 1946[116-118]. Since then, a range of kinetic models have been devel-
oped to describe the pyrolysis reactions in biomass and lignocellulosic materials.
Model-fitting methods are the most commonly used, something made clear from
the many reviews of the area[27, 34, 41, 42, 45]. These methods apply reaction
schemes involving pseudo components with various degree of complexibility. The
reviews also make it clear that there is no consensus on how biomass pyrolysis
kinetics should be modeled and that most models are based on single temperature
program data, although lately the number of such papers seems to be decreas-
ing. The models suggested for biomass pyrolysis can be divided into “one compo-

EEINNT

nent mechanisms”, “one step models”, also called “total devolatilization model”,
“multi-component models”, “competing and parallel reaction models”, and mod-
els with secondary tar cracking[41, 45]. Criticism against the one step models is
that these models can only predict char yield, and not gas and tar yield, as a func-
tion of time[115]. The use of three parallel single step reactions, illustrating the

decomposition of cellulose, hemicellulose and lignin, also has this drawback.

Models that have been proposed in the literature to describe the pyrolysis mass-
loss of biomass are:

* three parallel nth order reactions (water-washed beech wood, 0.5-108 K/min)
[119]

* three parallel reactions where lignin is a third order reaction, the others are
first order (waste softwood, 5-20 K/min) [120]

 two parallel first order reactions (water-washed beech wood 3-108 K/min,
untreated beech wood, 5-80 K/min wood) [121]

* either six first order parallel reactions or four nth order parallel reactions
(willow and poplar wood, 10-20 K/min and stepwise isothermal) [122]

* three parallel first order reactions (beech wood, 5-20 K/min) [115]

* three parallel reactions (two DAEM and one autocatalytic) (spruce and birch,
5-40 K/min, isothermal, modulated, “controlled reaction rate” and two step-
wise isothermal programs) [32]

* four parallel first order reactions (beech and pine, 20-40 K/min and stepwise
isothermal programs) [123]

« three parallel autocatalytic reactions (non-wood pulps, 5-20 K/min) [124]

* DAEM (pine sawdust, 0.0833-1 K/s) [125].
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From this compilation it is clear that biomass often is modeled as three parallel
reactions, motivated by the independent decomposition of the three main compo-
nents in wood. The different reaction schemes and conversion functions proposed
could result from differences in biomass studied, different sample mass, particle
size[121], heating rates and influence of mass and heat transfer[41, 121]. Four of
the above studies, i.e. [32, 115, 123] and [125] verify the developed rate expres-
sions at extrapolated conditions. Two of the studies apply distributed activation
energy models to describe the decomposition[32, 125]. A review paper on DAEM
studies on biomass pyrolysis reveal that this method is quite successful in the field
[33]. Due to the engineering perspective of this thesis, and the fact that different
reaction schemes and models are used, the actual fitting parameters (E, A, f(o))
derived in the above mentioned studies are not reported here. The success of the
model to predict conversion rates at extrapolated conditions is much more inter-
esting.

2.3.4.2 Isoconversional woody biomass literature

Literature dealing with isoconversional analysis of pyrolysis of woody biomass is
presented. A phenomena seen quite often in studies using isoconversional methods
is the determination of apparent activation energies only, i.e. no complete rate
expressions are derived. Isoconversional predictions can be performed using only
the apparent activation energy. Unfortunately to the best of my knowledge there
are no pyrolysis articles presenting such predictions for woody biomass (not even
among studies completing the rate expression) and such studies thus provide very
limited information to the field. In the seemingly first isoconversional study on
pyrolysis of woody biomass (2008) Yao et al. [126] used the Friedman method on
TGA data to derive the apparent activation energies for pine wood fibers. One year
later, Park et al. [127] derive a complete rate expression for oak wood consisting
of two parallel reactions and one secondary tar reaction. The apparent activation
energies were derived from TGA data using the Friedman method. Wood powder
(undefined wood species) was also studied by GaSparovi¢ et al. [128] in 2010.
They found good agreement between the TGA data and their model developed
from TGA data by using apparent kinetic parameters derived with the method of
Friedman, together with an nth order reaction for each conversion value. Two years
later Slopiecka et al. [129] used the OFW and KAS methods, together with a single
step first order reaction to describe the pyrolysis of poplar wood in TGA. Finally,
in 2014 two papers appeared. Chen ef al. [130] derived the apparent activation
energies for poplar wood using the Friedman method while Wu et al. [131] used
the Cai-Chen iterative linear isoconversional method[57] to derive the apparent
activation energy of oak and pine wood.
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2.3.4.3 Model-fitting cellulose literature

The complexity of thermal decomposition of biomass has lead to the study of cel-
lulose as a first step in the quest to understand the pyrolysis process. Several inves-
tigations have been performed and many different global models have been sug-
gested to describe the pyrolysis kinetics. Milosavljevic and Suuberg [110] found
that cellulose decomposes through two different mechanisms, as a function of tem-
perature. In their literature review, Antal and Varhegyi [76] found that cellulose
can be accurately described to decompose through a first order single step reac-
tion. The same year, Conesa et al. [111] performed simultaneous regression of
three heating rate curves and concluded that a scheme consisting of two parallel
steps with one of the steps decomposing into gas and char gave the best results.
More than ten years later, Volker and Rieckmann [119] used multivariate regres-
sion to conclude that microcrystalline cellulose can be modeled using two parallel
reactions, one of them being a series of two reactions. In 2009, Lin et al. [84] sug-
gested that cellulose pyrolysis is independent of heating rate and that a first order
single step reaction coupled to a model that accounts for thermal lag is accurate
enough to describe cellulose pyrolysis in a TGA. Opposite to many of the previous
suggestions, in 2009 Mamleev et al. [85] suggested a reaction scheme consisting
of two parallel reactions representing B-elimination and transglycosylation, re-
spectively. Two years later Cai et al. [132] instead found that an nth-order logistic
DAEM is suitable to describe the pyrolysis process. In the review by Lédé [48]
(2012) it was concluded that there was still no consensus of how to model pyrol-
ysis of cellulose. Serbanescu [47] also noticed the scattered data in her review in
2014 but concluded that the first order single step reaction scheme can be used with
success, partly because of the similarity of the resulting apparent activation energy
with those derived with isoconversional methods. Finally, in the recent review by
Burnham et al. [49] reasons for why a single step first order reaction clearly cannot
govern the kinetics of cellulose pyrolysis are given. Additionally, recent experi-
ments, as well as quantum chemical calculations suggest that the global pyrolysis
kinetics for cellulose follows a sequential, nucleation-growth or random-scission
model, all being sigmoidal[49].

2.3.4.4 Isoconversional cellulose literature

Regarding isoconversional studies on cellulose pyrolysis kinetics there are now
quite a few. The first use of isoconversional analysis in the biomass field seems
to be by Antal in 1982[89] where they derived the apparent activation energy for
cellulose pyrolysis with the Friedman method. Three years later Antal et al. [133]
found that the Friedman method gave apparent activation energies that supported
the reaction scheme of cellulose pyrolysis suggested by Bradbury er al. [134].
Since their experimental results did not confirm the Bradbury reaction scheme



24 CHAPTER 2. BIOMASS PYROLYSIS

they finally concluded that due to thermal lag, the Friedman method is useless for
datasets with widely different heating rates, i.e. data influenced by thermal lag[89].
Except for this early study and one study in 1997[50] all isoconversional cellulose
studies are published after 2003. Except possibly one, i.e. the study of Cabrales
and Abidi [53], none of the studies derive complete rate expressions in a strictly
model-free manner and test the derived rate expressions at extrapolated conditions.
In the study of Cabrales and Abidi [53] the integral, non-incremental method of
Vyazovkin was used. They used a commercial software and, although the de-
tails are missing, it seems like they predicted isothermal conversion rates from
dynamic heating rates. Reynolds and Burnham [50] used the Friedman method
and a modified Coats-Redfern method to conclude that a three parameter nucle-
ation model governed the reaction rate of cellulose during pyrolysis. Capart et al.
[54] also found that a nucleation model together with Friedman activation energies
gave the best description of both quasi-isothermal and linear heating rate data. An
Avrami-Erofeev function was found suitable by Kim and Eom [135] who applied
the Friedman method as well as model-fitting to find the apparent kinetic parame-
ters. The Capela-Ribeiro non-linear isoconversional method was used to determine
the apparent activation energy of three different celluloses by Barud ez al. [136].
A one step reaction scheme described by an Avrami—Erofeev conversion function
was also found suitable by Barud et al. [136]. Shaik et al. [137] used the mean ac-
tivation energy derived from the Friedman method together with a single step first
order reaction to describe cellulose pyrolysis kinetics. Sdnchez-Jiménez et al. [55]
concluded that a chain scission model together with the mean apparent activation
energy from the Friedman method gave satisfactory results for cellulose decom-
position. Cellulose pyrolysis apparent activation energies have also been derived
with the inaccurate OFW method[138-140]. Moriana et al. [140] used Friedman
derived apparent activation energies together with a single step nth order reaction
at low conversion (below 0.3) followed by a single step first order reaction at high
conversion (0.3-0.7).

2.3.4.5 Hemicellulose and lignin literature

To conclude this section, there are also some studies dealing with hemicellulose
and lignin pyrolysis kinetics. Volker and Rieckmann [119] used multivariate re-
gression and found that xylan pyrolysis kinetics was best modeled using three
reactions in series and organosolv lignin needed two parallel series reactions. Beis
et al. [141], Ferdous et al. [142] and Mani et al. [143] used either first order or first
order gaussian DAEM to describe the pyrolysis kinetics of different lignins. As
commonly seen, none of the above studies test the derived apparent kinetic param-
eters at extrapolated conditions. Several other studies using both model-fitting and
isoconversional methods to study the pyrolysis kinetics of lignin and hemicellu-
lose exist [56, 144—148]. As was the case for woody biomass and cellulose, these
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studies reveal that more research is needed to get a coherent understanding of the
pyrolysis properties of these materials.
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Chapter 3

Experimental and numerical
methods

This section first describes the experimental work performed in this thesis, in-
cluding sample characteristics, sample preparation, run parameters and instrument
specifications. After this, the numerical methods, i.e. the isoconversional method-
ology, used in this thesis is presented.

3.1 Experimental details

3.1.1 Samples

e Paper 1: Sigmacell cellulose type 20 (Sigma Aldrich) was used as received.
Sigma Aldrich technical service reports a particle size of 20 m, 36-40 kDa
average molecular weight and an approximate degree of polymerization of
200.

» Paper 2: Norway spruce (Picea Abies) powder (40 mesh, 0.4 mm) was pre-
pared from chips free of knots and bark using a ball mill. The chips were
delivered by StoraEnso (Stockholm, Sweden). Proximate analysis, carbohy-
drate and lignin analysis is found in Tab. 3.1 on page 29 and a description of
the analysis procedure is found in Section 3.1.3 on page 32. This sample is
referred to as W, for wood.

e Paper 3: Two kraft pulps and five kraft black-liquor precipitates were pre-
pared from a pilot-scale kraft cooking setup. The relationships between the
seven samples and wood can be seen in Fig. 3.1. The two pulps (P1 and P2),

27
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Wood Chips A, Wood (W)

. (P1)
(Kraft CooklngjiPulp (P2)

; C, Xylan (XL1)
Black Liquor —
d Lignin(XL2)

lD (XL3)

Lignin (L1) £~ Lignin (L2)

Figure 3.1: The relationship between wood and the seven kraft cook samples. The
denotations for the samples are enclosed in parentheses. The letters A to E denote
the preparation methods used.

prepared according to the description in Section 3.1.2, were produced at dif-
ferent kraft cooking times which resulted in differences in lignin amounts,
see Tab. 3.1. Among the five precipitates, three of them were precipitated
at pH 3, resulting in considerable amounts of xylan and lignin and therefore
denoted as XL 1, XL2 and XL3. The XL-samples differ in cooking time (see
Tab. 3.1). The fourth precipitate, denoted L1 for lignin, was precipitated at
pH 9, giving a sample consisting of lignin and carbohydrates. By subjecting
L1 to acid hydrolysis a pure lignin sample was achieved, denoted L2. A de-
scription of the preparation of the black-liquor precipitates is found below
in Section 3.1.2. The proximate, carbohydrate and lignin analysis is found
in Tab. 3.1 and a description of the analysis procedures is found on page 32.

Paper 4: Norway spruce (Picea Abies) chips were prepared by hand from
knots and bark free chips. Chips of three different thicknesses were prepared
and are hereafter referred to as thin, medium and thick. The chip dimensions
are found in Tab. 3.2. A photography of the three chip sizes is seen in Fig.
3.2. Notice that the chips were prepared so that the fiber direction runs in
parallel to the chip side. A schematic of the chip dimensions is found in
Fig. 3.3. The wood chips and the wood powder used in paper 2 and 3 are
from the same source and the proximate, carbohydrate and lignin content
for these are thus the same (see Tab. 3.1).
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Figure 3.2: Photograph of the (from left to right) thin chip, medium chip and thick
chip used in paper 4.

Figure 3.3: Schematic of the dimensions of the chips. The chip thickness (B) is
perpendicular to the fiber direction.

Table 3.2: Sample dimensions and sample masses.

Sample Dimensions [mm)] Mass [mg]
Width (A) | Thickness (B) | Length (C)
Thin chip 13-15 <1 15-20 163410
Medium chip 14-15 1-2 20-24 301+9
Thick chip 13-15 4<B<7 20-24 691465

3.1.2 Preparation of kraft samples

Fig. 3.1 summarizes the eight samples studied in paper 3. The samples are all dif-
ferent and their denotations are seen in parenthesis in the figure. Each preparation
step, denoted by the letters B to E are explained below. Step A consists of grinding
in a ball mill.
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3.1.2.1 Kraft cooking (step B)

Wood chips were placed in a rotating steel autoclave and vacuum was established
for 30 minuted, using a vacuum pump. While keeping the vacuum, white liquor
(1.5MNa™, 1.2 M OH™ and 0.26 M HS ") at room temperature was added in 4:1
ratio (liquor : wood). The autoclave was heated by rotating it in a polyethylene
glycol hot bath slightly inclined, to increase the contact between the wood chips
and the cooking liquor. The cooking was performed at 157°C during 100 or 300
minutes, including 10 minutes allowance to reach the cooking temperature. After
the cooking, the autoclave was immediately cooled in a water bath and the weak
black liquor and pulp were collected and separated. The collected pulp was treated
by displacement washing, using deionized water, in a washing cylinder immersed
in a washing bath. The washed pulp was oven dried at 40°C. This cooking proce-
dure is step B in Fig. 3.1.

3.1.2.2 Precipitation procedure pH 3 (step C)

The XL-samples were prepared by precipitation of the weak black liquor produced
during kraft cooking (step B). The precipitation was done according to the proce-
dure presented by Axelsson et al. [25], with one exception; the final washing step
was performed with acetone instead of ethyl ether. Acetic acid was slowly added
to the black liquor until the volume added equaled the volume of the black liquor
sample, changing the pH of the solution to pH 3. The black liquor-acetic acid
mixture was poured into a volume of ethanol 3 times the volume of the mixture.
The solution was then placed in a refrigerator at a temperature of 277 K for 16-24
hours while xylan and lignin formed a precipitate. The supernatant was separated
by decantation and the precipitate was washed twice with an ethanol-water mix-
ture (volumetric ratio 1:2), three times in pure ethanol and finally three times with
acetone. The precipitate was centrifuged after each washing step with a ROTOFIX
32A centrifuge for 20 minutes at a speed of 4 000 rpm. After the washing process,
the precipitate was dried in a desiccator under vacuum to remove acetone. The dry
solid weight was measured with an infra-red balance, Mettler Toledo LP-16.

3.1.2.3 Precipitation procedure pH 9 (step D and E)

Sample L1 was precipitated from weak kraft black liquor at pH 9 and 343 K. The
pH of the solution was reduced from 12 to the precipitation pH by adding 20 wt%
H,S0O4 solution while stirring. The beaker with the precipitated lignin was cooled
in an ice bath and then put in a refrigerator overnight at 278 K, allowing for the
precipitated lignin to settle at the bottom of the beaker. The acidified black liquor
supernatant was decanted through a high pH filter and the remaining lignin was
dispersed in distilled water. The lignin was washed with acid water of pH 2 while
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stirring, to decrease the concentration of sodium ions and organic contaminants.
The solution was then filtered through a low pH filter. The lignin filtrate had a gel
like texture; it was put on glass dish and then dried in a ventilated oven at 338 K for
12 hours. The resulting dry powder is the L1 sample. The L2 sample was obtained
by subjecting part of the L1 sample to acid hydrolysis with sulphuric acid (398
K, 60 min), according to SCAN-CM 71:09 (Scandinavian pulp, paper and board
testing committee).

3.1.3 Carbohydrate and lignin analysis

The carbohydrate content and type was determined after acid hydrolysis; it was an-
alyzed according to SCAN-CM 71:09, using a high-performance anion exchange
chromatograph equipped with pulsed amperometric detection (HPAEC-PAD) and
a CarboPac PA1 column (Dionex, Sunnyvale, Ca, USA). The amount of Klason
lignin in the samples was determined gravimetrically, after hydrolysis with sul-
phuric acid (398 K, 60 min), according to SCAN-CM 71:09. The amounts are
collected in Tab. 3.1.

3.1.4 Proximate analysis

Proximate analysis was performed for W, P1, P2, XL1, XL2, XL3, L1 and L2 to
determine the moisture (M), volatile matter (VM), fixed carbon (FC) and ash (A)
content. The results can be found in Tab. 3.1.

The proximate analysis was performed with the Netzsch STA 449 F3 apparatus de-
scribed in Tab. 3.5. Thermocouple signals were calibrated with the metal standards
for the same purge flow used in the temperature program developed for proximate
analysis, and a heating rate of 10 K/min.

Alumina crucibles, 85u/, were used and care was taken to ensure that the sample
was evenly distributed in the crucible. This to minimize heat and mass transfer
gradients between the surrounding and the sample. The sample size (mean of two
repetitions) can be found in Tab. 3.4. The volumetric gas flow rate was 80 ml/min.

The temperature program used was based on the works of Garcia et al. [149] and
Dean et al. [150]. Nitrogen gas (98.75% purity) and technical air was used as
inert and oxidative atmosphere, respectively. The temperature program used is
described in Table 3.3. Limitations in the TGA applied in this work, resulted in
that the temperature program could not be followed exactly and the actual sample
temperatures measured during analysis is seen in Tab. 3.3.
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Table 3.3: Temperature program used for the proximate analysis performed in this
study. *Passive cooling. ** Overshoot to 1239 K at start of isothermal step

Segment | T[K] [ B [K/min] | Dwelling 7 [s] | Process
Initial 298 - -
Heating from 298 20 - Drying, N,
Isothermal 402 - 600
Heating from 402 50 -
Isothermal 1223%* - 1200 Pyrolysis, N
Cooling - * -
Heating from 638 50 -
Isothermal 1223%** - 1200 Combustion, Air
Cooling - * -

Table 3.4: Dry sample mass. The values are mean of two runs per sample. The

samples deviated at most 0.4 mg from each other.

Sample Dry sample mass
[mg]
W 9.88
P1 9.8
P2 10.1
XL1 10.0
XL2 10.1
XL3 10.0
L1 10.0
L2 9.9
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3.1.5 Pyrolysis experiments

Three different TGA setups have been used in this thesis. Their specifications and
the experiments performed in each one of them are presented in this section. The
TGA setups did not include any instrumentation for gas analysis which limits us
to predict solely the solid mass fraction as a function of temperature and time.

3.1.5.1 Instrument specifications

Some of the specifications from the manufacturers for the equipment used in this
work are collected in Tab. 3.5. By comparing the two commercial setups it is easy
to understand that the Mettler Toledo TGA/DSC 1 system was used for almost
all of the experiments. The installed auto-sampler, together with the fast cooling
of the furnace after finished runs make this instrument suitable for kinetic studies
needing many repetitions at several heating rates. The reason that the DSC was not
used is that DSC is often used with a lid on the crucible. The lid is put both on the
reference cup and on the sample cup in order to minimize effects due to different
emissivity of the two cups (due to the color of the sample). Using a lid (with a
pin hole) will trap the evolved gases and volatiles and prolong the residence time
for these species close to the solid. As mentioned in Section 2.2.1.1, this promotes
secondary pyrolysis reactions which complicates the overall kinetic study since
the reaction rate will to a larger part be pressure dependent. A second reason for
not using DSC in this thesis is that processes coupled to mass loss are inherently
difficult to study with DSC, resulting in that DSC is not commonly used for mass-
loss processes[38]. For the same reasons DSC was not used in the Netzsch system
studies.

3.1.5.2 TGA/DSC 1 Star System

The Mettler Toledo system was used to collect data for all four papers. The cru-
cible type, gas quality and volumetric flow rate was the same in all studies, see
Tab. 3.5. To correct for the buoyancy effect all runs performed at the same day
were proceeded with one blank run, for each heating rate, as described in Section
2.3.1. Care was taken to ensure that the sample powder at the bottom of the pan
was evenly distributed and spread in a reproducible way.

* Paper 1: Cellulose samples with three different sample masses were py-
rolyzed in order to investigate the influence of sample mass on the thermal
lag and the kinetics. The sample masses were 1.6 (5 %), 4.0 (£3%) and
9.9 (£2 %). Pyrolysis was performed from room temperature to 1023 K.
All sample masses were pyrolyzed at 3, 5, 7, 10 and 15 K/min while the two
highest sample masses also were pyrolyzed at 2 K/min. For each heating rate
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CHAPTER 3. EXPERIMENTAL AND NUMERICAL METHODS

and sample mass, 2-4 repetitions were performed. In addition to the three
masses, a fourth mass of 2.7 mg was used. With this mass, four repetitions
at 15 K/min were performed to further investigate the presence of thermal
lag. The dynamic experiments with heating rate 2 or 3 to 15 K/min were
used to perform kinetic analysis. To validate the derived kinetic parameters,
two quasi-isothermal runs at 553 and 573 K, using 4 mg of sample. A heat-
ing rate of 10 K/min was used to reach the isotherm. A high sampling rate
resulting in 29x 103 to 54 x 103 data points per curve.

Paper 2: Spruce powder with a sample mass of 4.01 (+2.8%) mg was py-
rolyzed from 303 K to 1173 K using heating rate 1, 2, 5, 7, 10, 15, 20,
40, 80 and 100 K/min. Three to four repetitions were performed for each
heating rate. To investigate the influence of sample mass on thermal lag and
the amount of char formed, two other masses were used: 1.66 (£7.2%) mg
and 9.95 (£1.0%) mg. These sample masses were pyrolyzed at 10, 15, 20,
40, 80 and 100 K/min from room temperature to 1173 K. Additionally, four
quasi-isothermal experiments at 539, 571, 621 and 650 K were performed.
The ramp used to reach the isotherm was 10 K/min and the isotherm was
kept for 300 min. A high sampling rate was used resulting in 52.5x103 to
5.25x 103 data points per curve for 2 K/min and 100 K/min, respectively.

Paper 3: Seven kraft cooking samples were studied and the thermal and
kinetic properties were compared to those for spruce (at 1-10 K/min, previ-
ously published in paper 2). The samples were heated from 303 K to 1173
K using four different heating rates: 2, 5, 7, and 10 K/min. The sample mass
was 4.01 (£2%) mg (during loading, all samples and repetitions included).
A fifth heating rate of 15 K/min was used for kinetic evaluation purposes for
samples P1, XL.1, L1 and L2. Additionally, sample L2 was pyrolyzed quasi-
isothermally at 572, 592, 622, 652 and 672 K. The isothermal temperatures
were reached with a ramp of 10 K/min. The dwelling time at the isothermal
temperature was 300 min. Two to four runs were performed for each heating
rate and sample, resulting in a minimum of 11 curves per sample. For the
quasi-isothermal data, three repetitions were run at 672 K, while single runs
were performed for the other isotherms. All pyrolysis runs were performed
with a high sampling rate, resulting in a minimum of 25 X103 points per
curve.

Paper 4: Some supplementary runs, with 4 mg wood chip cubes, used during
kinetic evaluation were run in the Mettler Toledo TGA/DSC 1 Star System.
The experiments are described in the supplementary material for paper 4.



3.1. EXPERIMENTAL DETAILS 37
3.1.5.3 STA 449 F3 Jupiter

The Netzsch system was used to perform the proximate analysis for paper 2, 3 and
4 and the comparison of char yields in paper 3.

* Paper 2, 3 and 4: The proximate analysis is described in detail in Section
3.1.4.

* Paper 3: Three spruce powder runs with a sample mass of 4.61+0.15 mg were
performed in argon (purity 99.999 %, 80 ml/min) from room temperature to
1173 K using heating rate 1, 2 and 10 K/min. One run per heating rate.

3.1.5.4 Macro-TGA

A macro-TGA setup, home-built by researchers at the Department of Engineering
Sciences and Mathematics at Lulea University of Technology, was used to study
pyrolysis of wood chips in paper 4. The macro-TGA consists of a vertical tube
furnace with an inner diameter of 100 mm. From the top of the furnace a sample
basket, connected to a balance (model FZ-120i, A&D weighing) with a wire, can
be inserted. An illustration of the system is seen in Fig. 3.4. The purge gas flow
rate is 5 normal L/min and the pyrolysis gas flow rate is 7 normal L/min. Nitrogen
(99.997 %) was used. For each experiment a pre-dried (12-24 h at 377 K) chip
was put in an upright position in a wire basket (801 mg, Ni-Cr wire) and lowered
down into the purge zone to remove oxygen. After a minimum of two minutes the
sample basket was manually lowered down from the purge zone into the furnace.
The time that elapsed from the start of the sample insertion into the heated zone to
the start of the sampling mass logging was 5-10 s. The mass was sampled every 2 s
with an accuracy of 1 mg. The sample temperature, measured with a thermocouple
(accuracy £2 K) placed 1.5 cm below the sample basked and 2 cm off center, was
sampled once per second and varied on average with a standard deviation below
4 K from the isothermal temperature. After each pyrolysis experiment the sample
basket was withdrawn from the furnace and placed in the purge zone to cool down
before removing the char from the basket. The mass of the pre-dried sample chip
and the resulting char was measured in an external balance (LPW-723, VWR).
For all chip thicknesses the sample mass measured in the external balance varied
less than 10 mg from the value measured in the macro-TGA. 3-5 repetitions were
performed at each isothermal temperature, i.e. at 574, 597, 615, 637 and 676 K.
The minimum dwelling time for the medium and thick chips was 44 min and the
longest time was 240 min.
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Figure 3.4: The isothermal macro-TGA setup.

3.2 Isoconversional analysis

3.2.1 Kinetic analysis methods used in this thesis

Two isoconversional model-free methods were used in this thesis, namely, the non-
linear form of the differential method originally proposed by Friedman [98] and
the incremental integral method introduced by Vyazovkin [90]. The differential
method was chosen because of its ease of implementation and since it is built on
the least number of assumptions[31]. It can also easily be used for an arbitrary
temperature program, which is very important for engineering purposes. The in-
cremental integral method was chosen since it does not lead to an averaging of
the apparent activation energy, which is the case for the simpler OFW and KAS
methods (see Section 2.3.3.1 on page 18). Additionally, it can be used for an arbi-
trary temperature program and, compared to some of the iterative isoconversional
methods using linearization (see Section 3.2.3.1 on page 44), it introduces less
modification of the raw data. Two methods were used since both of them have
their own drawbacks and advantages.

Isoconversional methods are based on the isoconversional principle stating that, at
a certain extent of conversion, the rate of decomposition is uniquely determined
by the current sample temperature. In this thesis, conversion is defined as:
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_mi— m(t)

() 3.1)

mp—my
where m; is the mass of the dry sample, m(t) is the sample mass at time ¢, and my
is the sample mass at the end of the pyrolysis reaction. The end for the pyrolysis
reaction, i.e. the temperature for which the sample mass m; is reached, was found
from experimental data and reliability testing as discussed in Section 4.2.1.

The simplest model following the isoconversional principle is:

da

ar =k(T(1))f(a), (3.2)
t

where k(T (1)) is the temperature function, 7' () is the sample temperature at time

t, and f(a) is the conversion function. The temperature function is typically as-

sumed to follow Arrhenius law:

E
k(T)=A e 3.3
(T) = Aexp ( RT) : (3.3)
where A is the apparent pre-exponential factor (frequency factor), E is the apparent
activation energy and R is the gas constant.

Isoconversional methods are called model-free since the apparent activation energy
as function of conversion can be determined without making any assumptions on
the conversion function (reaction model) f(¢). In this thesis, we extended the
isoconversional methods in order to also determine an effective prefactor, defined
as:

dy =Aaf(a) (3.4)

As seen, the effective prefactor is the product of the apparent pre-exponential factor
(at a conversion «), and the conversion function. As shown below, E, and the
prefactor ¢}, are extracted as discrete values for a given conversion. The set of the
Ey and the ¢, for a going from 0 to 1 forms a complete reaction rate expression.

The differential method of Friedman is based on approximating the rate of con-
version, i.e. the derivate on the left hand side of Eq. (3.2), from the experimental
data. For a given conversion &, this approximated rate is denoted by r; o, where
i denotes the index of the experiment, as illustrated in Fig. 3.5. Applying this
together with Eq. (3.4), (3.3) and (3.2) gives the non-linear rate expression for the
Friedman method:

E
Fio = Clpexp (_RY},Z(I)) , (3.5)
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Figure 3.5: Schematic of the evolution of conversion at two heating rates §; and
B2, and the quantities used in the isoconversional methods (see text for details).

where T; o(¢) is the temperature at which a conversion « is reached in the i-th
experiment. For a given conversion, each experiment provides a value for 7; o
and T; o(¢). Fitting Eq. (3.5) to these values presents a non-linear optimization
problem with the two unknowns ¢}, and E. In the original paper by Friedman
[98], this problem is transformed into a linear problem by taking the logarithm
of Eq. (3.5) which then allows for determining ¢}, and E, from a plot of In Tia
vs. 1/T; o(t). Although widely applied, this linearization of Eq. (3.5) will affect
the experimental error in 7; o and has a tendency to overestimate the uncertainty
in experiments with a low heating rate (for which r; o is small). This suggests to
remain with the non-linear problem as given in Eq. (3.5) and use a least-square
solver for finding ¢}, and E. The numerical details of this procedure are given in
paper 1.

The integral method is based directly on the isoconversional principle, i.e. over a
small enough increment of conversion the kinetics are governed by a single reac-
tion (only a function of temperature) and accordingly, over this small increment,
¢y, and E4 can be treated as constants. Eq. (3.2) can then be applied for each
increment of conversion[151]. Denoting such an increment by A, integration of
Eq. (3.2) gives:

Aa = Ji(Eq), (3.6)
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where

J B tio Eqy
i(EO!)_ exXp —RT;(Z‘) dt7 (37)

lio—Aa

and T;(¢) is the temperature evolution in the i-th experiment; the integration limits
indicate the times at which the conversions (o — Aa) and «, respectively, are
reached in experiment i (see Fig. 3.5). For a given conversion, Eq. (3.6) holds for
any experiment, which implies that for a given conversion the J;(Ey)’s should be
equal. The optimization problem to find Ey, is thus to minimize the variation of the
Ji(Eg)’s. In the method proposed by Vyazovkin [90], this is done by minimizing
the following function:

~

n n . Ea)
D(Ey) = ! , (3.8)

;.;Jj(Ea)
where n is the number of experiments. Having found E, from minimizing Eq.
(3.8), we can recompute the J;(Eq)’s, which allows for extracting the prefactor ¢/, :

ey =Aa/(Ji(Ey)), (3.9)

where (J;(Eq)) is the average of J;(E) evaluated at the optimized activation en-
ergy Ey. Details on the implementation of both methods can be found in paper
1-3.

3.2.2 Error estimation and conditioning

Having determined the kinetic parameters E4 and ¢, through optimization of a
certain set of experimental data, including experimental uncertainly, it is impor-
tant to estimate the uncertainty in the determined parameters. The uncertainty
estimation for the apparent activation energy derived with the integral method was
addressed in a paper by Vyazovkin [152]. Although the method applied in this
work is different from that in [152], both methods use the same starting criteria.
This starting criteria, i.e. the isoconversional principle, states that for a given con-
version interval, independent on heating rate, the time integral J;(Eq) should be
equal for all experimental curves. The variation in the J;’s, evaluated with the opti-
mized activation energy, E, can therefore be seen as the error (or residual) of the
minimization problem. We define this error as (in the following J; = Ji(Ea)):

8Ji=Ji— (Jy). (3.10)
The error 6J; is related to the error in the activation energy, 6 Ey, through[153]:

8J; = X;8E,, @3.11)
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where X; = (dJ;/dEq) £, 1s the derivate of Eq. (3.7) with respect to Eg, evaluated
at the optimized activation energy. From Eq. (3.11), the error in the activation

energy follows as[154]:
O0Eq =/ 8J>(XTX)"! (3.12)

where 8J2 is the variance of the 8J;’s, and X is the vector containing the X;. From
the error in the activation energy given in Eq. (3.12) we can proceed and deduce
the error in the effective prefactor. The error in £, propagates to the estimation of
the prefactor c},, whose error is:

A

This expression deserves a closer look. Indeed, Eq. (3.13) gives an error dc,
that is of similar magnitude as the estimated parameter ¢/, (cf. Eq. (3.9)). This
is readily seen from an order of magnitude estimate of the quantities entering Eq.
(3.13): Writing Eq. (3.11) as 8J ~ |X|0Ey with |X| ~ J/RTy, where Ty, is the
characteristic temperature at which conversion « is reached, we can use Egs. (3.9)
and (3.13) to obtain:

oc, OEq
¢, RTy’

(3.14)

which for typical values of 8E and Ty, is O(1).

This large error in the estimation of the prefactor ¢/, presents a severe limitation
of our methodology, and Eq. (3.9) actually may lead to meaningless results. To
overcome this difficulty, we introduce a preconditioning of the kinetic model by
substituting the original Arrhenius expression (Eq. (3.3)) with a conditioned form,

K(T) = k(Ty) exp {—‘ij (;—Tloﬂ (3.15)

where k(Tp) is the rate constant at a reference temperature 7 chosen within the
range of interest, e.g where the conversion rate is at a maximum. In the use of
kinetic data, k(Tp) takes on a similar role as the pre-exponential factor A while
the treatment of its uncertainty is substantially simplified. To illustrate this, let us
repeat the derivation from above by using Eq. (3.15) instead of Eq. (3.3):

Substituting Eq. (3.15) into Eq. (3.2) gives the conditioned rate expression:

da Eq (1 1
— ol (e 1
7 Cq €Xp [ ( 0)] , (3.16)
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where
ca = k(To)f (), (3.17)
is the effective prefactor of the conditioned problem. The latter is estimated in a
similar way as ¢/
Aa E,
= —— . 3.18
Ca <Ji>exp( RT()) (3.18)

Eq. (3.16) is the actual rate expression put forward in this thesis. It has similar
properties to Eq. (3.2)-(3.4), i.e. it describes the evolution of ¢ in terms of the
parameters ¢y and E, and the same procedure to determine E, can be applied,
i.e. optimization of Eq. (3.8). However, the robustness of the prefactor c is
greatly improved. The error in ¢4 is obtained from the propagation of the error in
the activation energy. Following similar steps as those leading to Eq. (3.13) gives:

6Ca - _ <Xl> _ L
w O ( ) RTo> ’ e

where 8E is the error in the activation energy given by Eq. (3.12). Eq. (3.19)
is the actual relation hereafter used for estimating the error in ¢y in the integral

method. Applying the same order of magnitude approximation that leads to Eq.
(3.14), the above simplifies to:

8Ca SEa 1 1
) e

Hence, the error in the effective prefactor cq is reduced by 6 Ey /RTy with respect
to the original prefactor ¢, (see Eq. (3.14)). This difference makes ¢, more suit-
able to study and its determination more robust, while the kinetic information it
carries is essentially the same as the one in the original prefactor.

Correspondingly for the differential method, instead of Eq. (3.5), the governing

equation becomes
E 1 1
S T

which is equivalently solved using a least-square solver, which provides estimated
values for the two unknowns cy and E,. The errors in these two parameters are ob-
tained from the square root of the diagonal elements of the covariance matrix[154].

3.2.3 Prediction of conversion rate for an arbitrary tempera-
ture program

The methodology applied in this thesis can be used to predict conversion as a
function of time for an arbitrary temperature program. The prediction (i.e. achiev-
ing o(t)) is realized by integrating Eq. (3.16) with the constituting functions ¢
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and E,, taken as piecewise constant functions. The initial condition to Eq. (3.16) is
taken as the first value of o for which the kinetic analysis was performed minus the
increment Ax used in the integral method, and the time at which this conversion is
achieved. For reconstructing runs with a linear heating rate 3, the temperature in
Eq. (3.16) is simply T (t) = T(t = 0) + B, while for isothermal runs T (¢) = Tiso.
By using temperature programs included in the derivation of the kinetic parame-
ters a so called reconstruction is performed. By comparing the reconstructed curve
with the original experimental curve the validity of the derived kinetic parameters
is tested. By using temperature programs not included in the derivation of the ki-
netic parameters a prediction is performed. The ability to predict mass-loss rates
is a much stronger proof of the reliability of the derived kinetic parameters than a
successful reconstruction.

3.23.1 Predictive methods proposed in the literature

The isoconversional studies on biomass pyrolysis have only determined the appar-
ent activation energy in a strictly model-free manner. To the best of my knowledge
there are only a handful of publications (e.g., [40, 57-59]) that derive complete rate
expressions isoconversionally. The nuances of each of these fully isoconversional
methods and the method used in this thesis are discussed in the following.

To facilitate this comparison, the integrated form of Eq. (3.16), with ¢, substituted
from Eq. (3.18), is here given for an isothermal temperature program:

(is0) Ao )

a—Aa = ¢ -
_Ee (1L _ 1 e~ Ea/RTiso
Ca eXp |: R ( Tim TO ) :|

(3.22)

The times t,(xi‘m) and 1)

ou_Aq are the times it takes to reach a conversion o and
o — Ao, respectively, in an isothermal experiment at Tj;,. As explained, the ki-
netic parameters (Ey and cy) determined with the two isoconversional methods
are taken as piecewise constant in the Aa-increments. Eq. (3.22) is the equation

used for predictions in this thesis (when purely isothermal predictions are made).

The model-free prediction proposed by Vyazovkin [38], rewriting the original ex-
pression to facilitate comparison to Eq. (3.22), has the following form:

T:
(iso) _ Giso) _ 1 " gEalRT
ty —ly ng = BreEal/RT /T e fe/Rlar. 3.23)

a—Aa

Here, T; o and T; o_aq are the temperatures at which conversion o, respectively
o — Aa, is reached in a dynamic experiment at a heating rate f;; this dynamic
experiment is one of the several runs used for deriving E,. By writing Eq. (3.23)
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in the time domain and exchanging the written-out integral with the notation J;, we
get

(iso) Ji(E(x)

(iso) .
a—Aa g*Eoc/RTiso ’

ty —t (3.24)
The difference between the predictive method derived in this thesis (Eq. (3.22))
and that developed by Vyazovkin [38] (Eq. (3.24)) is the averaging of the right
hand side integral in Eq. (3.22). In other words, instead of referring to a single
dynamic experiment at 3;, as done in Eq. (3.24) by using J;(Ey), the method used
here considers an average over all experiments used for deriving E,.

A predictive method developed by Roduit et al. [59] is based on the following
expression:

la o da
t“‘/o ‘”‘/o Aaf(@)oxp(—Eq/ (RTq)) G:2)

Except for the integration boundaries (that can easily be changed into #4_aq and
ta), this expression is identical to the integrated form of the unconditioned rate
expression used in this thesis, i.e. Eq. (3.5), where ¢, = Af (). Roduit ef al. [59]
derived A f (o) from the intercept in the linear Friedman method and the method is
thus very sensitive to inaccuracies in the Friedman plot intercept[40, 59].

Farjas and Roura [40] developed the following predictive expression[108]:

Eq P(Ea/RTa) - P(Ea/RToc—Aoc)

ta =tg— — 3.26
o a—Aa T+ Rﬁ eXp(—Ea/RTim) ) ( )
where p(E/RT) is the temperature integral[40, 108]:
T
E E E
—— |dT = - p(==)- 3.27
/0 eXp< RT) 2P %7) (3.27)

If the temperature integral is transformed into a time integral that is solved nu-
merically then the method by Farjas and Roura [40] is identical to the method by
Vyazovkin [38] (Eq. (3.24)). Notice that both Eq. (3.24) and (3.26), in the form re-
ported here, are only applicable for the prediction of isothermal experiments from
E obtained from dynamic experiments.

An iterative linear integral isoconversional method has been developed by Cai and
Chen [57]. As the name suggests, the method consists of the integral form of
the rate expression. The temperature integral is approximated and by lineariza-
tion of the integral rate expression, the apparent activation energy at ¢ can be
achieved from the slope of a plot of the left hand side of the linearized expression
vs —1/RT; . The index i denotes an experiment conducted at heating rate ;. As
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common for all isoconversional methods, several experiments at different heating
rates are needed to find the apparent activation energy and the method is similar to
that of Friedman [98]. The left hand side of the linearized equation is a function
of the apparent activation energy, which means that an iterative method is needed:
A first guess of E gives a slope from which a new E, is achieved. The new Ey
is inserted into the left hand side of the equation and a new plot is achieved. This
procedure continues until the apparent activation energy derived from the slope is
no longer significantly different from the value inserted into the left hand side of
the equation[57]. It is reported that few iterations are usually needed and the accu-
racy of this method is slightly higher than the already high accuracy of the integral
incremental method of Vyazovkin[105]. The method is also reported to be much
faster than that of the non-linear integral method of Vyazovkin, which could be an
advantage[105]. One possible drawback with this method is the explicit expression
of B in the method. This can introduce errors if the sample temperature deviates
from the heating rate in the temperature program. Another disadvantage is the
need for a first guess of the apparent activation energy. An iterative linear isocon-
versional method has also been developed by Budrugeac [155]. This method uses
time integrals instead of temperature integrals. It gives the same accuracy as the
Friedman method on a simulated example and it was said to be computationally
faster than the method of Vyazovkin[155]. To defend the use of the incremental
method of Vyazovkin in this thesis I like to add that the computational time is
actually not that long: As an example, the time it took to process 13 experimental
data curves, each with 25x 103 to 52x 103 data points, for the Vyazovkin method
applied here was ca. 20 s on a laptop computer (ASUS ZenBook UX302, Intel
Core 17-4500U CPU, 12.0 GB RAM). Admittedly, the same data was processed
considerably faster (=0.1 s) with the method of Friedman but 20 s should not be
considered as computationally slow.

Finally, a much simpler method was implemented by Simon ez al. [58] and Dubaj
et al. [156]. Compared to some of the incremental linear methods (e.g., [155]
and [105]), this method uses the experimental data without prior transformation.
Additionally, compared to e.g. the method of Vyazovkin used in this work, the
method of Dubaj et al. [156] is based on an apparently simpler minimization prob-
lem and the determination of the statistical error in the derived kinetic parameters
is straight forward[156]. The method is based on the integrated form of the rate
equation written as

i ar J(T:,Tr1,AE 3.28
ﬁ—/Tl W—(iaiﬂav)- (3.28)

By subtracting the heating rate 8 from Eq. (3.28) a non-linear implicit regres-
sion model is achieved. This model can be transformed into a non-linear orthogo-
nal regression problem which leads to a statistically sound objective function that
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through minimization of data at several different heating rates gives the parameters
A and E as a function of conversion. Except for the explicit expression of 8 in the
method there are no obvious disadvantages with this method. The explicit expres-
sion of heating rate demands experimental data for which the sample temperature
can be described with a constant f3.

The latter two of the above methods can be adopted to make predictions at arbitrary
temperature programs. The nuances of the method used in this thesis and some of
the previously published methods can hardly be used as argument enough to call
the method used in this thesis new. Nonetheless, the differences such as condi-
tioning of the rate expression, no explicit use of 8 in the expressions, as well as
taking an average of the time integrals used, instead of using a value for a specific
temperature program, at least makes this method a step in the right direction.

3.2.4 Implementation

All the numerical routines were implemented in Python, using the modules Scipy
and Numpy[157]. Details about the implementations can be found in paper 1-3.
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Chapter 4

Results and discussion

This chapter presents a compilation of the results from paper 1-4 in three parts:
thermal analysis, kinetic analysis and mass-loss predictions. Note that if not stated
otherwise, all the plotted experimental curves are chosen arbitrarily among the
repeated runs and illustrate non-smoothed data.

4.1 Thermal analysis

This section presents the main thermal analysis results from paper 1-4.

4.1.1 Thermal lag

Thermal lag and its consequences for kinetic interpretations is discussed on page
14. In this thesis the occurrence of thermal lag was investigated for microcrys-
talline cellulose, spruce powder and spruce chips by comparing the peak temper-
atures as a function of heating rate and sample mass. The peak temperature is
defined as the temperature for which the maximum mass-loss rate is reached.

The thermal conversion of microcrystalline cellulose was investigated in paper 1.
TGA was conducted for three different sample masses (1.6, 4.0 and 9.9 mg) and
heating rates ranging from 2-15 K/min. Fig. 4.1 shows a plot of the peak temper-
atures as a function of heating rate, comparing the three sample masses. It is clear
that as the heating rate increases the difference in the peak temperatures between
the three sample masses increases. This is a clear indication of thermal lag and it
shows that at 10 K/min and a sample mass of 4.0 to 9.9 mg, microcrystalline cellu-
lose is subject to thermal lag. For 9.9 mg there is thermal lag even at 5 K/min. To
investigate whether also the lowest sample mass process is affected by thermal lag,

49
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Figure 4.1: Mean peak temperatures for microcrystalline cellulose plotted as a
function of heating rate for sample mass 1.6 mg (squares), 4.0 mg (circles) and
9.9 mg (triangles). Bars indicate standard deviation in peak temperatures. Inset:
Mass-loss rate as a function of sample temperature. A Savitsky-Golay filter was
used to smooth the rate curves to increase visibility.

additional runs at 15 K/min with a mass of 2.7 mg were performed (not shown).
Such tests showed an increase in the peak temperature compared to a sample mass
of 1.6 mg which means that a mass lower than 2.7 mg is needed to prevent ther-
mal lag. Since decreasing the sample mass will decrease the signal to noise ratio
the sample mass cannot be decreased to very low levels without a decrease in the
data quality. Data quality issues were seen in the kinetic parameters derived from
the experiments using 1.6 mg but this, and the thermal lag for the higher sample
masses, did not prevent assessing some information about the reaction kinetics for
the three sample masses studied.

Similar experiments were conducted for spruce wood in paper 2. The mass-loss
rate as a function of heating rate for spruce powder at three different sample masses
(1.5, 4 and 10 mg) is seen in Fig. 4.2. Notice that only one repetition per heating
rate was performed for the lowest and highest sample mass. The absence of
any difference in peak temperature as a function of sample mass suggests that, for
wood powder, there is no thermal lag for a 10 mg sample at 100 K/min.

By comparing the influence of sample mass on the peak temperature for micro-
crystalline cellulose and spruce we realized that the thermal lag must be caused by
factors other than just the sample mass. From literature we learned that cellulose
pyrolysis exhibits strong endothermic reaction heats, compared to biomass with
an overall heat of reaction close to zero[41, 158]. The self-cooling caused by en-
dothermic reactions in the case of cellulose is probably the cause for the varying
level of thermal lag seen for these two samples.
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Figure 4.2: Zoom in around the peak temperatures for the normalized mass-loss
rate curves for spruce wood. The normalized mass-loss rate curves (d(m/m)/dT)
are shown as a function of temperature at (from left to right) 10, 15, 20, 40, 80
and 100 K/min for sample mass 4 mg (solid line), 1.5 mg (dotted line) and 10
mg (dashed line). A Savisky-Golay filter was used to smooth the rate curves for
increased visibility.

The thermal lag during pyrolysis of spruce chips in the macro-TGA experiments
(see page 37 for a description of the experiments) was estimated by comparing
conversion times as a function of furnace temperature and sample size (sample
mass 160-700 mg). During the extreme conditions experienced by the sample,
namely when a centimeter sized chip is introduced into a furnace at a temperature
of 574 or 676 K, thermal lag is expected. The experimental mass-loss curves as
a function of time are seen in Fig. 4.3 for 574 K and 676 K, respectively. As
expected, the thermal lag is clearly visible as a shift of the mass-loss curves to the
left as the sample thickness (sample mass) is increased. A longer pyrolysis time
is needed to reach the same mass-loss percentage for the larger chips compared
to for the smaller chips. These results indicate that at least for the medium and
thick chips there is a temperature gradient and thus no true isothermal process.
The values of the Biot number and the Pyrolysis number, estimated for each of
the three chip sizes at the two mentioned temperatures, suggest that temperature
gradients exist for all the studied cases except for the small chip (160 mg) at 574
K.

4.1.2 Char yield

Char is one of the lumped products resulting from pyrolysis. As presented in Sec-
tion 2.2.1.1, the char yield is strongly influenced by the operation conditions, as
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Figure 4.3: Normalized mass as a function of time at (a) 574 K and (b) 676 K for
thin (dash-dotted), medium (solid) and thick (dashed) chips. The inset in (a) shows
a magnification of the curves at the start of the process. The lines represent mean
values while the shaded areas around the lines represent standard deviations.

well as by the sample properties and dimensions. From TGA, the char yield is
obtained as the final solid mass fraction, nfine /ma,y resulting after devolatiliza-
tion, given that the main mass loss step has been completed. The definition of
char yield used in this thesis is the residual solid mass fraction at close to complete
conversion. Except for being characteristic for the sample and pyrolysis process
conditions, the char yield is important when using isoconversional analysis, as
explained on page 57.

The char yield for the three different sample masses of microcrystalline cellulose
as a function of initial dry mass, mj, and heating rate, 3, is seen in Fig. 4.4.
Starting with the influence of initial sample mass, Fig. 4.4a shows that there is
a significant increase in char yield when the initial sample mass increases from
4.0 mg to 9.9 mg. The difference in char yield between samples with the initial
mass 1.6 mg and 4.0 mg was found to be insignificant. The increased scatter in the
char yield as the sample mass decreases is a result of the decreased accuracy in the
measured mass as the noise to signal ratio increases. Fig. 4.4b shows that there is
no consistent trend between the char yield and the heating rate: the differences in
char yield at one and the same heating rate is sometimes bigger than the difference

between values at different heating rates.

The char yield resulting from pyrolysis of wood powder as a function of heating
rate is shown in Fig. 4.5. From this figure we see that for heating rates above 1
K/min, i.e. from 2 to 100 K/min, there is no significant influence of heating rate on
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Figure 4.4: Char yield for microcrystalline cellulose, as a function of initial dry
mass m; (a) and heating rate 8 (b). In (a): Different heating rates are indicated by
different markers. In (b): initial sample mass 1.6 mg (squares), 4.0 mg (circles)
and 9.9 mg (triangles). my is determined at 1023 K.
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Figure 4.5: Char yield, m;/m, as a function of heating rate f3 for spruce powder.
The char yield is defined at 1000 K. All applied heating rates and repetitions are
included. m; is the dry sample mass at 433 K.
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the char yield. The difference in char yield achieved at 1 K/min compared to at the
higher heating rates results from very slow char pyrolysis processes only giving
significant contributions after long process times. The same explanation was used
by Shen et al. [159] who also suggested that the difference could result from a
more thermally stable char formed at higher heating rates. In addition, it could be
argued that the difference could be due to trace amounts of oxygen in the system.
In paper 3 we investigated this by comparing the mass loss at high temperature with
data from another thermogravimetric equipment. The results from such analysis
do not exclude the possibility that oxygen is responsible for the slow mass-loss at
high temperatures, leading to the low char yield at § = 1 K/min seen in Fig. 4.5.
For microcrystalline cellulose such mass-loss phenomena was absent while for the
pulp and black liquor precipitates in paper 3, such mass-loss phenomena was seen
at high temperatures. For the wood powder in paper 2, the data collected above
1000 K was a function of heating rate.

The char yields for the kraft samples studied in paper 3 are presented in Tab. 4.1.
For these samples, the char yield was related to the amount of lignin and ash but
there was no clear trend. For example, a higher char yield (20 wt% compared to
16 wt%) was achieved from the pulp sample P2 which had half as much Klason
lignin (ash included) as wood. Similarly, sample L1 (62 % Klason lignin) gave 3
% more char than sample L2 (100 % Klason lignin). Notice that despite the small
(3-4 %) differences in char yield in the mentioned examples the differences are
significant.

Finally, the char yield for the wood chips having three different thicknesses re-
vealed to be independent of sample mass at 574 to 676 K (paper 4). There was
an influence of temperature on the char yield though and the char yield for the
medium sized chip decreased linearly with temperature in the studied temperature
interval. The char yield for 4 mg spruce powder compared to a 4 mg wood cube
(both samples pyrolyzed in the Mettler Toledo system) gave different char yields,
results that suggest an increased vapor hold-up time, and thus an increased pres-
ence of secondary reactions, during pyrolysis of wood chips, compared to wood
powders.

4.1.3 Thermal characteristics

TGA gives a means to characterize the thermal decomposition of materials as a
function of temperature. In Tab. 4.1 the most relevant characteristics resulting
from TGA analysis are collected for the nine samples studied in this thesis. The
characteristics are the peak temperature (7p,cqx), the char decomposition tempera-
ture (73), defined as the temperature where the char yield becomes a function of
the heating rate, and the char yield at 7. From this compilation we see that sam-
ple XL1 has the lowest peak temperature and sample L2 has the highest, among all
samples. This is consistent with the knowledge that hemicellulose decomposes at
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Table 4.1: Initial dry mass (m;) peak temperatures (Tpeq) at 2 K/min, char decom-
position temperatures (73) and char yield (m;/m;) at T». *At f = 3 K/min. MCC
= microcrystalline cellulose.

Material | T\/K | my/mg Tpear/K T/K | my/m;x100
1.6+5% | 59140.3* 2.64+0.8
MCC 423 | 4.04+3% | 585+0.4 | 1023 424+0.6
99+2% | 586+0.9 6.84+0.3
1.7+7% 14.8
433 | 4.0+3% 16.0
w 10.0+1% 613 1000 17.4
403 | 3.9+3% 16.0
Pl 39+3% 609 900 13.0
P2 394+2% 592 860 20.0
XL1 3.84+2% 537 910 38.0
XL2 403 | 3.9+2% 545 950 39.0
XL3 39+2% 556 950 36.0
L1 4.04+:2% 615 900 46.0
L2 394+2% 640 1000 43.0

lower temperatures than lignin. Regarding the values of 75, no trends related to ash
or lignin amount was found. Additionally, we see that microcrystalline cellulose
(MCC) gives considerably lower char yields than any of the other samples, even
after considering the amount of ash in the char. The sample giving the second low-
est char yield, after MCC, is the low lignin pulp (P1). The difference in char yield
between wood and sample P1 is not as big as one could expect (based on the lignin
content), only about 2 % difference in weight. Two of the XL-samples (XL2 and
XL3) had the same lignin amount as sample L1 but sample L1 still gave about 10
wt% more char. This could be related to the high xylan content in the XL-samples.
This idea is contradicted by the fact that sample XL 1, having almost twice as high
xylan content as the two other XL-samples, gives practically the same amount of
char as sample XL2 and XL3. This indicates that the char amount is a result of
many factors and seemingly not linearly related to ash, lignin and xylan amount.

4.2 Kinetic analysis

This section presents the main results from the kinetic analysis in paper 1-4.
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4.2.1 Reliability analysis

The reliability of the apparent activation energies derived in this thesis were thor-
oughly examined to investigate if the features seen in the apparent activation en-
ergy trends were kinetic features or artifacts. There are several sources of uncer-
tainties that can lead to artifacts in the derived apparent activation energies. The
sources of error investigated in this thesis are due to i) data quality (noise and
sampling rate), ii) violation of the isoconversional principle (i.e. different reaction
mechanisms as a function of temperature program), iii) modifications of the raw
data (wrong definition of conversion) and iv) optimization problems (finding lo-
cal minima). The influence of all these factors on the derived apparent activation
energy was assessed separately, as well as simultaneously by using the derived ki-
netic parameters (Ey and cg) to reconstruct the data used for kinetic analysis or to
make predictions of the mass-loss rate at extrapolated conditions (i.e. conditions
not included in the kinetic analysis). In this thesis, reconstruction was always sat-
isfactory. The results from the more stringent test, i.e. prediction, are presented in
Section 4.3 on page 65.

The influence of the data quality on the apparent kinetic parameters was investi-
gated by performing isoconversional analysis on parts of the experimental data.
For example, in paper 1 the apparent activation energies derived from the two
halves of the experimental data, i.e. excluding half of the repetitions for each
heating rate, were compared. The same procedure was used on the spruce data in
paper 2. In both of these papers the influence of the included heating rates were
also studied. The analysis of parts of the experimental data revealed that the de-
rived parameters did not vary significantly (resulted in a change below 10 % of the
original value) as a function of the underlying experimental data. The influence of
sampling rate on the accuracy of the derived apparent activation energy was inves-
tigated using analytical data with known apparent activation energies and different
data resolution. By studying the derived values as well as the derived uncertainty
(see Section 3.2) it was found that a higher sampling rate (data resolution) gives
more reliable apparent activation energies. From this type of reliability check we
learned that the Friedman method is slightly less robust, i.e. the derived apparent
activation energies vary more as a function of the underlying data, compared to the
method of Vyazovkin. Regarding the error propagation analysis (see Section 3.2),
we found that, for both the differential and integral method, it has the tendency
to underestimate the uncertainty. Additionally, the uncertainty derived for the dif-
ferential method is more useful as an indication of the uncertainty in the derived
parameters.

Establishing a Friedman plot (In(det/dt) vs 1/T) is an easy way to check whether
the experimental data fulfills the isoconversional principle or not. If there is a
linear relationship between the logarithm of the conversion rate at a certain con-
version «, as a function of the inverse of the temperature then the isoconversional
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principle holds at that conversion. This test was performed for all data collected
in this thesis. The results from such analysis suggest that for data where the final
char yield is a function of heating rate, the isoconversional principle is violated.
Another thing visible from such analysis is that if the definition of conversion is
erroneous, then the isoconversional principle will not be satisfied at high conver-
sion. The definition of conversion may be erroneous if there is no clear plateau in
the mass-loss at the end of the process, which was the case for some of the sam-
ples studied in this thesis. When there is no clear final plateau in the normalized
mass then the definition of final mass (m;) becomes arbitrary. A solution to this
problem is to define the final conversion point at a temperature where the final
char yield is not a function of heating rate. This prevents an arbitrary definition
of conversion, which enables a sound comparison of different samples. Since this
approach forces the conversion curves for different heating rates to reach complete
conversion at the same temperature, it results in a violation of the isoconversional
principle at the highest conversions, visible from a Friedman plot.

Finally, the derived apparent activation energies may be biased due to numerical
optimization issues. This possible source of error was investigated by varying the
interval in conversion, Ac, used in both of the isoconversional methods. There
was no significant influence of Ac on the derived apparent activation energies in
the range of 0.01 < A < 0.08.

4.2.2 Apparent activation energies

In this thesis, apparent activation energies have been derived as a function of con-
version for microcrystalline cellulose, spruce powder and the seven kraft process
samples. The influence of sample mass (paper 1), heating rate (paper 2) and sam-
ple composition (paper 3) on the derived values have been investigated. The ap-
parent activation energies derived from TGA data reflect the sum of the activation
energies for all of the simultaneously proceeding processes. For microcrystalline
cellulose the apparent activation energy, derived from 2-15 K/min, was practically
constant as a function of conversion for all sample masses but for the lowest sam-
ple mass it was significantly higher. This was probably not a result of thermal lag
since there was no decreasing trend in apparent activation energies as a function
of the two higher sample masses. The difference was likely due to different py-
rolysis processes since it was found that the conversion function (f()) of the two
higher sample masses differed from that of the lowest mass (see Section 4.2.3).
For spruce we noticed that the apparent activation energy derived from a set of
low heating rate experiments (2-10 K/min) differed from those derived using a
set of high heating rates (10-100 K/min). Thorough reliability testing of the de-
rived apparent activation energies suggested that the differences between high and
low heating rate parameters resulted from differences in data quality. The rate ex-
pression derived from the low heating rate data set was more reliable and could
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be used to predict the mass-loss rates at extrapolated conditions (see Section 4.3)
with higher accuracy.

In paper 3, we derived the apparent activation energy for several samples of dif-
ferent chemical composition, using data from 2-10 K/min. We had hoped to find
relationships between the characteristics in the apparent activation energy trends
and the sample composition in terms of lignin content, ash content and carbohy-
drate composition. However, no such trends were found. Since the current thesis
is executed with an engineering perspective the values of the apparent kinetic pa-
rameters are of secondary importance, as long as they are successful in predicting
pyrolysis conversion rates. In cases where one specific thermal property is impor-
tant the apparent activation energy trend as a function of conversion can be used
as a fingerprint for the material. An example of this can be found in the study
of Cinar et al. [39] where they use these fingerprints to compare the combustion-
front propagation behavior of several crude oil samples. Several other examples
are found in the book of Vyazovkin [38]. The latter illustrates that the apparent
activation energy can be used as a measure of reactivity, where higher apparent
activation energies are indications of a slower process. This information, i.e. the
reaction rate, is of course already available in the raw data used to establish the
kinetic fingerprint, but comparison of different samples can be facilitated by the
use of these fingerprints. If using them as a measure of reactivity it is important
to remember that the reaction rate is also determined by the effective prefactor,
or the frequency factor, in the Arrhenius expression. As will be shown next, the
interpretation of the fingerprints is not always straight forward.

The correlation between high activation energy and low reaction rate, i.e. high
temperature onset of the reaction, is also seen for the samples in this work. Fig.
4.6, 4.8 and 4.10 show the conversion as a function of temperature in panel (a)
and the apparent activation energy as a function of conversion in panel (b) for
wood and the two pulp samples, the three xylan-lignin samples and the two lignin
samples, respectively. Notice that the (b) panels in these figures contain the exact
same information as Fig. 3 in paper 3, but the apparent activation energy is shown
as a function of conversion instead of temperature.

Fig. 4.6 (a) illustrates that pulp sample P2 reaches a conversion of 0.4 at a lower
temperature than for sample W and P1, and the process for sample P2 is thus
faster. This is reflected in panel (b) where sample P2 has lower apparent activation
energy up to a conversion of 0.4. As seen from Fig. 4.7, showing the conversion
rate as a function of temperature, sample P1 and W have the same reaction rate
at approximately 575 K (the curves intersect). From Fig. 4.6 (a) we see that this
temperature corresponds to the conversions 0.2 and 0.3, for sample P1 and W,
respectively. From Fig. 4.6 (b) we see that indeed, at these conversions the two
samples have the same apparent activation energy.

Moving on to the xylan-lignin samples, Fig. 4.8 (a) shows that the three sam-
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Figure 4.6: Conversion as a function of temperature at 2 K/min (a) and apparent
activation energy as a function of conversion (b) for sample W, P1 and P2.
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Figure 4.7: Conversion rate as a function of sample temperature for heating rate 2
K/min. W (black), P1 (blue solid line), P2 (blue dashed line), XL1 (red solid line),
XL2 (red dashed line), XL3 (red dotted line), L1 (green solid line), L2 (green
dashed line). The plotted curves were chosen arbitrarily among the repeated runs.
my is the dry sample mass at 403 K. The conversion, «, is defined in Eq. (3.1). A
Savitsky-Golay filter was used to increase visibility.
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Figure 4.9: Effective prefactor as a function of temperature for the three XL-
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in the derivation of E,. The effective prefactor for W is shown for comparison. A
heating rate of f = 2 K/min was used to plot in the temperature domain. 7y = 600
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ples have very similar pyrolysis behavior, despite the fact that they are precipitated
from black-liquors produced after 50, 150 and 250 min cooking (see Tab. 3.1 on
page 29). The XL1 sample decomposes slightly faster and reaches its peak temper-
ature earlier than the other two samples (see Tab. 4.1 or Fig. 4.7). Looking at Fig.
4.8 (b) we see that up until a conversion of 0.2 sample XL1 has lower apparent ac-
tivation energy than the other samples. Notice though that the apparent activation
energy for W is even lower than for sample XL1, despite the fact that wood starts
to decompose almost 30 K later (See Fig. 4.7). It is not easy to give an explana-
tion for this behavior. One could claim that noise in the data is responsible, since
the influence of noise is larger at low mass-loss signals. Proper testing, and the
success of the kinetic parameters to reconstruct the original data (see Section 4.3)
contradicts this idea. Remembering that the reaction rate is not only a function of
temperature and apparent activation energy, but also the probability of reaction, in-
cluded as a frequency factor in the Arrhenius temperature function, we understand
that, despite proper reliability testing, this specific behavior at low conversion can
be related to data quality issues. In Fig. 4.9 we see that the effective prefactor, i.e.
the product between the conversion function and the frequency factor, is about one
hundred times lower for W compared to the XL-samples. The same compensation
is seen for sample XL.2: the higher initial E, is balanced by a higher effective pref-
actor. Since the effective prefactor is derived dependent on the apparent activation
energy and experimental data, (see Eq. (3.18) on page 43) the effective prefactor
can balance the mismatch between the experimental data and the apparent acti-
vation energy, giving rate expressions that can describe the process. The limited
accuracy of the isoconversional methods at low and high conversions (below 0.1
and above 0.9), due to the noise inherently present in experimental data, is well
known[35]. It is also for these low and high conversions that the actual value of
mr> in the definition of the conversion (see Eq. 3.1) has the most leverage. If us-
ing the apparent activation energy trends as fingerprints then the limited accuracy
at high and low conversion is important to remember. Continuing with the trends
in Fig. 4.8 (b) we see that the apparent activation energy is higher for XL1 than
the other three samples until the end of the process. This matches with the reac-
tion rate for sample XL1 which is lower for this sample than for the other samples
throughout the rest of the process (see Fig. 4.7). The difference in reaction rate
is very small though which makes it hard to motivate the significant difference in
apparent activation energy.

Fig. 4.10 shows the conversion as a function of temperature and the apparent ac-
tivation energy as a function of conversion for the lignin samples, compared to
wood. As seen from Fig. 4.10 (a) sample L1 reaches a conversion of 0.2 at a
temperature about 50 K lower than that for sample L2. In Fig. 4.10 (b) we see
that sample L1 indeed has lower E than sample L2 below o = 0.2. Actually, the
apparent activation energy for sample L1 is lower than for sample L2 up until a
conversion of 0.62 for L1 and 0.54 for L2. From Fig. 4.7 we see that at tempera-
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Figure 4.10: Conversion as a function of temperature at 2 K/min (a) and apparent
activation energy as a function of conversion (b) for sample W, L1 and L2.

tures below 625 K (the temperature for which sample L1 reaches 0.62 conversion)
the rate of conversion is higher for sample L1 than for sample L2, confirming the
trend in the apparent activation energy.

As a final investigation whether the apparent activation energy trends are consis-
tent with the reaction rate or not, Fig. 4.11 (a) shows the conversion curves as a
function of temperature together with the apparent activation energy as a function
of conversion (b) for sample L2 and XL1. Fig. 4.11 (a) shows that the XL1 sample
and the L2 sample decomposes practically at the same rate from 400 to 500 K. At
approximately 500 K they have reached 6 % conversion (see Tab. 4.1). In Fig.
4.11 (b) we see that the apparent activation energy at 6 % conversion is 300 kJ/mol
for sample L2 and 200 kJ/mol for sample XL1. So, even though the two samples
decompose at a similar rate at the same temperature their apparent activation en-
ergies are different. At conversions between 0.2 and 0.5, the apparent activation
energy for the two processes are similar, which is coherent with the similar conver-
sion rates at these conversions, seen in Fig. 4.11. At higher conversions, above 0.8,
the apparent activation energy for sample L2 increases above that for XL.1 and as
a result, the conversion rate for sample L2 decreases, compared to that for sample
XL1. So, except for at the start of the process, the apparent kinetic parameters can
be used as a fingerprint for these samples.

It is known that especially at high and low conversions the isoconversional meth-
ods have limited accuracy[35] and despite the thorough checking of the reliability
of the apparent kinetic parameters (see Section 4.2.1) the high apparent activation
energy for L2 at conversion 0.06 may be an artifact. As long as the derived ap-
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Figure 4.11: Conversion as a function of temperature at 2 K/min (a) and apparent
activation energy as a function of conversion (b) for sample L2 and XL1.

parent kinetic parameters can be used for prediction purposes the reason for the
individual features in the apparent activation energy trends are here of secondary
importance. The results from the prediction studies are shown later in this the-
sis. A final note on the actual values of the apparent activation energy. It is not
uncommon to see very high (above 600 kJ/mol and up to 1000 kJ/mol) appar-
ent activation energies in the literature on thermal analysis kinetics, especially for
physical processes like melting and glass transition [38], that happen in very nar-
row temperature ranges. This reminds us of the fact, stated previously, that the
apparent activation energies derived from TGA through isoconversional analysis
give an overall picture of the process, and not actual energy boundaries for ele-
mentary reaction steps.

4.2.3 The effective prefactor

As shown in Section 3.2, the effective prefactor, ¢, for the conditioned rate equa-
tion is the product of the conversion function and the rate constant at a reference
temperature. The effective prefactor is derived based on the apparent activation
energy (see Eq. (3.18)). Since the apparent activation energy is not a true physical
parameter, and the effective prefactor is evaluated from the apparent activation en-
ergy, the effective prefactor ¢y should not be interpreted as a physical parameter.
Physical frequency factors for heterogeneous systems vary between 10° and 10'
s~1[160, 161]. The actual values for the frequency factors are not given focus in
this thesis but a quick estimation of the Arrhenius frequency factor, A, for the low

1.0
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Figure 4.12: Effective prefactor as a function of conversion derived from experi-
ments with sample mass 1.6 mg (squares), 4.0 mg (circles) and 9.9 mg (triangles).
The data is for pyrolysis of microcrystalline cellulose (see paper 1). Closed sym-
bols: differential method, open symbols: integral method. Reference temperature,
To = 600 K.

sample mass experiments of cellulose, assuming a first order reaction results in
A~ 9x10'%~! The frequency factors were also roughly estimated for the kraft
cooking samples in paper 3. We found that, at 50 % conversion and assuming
a first order reaction, all the estimated frequency factors were within the limits
presented above.

In paper 1 we showed that for processes with apparent activation energies prac-
tically independent of conversion the effective prefactor can be used to gain in-
formation about the conversion function. In this thesis, the nature of the conver-
sion function was only investigated for microcrystalline cellulose since, using the
methodology applied in the current thesis, the conversion function is not needed
in order to predict conversion rates. The conversion function could be interesting
from a fundamental viewpoint. However, for most biomass that consists of sev-
eral different macromolecules it is unlikely that a single conversion function can
be formulated to describe the process. The effective prefactor for microcrystalline
cellulose as a function of conversion is seen in Fig. 4.12. By comparing the trend
of the effective prefactor with that of generalized master plot curves, developed as
a means to extract information about f(a), we saw that microcrystalline cellulose
seems to decompose in different ways as a function of sample mass. It seems like
samples of 4-10 mg cellulose decompose through an autocatalytic process at low
conversion. At high conversion the decomposition process is instead similar to
a first order reaction model. For this sample mass range the decomposition pro-
cess can thus not be described by a single conversion function, despite the almost
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Figure 4.13: Conversion for quasi-isothermal curves as a function of time for mi-
crocrystalline cellulose (4.0 mg). Solid thick lines: experiments. Symbols: mod-
eled data with kinetic parameters derived from sample mass 1.6 mg (squares), 4.0
mg (circles) and 9.9 mg (triangles) at heating rate 2-15 K/min (3-15 K/min for
the low sample mass). Closed symbols: differential method, open symbols: inte-
gral method. Inset: Experimental mass loss curves for the two isotherms. In both
panels, time zero is at 10% conversion.

constant apparent activation energy for the whole conversion range. For the low
sample mass (1.6 mg) a single step first order reaction seemed more plausible.

4.3 Mass-loss predictions

This section presents the main prediction results from paper 1-4.

The most rewarding part when working with kinetic analysis is to use the derived
reaction rate expression to make predictions at extrapolated conditions. If the pre-
diction is successful then, as in this thesis, the quest is complete. If the prediction
is not satisfactory, then the hard work of finding out why begins. In this thesis, all
the predictions have been satisfactory.

Fig. 4.13 shows the quasi-isothermal experimental curves (solid black lines) of
microcrystalline cellulose, together with the predicted curves (markers) derived
from dynamic experiments (2 or 3 to 15 K/min) using 1.6, 4.0 and 9.9 mg sample
mass. The quasi-isothermal experiments were performed with a sample mass of
4.0 mg and the initial heat-up period of the experiment was not taken into account
by the model. Despite this, the two rate expressions derived from 4.0 and 9.9 mg
sample mass were able to accurately describe the experiments at 553 K and 573K.
The unsatisfactory results from the lowest sample mass could be due to either poor
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Figure 4.14: Reconstructed and modeled conversion for dynamic experiments of
wood powder at heating rates (from left to right): 1, 5, 40 and 100 K/min. Only ki-
netic data from the integral method is shown. Solid lines: experimental curves (all
repetitions shown): symbols: reconstructed and modeled data using kinetics from
heating rate 2-10 K/min (circles) and 10-100 K/min (squares). The first marker to
the left on each curve represent the initial value (@ = 0.02).

experimental data or another underlying reaction mechanism.

In our study of spruce powder (paper 2), two models based on dynamic experimen-
tal data at 1-10 K/min and 10-100 K/min respectively could successfully predict
the mass-loss at 1-100 K/min and at quasi-isothermal conditions (temperatures
539-650 K). Both the differential method of Friedman and the integral method of
Vyazovkin gave successful data, but the parameters from the integral method led
to slightly more accurate predictions. Fig. 4.14 shows the experimental, modeled
and reconstructed dynamic curves while Fig. 4.15 presents a comparison between
the predicted and experimental quasi-isothermal curves. As seen from the litera-
ture overview in Section 2.3.4 there are only a handful of biomass pyrolysis studies
that use the derived rate expression to predict mass-loss rates at extrapolated con-
ditions and usually the prediction is not as accurate as seen in this thesis.

In paper 3 we studied samples with more heterogeneity than spruce wood and
the commercial cellulose. Among the samples were black liquor precipitates, by-
products from kraft pulp mills. These materials are relevant for upgrading to e.g.,
char materials and fuels (see Section 1.2). The precipitates had different compo-
sition and to gain further knowledge about how pyrolysis properties are related
to sample composition, this study also investigated the properties of two pulps of
different composition. The different compositions gave different pyrolysis char-
acteristics and as a result, different apparent kinetic parameters. As with micro-
crystalline cellulose and spruce wood, the derived rate expressions could be used
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Figure 4.15: Conversion as a function of time for wood powder during quasi-
isothermal pyrolysis at four different temperatures during (a) the first 30 min and
(b) 300 min. Both the experimental (solid lines) and the modeled (markers) curves
include the dynamic (10 K/min) segment needed to reach the isotherm. Kinetic
parameters derived from dynamic experiments at 2-10 K/min, using the integral
method, was used. Dotted lines show the evolution of temperature for the four
plotted experimental curves.
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Figure 4.16: (a) Conversion as a function of temperature for a heating rate of
15 K/min. Solid lines: experiments, markers: model predictions (circles: XL1,
triangles: P1, prism: L1, diamond: L2). (b) Conversion as a function of time for
the quasi isothermal decomposition of lignin sample L2. Solid lines: experiments,
dashed lines with markers: model predictions. Model predictions account for the

heating ramp preceding the isothermal segment.

to successfully predict the mass-loss at linear heating rate and quasi-isothermal
conditions (only one sample was tested). Fig. 4.16a and 4.16b show the modeled
and the experimental curves for dynamic conditions and quasi-isothermal condi-
tions, respectively. The success of the model-free methodology used in this thesis
to predict the mass-loss rate for these heterogeneous samples is promising, since

the nature of biomass is far from homogeneous.

In our fourth paper we took our research a step closer to industry by performing
experiments with industrial grade wood chips at rapid heating. As shown in Fig.
4.3, presenting the mass-loss data as a function of time, the medium and large size
chips (300 mg and approximately 700 mg, respectively) were subject to thermal
lag at both 574 K and 676 K. Since we did not use any heat transfer model, and did
not measure the temperature profile inside the chips, the prediction is based on the
temperature measured by the thermocouple situated below the chip (see Section
3.1.5.4). The predicted normalized mass, m,/mj, as a function of temperature is
shown in Fig. 4.17 for three different hold-up times (1, 2 and 44 min). Only
experimental data from the medium size chip is shown. The inset of each sub-
figure illustrates a parity plot, where dashed and dotted lines correspond to 10 %
and 20 % deviation, respectively, between model and experiment. After a dwelling
time of one minute, the model predicts a lower normalized mass compared to the
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experiments, as seen in Fig. 4.17 (a). This can be explained by the thermal lag
experienced by the chips early in the process, resulting in a lower temperature for
the chip than that recorded by the thermocouple. After two minutes, illustrated by
Fig. 4.17 (b), the deviation between the model and the experiments has decreased,
possibly due to less thermal lag. Interestingly though, the model predicts a higher
mass than seen in the experiments. This suggests that the chips decompose in
a manner different from that for the spruce powder at linear heating rate, and/or
that the temperature inside the chip is higher than the measured temperature, due
to exothermal reactions. Indeed, at the beginning of the process (below 5 min)
the thermocouple situated below the chip recorded some temperatures that were
higher than those of the furnace (not shown). This temperature overshoot reached
a maximum of 10 K at 676 K and decreased to insignificant levels at temperatures
below 637 K. The same phenomena, i.e. that the temperature overshoot increases
with increased temperature during pyrolysis of macro particles, has been described
by Bates and Ghoniem [162] and references therein. Additional experimental and
modeling data is needed to draw a conclusion about the source of the deviation
between the predicted and the experimental results. Finally, at a dwelling time of
44 min, Fig. 4.17 (c) illustrates that the model underestimates the final char yield
at temperatures above 574 K. This could be a result of an increased presence of
secondary char forming reactions in the chips, compared to in the powder. At 574
K the char yield is lower for the chips than according to the prediction.

In paper 4 we also found that the isoconversional reaction rate expression for
spruce powder derived in this thesis gave rise to practically the same predicted
mass-loss values, as a function of temperature and time, as the rate expressions de-
veloped through model-fitting by Tapasvi et al. [32]. Since different temperature
programs, TGA setups and numerical methods were used to establish these two
rate expressions we can conclude that isoconversional methods and model-fitting
methods can have equivalent predictive capabilities. The model developed by
Tapasvi et al. [32] was based on data from nine different temperature programs, i.e.
four linear heating rate programs, one isothermal program, two stepwise isother-
mal programs as well as one controlled reaction rate program and one modulated
temperature program. This is five more temperature programs, compared to the
four linear heating rate programs used to derive the isoconversional rate expres-
sion (paper 2). It would be interesting to compare the amount of experimental
data that the model-fitting approach and the isoconversional approach need in or-
der to establish reliable kinetic expressions. Finally, this comparison clarifies that
it can be easier to develop an isoconversional rate expression than a model-fitting
expression: The model suggested by Tapasvi et al. [32] was the result of thor-
ough comparisons of several different reaction models, keeping varying numbers
of fitting parameters constant. By using the methodology presented in this thesis
the kinetic analysis is performed according to a protocol, enabling fast and easy
analysis for many different materials.
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Figure 4.17: Modeled and experimental normalized mass after (a) 1, (b) 2, (c)
44 min of dwelling at the isothermal temperature. The curve in the main canvas
represents the normalized mass modeled using my /m;= 0.135. Squares are exper-
imental mean normalized masses at the respective dwelling times. The error bars
represent the standard deviation in mass and temperature at the plotted dwelling
time. The insets show parity plots comparing the normalized mass at the same
dwelling time as in the main canvas. The dashed lines represent a deviation from
equality by 10 % while the dotted lines represent 20 % deviation.
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Chapter 5

Conclusions

In this thesis I have thoroughly investigated the thermal properties of biomass sam-
ples of different origin, composition and heterogeneity. These materials were cho-
sen to investigate the applicability of isoconversional analysis to describe the py-
rolysis kinetics of these materials in particular, and biomass in general. The aim
with this research was to develop a simple yet accurate methodology that has the
potential to be used in industry to choose the optimal process parameters needed
to reach a certain conversion. The following conclusions can be drawn:

* The methodology applied in this thesis fulfills both of the criteria posed in
the aim of this thesis. The method is model-free and as such it is easier
to use compared to model-fitting methods where different reaction schemes
and conversion functions need to be tested and compared. Additionally, the
methodology is accurate when it comes to reconstruction of the underlying
experimental data and making predictions at extrapolated conditions. For
example, a reaction rate expression developed from TGA data on spruce
powder (4 mg) at 1-10 K/min can be used to predict, with more than 80 %
accuracy, the final char yield for spruce chips at fast heating rate conditions
(597 to 676 K).

* The isoconversional principle is valid between 2 and 15 K/min for all sam-
ples studied in this thesis (sample mass 4.0 mg) and between 1 and 100
K/min for wood (sample mass 4.0 mg). In addition, for cellulose it is also
valid at quasi-isothermal experiments at 553-573 K, for spruce it is valid
at quasi-isothermal conditions at 539-650 K and for lignin (sample L.2) at
quasi-isothermal conditions at 573 to 673 K (a 10 K/min ramp was used
in all the experiments to reach the isotherm). The validity of the isocon-
versional principle tells us that for these complex materials the reactions
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governing the conversion rate are not significantly altered within these pro-
cess conditions. Since the studied materials constitute a broad collection of
properties the success of the isoconversional principle shows promise also
for other types of biomass.

For kinetic evaluation based on mass-loss TGA data the integral incremental
method of Vyazovkin gives more reliable kinetic parameters than the non-
linear differential method of Friedman, determined based on the accuracy of
the predictions. Depending on the desired accuracy, the easier to implement
Friedman method can be used for predictions close to the conditions used
during kinetic analysis. The application of the Friedman method in com-
bination with the Vyazovkin method has some clear advantages compared
to the use of only the method of Vyazovkin. The method of Friedman can
be used to easily test the applicability of the isoconversional principle on
the experimental data and a better estimation of the uncertainty in the de-
rived apparent activation energy is achieved, giving an indication of e.g. the
quality of the underlying experimental data. By comparing the results from
the Friedman method with the results from the Vyazovkin method one can
get an indication on whether the variations in apparent activation energies
for different datasets result from different reaction chemistry or from data
quality issues.

Cellulose pyrolysis at 2-15 K/min and 4-10 mg seems to consist of two
different processes: At low conversion the degradation behavior followed
an autocatalytic process while at high conversion the decomposition seems
to be first order. For a lower sample mass (1.6 mg) the autocatalytic behavior
was not visible.

By studying the kraft cooking samples we found that the char yield is re-
lated to the amount of lignin in the sample but the relationship is not linear.
Factors such as ash and carbohydrate content seem to be important too.



Chapter 6

Recommendations for future
work

This section contains some recommendations for how this research can be contin-

ued, together with some additional thoughts from the author.

Recommendations

e Isoconversional analysis can bring the field forward: A fully model-free
isoconversional methodology, as the one used in this thesis, is important
to bring the field of biomass pyrolysis forward. If such methods are used
and properly tested at extrapolated conditions a library of model-free rate
expressions could be established. This is also possible, but more difficult,
with model-fitting methods since such library would need to contain not
only the kinetic parameters and the conditions for which they are valid, but
also the reaction schemes and the conversion functions. A library based
on isoconversional methods would contain the apparent activation energy
and the effective prefactor as a function of conversion, together with the
conditions for which the isoconversional principle holds. Another advantage
with a library over model-free isoconversional data is that as such a library
grows it may be possible to find trends in the isoconversional fingerprints
that may facilitate the optimization of the process parameters as a function
of feedstock properties further. Such trends would be important for easy use
of feedstock of different origin, which is important for the economy of the
process.

e Complete the pyrolysis model by taking into account mass and heat trans-
fer: A reaction rate expression is only one of the necessary pieces when
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modeling a pyrolysis reactor. Heat and mass transfer models need to be
used in combination with the developed kinetic expressions. Additionally,
correlations between reaction enthalpy, heating value of the evolved gases
and vapors and conversion are needed. With such correlations at hand, the
model could be used to set up energy balances important e.g. for staged
gasification.

* Increase the knowledge of the chemical processes during pyrolysis: There
are some more sophisticated thermogravimetric methods that could have
given additional kinetic information to this thesis. These tests are the so
called jump method or “f(a)-test”’[163], controlled reaction rate method
(CRR) and modulated TGA (MTG) (see e.g. [32, 51]). Additional analysis
methods are also needed, such as e.g. evolved gas analysis, and analysis of
the solid residue at different conversions, using e.g. solid-state NMR (nu-
clear magnetic resonance spectroscopy) and XRD (X-ray diffraction spec-
troscopy).

* Create correlations between biomass types and process conditions: One
important feature for a biomass pyrolysis process is fuel flexibility. This
does not only demand technical solutions that allow for heterogeneous feed-
stock but also a knowledge of how to change the process parameters to
gain a homogeneous product stream. By correlating features in the appar-
ent activation energy trends with pyrolysis properties for different groups
of biomasses (hardwood, softwood, straw, husks, bark, nut shells etc.) it
could be possible to minimize the day-to-day testing of new feedstocks. Iso-
conversional analysis enable establishing “fingerprints” that can be used to
compare fuel properties.

o Investigate the range for which the developed rate expressions hold: An
important aspect not touched upon in this thesis is the process range for
which the derived reaction rate expressions are valid. It is important to know
at what conditions the derived kinetic parameters are no longer valid, due to
changes in the reaction pathway.

* Report sample dimensions, especially for cellulose: Due to the importance
of secondary pyrolysis, especially for dense powders such as that used in
the study of cellulose (paper 1), studies should report the sample dimensions

properly.

* Expand the test-matrix for the kraft precipitates: The results from the kraft
material study are interesting but hard to interpret and a more well designed
study would be helpful. The influence of precipitation pH, washing solvents
and cooking times on the thermal properties, together with additional anal-
ysis of the sample composition would be valuable.
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o Investigate the trends of apparent activation energies: Before using the ap-
parent activation energy trends as fingerprints it is important to investigate
the behavior of Ey vs @, e.g. whether a process with higher E, at low con-
version starts earlier than a process with lower E. Perform simulation work
to investigate what happens if there are several parallel reactions where one
is giving high conversion rate with low Ey and one is giving low conversion
rate with high E. Will the isoconversional Ey be a sum? Such simulation
work will also increase the understanding of the features seen in apparent
activation energy trends, which may result in an understanding about the
chemical processes present. Such work may also give information about the
effective prefactor.

e Implement and test the non-parametric approach (NPK): This method has
some interesting features[164] that should be explored.

» Explore the relationship between IN and OUT properties during pyrolysis
(e.g. torrefaction): It is one thing to be able to predict mass-loss as a func-
tion of temperature and time during torrefaction. To have fuel flexibility we
need to understand the following: What chemical processes are giving the
torrefied material the characteristic end properties like brittleness and hy-
drophobicity? What chemical and physical properties of the fresh biomass
have the greatest influence on the end properties? How should two different
types of biomass (with certain chemical and physical properties) be torrefied
individually in order to get similar end properties?

Author’s thoughts

Finally I would like to share some of my thoughts about this field, i.e. kinetic
modeling based on thermogravimetric data. In this thesis I have tried to illustrate
that the parameters that influence the pyrolysis process are many (equipment de-
sign, reaction conditions, sample properties, sample composition, impurities, etc.),
which complicates the study and comparison of reaction kinetics. The influence
of these parameters is seen when we look at the many different reaction schemes
developed for cellulose, which is a much less complex substrate than lignocellu-
losic biomass. It is true that much of the spread in the reaction kinetics may be
due to true differences in the reaction mechanism, due to variations in the studied
systems, but it is also possible that the spread is caused by insufficient amount of
data, poor control of the system parameters or derivation of values based on single
temperature programs. There are many studies where the sole goal is to derive
kinetic parameters and not to test their validity. This is unfortunate since, without
knowing if the kinetic parameters could actually be used to predict pyrolysis rates
at extrapolated conditions, it is impossible to know if the wide spread may be due
to differences in reaction chemistry or not. Without this information we can not,
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with confidence, use the results from such studies to gain additional information.
One idea would be to use data mining and genetic algorithms to establish cor-
relations between input parameters, such as biomass characteristics and process
conditions, and output parameters, such as char yield, heating value, process time,
etc. With the huge amount of data available in the literature such a project should
be possible. But then again, much of the literature lack vital information about the
reliability of the data.

Another idea is that the spread in the kinetic parameters and the reaction schemes
used is not as big as it seems to be. It is possible that two different reaction
schemes with different kinetic parameters may actually give rise to the same mass-
loss curves as a function of temperature and time. An example of this is the result
found in our fourth paper, i.e. that the model developed by Tapasvi et al. [32], con-
sisting of three parallel reactions where two reactions were modeled with DAEM
and one with a self-accelerating conversion function, predicted the same mass loss
as a function of time and temperature as our fully isoconversional model for spruce
did. The similarity between these two “reaction schemes” is difficult to see without
the extra prediction step.

Finally, I believe that we should move away from using the Arrhenius model since
it was developed to describe reaction rates of elementary reactions, not solid de-
composition kinetics measured through mass-loss. There are alternative theories
developed with the aim to describe solid state reactions, such as e.g. the physical
model by L'vov[165]. Depending on what the purpose of the developed model is,
the data collected from TGA may be too crude. Since a solid, or liquid material
has an interface I also believe that we need to incorporate the surface effects into
our models to be able to gain understanding about the reaction kinetics, and not
only success in predicting conversions at extrapolated conditions close enough to
our experiments.

In this thesis I made it my task to try to illustrate and bring up the limitations and
difficulties related to deriving apparent kinetic parameters from thermogravimetric
data using isoconversional analysis. In this way we can move forward. The iso-
conversional methods that I have used can provide predictive power for the studied
materials but they do not give us much detailed understanding, yet.
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