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Abstract

Environmental preservation concerns, coupled with those of energy supply
security, are leading to a push for alternative fuels that are both green and
sustainable. Therefore, biomass, which is a renewable low carbon energy source, is
being increasingly utilized worldwide. The use of biomass in thermochemical
conversion is not without problems, some of which are related to the inherent alkali

metal content present in these types of fuels.

The work conducted for this thesis mainly deals with topics related to thermal
degradation kinetics of biomass and the influence of alkali metals on these kinetics,
as well as their effects on the thermal behaviour of the fuel. Torrefaction is also

studied with respect to kinetics studies, and the effects of mineral content.

Thermal degradation was studied using thermogravimetric analysis (TGA) and
kinetic models were evaluated to address two questions; first, what method of data
analysis is appropriate for extracting reliable kinetic data from TGA experiments?
Second, what kinetics are most suitable for high heating rate situations such as those
present in pulverized fuel power stations? It was found that for low heating rate
experiments (10 K/min), the global first-order reaction kinetic models that tend to
yield low activation energies (E), such as the reaction rate constant method, work
well. High E kinetics can also work well at low heating rate, but only if the reaction
is assumed to be due to the sum of a number of individual steps. For example, those
derived when assuming the biochemical components degrade independently, or
using the functional group approach. For higher heating rates (>103 K/s) high E
kinetics predict conversion well, and this can be rationalized since primary cracking
reactions will dominate under these conditions. However, at heating rates of 10°> K/s
and temperatures of 1500 °C (i.e., flame conditions), a compensation on the rates is
seen and the choice of rate parameters is less critical. Two sets of kinetic data, E =
178.7 kJ/mol, 4 = 2.2 x 10" s™' and E = 48.7 kJ/mol, 4 = 6.84 x 10° 57!, both

predict conversions in keeping with the available experimental data.

The effects of alkali metals (K, Na, Cs) on thermal degradation kinetics of
SRC willow in pyrolysis, combustion were studied using TGA, and single particle

burning in a methane-air flame. The results revealed that all three metals had a



strong and similar catalytic effect on pyrolysis and combustion. Combustion under
flame conditions also showed a stark contrast between the strongly catalyzed
degradation of samples in the presence of alkali metals, and the uncatalysed
degradation of mineral-free samples. As with the low heating rate results, at flame
conditions, the metal-impregnated samples behaved similarly to each other,
implying that a similar thermal degradation mechanism is followed when woody

biomass contains any of the alkali metals.

A mathematical expression directly linking the inherent potassium and sodium
content of SRC willow to its thermal degradation kinetics was developed through
modifying a Langmuir-Hinshelwood relation and applying it to pyrolysis data.
This relation yields a maximum reaction rate and a metal saturation constant that
can be used to predict a reaction rate of willow based on the pyrolysis temperature
and the concentration of either of the metals in the biomass sample. l.e. the
maximum reaction rate constant of 3.26 x 10> (s') and the potassium saturation
constant of 0.56 wt% can be used to derive the pyrolysis reaction rate of any willow
sample with a known potassium concentration. Similarly, a maximum reaction rate
of 3.27 x 10 (s and a sodium saturation constant of 0.36 wt% can be used to
derive a reaction rate for any willow sample with a known sodium concentration.
Ab initio (Density Functional Theory method) modelling was employed to explore
the chemical mechanisms involved. Cellobiose was used as a model for cellulose.
The cellobiose structure was first optimized at the HF level, and then at the B3LYP
DFT level with a 6-31G(d) basis set and the structure frequency was checked to
ensure the system was at ground state. The models showed that that both metal ions
form multiple interactions with the hydroxyl and ether bonds in the cellulose
structure. Structures with metal chelated at the C6 position in the ring have
interactions with four oxygen atoms, while metals at the C2 position have
interactions with only two oxygen atoms, although inter-molecular chelation
between cellulose chains has not been considered. Structures are more stable when
potassium or sodium can coordinate to more oxygen groups. Nevertheless, in all the
structures investigated, chelation of potassium or sodium causes a change in the
conformation of the rings (twisting) which may activate the structure towards

cracking.

The final area of investigation in this thesis is in torrefaction, a mild pyrolysis

process. Torrefied biomass has many advantages over untreated biomass, but its ash
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characteristics remain similar to the parent biomass. In this thesis, inherent metals
were removed prior to torrefaction. Impact on ash behaviour of this resultant fuel
and the torrefaction process itself are reported. More specifically, the work
examined the effects of altered mineral content (through a chemical fractionation
procedure involving successive washings of the fuel in water, ammonium acetate,
and hydrochloric acid), on the torrefaction of four biomass fuels (SRC willow,
Miscanthus, eucalyptus, and wheat straw), as well as on the pyrolysis and the ash
behaviour of the torrefied material. Washing prior to torrefaction significantly
reduced the ash content of the fuels, and ameliorated the ash fusion temperatures.
The pyrolysis reaction rates of the HCI treated and torrefied fuels were found to be
the highest, presumably due to the changes in the biomass structure caused by the
acid. The results suggest that water washing is the most useful pre-treatment for the
preparation of torrefied fuels. Washing with ammonium acetate or HCl would not
be feasible because of the small advantage gained, the high costs induced, and the
environmental implications. The significance of the impact of these changes in
composition and reaction rates depends on the end application, power station or
domestic heating. In the case of power station applications, washing with water
reduces the ash content, and improves the ash melting behaviour of the remaining
ash, which may be advantageous particularly in the case of straw; the slight increase
in N would not be significant because of the normal NOx reduction methods used in
power stations. In domestic applications the reduction of ash is not so important but

the increase in N may be a significant disadvantage.
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Chapter 1

Introduction

1.1. Energy, Environment, and Renewable Fuels

1.1.1. Rising Energy Consumption

The 2011 Annual Energy Outlook, published by the independent U.S. Energy
Information Administration, has predicted sharp increases in world energy
consumption over the next twenty years. Energy demand, rising globally by nearly
50% by 2035 from 2009 values, is increasing more rapidly in non-OECD countries
(countries with developing economies that do not belong to the Organization for
Economic Cooperation and Development) [1]. Figure 1.1 illustrates past and

predicted future energy consumption amounts by world region.
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Figure 1.1 World energy consumption by region, 1990 — 2035 (quadrillion

Btu (i.e. 10'5)) [1], where 1 million barrels of oil equivalent = 5.8 « 6P quad.
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Although there is a sharp predicted increase in energy consumption, British
Petroleum’s research claims that there are enough worldwide proven reserves of oil,
natural gas and coal to meet energy needs for decades[2]. Ample supply of non-
renewable fuel however, does not negate security of supply issues as most fuels in
the UK are imported from politically unstable regions. The UK Energy White paper
of 2003 states a need for investment in low carbon. fuel infrastructure and also a
need for managing the risks carried with a dependence on energy imports as the

worldwide competition for energy supplies rises[3].

Supply concerns apart, it can be argued that with increased energy demand and
production, the most pressing issue is environmental. This will especially be true if

reliance upon fossil fuels does not rapidly diminish.

1.1.2 Environmental Concerns

It is well known that the combustion of fossil fuels for energy produces air
pollutants including carbonaceous particles such as soot, together with sulphur
dioxides, nitrogen oxides, and volatile organic compounds along with some heavy
metals. Also of great importance is the release of large amounts of greenhouse
gases, including carbon dioxide, nitrous oxide, and methane. These greenhouse
gases have a long lifetime and gradually increase in concentration in the troposphere
and trap an excessive amount of solar energy reflected from the earth. The trapped
radiation then causes the ambient temperature of the earth to rise considerably.
Approximately 30 years ago, the US. National Research Council concluded that if
the concentration of carbon dioxide in the atmosphere were to double, a global
surface warming of 2 to 3.5% could occur, and that temperatures could rise even
further at higher latitudes [4]. Figure 1.2 shows that even over the relatively short
period of time from 1990 to 2009, worldwide carbon dioxide emissions from the

consumption of energy have greatly increased.
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Figure 1.2 Total CO, Emissions from the Consumption of Energy Worldwide
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Most scientists now agree that continued release of green house gases at the
current rates will significantly raise global temperatures which could have
devastating effects such as rising sea levels, a shift in agricultural zones, and

significant changes in the polar ice caps.

1.1.3 Growth in the Use of Renewables

Environmental preservation concerns, coupled with those of energy supply
security, are leading to a push for alternative fuels that are both green and
sustainable. The Renewable Energy Strategy aims to help mitigate the trend
towards an increased dependence on imported fossil fuels. The report states that if
15% of the UK'’s energy is generated from renewables then a reduction in overall
fossil fuel demand by around 10% and gas imports by between 20-30% can be
achieved [6].

The UK aims to cut 18% of green house emissions measured in 2008 by the
year 2020 and also plans to meet 40% of the country’s energy demand with low
carbon sources by then [3]. The UK Energy White Paper also states that by 2020,
15% of the country’s energy for electricity, heating, and transport is to come from

renewable sources such as wind, sunlight, tides, and biomass.
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The Renewable Energy Policy Network for the 21* Century states, in its 2010
report, that there are worldwide increases in the use and production of renewable

energy across all the different forms [7]. In 2008, renewable accounted for 19% of

the global energy consumption.

Fossil fuels

18%

Figure 1.3 Renewable energy share of global final energy consumption, 2008

[7]

As figure 1.3 shows, globally, the largest share of the energy coming from
renewables belongs to traditional biomass which in this case is defined as
unprocessed biomass, including agricultural waste, forest products waste, collected
fuel wood, and animal dung, that is burned in stoves or furnaces to provide heat

energy for cooking, heating, and agricultural and industrial processing, typically in

rural areas [7].

1.2 Biomass, Introduction and Advantages

Biomass is a renewable low carbon energy source that is being increasingly
utilized worldwide. The term biomass refers to various forms of living matter, and
there are many sources of biomass including forestry-derived material, agricultural
by-products, biodegradable wastes, and purpose-grown energy crops [8, 9]. The
main source used for energy is derived from vegetation and residuals from human
and animal activity. This includes woody and non-woody biomass and also animal
waste [10]. Biomass is seen as a renewable and low carbon energy source because
the fuel can be re-grown or cultivated, and the carbon dioxide released in biomass to

energy conversion, is used by other growing biomass crops as part of their
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photosynthesis cycle, where the carbon dioxide is converted to organic compounds.
It must be pointed out, however, that practices that reduce the size of the
photosynthetic sink such as “slash-and-burn” agriculture [4], large scale wood
burning, and rain-forest destruction can obviously reduce the amount of CO,

captured by the natural photosynthetic process and must be avoided.

There are several advantages associated with biomass over other renewables.
Biomass is versatile in its end uses and can be utilized for heating, electricity and
transport fuels [8]. Perhaps the most attractive feature is that, unlike wind and solar
derived energy, biomass can be stored to supply energy when needed.  Various
forms of solid, liquid and gaseous fuels can be derived from biomass and as stated
carlier, these fuels can be used for heating, electricity, and transport. Most
commonly in the UK, biomass is used for electricity, and heating through
combustion. Another benefit of biomass conversion is that existing coal powered
infrastructure can be easily adapted to for biomass usage. The UK government has
introduced financial incentives for using biomass grown specifically for electricity

production, therefore, energy crops such as Short Rotation Willow Coppice (SRC),

and Miscanthus have received much attention [11].

1.3 Biomass Composition and Structure

Knowledge of the structure and composition of biomass is useful for the

improvement of the various processes biomass undergoes in the production of

energy and chemicals.

The dominant organic components in biomass are celluloses and
hemicelluloses. Biomass, in general, is comprised of close to 50 wt % cellulose.
Other components such as the hemicellulose, lignin, proteins, and triglycerides are
present in smaller amounts. From a solid fuel and thermal conversion technology
perspective, cellulose, hemicellulose, and lignin are the three most influential
organic constituents as they play an important role in the decomposition reactions
that occur during combustion and pyrolysis, and also influence the fuel’s
performance in physical conversion processes. The three components are often

referred to collectively as lignocellulose.



1.3.1 Cellulose

The primary cell wall’s tensile strength comes from cellulose. The cellulose
molecule is made up of a linear chain that has more than 500 glucose residues that
are covalently bonded to each other forming a structure that is stabilized by
hydrogen bonds within the chain. Intermolecular hydrogen bonds between adjacent
cellulose molecules cause them to stick to one another in “overlapping parallel

arrays” forming cellulose microfibrils [12]. Figure 1.4 illustrates the chemical

structure of cellulose.
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Figure 1.4 The Chemical Structure of Cellulose [13].

The average molecular weight of cellulose is between 300,000 to 500,000.
Partial hydrolysis of cellulose yields cellobiose (glucose-B-glucoside), cellotriose,
and cellotetrose. Wood cellulose always occurs in association with hemicellulose

and lignin, unlike, for example, cotton which is made up of mostly a-cellulose [4].

1.3.2 Hemicellulose

Hemicelluloses make up a heterogeneous group of branched polysaccharides
that are closely bound to the surface of each cellulose microfibril and also to each
other. Through these bonds, hemicellulose helps to cross-link the microfibrils into a
complex network. There are several different kinds of hemicellulose, but the variety
all have in common a long and linear backbone composed of a sugar molecule.
From these sugar units, short side chains of other sugars protrude. These sugars are

hydrogen bonded with the cellulose microfibrils [12]. Hemicellulose molecules
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usually consist of 50 to 200 monomeric units and some simple sugar residues. The
most common hemicellulose is xylan which consists of p-xylose units linked in the
1- and 4- positions. Xylans exist in softwoods and hardwoods in amounts between

10 and 30 dry weight % (dw %) [4]. Figure 1.5 shows the chemical structure of
xylan.

-A..,,,,o o

Figure 1.5 The Chemical Structure of xylan [14].

1.3.3 Lignin

Lignins are mostly found in the cell walls of woody biomass species. They are
frequently bound to adjacent cellulose fibres. Lignins consist of highly branched,
substituted, mononuclear aromatic polymers. They are often difficult to convert
both through microbial and chemical means. The main monomeric units of the
lignins are benzene rings, bearing methoxyl, hydroxyl, and propy! groups that can
attach to other units. Figure 1.6 shows some of the structural units that lignins

consist of.
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Figure 1.6 Some Structural Units of Lignin [15].

Lignins make up approximately 25 wt% of the parent hardwood or softwood
biomass [4].

1.4 Biomass Fuel Properties

As with all fuels, the characterization of biomass is crucial for the design of
conversion applications. Knowledge of the fuel characteristics such as the moisture,
the amount of volatiles, the amount and quality of the ash, the energy content and so
on, is necessary. There are several databases available such as the Phyllis data base
(available at http://www.ecn.nl/phyllis/) and a similar US DOE database (available

at http://www]1 .eere.energy.gov/biomass/feedstock databases.html), that contain a

plethora of biomass compositions.

1.4.1 Moisture, Volatiles, and Ash

In general, newly harvested biomass can contain between 40 to 60% moisture
[4]. The amount of moisture present in the fuel will depend upon factors such as
weather conditions, the type of biomass, time of harvesting, Primary drying (such as
storing in a covered area) can reduce the moisture content significantly. Further
drying at elevated temperatures is sometimes used (e.g. pellet production) to reduce

moisture to less than 10 wt%. However, if stored for prolonged periods of time, the
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hydrophilic nature of biomass will allow the fuel to re-absorb moisture, and this can
lead to degradation of the biomass. The moisture content of the fuel is crucial in

applications such as combustion, where valuable energy is lost if the fuel is wet and

so must be dried prior to ignition [4].

The volatiles or volatile matter (VM) is considered to be the fraction of the
biomass that is released upon decomposition (excluding moisture) when the fuel is
heated at temperatures close to 400 °C in an inert gas. What remains of the biomass
sample, excluding the ash (discussed below) is considered to be the fixed carbon
content (FC), although this term is associated with coal analysis and is sometimes

referred to as char fraction when dealing with biomass.

Ash is the inorganic or mineral content of the biomass that remains as a solid
residue once the biomass sample has been further heated in an oxidative atmosphere.
In biomass, ash is mainly comprised of elements such as potassium, sodium,
calcium, phosphorus, magnesium, iron, aluminium, and silicon. The mineral content
of the fuel has many ramifications on combustion systems such as lowering the

combustion efficiency, and often high ash content results in undesirable fouling

within the systems.

The moisture, VM, FC, and ash of a biomass sample can be ascertained by a
standard fuel analysis method that is called a proximate analysis. The method can
be found both in the British Standard Methods, as well as in the American Standard
Methods.

1.4.2 Elemental Content

The elemental composition of a biomass sample can be determined by
measurements of the five most common elements present in the fuel which are
carbon, hydrogen, oxygen, nitrogen, and sulphur, where the oxygen content is often
attained by difference. This measurement is referred to as the ultimate analysis, and

is often used to determine the amount of air or oxygen necessary to cleanly combust
a given fuel [16].
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1.4.3 Energy Content

The energy content of a fuel can either be reported as the calorific value of that
fuel (CV) or as the higher heating value (HHV) or lower heating value (LHV). As
the carbon content increases, the heating value also increases [4]. The HHV is
defined as the potential combustion energy when water vapour from combustion is
condensed to recover the latent heat of vaporization. The LHV, on the other hand, is
the potential combustion energy when water vapour from combustion is not
condensed [17]. The difference between these two values shows the proportionality
between the decrease of the heating value of the fuel, and the increase of its moisture
content. Sometimes the energy content of a fuel is reported as energy density by
volume. In such instances, densified fuels such as pellets will have higher reported
energy by volume values than the parent biomass fuel. For example, the UK
Biomass Energy Centre lists the energy density for wood chips as 3100 MJ/m?
where as the energy density of wood pellets rises to 11000 MJ/m> [18].

1.5 Biomass Conversion Processes

1.5.1 Physical Conversion and Pre-Treatment

The physical conversion of biomass involves various processing and handling
applications to achieve dewatering or drying, size reduction of the biomass fuel,
densification and so on. These applications are often vital steps preceding further

fuel conversion applications.

1.5.1.1 Dewatering and Drying

Dewatering and drying are rather similar processes that involve the removal of
water or moisture from the fuel. Dewatering (for example pressure assisted
mechanical dewatering) involves removal of moisture in liquid form, whereas
drying, involves moisture removal in its vapour phase. It may be necessary,
depending on the moisture content of the fuel and the intended processing

application, to remove a certain amount of the moisture from the fuel to ensure that
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less energy is consumed by the conversion process than will ultimately be produced.
The most economical way of removing moisture from a biomass fuel is through
open-air solar drying. Unfortunately, some fuels are not stable enough to withstand
solar drying, and have to be dried more quickly with industrial dryers or ovens.
Large scale drying applications often involve forced-air furnaces. Sometimes hot

stack gases are used to dry moist fuels [4].

1.5.1.2 Size Reduction and Densification

It is often necessary to reduce the physical size of a biomass feedstock or fuel
prior to direct fuel use, pellet production, or conversion [4]. Size reduction and
densification improves handling and transportation. Size reduction also increases the
exposed surface area of the fuel, thereby facilitating drying. End applications such
as combustion, gasification, or biological processing, all have different operating
parameters that dictate the necessary particle size distributions of the intended
biomass fuel. There is a plethora of machinery and many techniques available for
fuel size reduction purposes. There are grinders, shredders, impactors, choppers,
chippers, crushers and so on [4]. Due to the fibrous nature of biomass, however,
size reduction tends to be energy intensive and costly. Often, especially in the case
of co-firing with coal, pre-existing machinery, originally designed for coal handling,

cannot satisfactorily contend with a high biomass throughput.

1.5.1.3 Torrefaction

The term torrefaction comes from the Latin word torrere which means to roast
or scorch. It is a term that was previously associated with coffee roasting. In the
context of biomass pre-treatment, torrefaction refers to a mild pyrolysis (see section
1.5.2.2) process operated at a temperature between 200 and 300 °C. Industrial and
academic interest in torrefaction has recently gathered much pace. It is seen as a
way to improve solid fuel characteristics in terms of increased density, improved
grindability, and gain of hydrophobic properties. Torrefied fuel has been shown to
outperform wood in terms of higher energy density, improved physical properties,
and reduced moisture content. A more detailed review of torrefaction studies is

given in Chapters 2 and 6.
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1.5.2 Thermochemical Conversion

Biomass can be thermally treated either to directly obtain energy or to make
useful intermediate species used in further applications to make products such as
biofuels. There are four processes that fall under the category of thermochemical

conversion, namely: combustion, pyrolysis, liquefaction, and gasification.

1.5.2.1 Combustion

Combustion is the burning of a fuel that produces heat and light. Complete
combustion of biomass involves a rapid chemical reaction between the fuel and
oxygen which releases energy and the products carbon dioxide and water. A
stoichiometric representation of the combustion of wood, represented by the formula

for cellulose, is given in Equation 1.1 below.

(CeH1905)n + 6102 > 6nCO2 + 50H20. ..o, Eq. (1.1)

The combustion process involves the evaporation of the high-energy volatiles
that burn in the gas phase with flaming combustion [4]. The lignocellulosic
components in the solid fuel then, under high temperatures, decompose and form
pyrolysis products which also burn in the gas phase with flaming combustion. What
is left is called char and that burns at a slower rate via surface oxidation or glowing
combustion. The cellulose and hemicellulose are mostly converted to volatiles (both
combustible and non-combustible) and the lignin forms significant amounts of char
(around 40%). Combustion occurs in several steps, first the biomass dries when it is
exposed to the heat, for example, in a furnace. Once all of the moisture has
vaporized, thermal decomposition and devolatilisation begins on the fuel’s surface
and volatile organic compounds evolve and burn; the remaining carbonatious

residue then combusts with the aid of oxygen diffusion to the fuel’s solid surface.

The incomplete combustion of biomass can produce large amounts of
particulate matter and toxic partially oxidized derivatives. Nitrogen and sulphur,

naturally occurring in biomass are oxidized to nitrogen and sulphur oxides, and
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various other pollutants (chlorine derivatives, unburned hydrocarbons, trace metal
oxides etc) are also formed when incomplete combustion occurs. Therefore,
combustion systems should be designed to run as close to complete combustion as

possible. It is noteworthy that flyashes form regardless of whether combustion is

complete or incomplete.

The combustion of solid fuels has been the centre of extensive research for
many decades. A great wealth of information exists on combustion processes
available for conversion of biomass to heat, steam, and electric power both for
dedicated biomass combustors or for co-firing with fossil fuels such as coal [4].

Combustion remains the leading biomass conversion technology in current use.

1.5.2.2 Pyrolysis

Pyrolysis in biomass can be defined as the direct thermal degradation of the
organic components in the absence of oxygen, and yields various useful gas, liquid,
and char products. It is the first chemical step in both combustion and gasification
[9, 19]. Advanced biomass pyrolysis processes have been developed based on
detailed studies of the effects of parameters like biomass feedstock type,
composition, residence time, reaction temperatures, the effects of catalysts on

reaction rates, product selectivities, product yields, and so on.

The properties that a biomass exhibits during pyrolysis will depend upon the
biomass’ lignocellulosic components as well as upon extractives and the contained
inorganic materials. Detailed discussions of the specific effects of inorganics upon
the kinetics of pyrolysis will be discussed in subsequent chapters. A series of
reactions, which occur both simultaneously and consecutively, proceed during
pyrolysis and yield a large variety of products. Pyrolysis conducted at low
temperatures (usually below 300 °C) results in a reduction in molecular weight, the
evolution of water, carbon dioxide, carbon monoxide, and the formation of char; this
process is known as torrefaction. At higher operating temperatures (300 to 500 °C),
the fuel’s molecules rapidly depolymerise and form anhydroglucoses that react
further and form tars and cracked products. At temperatures above 500 °C, the

anhydrosugars undergo significant cracking rearrangement reactions that produce

low molecular weight gases and volatiles [20].
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1.5.2.3 Gasification

Biomass gasification can be achieved in three ways; through pyrolysis, partial
oxidation, or reforming. At sufficiently elevated temperatures, pyrolysis will
achieve predominantly gaseous products. Partial oxidation, or starved-oxygen
combustion, involves the combustion of biomass at less than stoichiometric
concentrations of oxygen. Biomass reforming is gasification in the presence of
another reactant. For example, steam reforming, involves the reactions of biomass
and steam and of their secondary reaction products [4]. There has been considerable
interest in gasification as the syngas produced can not only be used as a fuel itself,

but can also undergo further synthesis through catalytic processes into valuable

chemicals.

1.6 Concerns Associated with Biomass Studies and Utilization

1.6.1 The Need for Accurate Biomass Thermal Decomposition Kinetics

Several factors influence the performance of large scale industrial applications
such as power stations when combusting biomass. These factors include
decomposition kinetics, properties of the particles such as the metal contents,
biomass particle size, and fuel moisture content. Often there is an economical and
environmental play-off between these factors. There has been extensive effort
expended on kinetics studies of the thermal decomposition of biomass as it is a
major step in biomass combustion [21, 22]. Knowledge of the kinetics of this step is
useful in modelling combustion processes and reactor kinetics. Flame ignition,
stability, and temperature profiles in the radiant part of furnaces are influenced by
the release of volatiles, their quantities and composition. This information is
important in burner design in pulverized fuel power stations, where they influence
NOx reduction mechanisms. Generally, thermal decomposition kinetics have been
studied by slow pyrolysis and assumptions of first order reaction kinetics [23, 24].

A review of biomass decomposition kinetics is presented in Chapters 2 and 3. There
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has been, however, little agreement in the literature regarding a systematic way of

calculating these kinetics.

1.6.2 Effects of Alkali Metal Content

Plants require certain nutrients for their growth. The primary plant nutrients
are nitrogen, phosphorous, and potassium. Other alkali metals, such as sodium, are
also present in crops. The metal species in biomass play an important role in
combustion applications as their presence could lead to fouling, slagging, and
corrosion. As mentioned previously, they also form volatiles that are environmental
pollutants. In addition to the release of adverse products, there have been many
publications (discussed in Chapters 2, 4, and 5) stating that there is a catalytic effect
that alkali metals have on thermochemical conversion processes. Further detailed
studies of these catalytic mechanisms and studies on the influence of alkali metals

on reaction kinetics would be useful.

1.7 Thesis Outline

This thesis is divided into seven chapters. Chapter 1 briefly introduces the
current situation of energy demand worldwide and touches on environmental issues
that are driving political policy in a greener and more sustainable direction.
Biomass is introduced as a fuel and described in terms of its main constituents.
Conversion technologies are also noted leading into Chapter 2, which provides an
overview of the research that has been conducted in this area. Chapter 2 terminates
with the aims and objectives of the thesis, which arise naturally from the gaps and

some of the unanswered topics that have been raised in the research overview.

The first of these topics deals with the kinetics of biomass thermal degradation.
Chapter 3 presents work conducted on the kinetics of the thermal degradation of
Short Rotation Coppice (SRC) willow, and examines various well known

mathematic methods for the extraction of kinetic parameters.
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In Chapter 4, the effect of alkali metals (K, Na, Cs) on degradation kinetics is

explored. The chapter also includes studies on combustion and single particles

burning in a flame.

Chapter S utilizes the findings from Chapter 3 of the most appropriate and
effective kinetic parameter extraction methods and examines the effects of
potassium and sodium on degradation kinetics of slow pyrolysis. A method is
developed to predict thermal degradation reaction rates based directly on the
concentration of potassium or sodium in the parent biomass. Chemical models are

also studied to explore the chemical mechanisms involved.

Chapter 6 is the ultimate experimental section and presents work conducted
on the torrefaction of various biomass fuels. The effects of alkali metal removal
through chemical fractionation pre-treatment are explored with the aim of
ameliorating the ash behaviour of the fuels. The experimental chapters contain their

own specific discussion and conclusions sections.

Chapter 7 serves as a concise summary of the findings of this thesis. It also

contains some thoughts and recommendations for relevant future research.
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Chapter 2

Project Overview

2.1 Overview of Thermal Degradation Kinetics

Combustion technology has been evolving over the last 10 years due to the
new availability of foreign coal and also because green policy drivers have lead to
the introduction and use of many kinds of biomass [23]. The characterization of
alternative fuels has thus become very important. The development of accurate
experimental methods to yield pyrolysis and char combustion rates has been the
focus of much research. Various methods have been developed for solid fuel
characterization which use different heating rates, top temperatures, and naturally
yield differing data results. Some of the most common methods include using a
drop tube reactor, thermal gravimetric analysis (TGA), differential thermal analysis

(DTA), electrically heated wire mesh reactor, and methods involving a pyroprobe
[23, 24].

The rate of pyrolysis and of char oxidation or combustion, are quantified by
kinetic parameters such as the reaction order (n), the pre-exponential factor (A),
sometimes reported as InA and the apparent activation energy (E). In many
instances, a reaction order of 1 is assumed, and only the E and A are calculated [23,
25]. Experimentally derived kinetic parameters also depend upon the particle size,
the ambient gas environment, and the presence of mineral matter in the biomass fuel
[26, 27].

If there is a range of the experimental data that has constant activation energy,
it can be assumed that the reaction process progresses according to the Arrhenius
equation. Variations in the activation energy usually involve catalytic effects, pore
structure changes and so on. Accurate determination of the activation energy and
the pre-exponential factor are vital for successful fuel characterization. For biomass
pyrolysis, literature has reported a wide range of apparent activation energies
anywhere from 30 to over 200 kJ/mol, calculated for an experimental temperature
range from 100 to 1000 °C [23, 26, 28, 29]. A wide range of variation is also seen

for the pre-exponential factor values reported in the literature.
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2.1.1 Isothermal Versus Pre-Set Heating Rate Experiments

Experimental characterization of reaction rates can be conducted either
isothermally, or with a pre-determined heating rate. For isothermal experiments, the
fuel sample is kept at a constant temperature while its weight loss is determined as a
function of time. This process is repeated over several temperatures in order to
determine the activation energy. This applies mostly to TGA instruments. In drop
tube reactors, wire mesh reactors, and pyroprobes, it is often assumed that the
heating rate is high and that the fuel reaches isothermal temperature in the order of
milliseconds or less. As one may expect, this isothermal approach for TGA
experiments is time consuming, not only due to the necessity of repetition at various
temperatures, but also because the sample must be kept at a certain temperature for
prolonged periods of time to achieve a necessary degree of conversion.
Furthermore, this method cannot be applied to the entirety of TGA data derived
from pyrolysis. In this case, it is possible to heat a sample at a pre-set heating rate
and simultaneously measure the mass loss as a function of both time and

temperature. Such an approach has the added advantage of convenience and speed.

Once the mass loss with time/temperature data has been acquired, it is
necessary to use mathematical procedures to extract the kinetic parameters. It is
important to note, that often, these procedures are subjective, in terms of which data
is included and what certain parameters (such as terminal mass) are taken to be, and
there is no agreed standard procedure. It is possible to get variations in E’s and A’s
even if the same experimental data is considered for a given fuel depending on
which mathematical method is used to extract the kinetic parameters [24, 27], and in
some cases, depending on the subjective choices made by the researcher. Some
kinetic models developed describe biomass thermal degradation as a single step,
while others consider the decomposition process as a system of parallel and
consecutive reactions [19]. In woody biomass pyrolysis kinetics studies, for
example, some authors have described the process as three independent parallel
reactions resulting from the thermal decomposition of each of the main components
of the parent biomass (cellulose, hemicellulose, and lignin) [19]. Examples and

details of such methods are discussed further in Chapter 3.
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2.2 Effects of Alkali Metals on Biomass Thermal Degradation

Inorganic species are present in biomass as they are necessary for plant
growth. The presence of certain species greatly influences the thermal degradation
of the biomass, thus affecting processes such as pyrolysis, combustion, and
gasification. This section is meant to function as a brief introduction to this rich

topic; Chapters 4 and 5 deal with alkali metals and their effects in more detail.

2.2.1 Catalyzing Thermal Degradation

Alkali metals, in particular, tend to act as catalysts during the thermal
degradation reactions of biomass. Potassium can make up a few wt% of the dry fuel
and a large fraction of this is retained in the biomass char, and catalyzes the
combustion or gasification of the solid residue [30]. Potassium and sodium are two
components of plants with a particularly strong influence on pyrolysis [30], as
evidenced, for example, by the main peak degradation temperatures (measured with
a TGA) being lowered by removing the minerals by either water or a stronger
solvent [30-35], and also by lower activation energies [32, 33, 36]. Sometimes it is
observed that the activation energies are not higher for samples that have been
demineralized, but it is noted that in those cases, the pre-exponential factor is lower

and therefore the result is a slower overall rate of reaction [10].

2.2.2 Influencing Product Composition

Published literature has focused on the effects of alkali metal content on char
yield and of valuable chemicals from pyrolysis [31]. The inorganic content in a
biomass fuel has been shown to cause a change in product distributions; that is the
amount of voc (volatile organic compounds)/tar to gas, and char [30, 31].
Experimental work indicates that higher amounts of inorganics cause secondary
reactions to occur more readily, breaking down larger molecules to smaller ones [30,
31, 34]. Researchers have discovered that the char yield increases with higher alkali
metal concentrations in the fuel [35], while the amount of volatiles released
decreases [32]. Also, it has been noted that with the presence of alkali metals, the

yield of levoglucosan in pyrolysis products is significantly reduced [31, 34].
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2.2.3 Problematic Ash

In combustion, potassium, sodium, and other inorganics such as sulphur and
chlorine, influence ash chemistry and change the behaviour of the fuel in terms of its
tendency to corrode equipment and cause slagging and fouling [10, 30]. The main
causes of these undesirable effects are attributed to the reactions of alkali metals
with silica to form alkali silicates which melt or soften at low temperatures (< 700
°C), and the reactions of alkali metals with sulphur which form alkali sulphates on
heat transfer and combustor surfaces [10]. A fraction of the alkali metal content in
the fuel also enters the vapour phase as chloride, or hydroxide, and these vapours
cause fouling in the cooler region of the boiler. A slagging index, originally
developed for coal fuels, is sometimes used to rate biomass according to its fouling
tendency. The index corresponds to the mass of alkali metals as oxides per energy
unit of the fuel [4]. Demineralization of the fuel, by water washing for example, is
often a simple and effective method for removing a large fraction of the fuel’s
mineral content, thereby reducing the above mentioned ash problems [4, 33].
Demineralization and washing techniques and analyses will be discussed further in

Chapters 4 and 6 (and briefly touched upon in Chapter 3).

2.3 Torrefaction

There are several drawbacks associated with the use of biomass as a fuel,
especially when compared to coal and other fossil fuels. These shortcomings

include low bulk densities, high moisture content, and low heating values.

Gaseous and liquid fuels can be easily transported, dispersed, mixed, and
regulated. Solid fuels such as coal can be pulverized and aerated causing them to
acquire flow properties similar to liquids; though handling fine solid fuels causes
problems with erosion and also poses explosion hazards [37]. Unlike coal, biomass’
fibrous nature makes size reduction rather difficult and very energy intensive.
Approximately 10% of the energy expended on size reduction processes such as
grinding or crushing or cutting is actually used to divide the material; the rest is lost

as heat [37]. If the energy output, compared to that associated with fossil fuels, is to
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remain the same, then the low bulk density and heating values of biomass

necessitate larger boilers, and higher volumes of fuel delivery.

The process of torrefaction involves a mild pyrolysis of the fuel operated at a
temperature between 200 and 300 °C. Approximately 30% of the biomass fuel’s
mass is lost upon torrefaction. This mass loss corresponds to only a 10% loss in the
energy content of the fuel. There is therefore a net increase in the energy density of
the biomass [38]. Torrefaction also removes the majority of the moisture content of
the fuel which is valuable since some conversion processes require very low
moistures and field drying alone, which leaves approximately 20% of the moisture,

is not sufficient [37, 38]. The fuel is also rendered friable which makes it easier to

pulverize or grind [38].

The literature on torrefaction agrees that the process occurs between 200 and at
most 300 °C [39]. At temperatures higher than 300 °C, there is a risk of runaway
exothermic reactions. Torrefaction involves the slow heating of biomass under an
inert atmosphere for a given length of time, generally between 15 to 60 minutes.
Researchers often report times that the biomass sample has spent at a desired

temperature, however total residence time should be considered as the time that the

fuel has spent at temperatures above 200 °C.

Below 160 °C, all that is lost from the biomass is its moisture [38]. At this
stage, all of its other properties mostly remain unchanged. At temperatures above
180 °C, the biomass starts to appear brown in colour, and loses more moisture along
with carbon dioxide, and significant amounts of acetic acid. Some phenols are also
lost at this stage. Torrefied biomass loses its hygroscopic nature and also becomes

more brittle, allowing for easier grinding compared to untreated biomass fuels [38].

Torrefaction is further discussed in Chapter 6.

2.4 Project Objectives

The work conducted for this thesis mainly deals with topics related to thermal
degradation kinetics and the influence of alkali metals on these kinetics, as well as

their effects on the applied behaviour of the fuel. Torrefaction is also studied and
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linked to the other work not only through kinetics studies, but also in terms of the

effects of mineral content.

The first experimental chapter (Chapter 3) aims to answer the following
questions: Firstly, what method of data analysis is appropriate for extracting reliable
kinetic data from TGA experiments? Secondly, what kinetics are most suitable for

high heating rate situations such as present in pulverized fuel power stations?

The aim of the second experimental chapter (Chapter 4) is to investigate the
effects of alkali metals (K, Na, Cs) on thermal degradation kinetics; more

specifically, it deals with both pyrolysis and combustion, as well as single particle

burning in a flame.

The objective of Chapter 5 is to develop a mathematical expression that
directly links the inherent alkali metal content of a biomass fuel to its thermal
degradation kinetics. This facilitates the prediction of fuel behaviour simply based
on its metal content. A4b initio (DFT method) modelling is employed to explore the

chemical mechanisms involved.

The final experimental chapter (Chapter 6) is concerned with torrefaction.
Here, the goal is to study how effective pre-treatment can be in further improving
torrefied fuel properties. The work examines the effects of minerals, reduced
mineral content, or their absence, on torrefaction, as well as on the combustion and

the ash behaviour of the torrefied material.
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Chapter 3

Kinetics of the Thermal Degradation of Biomass

Biomass decomposition has been the focus of much academic and industrial
attention because it is not only a major step in its combustion [21, 22] but also the
key step during thermal processing methods, such as fast pyrolysis for the
production of chemicals and bio-oils [40]. An understanding of the kinetics of this
step is important in the modelling of both combustion processes and reaction
kinetics. The rate of release, the quantity, and the composition of the volatiles
influence flame ignition, stability, and the temperature profile in the radiant part of
furnaces. These factors impact on NOx reduction mechanisms and are therefore
important in pulverized fuel power stations and an understanding of these factors
aids in the design of burners and so on. Similarly, in fast pyrolysis, the relative rates
of thermal degradation, cracking, and repolymerisation/condensation reactions,

influence not only the quantity and quality of the bio oil produced, but also the long-

term stability of the oil.

The decomposition of biomass involves a number of simultaneous parallel
reactions. The fact that the reactions involve a solid matrix means that heat and mass
transfer processes may play an important role, often complicating the interpretation
of kinetic analyses [4, 23, 26]. Most studies of thermal decomposition have been
made using thermogravimetric analysis (TGA) at relatively slow heating rates, and
temperatures up to 900 °C. Consequently, a criticism of TGA is whether the data
are directly applicable to most industrial conditions where the heating rates are
greater, and, in the case of combustion, the final temperatures can be much higher.
Weber has pointed out the difficulty of using TGA derived kinetic data for high

temperature situations [23].

A number of studies (using TGA) have examined the nature of the products
and their rates of formation, and the rate of reaction of the parent biomass. Various
authors have postulated the chemical steps that are involved in the decomposition of

the constituents of biomass: cellulose, hemicellulose and lignin. Cellulose pyrolysis,
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in particular, has attracted considerable attention, and the rate of reaction has been
described as first order [41-45]. Biomass decomposition models have been
suggested in which reactions for the three constituents occur simultaneously [46-48],
but other evidence has been provided showing that under certain conditions there
can be interaction between components [49]. However, in the case of TGA little

interaction of components has been observed.

More recently a number of studies have been made at moderately high
temperatures and with high heating rates to simulate the conditions pertaining to
flash pyrolysis [S0, 51]. Few kinetic studies have been made at high temperatures
similar to flame conditions, but there are some examples [52, 53]. TGA is by far the
most convenient technique for measuring reaction rates, but the issue arises whether
it is possible to extrapolate the mechanisms and kinetic data derived at low heating

rates and temperatures to high heating rate/temperature situations.

Reaction schemes consisting of multiple reactions are difficult to handle for
moderately large organic molecules in the gas phase, and usually reaction scheme
reduction systems are used to condense the large reaction mechanisms into more
easily manageable systems. Alternatively, experimentally obtained data is used to
generate empirical equations. In the case of biomass pyrolysis this latter approach is
utilized with schemes that use one, two and up to six first order reactions. Other
researchers have utilized the Distributed Activation Energy Model (DAEM) where
the reactions are represented by a statistical method. For example, the functional
group model, FG-Biomass, developed by Advanced Fuel Research Inc., uses
multiple parallel, independent first-order reactions with a gaussian distribution of
activation energies [54]. Simplifications of the DAEM have been used by various
groups where multiple devolatilisation reactions have been lumped together [29, 48,
55, 56]. These lumped group kinetics give a more detailed insight into the
devolatilisation process; however, they come at a greater computational cost [57].
Therefore, it is common for one first order reaction to be used for computational
fluid dynamic (CFD) models S8, 59]. If the experimental data is from TGA, or
similar studies, there appears to be no consensus or general agreement on which
region of experimental data should be considered for kinetic calculations. Also, in
the case of multiple first order reaction regions, the selection of the final mass (i.e.

mass of reagent), utilized in some first order reaction kinetics calculation models,
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can have a significant impact on the determined activation energy and pre-
exponential factor values. Although non-linear calculations eliminate the need for
final mass allocation, the question remains whether the kinetics should be
determined on a global basis or divided into multiple regions. These are a few of the
difficulties that have arisen in the way experimental data is interpreted. In addition,
such data is frequently obtained using TGA experiments at 300 to 900 °C and then

applied in high temperature combustion situations.

This chapter addresses two questions. Firstly, what method of data analysis is
appropriate for extracting reliable kinetic data from TGA experiments? Secondly,
what kinetics are most suitable for high heating rate situations such as those present
in pulverized fuel power stations? It contains kinetic analysis of willow TGA data
using a variety of approaches. A review of previously published work on biomass
and its polymeric components helps ascertain the variation in kinetics, reasons for

differences, and extrapolation to flame temperatures.

3.1 Isothermal Mathematical Kinetic Parameter Determination

Assuming that the fuel devolatilisation (or char combustion reactions) are first

order, the rates can be expressed by the following equation:

da

B U= @) e oo Eq. (3.1

» (1-a) gq.(3.1)

and

A=l e EQL (3.2)
m

where o represents the reaction progress, varying from 0 to 1, m is the current
weight, and m, is the original weight. k represents the reaction rate constant. As

stated earlier, the reaction rate is assumed to follow the Arrhenius function:

E
k= A XD = |t e ereeeeseeeessssssinea e e e e BQL (B3
p( RT) q. (3.3)
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where A and E are the pre-exponential factor and the activation energy, respectively.
R is the gas constant and T stand for the temperature. Substituting equation 3.3 into
equation 3.1 yields:

da =A(1—-a)exp(——f—)Eq (3.4)

Obtaining A and E is achieved by integrating equation 3.1 with respect to the initial

conditions a = 0 at t = 0 which yields equation 3.5.

(= @)= At e s BQL (3.5)

Therefore, in isothermal experiments, plotting —In(1-a)) versus t yields k as the slope
and then the pre-exponential factor and activation energy can be easily determined

from a plot of the following relation:

E1
n n RT q. (3.6)

where the slope is E/R and the pre-exponential factor is found from the intercept
InA.

The accuracy of the kinetic parameters found by this method depends upon the
quality of the experimental data and on the value of the correlation coefficient of the

plot of Ink versus 1/T from equation 3.6.

3.2 Non-Isothermal Mathematical Kinetic Parameter Determination

This section explains the mathematical kinetic parameter extraction methods
that have been explored in this work. They range from simple methods that rely
upon linear graphical means for the calculation of kinetic parameters, to more
complex methods that employ non-linear regression to derive the desired

parameters.
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3.2.1 Reaction Rate Constant Method

The Reaction Rate Constant Method [58] is a simple and widely used
mathematical method to derive the pre-exponential factor and activation energy
based on TGA experiments. Although conducted under non-isothermal conditions,
the method relies on the technique described in Section 3.1. If the weight loss with
time curve is assumed to be the result of one or more first order reactions, then each

reaction can be described by the following relation:

1 dm
ke = —————

E——— PP PUSRISURRRIURPRRY =)o I (1Y)
It is worth noting that the calculated values of k rely upon a chosen terminal
mass, and can deviate greatly depending on what mass value is chosen as terminal

(my). Again, evaluation of A and E is straightforward using the relationship

expressed in equation 3.6.

3.2.2 Integral methods

In experiments, the pre-determined heating rate (B) is expressed as B = dT/dt.

The derivative of the devolatilisation (or char oxidation) rate is expressed as

da _dadl pda

LAl O e Eq. (3.8
& dl di T % G9)

Therefore,

da A E
L = @)X = | eeiieit i et e e niseeneeeeene. .. Eq. (B9
- B( ) P( RT) g 3.9

If the initial conditions are take to be a = 0 at T=T), then the lower integration limit
Ty of the integral of equation 3.8 can be taken to be zero under the assumption that
the reaction does not progress, i.e. o remains zero, until the initial temperature is

reached. By letting x = E/RT, the integration of equation 3.9 can be re-written as

AE
In(1-a)= 73Ep(x)Eq (3.10)
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Many methods have been developed to approximate the integral on the right
hand side of equation 3.10, i.e. p(x). It is frequently referred to as either the
temperature or the Arrhenius integral. [23]

3.2.2.1 Temperature Integral Approximation by Murray and White

The method of Murray and White, along with the two that follow in sections

3.2.2.2, and 3.2.2.3, provide different approximations to the temperature or

Arrhenius integral.

The reactions are assumed to be 1% order. The Murray and White [60]

approximation of the temperature integral yields the following relation:

1{1“(71?’“—)} - ln(%) - fT— ................................................... Eq. (3.11)

where a = 1- m/m,, m and m, representing current and original sample weight,
respectively, and B is a set heating rate. A plot of In[-In(1-0)/T?] versus 1/T will
yield the values of A and E from the intercept and the slope.

3.2.2.2 Temperature Integral Approximation by Doyle

Doyle [61] suggested a linear approximation to the temperature integral which

yielded the following relation:

AE E
In[-ln(l-a)]=Inf — | =1.0518——=5.33 ... it . .
n[-In(1 - a)] n( BR) RT Eq. (3.12)

Again, with a pre-determined heating rate B, A and E can easily be found from the

intercept and slope of a plot of the left hand side of Equation 3.12 versus 1/T.

3.2.2.3 Temperature Integral Approximation by Senum and Yang

Senum and Yang approximated the temperature integral as a ratio of two
polynomials [23, 62]. Once this ratio approximation is inserted in place of the
temperature integral, a non-linear regression is employed to determine the pre-

exponential factor and the activation energy. The temperature integral is as follows:



p(x) = >

-20

exp(—x) x* +18x° +86x +96x

x x* +20x® +120x? +240x +120

where x = E/RT.

3.3 Materials and Sample Preparation

.......... Eq. (3.13)

The biomass used for these experiments is Short Rotation Coppice (SRC)

used. Some samples were further demineralized.

3.3.1 SRC Willow Properties

willow, obtained from Rural Generations Ltd. in Londonderry, Northern Ireland.

The willow was ground and sieved. Only particles between 0.15-0.18 mm were

Tables 3.1- 3.3 list the proximate, ultimate, and elemental content of the SRC

willow samples studied in this chapter.

Table 3.1 Proximate analysis of (as received) willow [63].

wt %
Volatile Matter 69.83
Fixed Carbon 17.53
Ash 52
Moisture 7.44

Table 3.2 Ultimate analysis of (as received) willow [64].

Carbon Hydrogen Nitrogen Sulphur Oxygen (wt %)
(wt %) (wt %) (wt %) (wt %) (by difference)
51.65 5.84 0.51 <0.2 41.02
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Table 3.3 Metal analyses for willow samples after drying at 333K [63].

willow Moisture Al Ca Cd Co Cr Cu Fe K Mg Mn
treatment:  (wi%) (mghkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgke)
raw
(untreated) 3-89 50 11020 635  <0.009  2.50 38.1 137 3770 1350 181
HCI treated 3.75 42 119 <0.005 <0.009 <0.007 <0.045 7.6 <107 53 <0.009
potassium
impregnated 4.80 0.1 19 <0.005 <0.009 <0.007 0.9 6.8 17000 6.5 <0.009

(1 wt% K)
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3.3.2 Biomass Demineralization

The demineralisation process involves the use of hydrochloric acid. 10 g of
sample was heated in 50 cm® of 2.0 M HCI for 6 hours at 333 K. The sample was
then removed from the heat source and left for 48 hours. It was then heated again to
333 K for 6 hours. The biomass was then filtered and washed using de-ionized
water until the filtrate runs Cl" free, which was ascertained by the use of a 0.1 M

silver nitrate solution.

3.4 Thermogravimetry

The pyrolysis of the SRC willow, both untreated and demineralized, was
studied via thermogravimetric analysis (TGA). A Stanton Redcroft Analyzer STA-
780 series was used. Samples in the range of 5 mg were heated in a purge of
nitrogen at a rate of 25 °C/min to a final temperature of 550 °C. The results were
interpreted in a number of ways, described earlier in section 3.2. A typical TGA
pyrolysis profile for an untreated SRC willow sample is shown in Figure 3.1, where

the mass loss and the first derivative of mass loss are plotted against temperature.
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Figure 3.1 TGA pyrolysis profile for untreated SRC willow

The mass loss (TG) curve reveals three stages for this experiment. The first stage,
corresponding to temperatures between 25 to 105 °C, is attributed to the loss of
moisture from the sample. The next stage, perhaps more easily seen in the first
derivative mass loss (DTG) curve in red, is due to the decomposition of
hemicellulose and the initial stage of cellulose degradation, and can be seen between
250 to 320 °C in this case. The third stage is linked to the degradation of lignin and
the final degradation of cellulose (giving a maximum rate of weight loss at 360 °C).
In the case of TGA combustion experiments, the reaction profiles reveal an
additional step after the main devolatilisation peak which is attributed to the burnout
of char (discussed later in Chapter 4). The DTG profile also reveals useful
information regarding the rates of pyrolysis. The positions of the peaks help to
illustrate the ease or difficulty of removal of material (the lower the temperature
associated with the peak the easier the removal of material). The height of the peaks
shows the rates of devolatilisation. The area under the curve indicates the amount of

volatiles released. The main peak temperature corresponds to the maximum rate of
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volatile release, and is often used as a measure of a fuel’s reactivity. It can therefore

be utilized as a point of comparison between different fuels.

3.5 Data Interpretation of SRC Willow Pyrolysis

As this section will show, the method of analysis of weight loss data is vital for
the extraction of kinetic parameters. Both high and low activation energies can be

derived depending on the analytical method used and also on the range of the data

selected.

3.5.1 Data Analysis Technique

Microsoft Excel was used for all of the computations involved in deriving
kinetic parameters from the methods studied (Reaction Rate Constant, Senum and
Yang, Murray and White, Doyle). Of these methods, the Senum and Yang approach
is unique in that it requires the use of non-linear regression calculations to determine
the activation energy and pre-exponential factor. To this end, the solver function in
Excel was utilized. The left hand side (LHS) and right hand side (RHS) of equation
3.10 were defined where A (the pre-exponential factor) and M (M was substituted in
place of E/RT) were named as unknowns. A column was created with subsequent
values of difference between the LHS and the RHS (for every TGA data point).
Then a goal cell was defined for the range of values in the LHS-RHS column and
the solver was set to make the value of that goal cell as close to zero as possible by
iterative guesses of the values of A and M. The solver ultimately converges on a

solution where the values of A and M render the LHS and RHS of equation 3.10

equal.

3.5.2 Data Interpretation According to the Reaction Rate Constant Method

The apparent first-order reaction rate constant method is usually applied to
the initial weight loss data generated by TGA pyrolysis or combustion, where the

conversion is low and the approximation in equation 3.7 is valid. The conversion
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value ranges from 0 to 1 and is defined as the fractional mass loss where at 0, no

mass remains, and at 1, all mass remains.
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Figure 3.2 a) Pyrolysis weight loss curve for demineralized willow. Heating rate = 25 °C/min. (b) Linear regression curves according to the

Reaction Rate Constant method (demineralized willow).
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Two regions of the pyrolysis weight loss curve, highlighted in Figure 3.2a,
were chosen to evaluate the initial kinetics and to compare the effect of deviation
from this initial region on the values of the pre-exponential factor and the activation
energy. The region labelled as “part 1” represents a data range corresponding to a
10% weight loss from 90 to 80% of the original mass and is mainly the degradation
of hemicellulose. The second region, “part 2,” represents a range of data slightly
further along in the pyrolysis weight loss curve where 70 to 45% of the original
mass remains. This second region was chosen as it includes data for the main
decomposition peak. Kinetics were also evaluated on a more global basis

encompassing data from both regions.

Linear regression plots, described in equation 3.6, were calculated and are
shown in Figure 3.2b. Intuitively, the two regions yielded different pyrolysis kinetic
parameter values. For the data range corresponding to part 1, the values for A and E
were 3.51 x 10%s™ and 68.8 kJ/mol, respectively. For part 2, the pre-exponential

factor was 4.35 x 10® s, and the value of the activation energy rose to 107 kJ/mol.

In the more global region considered, the kinetic parameter values were in between
those calculated for regions 1 and 3 (Table 3.4). In all cases, the final mass used in
the analysis was that remaining at 550 °C, as this temperature is seen as the end of

pyrolysis.

As noted above, this method is most valid when a small region of the weight
loss curve data is examined. Since biomass is composed of three polymers which
degrade over different temperature regions and the rate of mass loss does not remain
linear (as can be seen in Figure 3.1), the kinetic parameters derived by this method

are strongly dependent upon the weight-loss (a) regions selected.

3.5.3 Data Interpretation According to the Temperature Integral

Approximations

The pre-exponential factors and the activation energies were calculated for
various parts of the TGA curve with the three methods employing approximations of

the temperature integral (Senum and Yang, Murray and White, Doyle), as well as
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the reaction rate constant method. The results showed varying values for A and E in
both the demineralized and raw willow samples. These results are detailed in Tables
3.4 and 3.5. It is clear that the models used to describe the demineralized sample
kinetics can predict activation energies ranging from 44 kJ/mol (low) to over 107
kJ/mol (high), and from 58 kJ/mol (low) to 112 kJ/mol (high) for raw willow.
Although there is variation in the kinetic parameters predicted by the different
methods, there are similarities in the parameters each method predicts for the two

different samples (demineralized and raw willow).

Table 3.4 Pre-exponential factor, activation energy, and variance values for

various methods (demineralized willow).

Senum & Murray & Doyle Reaction Rate
Yang White Constant

Trange:  235-285°C  235-285°C  235-285°C 235-285 °C
E (kJ/mol) 65 443 50.5 68.8

AGh 1.28 x 10° 7.49 9.97 x 10! 3.51 x 10°

Variance 1.92 x 107 9.88 x 107 7.98 x 10° 1.85 x 10°

Trange:  336-370°C  336-370°C  336-370°C 336-370 °C
E (kJ/mol) 67.1 63.8 70.5 107.4

INCH) 1.16 x 10° 5.08 x 10? 4.65 x 10° 4.35 x 10°

Variance 1.55x10° 7.63 x 10° 3.16 x 10™ 6.92 x 10

Trange:  203-390°C  203-390°C  203-390 °C 203-390 °C
E (kJ/mol) 66.9 46.1 51.7 74.1

A 1.18 x 10° 1.25 x 10! 1.70 x 10° 9.24 x 10°

Variance 2.38 x 10 5.67 x 10 2.00 x 10! 4.88 x 10

LEEDS UNIVERSITY LIBRARY
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Table 3.5 Pre-exponential factor, activation energy, and variance values for

various methods (raw willow).

Senum & Murray & Doyle Reaction Rate
Yang White Constant
Trange:  235-285°C 235-285°C  235-285 235-285 °C
°C
E (kJ/mol) 64.6 61.7 67 74.6
A 1.00 x 10° 4.44 x 10 3.16 x 10° 1.50 x 10°
Variance 2.83x10° 293 x10°  5.04 x10? 5.44 x 10°
Trange:  336-370 °C 336-370°C  336-370 336-370 °C
°C
E (kJ/mol) 64.6 57.7 64.6 112
A 1.00 x 10° 2.04x10° 221 x10° 1.61 x 10’
Variance 4.46 x 10” 1.35x10°  4.59 x 10 1.36 x 107
Trange:  203-390 °C 203-390°C  203-390 203-390 °C
°C
E (kJ/mol) 64.5 60.7 65.6 73.1
A 1.01 x 10° 383 x10°  2.61 x 10’ 1.03 x 10*
Variance 3.36 x 10°° 440 x10° 343 x 10" 3.66 x 10

The pre-exponential factors and activation energies obtained by each method

are used in a back-calculation of the weight loss for the particular region considered,

and this calculated weight loss is compared to the experimental data, to see how well

the methods perform. The variance of each method from experimental values (for

the three TGA weight loss regions examined) is listed in Tables 3.4 and 3.5 and is

further illustrated in Figures 3.6 and 3.7. The reaction rate constant method, and the

approximations by Murray and White and by Doyle, all rely on linear regression and

are commonly employed for the derivation of kinetic parameters for smaller initial
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ranges of weight loss data. Of these methods using linear regression, the reaction
rate constant method is the only one requiring a selection of the appropriate terminal
mass for its calculations. Although the two approximations eliminate the risk of
error introduced by the potential erroneous selection of a terminal mass, the variance
obtained by comparing the weight loss values derived from the predicted A and E
values and the experimental weight loss data, listed in Tables 3.4 and 3.5, clearly
shows that the reaction rate constant method is indeed reliable if care is taken in

choosing the appropriate terminal mass for the weight loss region considered.

The Senum and Yang approximation is unique in that it employs non-linear
regression and is thus generally much more accurate than the other methods
considered in this work, and is also capable of application to wider ranges of the
TGA data while maintaining this accuracy. The choice of weight loss region
incorporated in the calculations, however, remains critical for meaningful kinetics,
since TGA experiments can become mass transfer limited at high degrees of

conversion.
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Based on the fit of modelled versus actual weight loss, it is evident from
Figure 3.3 that the Senum and Yang approximation is the most accurate of the
considered methods on a global basis, predicting the activation energy to be in the
region of 65 kJ/mol (low) with a pre-exponential factor on the order of 1 x 10° 5™
(raw willow). The Reaction Rate Constant method gives a respectable accuracy
compared to the Senum and Yang approximation, predicting slightly higher
activation energies of 75 kJ/mol (part 1), 112 kJ/mol (part 2) and 73 kJ/mol (global)
and corresponding pre-exponential factors of 1.50 x 10, 1.61 x10” and 1.03x10% s™!,

respectively.

It is evident from these experiments and calculations, that of the methods
studied, the Senum and Yang, Murray and White, and the Reaction Rate Constant
Method are yielding kinetics which describe the initial pyrolysis of willow more
accurately, but which suggest a low activation energy is appropriate (less than 80
kJ/mol in this case). The literature has reported both high and low activation
energies for biomass and model compound pyrolysis. A review of these findings
follows in section 3.6. It is intriguing that the same experimental data can yield
different kinetic parameters depending upon the method used to extract them, and
this may partly explain the wide variation of values reported in the literature. The
kinetics most appropriate under flame conditions is of some interest to industrial
design applications. A similar deliberation regarding coal pyrolysis kinetics
occurred in the late 1900°s and therefore similarities can be drawn, as discussed

next.

3.6 Kinetics of Solid Fuels, Past Studies

Coal pyrolysis has been investigated at length and debated, particularly during
the 30 years between 1970 — 2000. Since the 1990s, pyrolysis research has extended
in earnest to biomass. Literature shows a wide scatter amongst the values derived
for apparent first order kinetics, with similar fuels giving both high and low

activation energies. The variation in coal pyrolysis rates was highlighted by
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Solomon and Serio [65] and can be demonstrated on an Arrhenius plot in Figure 3.5,
where the curve labels are in keeping with the publication by Solomon and Serio.
Figure 3.6 gives a similar plot for apparent first order rates for pyrolysis of woody
biomass, detailed in Table 3.3. Some of the curves in this figure were generated by
TGA experiments while others have been generated by DFT, and various types of
biomass are represented. The highlighted oval in Figure 3.6 shows the region of the

curves generated by the present work on both demineralized and raw (or untreated)
SRC willow.

These figures better portray what was stated earlier, that for both coal and
biomass, “low” or “high” activation energies have been reported. If low activation
energies are used in predictive modelling, then the decomposition rate becomes

significant at lower temperatures compared to if a high activation energy is used.

In the past, the major application for these kinetics has been for modelling coal
gasification at temperatures around 1000 °C and for coal combustion at higher
temperatures where the coal particle devolatilises at temperatures of 500 to 1000 °C.
A variety of kinetic parameter values have been used, and since the key temperature
range is about 600-700 "C (for short residence times), the choice of these value has

not been critical since most curves cross at about that temperature (see Figure 3.5).

Much effort has been expended on coal pyrolysis using TGA, wire mesh
reactors, and drop tube furnaces, and it has been suggested that wide variations in
the pyrolysis rates can arise due to the uncertainty in particle temperatures in the
latter two cases . During coal pyrolysis, many simultaneous reactions occur which
involve different kinetics. In addition to fragmentation and depolymerisation of the
coal structure, char generation due to cross-linking also occurs. If fragmentation
reactions are solely considered, then higher activation energies would be expected.
However, if all these reactions are lumped together in an apparent first order
reaction, lower activation energy ranges are derived. Also, if mass transport

limitations are involved, then this would lower the apparent overall rate.
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Table 3.6 Details accompanying curves in Figure 3.6 “comparison of kinetic rates for biomass”.

Reference Curve Biomass Particle Heating Rate Pre-exponential Activation
Number Size factor A (1/sec) Energy E
(kJ/mol)
[25] (Table 3) 1.1 xylan ~40 pm 20 °C/min 3.18 x 10" 188
[25](Table 3) 1.2 xylan ~40 pm 20 °C/min 8.38 x 10" 218
[25)(Table 3) 1.3 xylan ~40 ym 20 °C/min 5.95 x 10" 206
[25](Table 3) 1.4 xylan ~40 um 20 °C/min 2.93 x 10" 267
[25](Table 3) 1.5 xylan ~40 pm 20 °C/min 3.95 x 10 246
[25](Table 3) 1.6 xylan ~40 um 20 °C/min 7.16 x 10'® 238
[25](Table 3) 1.7 xylan ~40 pm 20 °C/min 2.09 x 10'® 234
[58](Table 4) 2.1 cellulose N.A. variable 6.53 x 10’ 154
[58](Table 4) 2.2 hemicellulose N.A. variable 9.71 x 10 199
[59](Table 4) 3.2 water washedrice  1-2mg  3,10,30,60,100 8.81 x 10’ 165
hulls (2nd lump) piece K/min
[59](Table 4) 3.3 water washedrice  1-2mg  3,10,30,60,100 2.92 x 10° 216
hulls (3nd lump) piece K/min
[30](Table 5) 4.1 Scots pine <250 10°C/min 1.98 x 10° 101
(hemicelluloses 1) pum
[30](Table 5) 4.2 Scots pine <250 10°C/min 7.16 x 10" 262
(hemicelluloses 2) um



[30](Table 5)
[30](Table 5)
[30](Table 5)

[60](Table 4)

[60](Table 4)

[52](Table 1)
[52](Table 1)
[61]
[49](Table 4)
[49](Table 4)
[49](Table 4)

[49](Table 4)

4.3

4.4

4.5

5.1

5.2

7.1

7.2

8.1

9.1

9.2

93

94
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Scots pine (Lignin) <250

pum
Scots pine <250
(cellulose 1) pm
Scots pine <250
(cellulose 2) pm
raw willow 0.15-
0.18
mm
demineralized 0.15-
willow 0.18
mm
raw willow <2.0
mm
demineralized <2.0
willow mm
pine wood sawdust  100-212
um
wheat straw 50-
70um
coconut shell 50-
70um
rice husk 50-
70um
cotton stalk 50-

70pum

10°C/min
10°C/min
10°C/min

25 K/min

25 K/min

25°C/min
25°C/min
drop tube set at
380 °C
104 K/s
104 K/s
104 K/s

104 K/s

7.27 x 10*
2.95 x 10°
1.19 x 10®

4.56 x 10°

8.75 x 10"

5.99 x 10°
3.98 x 107
1.4 x 10"
1.05 x 10°
6.84 x 10°
1.19 x 10°

2.44 x 10°

93

93

181

89

178.4

84

122

150

31.7

48.7

393

40.8
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A comparison of Figures 3.5 and 3.6, shows similarities in the variation of
kinetics between coal and biomass. Closer inspection of Figure 3.6 and Table 3.3
reveals that very high activation energies are reported for the pure components,
cellulose, and hemicellulose (or xylan). Lower values are reported for different
biomass samples, again, due in part to the natural occurrence of metals such as

potassium, which, as stated earlier, is a well known catalyst in thermal conversion.

When cellulose pyrolyses, a single dominant pathway is likely, and high
activation energies have been measured for TGA experiments of this single pure
compound. When biomass is considered on the whole, the three main polymers
decompose in overlapping temperature regions, hemicellulose in the range of 423-
623 K, cellulose in the range of 548-623 K, and lignin in the range of 523-773 K
[63]. There are some contradictory studies as to whether these polymers can be
considered to decompose independently, or whether there is some measurable
interaction (synergy) between them. TGA experiments have generally suggested an
additive behaviour when mixtures of the polymeric components in biomass have
been studied [66]. Some authors have attempted to de-convolute the TGA weight
loss curves to extract apparent first order kinetics for each of the individual
lignocellulosic components [31, 67], and in these cases, high activation energies also
dominate. Similarly, the functional group approach to biomass pyrolysis kinetics
(the FG-BioMass model [54, 68, 69]) yields multiple simultaneous first order rates
for various products. In this case, the pre-exponential factor constant is fixed at a
suitable value and the activation energy extracted. The choice of high pre-

exponential factor will be discussed later.

3.7 Discussion

Figure 3.6 presents a compilation of the available kinetic data for the pyrolysis
of biomass, mainly wood or related materials, and the lignocellulosic model
compounds. There is a wide range of the kinetic constants reported, and a similar
variation is observed for coal. As coal has been studied for many more years, there
exists already extensive discussion regarding this matter. Much of the variation

observed for coal was attributed to different techniques, heating rates, and transport
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limitations, rather than specifically assigned to different coal types. It is therefore
natural to wonder whether there are differences in kinetics for different classes of

biomass components, as has been suggested by various researchers.

Both Figure 3.6, and Table 3.3 show that pure compounds have high activation
energies. During the decomposition of biomass, the fundamental reactions involve
the decomposition of the biopolymers. For the case of cellulose, this is well-studied
and the reaction involves an initial decrease in the degree of polymerization
followed by hydrolysis reactions. Further decomposition cracks open monomer
units to form gases and vapours. Decomposition of oxygenated heterocycles has
been studied in a high temperature shock tube [70] and first order rate constants
yield activation energies in the range 200-430 kJ/mol depending upon the reaction
products, with corresponding pre-exponential factor values ranging from 10'%-10%° s°
! Thus, for the model compound studies conducted in a TGA it is reasonable to
expect a dominant reaction pathway with a high associated E and a high A for the
first order kinetics. Similarly, in the functional group approach, or when TGA data

is interpreted as the sum of its individual components i.e. cellulose, hemicellulose

and lignin decomposing independently, high activation energies may be extracted.

A second question arising regarding biomass is whether different chemistry is
applicable to the different reaction conditions or applications. The applications relate
to slow pyrolysis (TGA), flash pyrolysis, and to flame studies; the rate constants
deduced from these observations, detailed in Table 3.3 along with the heating rates
and final temperatures that were involved in the measurements, are included in
Figure 3.6. Figure 3.7 compares the predicted conversions with temperature for a
heating rate of 25 K/min (i.e. typical TGA conditions) for the raw, or untreated
willow fuel used in this thesis. The first order reaction Kinetic parameters that were
used to calculate these conversions were discussed earlier in Section 3.5 and are
listed in Table 3.2. Here, conversion is defined as fractional volatile loss where 1 is
no volatiles released and 0 is release of all volatiles. As discussed earlier, first order
kinetics derived via the Senum and Yang, Murray and White, or the Reaction Rate
Constant approach (global) give the best prediction of the slow pyrolysis reaction.
These approaches have yielded low activation energies for willow pyrolysis (60.7-

73.1 kJ/mol). It is probable that when biomass is studied under TGA conditions of



-51-

low temperature and heating rate, a large number of secondary reactions of cracking
and cross-linking proceed, and the result is low E and A values for the apparent first
order rate. The Reaction rate constant approach applied to “part 2” (E = 112 kJ/mol)
also fits well over the whole data range, but “part 1” kinetics are too slow when
extrapolated over the whole curve. FG-BioMass, which is validated via TGA
experiments using multiple first order steps gives an excellent fit to the experimental

data. The very low E kinetic data (9.2) is too fast at low temperature/heating rate to

predict the decomposition well.
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Figure 3.7 Predicted conversion with temperature (at a low heating rate) for raw willow using different apparent first order Kinetics, as listed

in Tables 3.4-3.6.
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In flash pyrolysis, the typical temperature is 500 "C, and particles heat rapidly
so that residence times are approximately 1 second. Under these conditions,
secondary cracking reactions are minimized. Figure 3.8 shows the calculated
conversions assuming no mass transfer limitations, using the kinetics reported here
and by other workers, and assuming a heating rate of 10> K/s.  Under these
conditions it is expected that the reactions occurring will be simpler, and primary
cracking pathways will be dominant, thus high values of E and A would be expected
to predict the conversions well. From Figure 3.8 it is seen that high values of E and
A (FG-BioMass) predict significant conversions under fast pyrolysis conditions
(71% conversion). The DTR (Drop Tube Reactor) rates reported by Wagenaar (8.1,
high E and high A) also predict reasonable conversions (42% conversion), but most
of the apparent first order global TGA rates (low E) are too slow to predict
conversion well (as are the low E, low A, DTR rates (not shown)). Curve 9.2,
however, which was generated from kinetics measured during fast pyrolysis
experiments of coconut shell, also gives good predictions of conversion. This can
be explained by examination of Figure 3.6. The data for curves 9.1 - 9.4 predict
reaction rate constants equivalent to those predicted for high E curves (1.3 - 1.7) due
to the compensation effect. That is to say, this data will work well in the range of

temperature under which it was derived experimentally.
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Figure 3.8 Predicted conversion for 10° K/s to 500 °C, 1 s residence time.
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Figures 3.9 and 3.10 give similar results for conversion with residence time in
a typical flame of temperature 1500 'C. Since residence time is short and heating
rate is rapid (10* -10° K/s), it is expected here (as for the fast pyrolysis case) that
primary cracking pathways will be dominant, and thus high values of E and A would
be expected to predict conversions well. There have been very few studies of
devolatilisation rates of biomass in flame conditions [71, 72], but for willow typical
durations of devolatilisation are 10-40 ms for 2-4 mm particles entrained into a flat-
flame methane-air burner. Figure 3.9 shows that if the heating rate is 10* K/s to
1500 'C, then all the rates are too slow (where particle devolatilisation is taking >80
ms) to predict accurate conversion (although FG-Biomass and 8.1 are the closest).
If the heating rate is 10° K/s to 1500 C, as in Figure 3.10, then there is a
compensation effect and many rate parameters predict conversions within
experimental error. The high E (8.1) or multiple reactions approach (FG-BioMass),
each are predicting conversion in less than 10-15 ms. Since some compensation
effect is seen, lower E kinetics (such as Rate Constant Method (RCM) global (E =
74.6 kJ/mol) and even curve 9.2 (E = 48.7 kJ/mol, but derived from 10* K/s heating
rate experiments) are predicting conversions in timescales comparable to that seen
experimentally (i.e. between 10-40 ms). The Senum-Yang rate and the Doyle rate,
with low E and low A values are too slow at these heating rates to predict

conversion correctly.
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3.8 Conclusions

In this work, different approaches have been analyzed for deriving apparent
first order kinetics from TGA data of biomass pyrolysis. In addition, kinetic data
from the literature has been compiled and compared. The data falls into two main
categories: (1) Very high E and A values (> 100 and up to 270 kJ/mol, and up to
10" s") derived when model biomass components are studied, e.g. cellulose; or the
data is interpreted as the sum of a number individual first order reactions, e.g. FG-
BioMass; (2) Intermediate and Low E and A values (50-100 kJ/mol and <~ 10° )

derived using a number of global approaches.

Of the global methods tested the “Senum-Yang” approach, the “Murray and
White”, and also the Reaction Rate Constant Method give apparent first order
kinetics which give excellent predictions of pyrolysis under conditions of low
heating rate. As might be expected, FG-BioMass also gives excellent predictions.
For higher heating rates, such as those encountered in fast pyrolysis, those kinetics
expressions with high E and A values typically give reasonable predictions of
conversion. It is thought that under these conditions, the residence time is too short
for secondary reactions and hence the kinetics are best described by the high E’s and

A’s of primary cracking reactions.

The same is true under flame conditions of even higher theoretical heating
rates (10* — 10° K/s); kinetics described by high E’s and A’s (typically E = 178.75
kJ/mol, A=22x 10" s give rapid conversion of the correct magnitude to those
seen experimentally. At very high heating rates (1 0° K/s) some compensation on the
rates is observed, so that there is a greater range of kinetic parameters which give
reasonable conversion rates. FG-BioMass and high E rates predict conversion in the
order of 10 ms, while the Reaction Rate Constant method (global) predicts
conversion in the order of 40 ms; both are within the range observed experimentally
(10-40 ms for volatile combustion). Some kinetic approaches (e.g. Senum-Yang)

still yield parameters which under predict the conversion at these heating rates.
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In summary, “lumped” or detailed kinetics such as FG-Biomass (typically E =
178.75 kJ/mol, A = 2.2 x 10" s™") give good predictions of conversions over a wide
range of heating rates and temperatures (10 K/min — 10° K/s and 327 - 1500 °C).
Rate parameters with low E values but measured under high heating rate conditions
e.g. 10% or 10* K/s drop tube studies at 500 °C ( typically E = 48.7 kJ/mol, A = 6.84
x 10° s) give good predictions for modelling over the validated range and some
extrapolation to higher temperature is possible because there is a compensation
effect. High temperature, high heating rate modelling (10° K/s, 1500 °C, 1bar) is
more forgiving of the rates used, than is low temperature (500 °C) high heating rate
modelling. For 10° K/s, 1500 °C, 1bar, E = 178.75 kJ/mol, A = 2.2 x 10" s™! (FG-
Biomass) or E = 73.1 kJ/mol, A = 1.03 x 10* s (RCM global) will both predict
conversions within experimental timescales. Whilst these results have discussed

kinetics of one particular biomass, willow, the conclusions are equally applicable to

similar woody biomass.
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Chapter 4
Role of Alkali Metals in Biomass Pyrolysis and Combustion

4.1 Introduction

Alkali metals have a profound impact on the thermal reactions of biomass [73].
Some inherent alkali metals in biomass have been investigated in some detail,
particularly for their effect on pyrolysis of lignocellulose biopolymers, and in carbon
gasification reactions. A catalytic effect is evidenced by increased char formation,
and gas/light volatiles being favoured over tar. The mechanism proposed for the
catalyzed decomposition of cellulose involves heterolytic ring opening,
rearrangement and cracking reactions [74]. This mechanism is usually written as a
base-catalyzed process; therefore the exceptional impact of the alkali metals is still
intriguing. The influence is further complicated by the fact that these metals are
volatile under combustion conditions and hence concentrations in the fuel are in flux
[72].

Previous research has shown that alkali metals present in biomass influence the
rates of release and yields of various species during thermochemical conversion
[72]. The effect of potassium in biomass thermochemical conversion has specifically
been investigated. During pyrolysis, the presence of potassium increases the rate of
decomposition, the gas and char yields, and decreases the tar products. Similarly,
during combustion, the presence of potassium leads to higher conversion
efficiencies. Potassium also changes product distributions which is indicative of a
change in the reaction mechanism [35, 72, 73, 75]. This chapter details preliminary
fundamental work on alkali metals (sodium, potassium, and cesium) to determine if
group chemistry has an effect upon the catalytic process observed in SRC Willow
thermal degradation. The same ratio of moles of metal to grams of biomass was
used. The work deals with both pyrolysis and combustion, conducted under low
heating rates with the use of thermogravimetric studies, and also investigates group

effects under flame conditions with single particle combustion studies in a methane
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air flame. The experimental work conducted in this chapter was conducted in part

by Ms Esther Fuentes, and by Mr. Martin Ross.

4.2 Materials and Sample Preparation

The biomass used for the work in this chapter is the same SRC willow
described in Chapter 3. The willow was ground and sieved and a size fraction
between (.15 and 0.18 mm was used in the TGA studies. Larger particles of 1 to 3

mm were kept for the single particle combustion experiments.

4.2.1 Demineralization and Impregnation

The ground sample and some larger particles were demineralized and
impregnated with various amounts of potassium, sodium, and cesium. The
demineralization was achieved with the use of hydrochloric acid. 10 g of the sample
was heated in 50 cm® of 2.0 M HCI for 6 hours at 333 K. After 48 h the sample, left
in the HCI solution, was re-heated at 333 K for another 6 hour period. The sample
was then filtered, and washed using de-ionized water until the filtrate was Cl™ free
(checked by a 0.1 M silver nitrate solution). The sample was then oven dried at

333 K until constant weight is achieved.

To impregnate the willow with the alkali metals, the biomass sample was
mixed with the appropriate metal acetate (to achieve a 1 wt% potassium
concentration, or equivalent molar concentrations of the other metals), then
moistened by 5 cm?® of de-ionized water, mixed and then oven dried at 333K to
constant weight. The molar concentration was 2.56 x 107 mol/100 g of willow and

the weight percentages were 0.6, 1, 1.4 for Na, K, and Cs respectively.

4.3 Thermogravimetric Analysis

Pyrolysis tests were performed using a Station Redcroft Simultaneous
Analyser STA-780 Series. A typical sample mass of 16 mg is heated at 10 °C /min

in a purge of nitrogen with a final temperature of 110 °C. The sample is held at 110
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°C for 5 min, is then heated at 25 °C /min to a final temperature of 900 °C, where it

is held for an additional 15 min.

Combustion tests were performed with the same equipment. A typical sample
mass of 4-5 mg was heated at a rate of 25 °C/min in a purge of air to a final

temperature of 900 °C, and was held at this temperature for 15 min.

4.4 Single Particle Combustion

The single particle combustion experiments were conducted by piercing the
particle (particle size ca. 2 mm) to suspend it, with a stainless steel needle which is
then inserted into a holder; this allows the particle to be supported over a Meker
burner. The needle and particle were both covered by a protective water-cooled
sheath that was held in place until the digital video recording equipment was ready.
The protective sheath was then retracted and the particle was directly exposed to a
methane-air flame (air (kg)/methane(kg) ~ 10.5) at 1227 °C. Combustion was
monitored and recorded with a Photo-Sonics Phantom V7 high-speed video system
with a frame rate of 1000 frames per second (fps) [64]. Figure 4.1 shows the single
particle combustion experimental set-up. Interrogation of the captured footage
enables identification of several key stages in the process such as the time that the
particle is first exposed to the flame, ignition and onset of volatile combustion
(characterized by a volatile flame), the end of volatile combustion (characterized by

the disappearance of the volatile flame), char combustion, and ash melting.
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Figure 4.1 Single Particle Combustion Experimental Set-up.
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4.5 Fuel Properties

The proximate, ultimate, and metal analyses of the SRC willow studied in this

chapter were presented earlier in Tables 3.1-3.3.

4.6 Willow Pyrolysis and Combustion

Derivative thermogravimetric analysis (DTG) results comparing the pyrolysis
of the three alkali metal-impregnated samples along with a demineralized and a raw
or untreated sample are shown in Figure 4.2. The raw willow profile reveals that
the thermal degradation occurs in two stages. The first stage is attributed to the
decomposition of hemicellulose and the initial stage of cellulose degradation. The
second stage is linked to the degradation of lignin and the final degradation of
cellulose. If the profiles of the raw and the demineralized samples are compared, it
is noted that the first peak, indicating the decomposition of hemicellulose, is much
smaller in the acid treated sample. This implies that acid treatment not only
removes most of the minerals from the willow sample, but also digests some of the
hemicellulose in the process. Figure 4.2 shows a shift in peak temperatures from
higher, with the demineralized and raw samples, to lower, with the alkali metal-
impregnated samples, indicating that the alkali metals are catalyzing the pyrolysis
reaction. It is also evident that the DTG curve of the raw, or untreated, willow
sample has two peaks (270-350 °C, and 350-410 °C), whereas the curve belonging
to the HCI treated sample only has one (350-410 °C). It is know that the biomass
components, hemicellulose, cellulose, and lignin, decompose over varying
temperature regions: 150-350 °C, 275-350 °C, and 250-500 °C, respectively [63].
Thus, for the untreated willow DTG curve in Figure 4.2, the first peak is attributed
to the decomposition of hemicellulose together with the beginning of the
decomposition of cellulose, and the second peak is linked to the degradation of
lignin and with the final degradation of cellulose. The lack of this first peak in the

curve of the HCI treated sample suggests changes in the hemicellulose content [63].
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There is also a slight shift to a higher main peak temperature from the untreated to
the HCI treated sample, indicative of a reduced catalytic activity in the acid treated
willow. Figure 4.2 also shows the DTG curves of the metal-impregnated samples,
and it is clear that all three metals have a strong catalytic influence on the
degradation of the willow, with two clear peaks occurring at 220-280 °C, and 300-
390 °C. The first main peak is attributed to the decomposition of cellulose since the
hemicellulose content of these samples has decreased due to the acid treatment they
have undergone prior to metal impregnation. The second main peak is also likely

due to be mostly caused by cellulose degradation.
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Figure 4.2 DTG pyrolysis profiles for raw, demineralized and metal-impregnated willow samples.
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DTG results of the combustion of similar samples are shown in Figure 4.3.
The first and main peak in the DTG combustion profiles represents the release of
volatiles, ignition, and combustion. The smaller second peak is attributed to char
combustion and in the case of the HCI treated sample is broader because char
combustion is a much slower process in this case. As with pyrolysis, it is clear that
sodium, potassium, and cesium all strongly catalyze devolatilisation as well as char
combustion, as is evidenced by a shift of both main DTG peaks to lower
temperatures when compared with the demineralized (HCI treated) sample. As one
would expect, the raw, or untreated, sample with a 0.4 wt% concentration of
potassium [63], exhibits devolatilisation and char combustion characteristics in-

between those of the metal-impregnated and demineralized samples.
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Figure 4.3 DTG combustion profiles for raw, demineralized and metal-impregnated willow samples.
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Although the catalytic effect of the metals on pyrolysis and combustion is
clear, in pyrolysis the three metal-impregnated samples all produce similar
consequences. Table 4.3 lists the first order reaction kinetics of the various samples
for the pyrolysis and combustion TGA runs. The activation energies and the pre-
exponential factors were calculated according to the Senum and Yang
approximation of the Arrhenius temperature integral as described in Chapter 3. The

reaction rates are calculated at 300 °C according to equation 3.3.
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Table 4.1 First order reaction kinetics of TGA runs (pyrolysis and

combustion).
Pyrolysis
Sample: E (kJ/mol) In A (s") k3oooc(s")
HCl treated 119.8 17.5 46x10*
Raw 81.9 10.3 9.8x 10
Na 79.4 10.2 1.6x 107
K 80.5 10.3 14x10°
Cs 75.5 9.6 2.0x 107
Devolatilisation E (kJ/mol) InA (s K3oo°c(s™)
HCl treated 117.5 17.9 1.2x10°
Raw 80.4 10.8 22x 107
Na 79.0 10.6 24x10°
K 76.3 103 3.2x10°
Cs 57.1 6.2 3.0x 107

The activation energies for the demineralized samples, in both pyrolysis and
combustion, are higher than those observed for the raw samples, which are in turn
higher than those of the metal-impregnated ones. As is expected, the reaction rates
for the demineralized samples are slower than those of the metal-impregnated
samples. In pyrolysis the alkali metals all appear to catalyze pyrolysis to a similar
extent. It is interesting that, in pyrolysis, all the alkali metals give similar peak
positions in the DTG profiles (Figure 4.2), but this is not the case in the combustion
tests (Figure 4.3). In Figure 4.3, the main peak temperatures follow the order
Cs<K<Na<HCI for char combustion, although in the latter case this may not be
accurate because of the strong exotherm in char combustion which gives
uncertainties in peak temperatures. As seen in Table 4.3, a group effect is observed
on the devolatilisation kinetics (E decreasing down the group). The mechanism of
oxidative pyrolysis is even more complex than pyrolysis, but if metal-oxygen bonds
are involved, then these bond strengths become influential in the reaction rates.
Alkali metal-oxygen bond strengths follow the order Cs-O > K-O > Na-O [76].
Oxygen interaction with metals is also influential in char oxidation reactions.

Unfortunately, kinetics could not be derived from the data in Figure 4.3 because of
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the large exotherms observed in the catalyzed reactions. At the temperatures of char
combustion, melting temperatures of metal salts may also become a factor. These
would influence not only the concentration of catalytic sites on the char (through
evaporation), but also the mobility of salts on the surface and their migration to

active sites on the char where catalysis may occur at the salt/carbon interface.

4.7 Single Particle Combustion Results

Figures 4.4 and 4.5 depict a series of images captured during the single particle
combustion experiments (SPCE). Analysis of a series of SPCE images for any
given particle shows the onset of the various stages of combustion (such as ignition,
devolatilisation, char combustion, and ash melting), and also allows the calculation
of their duration. In these experiments, ignition occurs soon after the particle has
been exposed to the flame, and is characterized by the beginning of a glow at the
bottom of the particle. The onset of devolatilisation is detected when a luminous
flame appears above the particle. Upon the extinguishment of this flame, all that is
seen is the glow of the particle, and it is evident that the fuel is undergoing char
combustion. For practical reasons, this point can be taken as the onset of char
combustion, although the particles in these experiments often exhibit the “char
combustion” glow at the bottom (part of particle closest to the flame) prior to the
termination of the volatile flame. The particle retains its shape during the majority
of the char combustion stage, and at the end, shrinks rapidly. When this shrinkage
ceases, only ash remains. Eventually this ash becomes fluid, and this point is

considered as ash melting.

Previous research on the single particle combustion of SRC willow has been
carried out [72], where the willow samples were demineralized and some were also
impregnated with potassium. Figure 4.4 shows SPCE images for two willow
particles from this study. The top images in Figure 4.4 depict a K impregnated

particle, and the images on the bottom show a demineralized particle.
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Figure 4.4 Close up view of combustion in the Meker burner of a (top) K-impregnated and (bottom) demineralised willow particle [72]

(image reproduced with permission from the author).
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In the case of the K impregnated particle (top of Figure 4.4), volatile
combustion can be detected through the characteristic volatile flame above the
particle (although this is not clearly visible in Figure 4.4). Upon the disappearance
of the volatile flame, uniform char combustion began, and the particle integrity was
retained while the particle slowly shrank. Toward the end of char combustion, the
particle shrank more rapidly and left some ash at the end of the support needle. This

ash was observed to have a glassy appearance [72].

In the case of the demineralized particle (bottom of Figure 4.4), the
devolatilisation stage was characterized by the appearance of a black tar that boiled
from the particle and rapidly coated its entire surface. At the same time, an increase
in the brightness and luminosity of the flame above the particle was observed. The
authors attributed this to the decomposition and evaporation of the formed tar. The
demineralized particle was also seen to melt and shrink rapidly during this stage.
Upon the disappearance of the tar and the luminous flame, the particle began to
glow and it continued to shrink but more slowly than previously. The char

combustion stage was reported to last for up to 20 seconds.

Figure 4.5 shows SPCE images for another demineralized SRC willow sample (top)
and a sodium impregnated sample (bottom). In this case, the luminous volatile
flame above the demineralized sample (attributed to the decomposition of the tar)
can be more clearly seen. Similarly to the findings in [72], it was observed that the
devolatilisation stage was short in comparison to the metal doped samples, and that
the particle decreased in size rapidly. A comparison between the Na impregnated
and the demineralized particles at 1 second (Figure 4.5) shows the contrast in
particle size retention following devolatilisation where the demineralized sample has
shrunk considerably. The char combustion stage for the demineralized sample
continued well beyond the 3 seconds shown in Figure 4.5 (unlike the Na

impregnated particle where char combustion has terminated at 3 seconds).

As with the potassium impregnated particle, examination of the SPCE images
of the sodium impregnated particle reveal a greater char yield than that observed

with the demineralized sample. Unlike the potassium impregnated sample studied in
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[72], the sodium impregnated sample studied here exhibits a visible glow that
continues throughout most of the SPCE, and is given off by the devolatilisation of

sodium.

The SPCE demonstrate that both alkali metals have a catalytic effect on the
thermal degradation of willow at flame conditions. This is apparent by the higher

char yield, and shorter char burn-out times as compared with demineralized samples.
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Figure 4.5 Single particle combustion of demineralized (top), and sodium impregnated
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4.8 Conclusions

Pyrolysis and combustion studies under slow heating rate conditions,
conducted with TGA, have revealed that sodium, potassium, and cesium presence in
the SRC willow strongly catalyzes these reactions. This is evident not only from the
shift of main DTG peak temperatures from higher to lower values in the
impregnated samples, but also from first-order reaction kinetics which reveal faster
reaction rates for these samples. No particular trend in pyrolysis reactivity is
observed within the group 1 metals. Willow samples impregnated with the same
molar concentration of the three alkali metals all behave in a similar fashion during
pyrolysis. In oxidative pyrolysis, a group effect is observed on the devolatilisation

kinetics with the activation energies decreasing down the group (Na>K>Cs).

Single particle combustion experiments comparing raw, demineralized and
sodium impregnated samples again revealed a stark contrast between the
degradation of samples with and without alkali metals. As with the low heating rate
results, at flame conditions, samples impregnated with various group 1 metals
behave in a similar fashion. Video interrogation shows faster reactions, lower tar
yields and higher char yields compared to demineralized samples. These findings
imply that a similar thermal degradation mechanism is followed when this woody
biomass contains any of the alkali metals. These mechanisms will be considered

more closely in Chapter 5.
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Chapter 5
Influence of Potassium and Sodium on the Kinetics of SRC Willow

Pyrolysis — Model Predicting Reaction Rates

5.1 Introduction

In Chapter 4, it was established that the alkali metals have similar catalytic
influence in pyrolysis when present in the same molar concentrations in SRC

willow. In the present chapter, the variation of pyrolysis kinetics with metal

concentration is investigated.

In Chapter 3, various data analysis methods were studied to ascertain which
kinetic extraction method is best suited for reliable kinetic parameter evaluation
(based on thermogravimetric analysis (TGA) derived data). Kinetic ranges most
applicable to industrial biomass processes were also explored. In many instances,
single-step, apparent first order kinetics were seen to give satisfactory predictions of
conversions for the time-temperature profile under study. The Senum-Yang
approach to deriving first order kinetics from the TGA data was found to be an
objective method, and a good approximation when applied to low heating rate data;

this approach is therefore applied in the kinetic analysis of the current chapter.

Inherent alkali metal content in biomass has an influence on thermal
decomposition [30, 77-79]. Potassium has specifically been discovered to act as a
catalyst during pyrolysis reactions [11, 53, 63, 72, 73]. During pyrolysis, the
presence of potassium increases the rate of decomposition, increases gas and char
yields, and decreases the tar products. Similarly, during combustion, the presence of
potassium leads to higher conversion efficiencies. Potassium also changes product
distributions [11, 35, 72, 80] as was seen from the single particle combustion
experiments in Chapter 4. In the case of sodium, pyrolysis studies have shown that
the presence of this metal also lowers the activation energies of the fuels [81] (as

seen previously in Chapter 4), and that biomass species with high ash content tend to
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have high concentrations of sodium [82]. In general, the concentration of potassium
in biomass is much higher than that of sodium. This is reflected in the literature as
studies of the influence of potassium are more common than those of sodium.
However, the direct influence of alkali metal content on biomass decomposition
kinetics expressions has not been thoroughly investigated for any metal. This
influence is made more complex by the fact that a portion of the metals is evolved
during volatile release and thus the concentrations of metals are not static throughout
decomposition. This chapter extends the previous work on short rotation coppice
(SRC) willow decomposition to develop a preliminary expression that directly links
the biomass degradation kinetics to the inherent alkali metal content. This is
achieved with TGA studies on SRC willow samples that have been impregnated
with gradually increasing amounts of potassium and others with a range of sodium.
The impregnations and TGA experiments were conducted by Ms. Esther Fuentes.
The implications on the chemical mechanisms of the observed catalytic activity of
these metals on biomass thermal degradation are explored through Ab initio

modelling.

5.2 Materials, Sample Preparation, and Methods

As with the samples described in Chapter 3, SRC willow was used. The
willow was obtained from Rural Generation Ltd. (Londonderry, Northern Ireland).
The sample is ground and sieved, and 0.15-0.18 mm particles are used in the TGA

studies. The raw willow analyses are given in Tables 3.1-3.3.

5.2.1 Demineralization and Impregnation

Some of the ground sample is further demineralized and impregnated with
various amounts of potassium. The demineralization is achieved with the use of
hydrochloric acid. 10 g of the sample is heated in 50 cm® of 2.0 M HCl for 6 hours
at 333 K. After 48 h the sample, left in the HCl solution, is re-heated at 333 K for
another 6 hour period. The sample is then filtered, and washed using de-ionized

water until the filtrate is Cl” free (checked by a 0.1 M silver nitrate solution). The
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sample is then oven dried at 333 K until constant weight is achieved. Energy
dispersive X-ray (EDX) analysis was conducted on the demineralized samples to

ascertain that the HCI treatment was effective, and the results showed the complete

removal of minerals [63, 83].

To impregnate the willow with either potassium or sodium, 3 g of sample were
mixed with potassium acetate, and sodium acetate, respectively, and then moistened
by 5cm’ of de-ionized water, mixed and then oven dried at 333 K to constant
weight. Willow samples with nominal potassium weight percentages of 0, 0.05, 0.1,
0.25, 0.3 0.5, 0.75, 1.0, 1.5, 2 wt% have been studied, along with samples with
nominal sodium weight percentages of 0, 0.1, 0.25, 0.5, 1, 2 wt%. The 0.3 wt% K
sample is the raw (starting) SRC willow material, as is the 0.1 wt% Na sample.
These raw or untreated samples, of course, also contain other metals and an ash
analysis revealed the following concentration of oxides: 36.7% CaO, 5.24% MgO,
0.29% Fe,03, 17.1% K0, and 19.9% P05 [11].

5.2.2 Thermogravimetry

Pyrolysis tests were performed using a Station Redcroft Simultaneous
Analyser STA-780 Series. A typical sample mass of 10 mg is heated at 10 °C /min
in a purge of nitrogen with a final temperature of 110 °C. The sample is held at 110
°C for 5 min, is then heated at 25 °C /min to a final temperature of 900 °C, where it

is held for an additional 15 min.

5.2.3 Ab initio Modeling

Gaussian 03W software [84] was used for the modelling study. Structures of
interest were first geometry-optimized at the HF level and then at the B3LYP DFT
level (6-31G(d) basis set). Ground state structures were confirmed from the absence
of imaginary frequencies in a subsequent frequency calculation. There is a general
agreement in the literature that the structures studied in this chapter (described in
Section 5.6.2) can be modelled well at the density functional theory level with the
B3LYP method and the 6-31G(d) basis set [85-87].
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5.3 Willow Pyrolysis

Figures 5.1 and 5.2 show the TGA weight-loss profiles of the samples studied.
It is evident that a general catalytic trend exists, with the samples containing more
potassium and sodium being more reactive. The main peak temperatures of the
differential thermogravimetric analyses profiles of the same samples portray this
trend more clearly, and are plotted in Figures 5.3 and 5.4 as a function of potassium
and sodium contents of the samples. There is a decrease in the temperature
associated with the main peak of nearly 60 'C for the 2 wt% K-willow compared
with demineralized (0% K) willow. Similarly for sodium, there is a decrease of 50
°C for the 2% Na sample as compared to the demineralized (0% Na) one. Tables 5.1
and 5.2 contain a cross reference of the main peak temperatures with the weight
percent of each metal as well as the moles. On a molar basis, potassium and sodium
have similar influences on the main peak temperature, although sodium appears to
be slightly more active, as evidenced by the lower peak temperatures of the sodium
doped samples versus those of equivalent moles of potassium shown in Figure 5.5.
It is noteworthy that previous reproducibility work indicated that for these

experiments the accuracy of the volatile peak was within 3 °C.
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Figure 5.1 TGA weight loss profiles during pyrolysis, at a heating rate of 25 °C/min, of willow samples impregnated with various amounts of

potassium.
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Figure 5.2 TGA weight loss profiles during pyrolysis, at a heating rate of 25 °C/min, of willow samples impregnated with various amounts of

sodium.
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Figure 5.3 Main peak temperatures of the differential thermogravimetric analyses profiles of willow samples impregnated with a ranging

amount of potassium.
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Table 5.1 Main Peak Temperatures, wt %, and moles of Potassium.

wt % K moles (x109) K main peak temperature (°C)

per 100 g
0 (HCI treated) 0 383
0.05 0.13 392
0.1 0.26 391
0.25 0.64 380
0.3 (raw) 0.90 383
0.5 1.28 367
0.75 1.92 358
1 2.56 350
1.5 3.84 344
2 5.12 334

Table 5.2 Main Peak Temperatures, wt %, and moles of Sodium.

wt% Na moles (x10°) Na main peak temperature (°C)

per 100 g
0 (HCl treated) 0 383
0.1 0.43 370
0.25 1.09 371
0.5 2.17 350
1 4.35 330

2 8.70 320
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-87 -

Figure 5.1 also shows that an increased amount of potassium relates to an
increased char yield. Conversely, Figure 5.2 shows no particular trend, although
samples with the highest sodium concentration have the lowest char yield. The case
of sodium however is potentially misleading as the TGA measurements were taken
to a higher temperature, perhaps causing more of the sodium to evaporate. For the
case of potassium, this trend is more easily seen in Figure 5.6, where char yield has
been plotted with respect to metal content. To verify that the trend in increased char
yield with increasing potassium content is not simply due to an increase in ash
content, char yield on a theoretical ash-free basis was calculated and is also plotted
in Figure 5.6. It was assumed that the ash consists of K;O as no other minerals are
present in these samples (except in the case of the raw willow). For the data range
studied, a linear fit can be applied to describe char yield, for both dry and dry ash
free, with wt % K content although the regression coefficient is 0.55.
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Other authors have reported similar trends in char yields for washed (low
metal) and unwashed (higher metal) samples of other types of pyrolysed biomass
such as poplar [34] and Lolium and Festucia grasses [30]. Pyrolysed switchgrass,

untreated and having a potassium content of 0.85 wt%, gave char yield values of ca.
19% [88].

5.4 Kinetic Analysis

The TGA-derived data was analyzed for apparent first-order pyrolysis kinetics
and the pre-exponential factor and activation energies were derived for each sample,
again, according to the Senum and Yang approximation [7] of the Arrhenius
integral. The apparent-first order kinetics are valid over the experimental

temperature range, and are given in Tables A.1 and A.2 in the Appendix.

5.4.1 Influence of Potassium on Reaction Kinetics

The influence of potassium on the initial pyrolysis of willow was studied
examining the samples with a range of potassium concentrations; from 0 wt%
potassium, achieved by acid-washing the willow, to 2 wt% K. The apparent first
order pre-exponential factors and activation energies were calculated over a
conversion range from approximately 10 to 50%. It is important to note that the
proposed model, discussed in the following section, is based on assumptions that are
valid during the early stages of pyrolysis. Therefore, earlier and smaller initial
conversion ranges were tested (such, as 10 to 15% and 10 to 20% conversion), and
minimal differences were observed in the resulting kinetic parameters (standard
deviation of activation energy values were generally less than 0.2 and for InA, less
than 0.1) as compared to the more global conversion range of 10 to 50%. Thus, this
larger conversion range was chosen as it covers conversions relating to the main

pyrolysis decomposition peak. From these kinetics studies, it is evident that an
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increase in the potassium concentration clearly causes a decrease in both the

activation energies and the pre-exponential factors of the samples.

For illustration of the influence of K on reaction rate, the A’s and E’s reported
in Figure 5.7 were used to calculate the corresponding reaction rate constant at 300
°C. A plot of the reaction rate and the potassium concentrations is shown in Figure
5.8. It is noticeable that the relationship deviates from linearity at the higher
concentrations under study. Also, the efficacy of potassium as a catalyst appears to

reach a limiting value and this is discussed further in Section 5.5.
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Figure 5.7 Kinetic parameters of particles with a range of potassium concentrations.
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5.4.2 Influence of Sodium on Reaction Kinetics

As with the case of potassium impregnated samples, the influence of sodium
on the initial pyrolysis of willow was studied. Again, samples with a range of metal
concentrations; from 0 wt% sodium, achieved by acid-washing the willow, to 2 wt%
Na were examined. The apparent first order pre-exponential factors and activation
energies were also calculated over a conversion range from approximately 10 to
50%, and are shown in Figure 5.9. An increase in the sodium concentration also
causes a decrease in both the activation energies and the pre-exponential factors of

the samples.

Figure 5.10 illustrates the influence of Na on the reaction rate. Again, the rate
constant was calculated at 300 °C. There seems to be a similar limiting value
(similar to the potassium case) of the catalytic activity of sodium as the

concentration in the sample increases.
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Figure 5.9 Kinetic parameters of particles with a range of sodium concentrations.
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5.5 Linking Metal Content to Rates of Pyrolysis

The possibility of linking early pyrolysis to metal content by modelling
according to a Langmuir-Hinshelwood relation has been explored. Generally, the
Langmuir-Hinshelwood relation refers to a surface coverage of active sites, but it
has also been modified to describe the rate of biological growth on a substrate, as the
substrate concentration changes [89]. In the present work, rate of reaction rather
than growth, and potassium or sodium concentration is considered. The reaction
proceeds as follows:

[B)+[MI2UBM]—5{BI+[P]........ooneccccrcc Eq. (5.1)

where B stands for biomass, M for metal (in this case potassium or sodium),
and P for products.

It is assumed that the intermediate active species [BM] is at steady state since

as metal evolves, the amount or concentration of biomass also decreases i.e:

BB ] O i Eq. (5.2)
dt

[B,]1=[B]+[BM]=CONStANt .........vrvenrerinreerereeseseseaseeseseseenessmneson Eq. (5.3)

where [B,] = total number of biomass pyrolysis sites.

During early stages of pyrolysis these assumptions are reasonable. The rate of

evolution of products, P, is given by:

dip) _
dt

Letting S, = k"; k , then the following can be derived:
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_[M][B,]
[BM]= S, M T Eq. (5.9)
Therefore,
aPy_, _ _ [M]
= k = k,[BM] kz[B,,](———Sk +[MJ ............................................. Eq. (5.6)

Substituting k° for k,[B,], the modified Langmuir-Hinshelwood expression is:

k=2 el Eq. (5.7)
dt S, +[M]

where k° is the maximum reaction rate constant, [M] is the potassium or
sodium concentration and Sk is the potassium or sodium saturation constant, which,
numerically, is the metal concentration where the reaction rate is half of its

maximum. Simple re-arrangement of equation 5.7 yields the following relation:

A plot of 1/k vs. 1/[M] reveals the maximum reaction rate constant and the
potassium saturation constant to be 3.26 x 107 s, 0.56 wt%, respectively. In the
case of sodium, the maximum reaction rate constant and the sodium saturation
constant are 3.27 x 102 s, 037 wt%, respectively.  These values can then be
utilized to calculate an actual reaction rate constant for any concentration of

potassium or sodium.
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The 1/k vs. 1/[M] plots for the K and Na impregnated samples are shown in
Figures A.1 and A.2 in the Appendix. Figures 5.11 and 5.12 show the predicted
reaction rate constants at 300 °C calculated according to this model, compared with
the measured values (obtained using the Senum-Yang approximation) for the
potassium and sodium impregnated samples. For the model, the potassium
concentrations were extrapolated to 7 wt%. It is clear from Figure 5.11 that the
reaction rates obtained from equation 5.1 follow very closely to those predicted via
the use of the Senum and Yang approximation. Similarly, from Figure 5.12, it is
clear that the model works well for sodium. The data was again extrapolated to 7

wt%.



-99 —

0.0035 A

— 0.003 - ° Y ® ®
) ' ®
(@) -
& HUEs ' M reaction rate (at 300 C) vs. potassium
o : ;
™ 0002 - £l concen.tratu.m based on S-Y
® £ approximation
[
§ 0.0015 - .. ® Reactionrate (at300 C) vs. potassium
s concentration based on L-H relation
= 0.001 N
t
o
~ 0.0005 ?

0 I I | T —1

0 2 4 6 8

K content (wt%)

Figure 5.11 Potassium content vs. reaction rate constants calculated at 300 °C with both the Senum and Yang approximation and the

Langmuir-Hinshelwood relation.
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It is also noted that after a certain concentration (ca. 4 wt% for K and 3.5% for
Na) an increased value of potassium or sodium concentration has little effect on the
reaction rate. Tables 5.3 and 5.4 contain lists of maximum reaction rate constants

and metal saturation constants for a range of temperatures.

Table 5.3 Predicted maximum reaction rate constants and potassium saturation

constants for various temperatures according to the Langmuir-Hinshelwood relation.

temperature maximum reaction rate constant  potassium saturation constant

(°C) (k%) (™) (Sk) (Wt%)
300 3.26x 107 0.56
310 4.15x 107 0.57
320 510x 107 0.54
330 6.23x 10 0.51
340 7.56 x 107 0.49

350 9.12x 107 0.47
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Table 5.4 Predicted maximum reaction rate constants and sodium saturation

constants for various temperatures according to the Langmuir-Hinshelwood relation.

temperature maximum reaction rate constant sodium saturation constant
(°C) k) (s (Sna) (W1%)
300 3.27x 107 0.36
310 3.66 x 107 0.32
320 4.09 x 10° 0.27
330 4.56 x 107 0.24
340 5.08x 1073 0.20
350 5.64x 107 0.18

The Langmuir-Hinshelwood relation in this case describes a mechanism where
the attachment of the potassium or sodium atoms to the biomass catalyzes a
pyrolysis step. It is important to note that the metal not only catalyzes the pyrolysis
reaction, but is also partially entrained in the volatiles. Consequently, the
concentration of the potassium and the sodium is not static during devolatilisation.
It is proposed that as the metals evolve during pyrolysis, new active sites are
generated by the diffusion of metal ions from salt particles to chelation complexes.
The assumptions in the model presented (Equations 5.2 and 5.3) hold in the early

stages of pyrolysis when the biomass concentration (and metal concentrations) are

assumed to be constant.
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5.6 Mechanistic Implications

5.6.1 Introduction

The inherent mineral content of biomass exists in various forms, such as: salts,
which are left within the cells during moisture evaporation; metal ions sometimes
ion-exchanged within the biochemical polymers; and metal centres existing as
organometallic compounds such as chlorophyll. In the case of potassium and
sodium (potassium being naturally more abundant) this is mainly in the form of salts
(chlorides, acetates, sulphates etc.), with a certain percentage associated with the
organic fraction in the ion exchanged form. For potassium, as an example, Yu and
Zhang [67] report this latter form to be 13% in the case of wheat straw. Various
researchers have studied the evolution of alkali metals during thermal
decomposition, and this work [67, 72, 90-93] suggests that the alkali metals are lost
in two main stages. In the first stage (200-500 'C) there is loss of the metal
associated with the organic phase during devolatilisation, while in the second stage
(above 500 C) there is evaporation of the inorganic metal, which is dependent upon
the chlorine content of the biomass. The second stage has been modelled by
evaporation of potassium salts based on their vapour pressure with temperature [67,
72]). The first stage has been modelled as release of K at the same rate as pyrolysis
[67, 72] and is of relevance to the work presented here. The evaporation model,
which was first developed by Yu and Zhang [67], was later modified by Jones et al.
[72] so that as the particle is heated, its diameter is linked to, and changes with both
temperature and time, and potassium is released. The authors [72] assume that most
of the chlorine content of the fuel is released during the devolatilisation stage based
on experimental work produced by Jensen et al. [94] concerning the release of
potassium and chlorine to the gas phase during biomass pyrolysis. Therefore, for
low Cl biomass, such as SRC willow, hydroxide is the main potassium salt that has a
low enough vapour pressure to evaporate. The authors also assume that some of the
inorganically bound potassium is fixed in the ash as sulphates and silicates. In the
model, the particle temperature is raised with time up to a maximum, and it is

assumed that the vaporisation occurs under a stagnant environment on a resistance-
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free surface of a spherical particle. The partial pressure of the potassium hydroxide
is considered to be zero far from the particle. Factors such as the possible erosion of

the ash, the decomposition of potassium silicates or sulphates in the particle, are

neglected.

Alkali and alkaline earth - carbohydrate complexes have been studied in
solution in some detail, and the work was last reviewed some time ago [95]. Metal
complexes with sugars have assisted separation in chromatography [96], and alkali
metals are also known to enhance ionization of carbohydrates in mass spectrometric
analysis [97]. All the alkali metals can complex to the hydroxyl groups of the
carbohydrates, forming bonds to multiple OH groups, and with simple sugars, some
of these complexes have been isolated and crystal structures established by X-ray
crystallography [95]. For strong bases (e.g. KOH) it is suggested that there is
removal of a proton by the anion to form an alcoholate; such a complex would be
stabilized by chelation of the metal ion with neighbouring OH groups on the
carbohydrate. Early studies have investigated the pH dependence of formation of
these complexes (or adducts) and for higher concentrations of hydroxide, cellobiose
can accommodate at least two KOH molecules [98]. The interaction between K*
and carbohydrates has also been studied theoretically at different levels of theory
with approaches involving ab initio modelling, as well as low level theory models
like molecular mechanics, and dynamics, and semi-empirical molecular orbital
calculations, though these later methods tend to be less accurate [99-102]. Many of
these computations have been aimed at understanding the enhanced ionization of

carbohydrates by alkali metals in mass spectrometric analysis [101, 103].

5.6.2 Ab Initio Modelling

Possible complexes in the solid state are investigated in the present work to
assist in interpreting the mechanism of catalyzed pyrolysis of biomass. Two
scenarios are considered: (1) A complex between a strong base (e.g. MOH), where
the anion extracts a proton from the carbohydrate OH group. Here, the different
possible alcoholates are evaluated for relative stability. (2) A complex between a

very weak base (e.g. MCI), where the anion does not extract a proton from an OH
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group. In the latter case, the complex under investigation carries a +1 charge, while
the complex in the first case is neutral. Results of key bond lengths and
bond/torsion angles are compared against the analogous free cellobiose moieties.
These two cases are considered for potassium and sodium. Cesium complexes could
not be studied under the same conditions as potassium and sodium because cesium
has a sufficiently large atomic number to be out of the range for the 6-311 G basis
set. Literature suggests that for elements past the third row of the periodic table, a
basis set of LANL2DZ ought to be used [104]. Unfortunately as HF level
computations with the LANL2DZ basis were being carried out, the program was
adding a large number of connections to the Cs atom and due to limited available

computational power, the computations always ended abnormally (or “crashed” due

to errors in the internal coordinate system).

Many authors have reported that even small quantities of alkali metals change the
product distribution favouring furfural and its derivatives, carbonyl compounds and
increased char yield [74, 105]. Potassium is proposed to produce a rapid ionic
reaction whereby ring opening of cellulose is favoured over the non-catalyzed
mechanism involving glycosidic bond scission to form levoglucosan as a major
product. The first step is thought to be activation via a change in ring configuration.
The increased char is proposed to arise from polymerization reactions involving
alkene intermediates, via the ionic mechanistic route [74]. The mechanisms
proposed by Evans and Milne [74] for non-catalyzed and the alkali metal catalyzed

pathways are shown in Figure 5.13 top and bottom, respectively.
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Figure 5.13 Non-catalyzed (a) and the alkali metal catalyzed (b) biomass
pyrolysis pathways suggested by Evans and Milne [74].
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A fraction of potassium is known to be evolved during pyrolysis/devolatilisation
[72, 91, 93, 106, 107] but it is still to be established whether this is potassium which
is complexed to the evolving organic species, or whether this is potassium salts
entrained in the rapidly evolving vapours and gases. The current chapter will
suggest that the interaction of metals in the carbohydrate structure, such as shown in
Figures 5.14, 5.15, is critical to the catalytic action of these metals. This idea was

suggested earlier this chapter, in the evaluation of the kinetics using a Langmuir-

Hinshelwood type approach.

After pyrolysis/devolatilisation, a large fraction of the alkali metals remains in the
biomass char. Potassium is also renowned for its catalytic activity in char
oxidation/gasification reactions. The other alkali metals have also been shown to be
catalytically active (Section 4.6, for example). Redox-type reactions of
carbonate/oxide/metal are cited in alkali-catalyzed gasification [108], and in
addition, evidence of surface complexes of K*(O")C has been seen from in situ FTIR
studies [108). A similar complex has been proposed for the case of alkali-catalyzed
char oxidation [109, 110], and this could be particularly important in the case of
“young”, oxygenated biomass char, where phenolate structures are likely to exist.
The complex is also seen as an anchor for dispersing metal/metal salt particles on
the active sites of the graphene structures in the char, a process facilitated by the
mobility of these particles at elevated temperatures. As well as a “spill-over” redox
mechanism from metal salt particles, the complex results in a weakening of the

adjacent C-C bond [109] which catalyzes the reaction.

Figures 5.14 and 5.15 illustrate ground-state geometry optimized structures for
the complexes described earlier. Cellobiose was modelled to represent the cellulose
chain. Structures in Figures 5.14 and 5.15 (a) and (b) carry a plus one charge and
represent complexes between a very weak base where the anion does not extract a
proton from the OH groups. In these two complexes the metal was attached to the
C6 and C2 carbons of the ring respectively (labelled atom 11 and atom 17 in Figure
5.14). Structures in Figures 5.14, and 5.15 (c) and (d) are neutral species and

represent complexes between a strong base, where a proton has been extracted from
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the carbohydrate. The protons extracted were the C6-OH and the C2-OH

respectively (again, labelled atom 11 and atom 17).
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Figure 5.14 Geometry optimized ground state structure of (a) [K-cellobiose]+ (K+ near C60OH group); (b) [K-cellobiose]+ (K+ near C20H
group); (c) K-cellobiose (neutral) (K+ on C60- group); (d) K-cellobiose (neutral) (K+ on C20- group). See table 5.5 for geometries and bond

lengths.
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Figure 5.15 Geometry optimized ground state structure of (a) [Na-cellobiose]+ (Na+ near C60OH group); (b) [Na-cellobiose]+ (Na+ near
C20H group); (c) Na-cellobiose (neutral) (Na+ on C60- group); (d) Na-cellobiose (neutral) (Na+ on C20- group). The atom numbers are the same

as in Figure 5.14 and the geometries and bond lengths are listed in Table 5.6.
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5.6.2.1 Potassium

When K" is near/attached to the C6-OH group the resulting ground state
structures are stabilized by multiple interactions with neighbouring OH and ether
groups. When K" is near/attached to the C2-OH group the resulting ground state
structures contain a bridging K between two OH groups. It is important to note that
in cellobiose, where there are long chains, inter-molecular chelation may occur, but
the model does not account for this. In both cases the chelated K+ (multiple
interactions) have lower energy than the bridging structure; the structure in Figure
5.14(a) is more stable than that in Figure 5.14(b) by 33 kJ/mol, while the structure in
Figure 5.14(c) is more stable than that in Figure 5.14(d) by 11 kJ/mol.

Bonding of K" into the cellobiose moiety causes subtle changes in bond lengths
and angles as the electrons redistribute within the bonding structure. The bond
lengths associated with the structures in Figure 5.14 are listed in Table 5.5. K-O
bond lengths are in the range 2.42 — 2.80 A in the different structures. Previous
studies have reported K-O bond lengths between 1 and 3.5 A [109]. The glycosidic
linkage bond lengths vary only slightly compared to the analogous free disaccharide
(all are in the range 1.39-1.43 A); similarly the bond angle of the glycosidic linkage
(C18-023-C24) remains virtually unchanged after complexation at ~ 120°
However, the dihedral angles across the two rings of the dimer change dramatically,
particularly as a result of chelation of K" involving the ether glycosidic linkage,
which demonstrates that the rings twist relative to one another in order to
accommodate the potassium ion. It is possible, that complexing of potassium at C6
(Figure 5.14(a) and Figure 5.14(c)) stabilizes the glycosidic bond, or an intermediate
reaction complex, such that ring opening becomes more favoured. Changes in bond
lengths within the rings are small, although the C-O ether bonds change from 1.43 A
in cellobiose to 1.40-A (C18-016) and 1.46-A (C5-016) in the structure in Figure
5.14(c) implying that the C5-O16 bond has been weakened. This may have
implications in the catalyzed ring opening reaction. However, it should be noted
that the ring C-O ether bonds in the structures in Figure 5.14 (a),(b), and (d) were
very similar in length to the analogous bonds in cellobiose. From fast atom

bombardment ionization, and matrix assisted laser desorption ionization studies of
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alkali metﬁl—oligosaccharides [102] it is clear that both cracking of the glycosidic
linkage and ring opening are assisted by the metal ion. The sequence of events is

still not clear however, and it is likely that both routes proceed simultaneously.
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Table 5.5 Bond lengths of K-cellobiose structures shown in Figure 5.14.

K- K- K- K-
cellobiose cellobiose]” cellobiose]”  cellobiose  cellobiose
A (near C6OH)  (near C20H) (C60K") (C20KY
A A A A

K-Q bond lengths
K-09 - - 2,619 - 2.648
K-O14 - 2.799 - 2413 -
K-0Ol16 - 2.688 - 2.728 -
K-020 - - 2.609 - 2417
K-031 - 2.744 - - -
Glycosidic linkage
C18-023 1.401 1.412 1.391 1.426 1.394
C24-023 1.429 1.431 1.435 1.417 1432
Bond angle C18- 1202 121.6 120.8 120.8 120.2
023-C24
Dihedral angle 62.9 614 66.1 57.7 68.3
C18-023-C24-C26
Dihedral angle -1143 -120.4 -106.5 -109.37 -120.28
016-C18-023-C24
C-(O_ (H)) bond
lengths
C7-09 1.422 1.415 1.438 1.426 1.446
Cl11-014 1.417 1.440 1.417 1.350 1.419
C17-020 1.417 1.410 1.431 1.420 1.372
Ring bond lengths
C17-C18 1.532 1.536 1.541 1.528 1.552
C17-C7 1.523 1.525 1.519 1.517 1.539
C7-C1 1.524 1.526 1.524 1.527 1.518
C1-CS 1.534 1.532 1.538 1.531 1.536
C5-016 1.439 1.440 1.437 1.461 1.426
C18-0O16 1.423 1.428 1.419 1.399 1.440
C26-C24 1.546 1.546 1.543 1.547 1.540
C24-C34 1.531 1.529 1.525 1.532 1.533
C34-C38 1.523 1.529 1.521 1.526 1.530
C38-C40 1.527 1.532 1.530 1.530 1.525
C40-033 1.417 1.437 1.424 1.426 1.434
(C26-033 1.431 1.427 1.434 1.437 1.436

5.6.2.2 Sodium

As observed in the case of potassium, when Na' is placed near the C6-OH
group, the resulting ground state structures are also stabilized by multiple
interactions with neighbouring OH and ether groups. When Na" is near the C2-OH
group, the resulting ground state structures have a bridging Na' between two OH
groups. Again, as with K, the structures with the chelated Na" have lower energies
and are thus more stable. That is, the energies of the structures in Figure 5.15 follow

the pattern 5.15(a) < 5.15(b) by 57 kJ/mol and 5.15(c) < 5.15(d) by 4 kJ/mol .
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The Na-O bond lengths range between 2.07-2.40 ‘A in the Na-cellobiose
structures. As seen previously with potassium, the glycosidic linkage bond lengths
vary slightly between the Na-cellobiose structures and are in the range of 1.44-1.39
‘A. The associated bond angle (between C18-023-C24, where the numbering
follows that of the sister structures in Figure 5.14) varies slightly (122.10-119.65-A).
The dihedral angles vary more significantly, as can be seen in Table 5.6. That is, the
two cellobiose rings twist relative to each other to make room for the sodium ion. It
is possible that the presence of Na’ near the C6 atom also stabilizes the glycosidic

bond or intermediate complex, thereby favouring ring opening over cleavage of the

glycosidic bond.

5.6.2.3 Summary of ab initio Modelling Findings

The model presented in Section 5.5 relies on the existence of a biomass-metal
([BM)) intermediate complex which promotes degradation reactions. From the ab
initio modelling it is clear that the alkali metals readily chelate to hydroxyl and ether
groups in the biomass. Changes in bond lengths and angles are subtle, but indicate
propensity for the orientation of the rings in the polymer chain to change. As shown
in Figure 5.13, modification of the ring orientation is proposed to be a key step in
activating cellulose towards cracking and hence, while not completely conclusive,

the ab initio models do support this.
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Table 5.6 Bond lengths of Na-cellobiose structures shown in Figure 5.15, with

atom numbers similar to those in Figure 5.14.

[Na- [Na- Na- Na-
cellobiose cellobiose]” Cellobiose]"*  cellobiose  cellobiose
A (near.C60H) (near C20H) (C6'O'K*) (C2p‘K+)

‘A ‘A A ‘A
Na-O bond lengths
Na -09 - - 2.225 - 2.375
Na-O14 - 2.344 - 2.103 -
Na-016 - 2.294 - 2.404 -
Na -020 - - 2.209 - 2.070
Na-031 - 2.321 - - -
Glycosidic linkage
C18-023 1.401 1.416 1.389 1.437 1.396
C24-023 1.429 1.432 1.437 1.418 1.439
Bond angle C18- 120.2 122.084 120.938 121.048 119.648
023-C24
Bond angle
Dihedral angle C18-  62.9 62.708 66.515 60.167 69.991
023-C24-C26
Dihedral angle O16-  -114.3 -118.581 -111.541 -108.960 -119.673
C18-023-C24
C-(O (H)) bond
lengths
C7-09 1.422 1.414 1.444 1.423 1.466
C11-014 1.417 1.447 1.416 1.358 1.417
C17-020 1.417 1.410 1.435 1.421 1.371
Ring bond lengths
C17-C18 1.532 1.535 1.541 1.529 1.546
C17-C7 1.523 1.523 1.517 1.515 1.540
C7-Cl 1.524 1.526 1.521 1.525 1.522
C1-CS 1.534 1.532 1.540 1.530 1.538
C5-016 1.439 1.442 1.438 1.470 1.428
C18-016 1.423 1.430 1.421 1.398 1.432
C26-C24 1.546 1.546 1.546 1.547 1.537
C24-C34 1.531 1.528 1.525 1.532 1.543
C34-C38 1.523 1.529 1.520 1.527 1.530
C38-C40 1.527 1.533 1.530 1.530 1.534
C40-033 1.417 1.438 1.421 1.427 1.419

C26-033 1.431 1.426 1.429 1435 1.432
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5.7 Conclusions

In the case of the slow pyrolysis of SRC willow, a Langmuir-Hinshelwood
relation can indeed be applied to describe the catalytic effects of both potassium and
sodium on biomass pyrolysis. The maximum reaction rate constant of 3.26 x 107
(sec”!) and the potassium saturation constant of 0.56 wt%, and a maximum reaction
rate constant of 3.27 x 10 (sec') and the sodium saturation constant of 0.36 wt%
can be accurately used to derive the pyrolysis reaction rate at 300 °C of a willow
sample with a known potassium or sodium concentration. A levelling off effect is
seen with regard to both metal concentrations and the apparent first-order reaction
rate at ca. 4 wt% for K impregnated willow and 3.5% for Na impregnated willow,

and this is attributed to maximum active site availability.

Alkali metals in biomass can be in the form of both metal salt particles and
chelated species in the organic polymer. A clear acceleration in the pyrolysis
reaction rate is observed for metal-impregnated SRC willow, and this acceleration is
dependent upon the metal concentration. The Langmuir-Hinshelwood relation can
be applied to describe the catalytic effect of these metals in the early stages of
biomass pyrolysis. In this model, it is proposed that the metals not only catalyze the
decomposition via chelation to hydroxyl and ether groups, but are also evolved
during pyrolysis, and new active sites are generated by diffusion of metal ions from
salt particles to chelation complexes. A4b initio (DFT method) modelling of possible
chelated structures indicates that both potassium and sodium ions form multiple
interactions with the hydroxyl and ether bonds in the cellulose structure. Structures
with metal ions chelated at the C6 position in the ring have interactions with four
oxygen atoms, while metal ions at the C2 position have interactions with only two
oxygen atoms. Structures are more stable when K* and Na* can coordinate to more
oxygen groups. Inter-molecular interactions were not modelled here. Nevertheless,
in all the structures investigated, chelation of the alkali metal ions causes a change in

the conformation of the rings (twisting) which may activate the structure towards

ring opening.
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Chapter 6

Effects of Mineral Content on Torrefied Fuel Characteristics and

Quality

6.1 Introduction

As mentioned in Chapters 1 and 2, biomass is considered to be a low-grade
fuel. Torrefaction, employed as a fuel pre-treatment technique, improves the fuel’s
quality, and energy density. Biomass has a lower energy density than coal and it is
more difficult to mill due to its fibrous nature. The latter can result in solid handling
problems, particularly when firing in existing power stations. The torrefaction
process can not only improve the energy density of biomass, but also its grindability
properties [11, 111-113].  To produce a torrefied fuel, biomass is heated at
temperatures of <300 °C for a short period of time under an inert atmosphere,
thereby mildly pyrolysing the fuel. This torrefied fuel is a solid which has
properties intermediate between biomass and biochar. The properties of the
torrefied biomass are largely determined by process conditions such as the reaction
time and more importantly the final temperature [11, 111-114].  Although
torrefaction has been shown to improve the biomass fuel properties, a challenge
remains because of the large amount of alkali metals still remaining in the torrefied
fuel. As stated in previous chapters, potassium, sodium, along with sulphur and
chlorine, influence ash chemistry and the behaviour of the fuel in terms of its
tendency to corrode equipment and cause slagging and fouling [10, 30]. The main
causes of these undesirable slagging effects are attributed to the reactions of alkali
metals with silica to form alkali silicates which melt or soften at temperatures as low
as 700 °C, and the reactions of alkali metals with sulphur which form alkali
sulphates on heat transfer and combustor surfaces [10]. Alkali metals are also
important culprits in fouling because many of their salts are highly volatile. When
high alkali biomass is utilized in high temperature furnaces and boilers, additives are
required to help ameliorate the associated problems, sometimes with considerable

additional expense. Demineralization of the fuel, by water washing for example, is
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often a simple and effective method for removing a large fraction of the fuel’s
mineral content, thereby reducing the above mentioned ash problems [4, 33].
Although this approach may be expensive, it could be economically worth-while as
a domestic fuel or where large amounts of fuel additives are being considered. In

the former case, it may also aid in reducing the emission of inorganic aerosols which

can have important impacts on air quality.

The behaviour of torrefied willow was previously examined by a number of |
techniques to further elaborate on the mechanism of combustion of torrefied
biomass [115]. The work in this chapter explores the possibility of combining pre-
treatment and torrefaction to create a commodity fuel from biomass. More
specifically, the focus lies on determining the effects of minerals on torrefaction, as

well as on the combustion and the ash behaviour of the torrefied material.

6.2 Materials, Sample Preparation, and Experimental Methods

The pre-torrefaction biomass feedstocks considered in this work consist of four
single species of biomass, Short Rotation Coppice (SRC) willow, eucalyptus,
Miscanthus, and wheat straw. The sample sizes ranged from 2x2 to 4x4 cm cuttings
for the woody biomasses (SRC willow and eucalyptus) to slightly smaller (2x1 to
3x1 cm) cuttings of the straws (Miscanthus and wheat straw). Prior to some
characterization work, however, a portion of the samples was finely milled using a
Retsch PM100 ball mill to reduce the particle size of the test sample to <lmm, in

accordance with test requirements.

6.2.1 Fuel Characterization

The C, H, N, and S contents of the fuels were determined by using a Thermo
Scientific Flash 2000 Organic Elemental Analyzer. Past measurements of C,H, N

content of fuels studied with this equipment have shown relative errors of +1.2

wt%o.
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The proximate analyses of the samples were determined by following
European standard methods (prCEN/TS 14780). As part of the proximate analysis,
the moisture, volatile, and ash content of the fuels is measured separately. The
moisture content was determined according to CEN/TS 14774-3:2004 and was
carried out in a Carbolite MFS Oven in the presence of nitrogen. Volatile content
was determined according to BS 1016-104.3:1998 and was carried out in a Carbolite
VMF (+PID/CHIM) furnace. Finally the ash content of the fuel was determined by
using a Carbolite OAF 10/1 furnace following the CEN European standard DD
CEN/TS 14775:2004. The fixed carbon content is then calculated by subtracting the
sum of the ash content, moisture content, and volatile matter content from 100. The

relative errors for these measurements vary from fuel to fuel but at worst are less

than + 5 wt% and are generally <=+1 wt%.

Ash composition was measured by TES Bretby (www.esg.co.uk) using an ICP-
OES method.

6.2.2 Ash Fusion Test

The Ash fusion tests (AFT) were pérformed using a Carbolite Digital Ash
Fusion Furnace. A digital camera was fixed at the front of the furnace to capture
images of the ash whilst it was heated at a controlled temperature rate. Also, there
was illumination of the sample, so that low temperature melting behaviour could be
detected. The ash itself was prepared according to European Standards; it was then
ground in an agate mortar. A small amount of demineralized water was added to
form an ash paste. The ash paste was then pressed into an upright cylinder stainless
steel mould (Smm diameter x Smm height). The sides of the mould were coated
with a thin layer of petroleum jelly prior to the introduction of the ash paste to
facilitate the removal of the test piece after it had been given time to properly set.
Ash test pieces were then heated to 1500 °C at 7 °C/min heating rate. Images were
recorded at temperature intervals of 5 °C for the temperature range of 550 to 1500
°C. The tests were performed in an oxidizing atmosphere with an air flow rate set to
50 ml/min. The key stage temperatures, which correspond to the beginning of

shrinkage (SST), sample deformation temperature (DT), hemisphere temperature
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(HT), and flow temperature (FT) were determined according to British Standards
(DD CEN/TS15370 — 1:2006. Figure 6.1 shows a diagram of the phases that occur

during the ash melting process.

Omiginal sample Shrinkage Deformation Hemisphere Flow
i Jt I “r
¥ v v .
shape and size area of the test plece first signs of height equal 10 height equal 1o halt
of the tedt prece falls below 98 *aal roundmg of hall the hase the Henmsphere
at 5600C the origmal the edges dianpeter height

Figure 6.1 Phases that occur during ash melting [116].

6.2.3 Chemical Fractionation

A chemical fractionation procedure, described by Miles et al. in a report for the
NREL [117], was modified and employed to progressively remove more of the
inherent metal content in the fuels. It consists of three main stages, the first
involving washing in de-ionized water, followed by washing in a 1 M ammonium
acetate solution, and ultimately by washing the fuel in a solution of 1 M

hydrochloric acid.

During the first water washing stage, the sample was immersed in de-ionized
water and agitated over-night (20 hours) at room temperature. This sample was then
filtered and the filtrate was saved for analysis. The water washed sample was then
introduced into the second stage where the sample was agitated in the ammonium
acetate solution at room temperature for 3 (60 hours) consecutive days. Again, the
sample was filtered and washed with more de-ionized water, and the waste solution
was saved for analysis. The fuel sample was then ready for the third and ultimate
stage of washing in a 1 M hydrochloric acid solution. The sample in the HCI
solution was heated in a closed vessel with cold water reflux (to prevent evaporation

of the acid) to a steady temperature of 70 °C and was continuously stirred at this
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temperature for another two days (40 hours). The sample was again filtered and

rinsed with de-ionized water.

The main deviation from the procedures described by Miles et al. [117] was
the fact that the fuel was not pulverized prior to the washings. The biomass was
instead kept to ca. 3-4 cm chippings as that is more in keeping with the expected
form prior to industrial torrefaction. Due to the larger size of the fuel particles, a
higher volume of solution was needed to fully immerse the sample batch. For every

60 g of fuel washed, approximately 1 L of liquid was utilized, be that water, 1 M

ammonium acetate, or 1 M HCL.

In the water leaching, simple ionic salts such as alkali chlorides, dissolve very
easily. The second solution of ammonium acetate serves as an ion exchanger. That
is to say that the inorganic elements in the fuel bound to organic structures in the
biomass with an ionic bond will exchange an ion with the solution. Finally, the HCI
solution typically dissolves alkaline earth carbonates, sulphates, and sulphides. The
residue remaining after the three consecutive leachings is seen to contain silicates
and elements bound to the organic matrix with a covalent bond. It has been seen
that over 90% of the potassium in biomass occurs as water soluble or ion

exchangeable material [117].

The leachates collected from the washings, and the subsequent fuels were
extensively analyzed both before and after torrefaction. The ash produced from
these samples was studied to determine any improvements in fuel properties due to
altered mineral content. First order reaction kinetics from TGA pyrolysis of these

fuels were also calculated.

6.2.4 Ion Chromatography

Ion chromatography, using a Dionex DX-100 ion chromatograph, was
performed on the leachates of the chemical fractionation procedure to determine the
metal ion content that has been removed from the fuels. This particular
chromatograph was equipped with a conductivity detector. The eluent for the anions
was a mixture of Na,CO; (8.0 mM) and NaHCO; (1.0 mM), while the eluent for the

cations was methyl sulphonic acid solution (1.0 nN). The column used to separate



-123 -

the cations is positively charged (Dionex IonPac CS12A, 250x4 mm) and the
column used to separate the anions is negatively charged (Dionex IonPac AS14A,
250x4 mm). The instrument was pre-calibrated with a series of standard solutions.
The anion system was calibrated with solutions of fluoride, chloride nitrite, bromide,
nitrate, phosphate and sulphate at 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, and 40 ppm. The
cation system was calibrated with lithium, sodium, ammonium, potassium, calcium

and magnesium at the same concentrations up to 20 ppm.

6.2.5 Torrefaction

Approximately 50-100 g of dried sample was placed into a reactor tube under a
nitrogen flow of 1.2 L/min at standard temperature and pressure. The heating
profile experienced by the sample was recorded by three thermocouples placed at 20
cm intervals inside the length of the reactor tube to allow measurement of the inert
gas temperature before the sample (T1) and the temperature within the sample (T2),
and the temperature after the sample (T3). The reactor tube resided within a three
zone horizontal tube furnace that was 750 mm in length with an internal diameter of
75 mm. The heated length was approximately 575 mm. Detailed schematics of the
reactor assembly can be found in [118]. The sample was first heated at 10 °C/min to
150 °C and held at this temperature for 50 minutes, before being taken to a final
temperature (Tmax) of 290 °C, again at a heating rate of 10 °C/min, and was held at
this temperature for a residence time of (i.e. time with T >200 "C) 60 minutes. This
is perhaps at the extreme of residence times typically used in torrefaction. The
reason for this is so that differences between fuels and their pre-treatments could be
exaggerated. A typical torrefaction heating profile (as recorded by the

thermocouples and logging software) for these experiments is shown in Figure 6.2.



- 124 -

350 7
300
250
200

= Thermocouple 1

150
—Thermocouple 2

temperature (°C)

100 Thermocouple 3

50

O 1 T L] ] 1
0 50 100 150 200

time (min)

Figure 6.2 Typical torrefaction heating profile.
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6.2.6 Thermogravimetric Analysis

The slow pyrolysis of all the fuels studied in this work (including untreated,
torrefied, and washed and torrefied) was carried out using a Netzsch STA 449C
Jupiter simultaneous analyzer. For these tests, approximately 10 mg of sample was
placed in the microbalance and heated at a rate of 10 °C/min to 105 °C. The sample
was held at this temperature for 10 minutes and was then heated to 550 °C.

Pyrolysis was carried out under flowing helium set to a flow rate of 50 ml/min.

Accurate mass yield measurements could not be made with samples torrefied
with the main torrefaction rig (described in Section 6.2.5) as many of the smaller
particles became trapped in the quartz wool used to plug either end of the reaction
tube. Therefore, TGA with heating profiles set to mimic torrefaction conditions was

conducted on all of the fuel samples to obtain more accurate mass yield values.

6.3 Results

The four fuels considered in this work were analyzed both in their untreated
state, and also after torrefaction. The samples were also subject to a series of
washings and torrefaction reactions thereafter. A diagram showing the sequence of

experiments is given in Figure 6.3. This sequence was repeated for each of the four
fuels studied.



- 126 -

a|  Untreated R .
g : fue'sampie /j ; i
\L \7
*CHNS *CHNS
J *Ash Composition *Proximate
‘g *Proximate *Ash Fusion
®| *Ash Fusion TGA
®|  «TGA
. |
5| Washedfuel
% : e
Losample o
‘ lon
\L Chromatography
of leachate
@| *CHNS *CHNS
> ]
© *Proximate *Proximate
©| eAsh Fusion *Ash Fusion
*TGA *TGA
PRt
Q
3} priiRiaEe sl e
AR lon
l/ «CHNS "~ Chromatography
*Proximate of leachate
2| *CHNS “TGA
Z| <Proximate
&| TGA
w LA )
Q e
£ >
el e e
v lon
= — Chromatography
9 *CHNS of leachate
= *TGA
(=
4]

Figure 6. 3 Sequence of experiments.
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6.3.1 Untreated Fuel Properties

As indicated in Figure 6.3, the untreated fuels were analyzed for their ash

composition, which are listed in Table 6.1.

Table 6.1 Ash composition of untreated fuels (determined by TES Bretby, part

of Environmental Scientifics Group).

Elemental Oxide  Willow  Eucalyptus Miscanthus Wheat Straw
(composition wt
% in the ash)

Si0, 2.2 2.2 52.4 43.5
Al,O, 05 03 0.3 0.5
Fe,0, 0.4 13 0.4 0.3

TiO, <0.1 <0.1 <0.1 <0.1

Ca0o 33.8 30.6 9 7.7
MgO0 4.0 24 1.2 1.2
Na,0 1.2 1.7 0.7 0.1

K0 18.1 19.0 16.3 20.0
Mn;0, 0.4 0.5 0.2 <0.1

P,0s 16.1 31 7.2 1.7

SO, 5.6 2.8 45 3.2

The ash composition of a fuel can be used to determine slagging and fouling
indices. These indices were originally developed for coal and have been quite
successful in predicting deposition problems associated with higher rank coals.
Indices derived from analysis of lower rank coals have been less successful in

predicting slagging and fouling problems. Nevertheless, these indices have been

applied to various types of biomass [116, 119, 120].

A fuel’s fouling tendency is predicted by the Alkali Index (AI). Base to acid
ratios (Ry,) are used to predict slagging tendencies. The Al is expressed as the
amount of alkali oxide content in the fuel per unit energy of the fuel and is shown in

Equation 6.1:
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1
/N Eq.(6.1)

where Q is the HHV on a dry basis, Y’ is the fraction of ash (on a dry basis)
in the fuel, and Y®k20, and Y®\a20 are the fractions of K,0 and Na,O present in the

ash. If the value of AI >0.17 kg/GJ, then fouling is deemed probable. For Al >
0.34, fouling is virtually certain.

Ry is calculated according to Equation 6.2:

Fe,03+Ca0+Mg0+K,;0+Naz0
o e e eeterttatt o r ettt ttaeransnstenatressasen Eq. (6.2
Ry/a Si0,4Ti05+Al,0, 9. (6.2)

A Ry, value of < 0.5 indicates a low slagging risk. If Ry, > 1, then there is a

severe risk of slagging.

The fouling and slagging indices for the four fuels studied in this chapter have

been calculated and are given in Table A.3 in the Appendix.

The C, H, and N contents and the calculated HHVs (on a dry basis) of the
untreated samples are detailed in Table 6.2. Measurements were also made for S,
however, they were very small (< 0.001 wt%) and these quantities are not recorded
here. The HHVs were calculated according to an approximation given by Friedl et
al. [121] (Eq. 6.3). This approximation is an average of two other approximations:
one based on an ordinary least squares regression (OLS), and the other based on a
partial least squares regression (PLS). Both methods were calibrated using 122

different biomass samples. These methods have since been validated through

application by Bridgeman et al. [11].

HHV=3.55C2-232C—2230H+51.2CxH+131N+20,600. ........0vovvoeron Eq. (6.3)
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Table 6.2 Nitrogen, carbon, and hydrogen content on a dry basis, and HHV
(d.b.) of untreated fuels.

untreated samples N (wt%) C (wt%) H (wt%) (l\}/II.II{/lYg )
willow 0.47 45.27 6.16 19.9
eucalyptus 0.34 41.99 5.23 229
Miscanthus 0.11 45.96 5.71 19.1
wheat straw 0.35 42.84 5.87 18.1

Results of the proximate analyses of the untreated fuels are given in Table 6.3.

Table 6.3 Proximate analysis for the untreated fuels.

Untreated biomass Moisture Volatiles Ash Fixed carbon
samples (wt%) (wt% d.a.f.) (Wt%) (wWt% d.a.f.)
willow 85 81.8 1.8 18.2

eucalyptus 243 773 3.2 22.8
Miscanthus 4.5 86.4 3.7 13.6
wheat straw 5.9 83.1 9.2 16.9

6.3.2 Washed Fuel Properties

The fuels were washed successively by deionised water, ammonium acetate
and hydrochloric acid according to the chemical fractionation procedure described in
Section 6.2.3. The results from the ultimate and proximate analyses conducted on
these washed fuels are shown in Tables 6.4, and 6.5. Ion chromatography was used
to determine the concentrations of metals leached as a result of the water washings,
and these numbers are given in Table 6.6. Ion chromatography was also performed
on the leachates of the ammonium acetate and hydrochloric acid treatments,

however these results gave large uncertainties in metal concentrations and are



-130-

therefore not reported. The changes to the fuel compositions as a result of washing

are discussed in Section 6.4.1.

Table 6.4 Nitrogen, carbon, and hydrogen content, and HHV of washed fuels
(d.b.).

water washed samples N (wt%) C(wt%) H (wt%) (It/I{.II{/l\(/g )
willow 0.26 45.40 6.12 19.6
eucalyptus 0.24 47.17 592 19.9
Miscanthus 0.23 45.74 5.64 19.1
wheat straw 0.29 42.13 5.87 17.8
ammonium acetate washed samples
willow 0.96 46.41 6.05 20.0
eucalyptus 0.53 46.30 6.08 19.7
Miscanthus 0.70 45.36 6.18 20.0
wheat straw 0.38 42.55 5.99 18.0
HCI washed samples

willow 0.79 47.19 5.99 20.1
eucalyptus 0.21 46.56 6.25 20.1
Miscanthus 0.08 30.25 4.64 20.2

wheat straw 0.24 41.23 597 18.1



- 131 -

Table 6.5 Proximate analysis for the washed fuels.

Water washed Moisture Volatiles Ash Fixed carbon

biomass samples (Wt%) (wt% d.a.f.) (Wt%) (wt% d.a.f.)
willow 7.4 84.4 1.7 15.6
eucalyptus 53 85.8 1.0 14.2
Miscanthus 52 85.5 1.4 14.5
wheat straw 6.2 85.6 7.0 14.4

Ammonium acetate
washed biomass

samples

willow 6.7 83.8 1.1 16.2
eucalyptus 58 85.7 0.6 143
Miscanthus 8.6 86.3 1.1 13.7
wheat straw 6.1 87.1 4.3 12.9

HC] washed biomass

samples

willow 5.7 77.3 n.a. 22.7
eucalyptus 7.0 81.7 n.a. 18.3
Miscanthus 39.1 73.8 n.a. 26.2
wheat straw 93 78.0 n.a. 22.1

*There was no measurable ash for the HCI treated samples.
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Table 6.6 Concentrations of metals leached from washings of biomass

samples.
% of metal leached due to
water washing
Sodium 30
Potassium 46
_3 Magnesium 14
E Calcium 3
Phosphate 56
Sulphate 10
Sodium 60
3 Potassium 45
E; Magnesium 18
§ Calcium 4
@ Phosphate 27
Sulphate 8
Sodium 53
3 Potassium 62
"ca Magnesium 56
g Calcium 19
2 Phosphate 49
Sulphate 33
Sodium 92
3 Potassium 54
7 Magnesium 32
§ Calcium 12
'§ Phosphate 0.2
Sulphate 21

6.3.3 Torrefied Fuel Properties

Torrefaction according to the methods described in Section 6.2.5 was
performed on all of the untreated and washed fuels. Tables 6.7 and 6.8 list the

ultimate and proximate results obtained for these torrefied fuels.
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Table 6.7 Nitrogen, carbon, and hydrogen content, and HHV of torrefied fuels
(d.b.).

HHV

untreated & torrefied samples N(wt%) C(wt%) H(wt%) (MI/kg)
willow 0.67 58.99 5.08 23.37
eucalyptus 0.35 59.87 5.09 23.73
Miscanthus 0.21 61.24 5.04 24.30
wheat straw 0.66 55.93 4.37 21.59

water washed & torrefied samples

willow 0.63 56.55 5.66 22.68
eucalyptus 0.38 56.93 5.46 22.68
Miscanthus 0.28 54.57 5.40 21.59

wheat straw 0.65 54.24 5.25 21.42

ammonium acetate washed & torrefied

samples
willow 1.34 55.59 5.47 22.22
eucalyptus 0.59 55.95 5.53 22.32
Miscanthus 0.37 53.88 5.45 21.34
wheat straw 0.46 50.98 5.13 20.01

HCl washed & torrefied samples

willow 0.79 56.87 5.26 22.58
eucalyptus 0.23 51.24 5.69 20.30
Miscanthus 0.16 51.46 571 20.40

wheat straw 0.40 51.82 5.00 20.28
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Table 6.8 Proximate analysis for the torrefied fuels.

torrefied biomass Moisture Volatiles Ash Fixed carbon
samples (Wt%) (wt% d.a.f.) (Wt%) (Wwt% d.a.f.)
willow 0.7 60.0 3.5 40.2
eucalyptus 0.4 58.5 3.5 41.6
Miscanthus 14 57.6 3.0 425
wheat straw 1.0 49 8 13.1 50.2
Water washed &
torrefied biomass
samples
willow 3.8 68.8 2.7 312
eucalyptus 2.7 67.6 1.4 324
Miscanthus 3.5 70.3 2.2 29.8
wheat straw 41 64.1 7.4 359
Ammonium acetate
washed & torrefied
biomass samples
willow 2.0 66.2 1.7 338
eucalyptus 1.2 70.2 1.0 29.8
Miscanthus 3.0 71.7 1.7 28.3
wheat straw 3.8 67.5 10.1 325
HCI washed &
torrefied biomass
samples
willow 29 623 n.a. 37.7
eucalyptus 3.8 753 n.a. 247
Miscanthus 32 75.6 n.a. 244
wheat straw 2.5 58.9 n.a. 41.1

*There was no measurable ash for the HCI treated samples.
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The mass (T|m) and energy (Ng) yields were calculated for the torrefaction of

all samples according to Equations 6.4 and 6.5 [122], respectively, and are listed in
Table 6.9.

M torrefied
Mo =] 72 K100 o Eq. (6.4)
pre—torrefaction
H H I/lorreﬁed
Ny =(7)M)x[ XT00 o i Eq. (6.5)
H H Vpre—lorrejacuon

where Myc-torrefaction 1S the mass of the sample prior to torrefaction, and Migrefied is the
mass of the sample after the fuel has been torrefied. HHVprc-orrefaction iS the higher

heating value of the fuel prior to torrefaction and HHV (orrefica is the higher heating

value post torrefaction.

Table 6.9 Mass and energy yields for the torrefaction of all samples.

untreated samples MM Ne

willow 51 60.4
eucalyptus 52.5 54.6
Miscanthus 38 494
wheat straw 39.2 47.4

water washed samples

willow 52 63.3
eucalyptus 54.8 64.8
Miscanthus 55.6 65.7
wheat straw 52.1 66.0

ammonium acetate washed samples

willow 60 68.3
eucalyptus 56.7 65.3
Miscanthus 56.4 62.4
wheat straw 47.7 55.4

HCl washed samples

willow 62.1 72.5
eucalyptus 52 54.9
Miscanthus 46.3 48.6

wheat straw 49.2 56.8
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6.3.4 Pyrolysis Kinetics

To examine the impact of pre-treatment on biomass reactivity, pyrolysis
studies were performed using the TGA analyzer, and 1* order reaction kinetics were
used to derive activation energies, E (kJ/mol), and pre-exponential factors, A s,
calculated according to the Senum and Yang approach discussed in Chapter 3, and
are listed in Table 6.10. The kinetics were calculated over the main devolatilisation
peak (generally between 300-360 °C for the un-torrefied fuels, and slightly higher
for torrefied fuels). Figures 6.4-6.7 show Arrhenius plots calculated using this data.
Reaction rates at 300 C for all the samples are given in Figure 6.8. The TGA
weight loss profiles for the pyrolysis of these samples are shown in the Appendix.
For untreated wheat straw (Figure A.6), it is clear that the pyrolysis of the torrefied
fuel is very different to the analogous results for the other three samples. In fact, as
discussed later, the untreated wheat straw is so reactive that the torrefaction process
progresses much farther under the set conditions compared to the others.
Consequently, the volatile content is low, and the decomposition reaction being
probed in the pyrolysis experiments on the torrefied wheat are expected to be very
different also. As a result, the TGA data could not be modelled well using a first-

order approach.
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Table 6.10 1* order reaction kinetics for biomass samples.

untreated samples InA (') E (kJ/mol)
willow 2.63 46.0
eucalyptus 3.59 50.4
miscanthus 7.64 67.5
wheat straw 7.64 67.5

untreated & torrefied samples

willow 7.34 74.2
eucalyptus 7.35 73.6
miscanthus 7.33 74 1
wheat straw n.a. n.a.

water washed samples

willow 2.92 47.3
eucalyptus 3.76 51.6
miscanthus 4.82 56.1
wheat straw 7.63 68.3

water washed & tomefied samples

willow 12.01 96.0
eucalyptus 10.48 88.4
miscanthus 11.76 95.0
wheat straw 7.38 72.6

ammonium acetate washed samples

willow 2.03 432
eucalyptus 3.08 47.9
miscanthus 4.24 52.6
wheat straw 4.84 55.0

ammonium acetate washed & torrefied samples

willow 15.53 114.3
eucalyptus 9.34 83.0
miscanthus 10.12 86.0
wheat straw 11.02 89.8

HCI washed samples

willow 1.79 42.9

eucalyptus 11.14 87.7

miscanthus 7.62 68.8

wheat straw 4.65 54.9

HCI washed & torrefied samples

willow 24.03 156.6
eucalyptus 20.06 133.7
miscanthus 7.38 70.8

wheat straw 7.36 72.9

*The untreated and torrefied wheat straw sample had unusual TGA results and

therefore the 1 order reaction kinetics could not be accurately determined.
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Figure 6.4 Reaction rates at various temperatures (300-550 °C) for the slow

pyrolysis of willow samples.
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Figure 6.5 Reaction rates at various temperatures (300-550 °C) for the slow

pyrolysis of eucalyptus samples.
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Figure 6.6 Reaction rates at various temperatures (300-550 °C) for the slow

pyrolysis of Miscanthus samples.
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Figure 6.7 Reaction rates at various temperatures (300-550 °C) for the slow

pyrolysis of wheat straw samples.
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6.3.4 Ash Characteristics of the Fuels

The ash content of the fuels (given in Tables 6.3, 6.5, and 6.8) is shown in
Figure 6.9. The HCI washed samples did not contain measurable quantities of ash

and therefore these results are not reported.

Figure 6.10 shows the flow temperature obtained through the Ash Fusion Tests
performed on the samples. Again, as no ash was found in the HCI washed samples,
these numbers are not present in the figure. Similarly, very little ash remained in the
ammonium acetate washed samples, and this amount was not sufficient for making
the ash cylinders necessary for the ash fusion test. Table 6.11 contains a list of all
four characteristic temperatures of the ash fusion test for the tested samples. In
some cases, it was not possible to determine the temperatures as certain samples
swelled prior to shrinking. Experiments comparing the AFT with thermogravimetric
data were previously conducted and it was hypothesized that the swelling in similar
biomass samples could be due to CO; and SO, evolution from the sample during
the AFT [123]. An example of the recorded images at these characteristic
temperatures can be seen in Figure 6.11. The cylinders in this figure are made from

water washed Miscanthus.
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Figure 6.9 Ash content of biomass fuels.
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Table 6.11 AFT temperatures for various biomass samples.

untreated samples SST (°C) DT (°C) HT (°C) FT {°C)
. cylinder holds shape until FT then
willow 1053 1300 immedeately collapses 1510
eucalyptus n.a. 1470 1480 1493
miscanthus cylinder s:,;':::n:zf‘;;en began n.a. due to swelling 1202 1260
wheat straw evlinder s:’::::,:;j:z;: en began n.a. due to swelling 1095 1140
untreated & torrefied samples
willow 1055 n.a. 1510 1515
eucalyptus 1120 ::t:d;:zhoi?s sh?pe tintil T cyllnd;'er hol:is sh?pe |.‘|‘ntil FT then 1480
miscanthus cylinder swelled at 870 n.a. due to swelling 1210 1285
wheat straw cylinder swelled at 830 n.a. due to swelling n.a. due to swelling 1260
water washed samples
willow n.a. n.a. 1465 1470
.a.d
eucalyptus n.a. due to small size of cylinder na uectvclai::\:'ll size of 1380 1400
miscanthus 980 1305 1490 1525
wheat straw 1030 n.a. 1500 1505
water washed & torrefied samples
j n.a. due to shrinking followed by swelling 1420
willow followed by shrinking 1548 1563
eucalyptus 1220 :'V"e‘:"“"d"‘ shape until FT cv""d;:fdﬁ“ shape A FT the 1450
miscanthus cylinder swelled at 870 n.a. due to swelling 1527 1570
<850 1505 >1580 >1580

wheat straw
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Figure 6.11 AFT images for water washed Miscanthus.
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6.4 Discussion — Effects of Pretreatment

6.4.1 Effects of Pretreatment on Fuel Properties

By comparing the ultimate analyses of the fuels before and after the
washings (Tables 6.2 and 6.4, respectively), it appears that the washing steps have
little effect upon the carbon and hydrogen amounts. However, changes in the
nitrogen content are significant. It is clear that the ammonium acetate washing stage
increases the nitrogen content for both the washed and the washed and torrefied

sample. Presumably this is due to the inclusion of ammonium nitrate into the

biomass samples.

The results of the proximate analysis of the untreated fuels (Table 6.3) show
that the ash content of the four fuels increases in the following order: willow <
eucalyptus < Miscanthus < wheat straw. After the first washing (water washing,
Table 6.5), the ash of all the fuels is reduced by approximately 50%. Although
further washing with ammonium acetate also reduces the ash content, the reductions
are small (0.5 wt% reduction). Washing appears to have a small effect upon the
volatile content of the fuel, where a slight increase in volatile content is noted when

comparing the untreated with the washed fuels.

Analysis of the ash composition of the fuels (Table 6.1) indicated that the
woody biomass samples contain high calcium levels. The potassium levels for the
untreated fuels were: willow 3000 ppm, eucalyptus 3000 ppm, Miscanthus 6000
ppm, wheat straw 8000 ppm. The leachates in Table 6.6 are consistent with these
compositions. In the water washed samples, the potassium levels leached from the
fuels are approximately proportional to the original metal content. When calcium
removal is considered, it appears that more calcium is retained during the washing
by the woody samples (willow and eucalyptus) than by the herbaceous samples
(Miscanthus and wheat straw) as compared to the calcium content in the ash (Table
6.1). The retention of the calcium and loss of the potassium influences the ash

melting behaviour and the pyrolysis reaction kinetics, and is discussed later.
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6.4.2 Effects of Pretreatment on Torrefaction

Ultimate analysis results indicate that torrefaction increases the carbon and the
nitrogen content of the fuels, and reduces the amount of hydrogen present.
Proximate analysis results show that the ash content of the willow, eucalyptus, and

wheat straw samples increases; that of the Miscanthus, however, decreases slightly.

The ash content of the water washed fuels is unchanged upon torrefaction, and
for ammonium acetate washed fuels, the ash content is reduced slightly upon
torrefaction. The general trend is for washing to reduce ash content and for
torrefaction to increase ash content. This is because in torrefaction there is a
reduction in the amount of volatiles in the fuel, and hence ash is concentrated in the

solid residue.

Table 6.9 lists the mass and energy yields for the torrefaction process for the
unwashed and washed samples. As expected, in the unwashed samples, the mass
and energy yields were higher for the woody biomasses (willow and eucalyptus)
than for the grasses (Miscanthus and wheat straw) due not only to the higher
densities of the woody biomass samples, but also their slower kinetics in pyrolysis
as is shown in Figure 6.8 and discussed in Section 6.4.3. The washing procedures,
in general, improved the mass and energy yields for all the samples, but had a
greater effect on Miscanthus and eucalyptus. Although the progressive washings
lead to a slight increase in the mass and energy yields of the samples, most of the
benefit is seen after the water washing stage. Since the washings remove much of
the potassium content of the fuel, one may expect a decreased mass yield after the
samples have been washed, since potassium has been shown to increase the solid
product yield in pyrolysis. However, this trend is not observed in the results in
Table 6.9 and this is attributed to the lower reactivities of the fuels after removal of

K by washing, implying that torrefaction has progressed to a lesser extent.

6.4.3 Effects of Pretreatment on Pyrolysis Kinetics

The kinetic data is shown in Figures 6.4-6.8, and Table 6.10. Here, the kinetic

rates are calculated over the temperature range of 300 — 550 c’C, and it is clear that
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there are significant differences in the rates. These differences in activation energies
are shown in Table 6.10, and the reaction rates at 300 'C are shown in Figure 6.8.
From this figure it is seen that many of the results lie within a narrow band of
reaction rates. However, it is clear that for the straws (Miscanthus, and wheat straw)
the fastest rates are achieved by the unwashed samples, and the slowest rates for the
unwashed and then torrefied samples. One explanation of this is that during
torrefaction, the unwashed fuels are very reactive (due to the catalyzing influence of

the high potassium content) and the resultant torrefied fuels are the most pyrolysed

(and hence have the lowest reactivity).

In the case of the woody biomasses (willow, and eucalyptus), washing does
not appear to have a significant effect upon the reaction kinetics, and examination of
Figures 6.4 and 6.5, show similar, low activation energies for all the washed (un-
torrefied) fuels. In contrast, the torrefied fuels (all pre-treatment washes) have
higher activation energies (see Table 6.10). However, washing with HCI together
with torrefaction has the greatest effect on the activation energies, for the woody
biomass. One may speculate that this is due to changes in the chemical structure of
the fuels. Work presented in Chapter 4 suggests that treatment with HCI causes not
only a removal of the organically bound metals, but also partially digests the

hemicellulose structure.

The significance of the impact of these changes in composition and reaction
rates depends on the end application, power station or domestic heating. In the case
of power station applications, washing with water reduces the ash content and
increases the ash fusion temperature markedly, which may be advantageous
particularly in the case of straw. Washing with ammonium acetate or HCl would
not be feasible because of the small advantage gained and the high costs induced. In
domestic applications the reduction of ash is not so important. Nevertheless,
removal of alkali metals for domestic uses would have potential advantages such as

preventing deposit formation, and possibly improving emissions of inorganic
aerosols like KCI.
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6.4.4 Effects of Pretreatment on Ash

Ash fusion tests were performed on all the samples excluding those washed
with ammonium acetate and HCl (as insufficient ash content prevented the
production of the cylinders necessary for this test). The AFT results are listed in
Table 6.11. In Figure 6.10, the flow temperature stage was selected to help in
comparing and contrasting the ash characteristics of all the samples tested. Trends
in this figure show that the woody samples have ashes that melt at higher
temperatures than the straws. This is due to the fact that the Miscanthus and the
wheat straw have high potassium content and the woody biomass samples are high
in calcium. This is supported by the ion chromatography analysis of the leachates of
the washing experiments (Table 6.6). Thus, of the untreated fuels, the straw samples
had the lowest flow temperatures, and the woody biomasses had the highest. The
same is seen for the torrefied fuels, that is, the torrefaction alone does not affect ash
melting. For the water washed samples, it is seen that the flow temperature of the
straws increases to the same level of the woods. Again, upon torrefaction, little
change in the flow temperatures is noted. The most problematic fuels in terms of
ash are wheat straw and Miscanthus. Water washing has a dramatic impact on these
fuels, in particular for HT which increases from typically < 1200 °C to > 1500 °C.
This demonstrates that water-washing, combined with torrefaction would be a very

attractive process for high alkali residues, such as wheat straw.

6.5 Conclusions

In this chapter, studies were made on pretreatment and torrefaction of four
biomass samples: SRC willow, eucalyptus, Miscanthus, and wheat straw.
Torrefaction was studied on untreated fuels, or those pre-washed with water,
ammonium acetate or hydrochloric acid. Water washing prior to torrefaction
significantly reduced the ash content of all the fuels although the nitrogen content
was slightly increased. Washing with HCl and ammonium acetate decreased the ash
content of the samples further. The washing processes influenced the ash fusion
temperatures, but this was dependent of the biomass used. It was particularly
beneficial for wheat straw, where the ash flow temperature increased from 1140 to

over 1500 "C under oxidizing conditions. The results suggest that water washing is
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the most useful pre-treatment for the preparation of torrefied fuels. Torrefaction
yields improved after pre-treatment by washing and this was linked to the relative
pyrolysis rates of the different fuels. This in turn was related to the removal of
catalytic metals (particularly K) by the different washing methods. Thus,
torrefaction and pretreatment by different washing procedures are intimately linked.

Therefore, re-optimization of torrefaction would be required if ash improvement by

pretreatment were to be implemented.
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Chapter 7

Summary of Conclusions and Suggestions for Future Work

7.1 Kinetics of the Thermal Degradation of Biomass

This work focused on the kinetics of the thermal decomposition of a SRC
willow. It addresses two questions. First, what method of data analysis is
appropriate for extracting reliable kinetic data from TGA experiments? Second,

what kinetics are most suitable for high heating rate situations such as those present

in pulverized fuel power stations?

Kinetic analysis of willow TGA data was conducted using a variety of
approaches. A review of previously published work on biomass and its polymeric
components helped ascertain the variation in Kinetics, reasons for differences, and
extrapolation to flame temperatures. The data fell into two main categories: (1) very
high E and A values (>100 and up to 270 kJ/mol, and up to 10'7 s™") derived when
model biomass components are studied, for example, cellulose; or the data is
interpreted as the sum of a number of individual first-order reactions, for example,
FG-BioMass; (2) intermediate and low E and A4 values (50-100 kJ/mol and <~10°

s™!) derived using a number of global approaches.

For low heating rate experiments (10" K/min), the global first-order reaction
kinetic models that tend to yield low E values, such as the reaction rate constant
method, work well. High E Kinetics can also work well at low heating rate, but only
if the reaction is assumed to be due to the sum of a number of individual steps, such

as the biochemical components degrading independently, or the functional group

approach.

For higher heating rates (>103 K/s) high E kinetics predict conversion well,
and this can be rationalized since primary cracking reactions will dominate under
these conditions. However, at heating rates of 10° K/s and temperatures of 1500 °C
(i.e., flame conditions), a compensation on the rates is seen and the choice of rate

parameters is less critical. Two sets of kinetic data, E = 178.7 kJ/mol, 4 =2.2 x 10"
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s”' and E = 48.7 kJ/mol, A = 6.84 x 10* 5™, both predict conversions in keeping with

the available experimental data.

Future work: The methods for extracting kinetic parameters studied in this chapter
were applied directly only to SRC willow. Although rates derived from experiments
on other types of biomass were compared, it would nevertheless be useful to
evaluate kinetics of varying types of biomass with all four methods studied. Further

validation of the findings would be useful especially at high heating rates and high

temperatures.

7.2 Role of Alkali Metals in Biomass Pyrolysis and Combustion

This chapter dealt fundamental work on alkali metals (sodium, potassium, and
cesium) to determine if group chemistry has an effect upon the catalytic process
observed in SRC Willow thermal degradation, thereby gaining mechanistic insight
into the process. Work detailing both pyrolysis and combustion (TGA), and
combustion under flame conditions is presented. DTG profiles and first order
reaction kinetics comparing the pyrolysis and combustion of the three alkali metal-
impregnated, willow samples revealed a strong and similar catalytic effect, i.e. at the
same molar concentration, that all three alkali metals have very similar impacts on
these reactions. Combustion under flame conditions again showed a stark contrast
between the strongly catalyzed degradation of samples with alkali metals, and the
uncatalysed degradation of the mineral-free samples. As with the low heating rate
results, at flame conditions, the same combustion behaviour was observed for SRC
willow samples impregnated with various group 1 metals. These findings imply that
a similar thermal degradation mechanism is followed when this woody biomass

contains any of the alkali metals.

Future work: In this chapter, preliminary work was conducted on alkali metals to
determine if group chemistry has an effect upon the catalytic process observed the
thermal degradation of SRC willow. It would be interesting to discover if these

trends hold when other types of biomass such as straws are examined. While it was
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not an objective of this work, the impact of these metals on combustion is worthy of

closer inspection, especially in terms of metal volatilization, and also from a

fundamental mechanistic view on char combustion.

7.3 Influence of Potassium and Sodium on the Kinetics of SRC Willow
Pyrolysis — Model Predicting Reaction Rates

Both potassium and sodium have been proven to function as catalysts in the
decomposition and combustion/gasification of biomass and its chars. This chapter’s
aim was to develop an expression directly linking biomass degradation kinetics to
the inherent potassium and sodium content. This expression is based on the effects
of these metals on the slow pyrolysis of short rotation coppice willow. The
influence of potassium and sodium on the initial pyrolysis of willow was studied by
examining willow samples impregnated with different metal concentrations; from 0
wt% potassium, achieved by acid-washing the willow, to 2 wt% K. Similarly with

sodium impregnated samples, concentrations between 0 to 2 wt% Na were

investigated.

Thermogravimetric data for these samples was analyzed and apparent first
order kinetics derived, which are valid over the experimental temperature range. A
novel, modified Langmuir-Hinshelwood relation was developed and applied to link
potassium concentration and early pyrolysis. This relation yields a maximum
reaction rate and a metal saturation constants that can be used directly to obtain a
reaction rate of willow pyrolysis based on the pyrolysis temperature and the
concentration of alkali metals in the biomass sample. The maximum reaction rate
constant of 3.26 x 10™ (s™") and the potassium saturation constant of 0.56 wt% can
be accurately used to derive the pyrolysis reaction rate of a willow sample with a
known potassium concentration. Similarly, a maximum reaction rate of 3.27 x 1073
(s™) and a sodium saturation constant of 0.36 wt% can be used to derive a reaction

rate for a willow sample with a known sodium concentration.

A saturation effect was seen with regard to both potassium and sodium
concentrations and the apparent first-order reaction rate at ca. ca. 4 wt% for K and

3.5% for Na; this is attributed to maximum active site availability.
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Ab initio (DFT method) modelling of possible chelated structures indicates that
both metal ions, K* and Na*, form multiple interactions with the hydroxyl and ether
bonds in the cellulose structure. Structures with metal chelated at the C6 position in
the ring have interactions with four oxygen atoms, while metals at the C2 position
have interactions with only two oxygen atoms. Structures are more stable when
potassium or sodium can coordinate to more oxygen groups. In all the structures
investigated, chelation of potassium or sodium causes a change in the conformation

of the rings (twisting) which may activate the structure towards cracking.

Future work: The L-H model presented in this work was successfully applied to K*
and Na' doped SRC willow. Future work could involve testing the modified
Langmuir-Hinshelwood relation on other types of biomass. Perhaps of even more
use is the possibility of further modifying the mathematical relation to take into
account multiple metals simultaneously, and to incorporate the

evaporation/volatilization of metals.

7.4 Effects of Mineral Content on Torrefied Fuel Characteristics and

Quality

This work explor_ed the effects of combining pre-treatment washing techniques
using water, ammonium acetate, and hydrochloric acid, and torrefaction to produce
an improved biomass fuel. In particular, the effects of minerals on torrefaction, as

well as on the pyrolysis and the ash behaviour of the torrefied material were

investigated.

It was found that water washing prior to torrefaction significantly reduced the
ash although the nitrogen content was slightly increased. Washing with HCI and
ammonium acetate decreased the ash content of the samples further. It was also
seen that water washing significantly raises the ash melting temperature of the fuels.
This was particularly seen for wheat straw, where the ash flow temperature
increased from 1140 to over 1500 'C under oxidizing conditions. The results

suggest that water washing is the most useful pre-treatment for the preparation of
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torrefied fuels. Torrefaction yields improved after pre-treatment by washing and
this was linked to the relative pyrolysis rates of the different fuels. This in turn was
related to the removal of catalytic metals (particularly K) by the different washing
methods. Thus, torrefaction and pretreatment by different washing procedures are
intimately linked. Therefore, re-optimization of torrefaction would be required if

ash improvement by pretreatment were to be implemented.

Future work: This chapter showed remarkable success of pretreatment in improving
the ash qualities of the fuels studied, particularly those of Miscanthus and wheat
straw. It would be useful to conduct TGA combustion studies on these biomass
samples to determine how the washings affect the combustion of torrefied fuels. It
is suggested that future studies on washing leachates be carried out by ICP-OES
rather than by IC to verify results from ammonium acetate and HCl washings.
Torrefaction experiments could also be carried out on the washed fuels under
various, perhaps less extreme, conditions to optimize the process. Useful
information could also be gathered from the collection and examination of the
torrefaction tars and gases through the introduction of tar traps and perhaps an
online gas chromatograph. To this end, and also as an aid to process optimization,
pyrolysis modelling software such as FG Biomass could be employed alongside
experimental studies as it provides information on mass yields, volatile release, and

helps characterize both solid and liquid products.
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Appendix

Table A.1 First order reaction kinetics for potassium impregnated samples

where the units for E are in (kJ/mol), and (s') for A and k (Chapter 5).

K wt% E Ln A k300°c

HCL 121.27 18.18 6.94E-04
0.10% 66.88 6.83 7.42E-04
0.05% 65.22 6.50  7.51E-04

Raw 65.95 6.83 9.00E-04
0.25% 65.60 6.92 1.05E-03
0.50% 64.27 6.99 1.50E-03
0.75% 63.10 7.04  2.02E-03
1.00% 62.23 7.08  2.52E-03
2.00% 61.29 7.10 3.14E-03
1.50% 61.09 7.11 3.29E-03

Table A.2 First order reaction kinetics for sodium impregnated samples where

the units for E are in (kJ/mol), and (s") for A and k (Chapter 5).

Na wt% E InA K300°c
0% 75.92 9.04 1.01E-03
0.10% 58.28 5.59 1.30E-03
0.25% 54.34 4.83 1.39E-03
0.50% 47.67 3.57 1.60E-03
1% 41.22 275  2.74E-03
2% 36.07 1.70 2.83E-03




- 169 —

1200 1

1000 -

800 -

y=1719x+ 3064

600 - R?=0.993

1/k(1/s?)

400 -

200 A

1/IK]

Figure A.1 1/k vs. 1/[M] plot (where [M] = wt% of metal) for potassium

impregnated samples as referred to in section 5.5.
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Figure A2 1/k vs. 1/[M] plot (where [M] = wt% of metal) for sodium

impregnated samples as referred to in section 5.5.
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Table A.3 Fouling and slagging indices for biomass fuels studied in Chapter 6.

Type of Biomass Al (kg/GJ) Ry/a
willow 0.17 21.30
eucalyptus 0.29 22.00
Miscanthus 0.33 0.52
wheat straw 1.02 0.67
120 W
untreated willow
100
water washed willow
80 1 ammonium acetate washed
willow
R
§ 60 HClwashed willow
E
o014 W e untreated torrefied willow
------- water washed & torrefied
20 willow
""""" aa washed & torrefied willow
0
0 100 200 300 400 500 600  seeeeeees HClwashed & torrefied willow

Temperature (*C)

Figure A. 3 TGA pyrolysis weight loss profiles of willow samples at a heating

rate of 25 °C/min as discussed in Chapter 6.
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Figure A.4 TGA pyrolysis weight loss profiles of eucalyptus samples at a

heating rate of 25 °C/min as discussed in Chapter 6.
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Figure A.5 TGA pyrolysis weight loss profiles of Miscanthus samples at a

heating rate of 25 °C/min as discussed in Chapter 6.
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Figure A.6 TGA pyrolysis weight loss profiles of wheat straw samples at a

heating rate of 25 °C/min as discussed in Chapter 6.



