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ABSTRACT

A spectroscopic investigation of the thermal decomposition of cellulose and alginic acid

The combustion and pyrolysis of biomass impacts directly on a number of areas such as, energy
production, public health, environmental protection and feedstock for chemical production. This study
investigated the thermal decomposition of two structurally similar polysaccharides — cellulose and
alginic acid, arguably being the two largest sources of biomass on land and from the sea respectively.
Despite the similarity in the two materials and applications, reviewing literature of the combustion and
pyrolysis mechanisms of the two materials showed a relatively well-established framework of knowledge
for cellulose, although there is still some lack of agreement in some areas. This contrasted with the
almost total absence of any information on the thermal behaviour of alginic acid. The aim of the work
reported in this thesis was to use the structural similarities and the mechanistic framework for cellulose
to conduct a comparative investigation of the two materials.

Taking advantage of high throughput multivariate algorithms to process complex spectroscopic data
produced by TGA-FTIR, a method was developed to identify infrared active volatile species generated
above a detectable threshold during the thermal degradation process. The ability to plot an evolution
profile of a selected compound in time- and/or temperature domain significantly enhanced the
capabilities of a standard TGA-FTIR system for mechanistic investigations. With the technique
established, the two materials were analysed under different heating rates (5, 10, 30, 60°C/min) under
nitrogen and again under 10% oxygen in nitrogen. A reconstruction of the cellulose decomposition
pathway was carried out using the data obtained from this work. Compared to the methods available in
the scientific literature, the current method was a simpler and more efficient technique for providing
information related to the thermal degradation behaviours of the sample materials. The application of
the method to alginic acid revealed for the first time that this material responded differently and more
sensitively to the presence of oxygen than did cellulose. Its decomposition pathway has a number of
distinctive steps, in contrast to cellulose.

To complement the analysis of the volatiles, the surface of charred residues of the two materials were
also analysed by using attenuated total reflectance (ATR) infrared spectroscopy. This information was

also used to deduce the combustion chemistry for the two materials.

Steven Coburn [BSc(Hons) Applied Chemistry]
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CHAPTER1 INTRODUCTION AND SCOPE OF THE STUDY

The pyrolysis and combustion of cellulose has been studied by a large number of researchers
over the years and as a result is relatively well understood. Part of this interest is due to the use
of cellulosic biomass as a renewable energy source, in the light of depleting fossil fuel deposits.
Alginates are the marine equivalent of cellulose, found in the cellular structure of various
seaweeds. They are, structurally, similar molecules to cellulose and although alginates are used
in food and pharmaceutical applications, their use as a potential renewable fuel source has not
been explored.

Within the tobacco industry reconstituted materials may use a number of different substances as
binders to allow the formation of a usable sheet material. These may be cellulose, a cellulosic
derivative or other natural polymeric materials such as alginic acid, pectins and various gums
such as xanthan. These reconstituted sheet materials are to be included into a cigarette or other
tobacco products, so the pyrolysis and combustion behaviour is essential knowledge. In tobacco
products cellulose is subject to both pyrolysis and combustion processes in the form of the paper
wrapping, and also as approximately 10% of the tobacco leaf structure [1]. The cellulosic
structure of the tobacco leaf is also exploited in the formation of reconstituted tobacco materials,
which may be added to many commercial tobacco products, as a method of utilising otherwise
waste tobacco that is unable to pass through the manufacturing process.

In light of the aforementioned, a literature survey has been conducted to assess the current state
of knowledge regarding both cellulose and alginic acid with respect to their thermal behaviour.
Cellulose is well characterised and a wealth of literature is available. However, the scientific
literature surrounding alginic acid, and in particular its thermal decomposition, is sparse. There
is literature that details the gelling process and factors that affect this property of alginates.
However, the lack of literature detailing the thermal behaviour is perhaps surprising as alginic
acid and its substituted derivatives are commonly used in the food industry, including
applications that involve exposure to heat, e.g. baking, roasting or frying. Table 1-1 shows
some typical applications of various forms of alginate.

[t is therefore of interest to discover more about the thermal degradation process of alginic acid
in comparison to cellulose. The rationale for this is two-fold; firstly, cellulose is very similar

structurally to alginic acid, and secondly, the thermal degradation mechanism of cellulose is
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fairly well established. Therefore, it may be possible to draw parallels between the thermal

decomposition of the two materials.

Table 1-1. Some typical applications of alginic acids and alginates used in the food industry, extracted from

ISPAlginates UK Ltd product guide |2].

Alginate Type Primary Function Comments Typical Applications
High viscosity,
Soft reversible gels,
Thickening, coarse mesh, low . .
" thickening, bakery
gelling, film- Ca _
fillings, low fat
Sodium Alginate forming, coating, | High viscosity, fine o
spreads, onion rings.
suspending, mesh, low Ca""
stabilisation. High Viscosity,
Batters, burrito glue.
fine mesh

Fruit and chocolate

syrups, mustards,
. Low viscosity, 50-
Propylene Glycol Stabilisation, . batters, barbeque
. . 59% esterified, not
Alginate emulsification. sauces, dressing, dry
clarified. _ _
mix meringues, pulp

suspension.

Alginic Acid - - Noodles, binding.

Produce sodium
. _ alginate in-situ to
Alginic Acid Blend Gelling. . . Ice-cream.
achieve hydration

in dairy systems

1.1 Cellulose

1.1.1 General

In 1838 Anselme Payen suggested that the cell walls of plants were all made from the same
material, which he named cellulose [3]. Cellulose is the major structural component of many

higher plants, though it is usually mixed with other polysaccharides, lignin, resins,
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hemicelluloses, fats and other inorganic materials [4, 5]. It is the most abundant naturally
occurring organic raw material available, and is naturally regenerable. As a raw material
cellulose has many uses; firstly it has been used for centuries as a source of heat, for cooking, as
a construction material in the form of timber, as textile fibres such as cotton or flax, and as the
base pulp for paper making. Cellulose and its derivatives are used in the food and
pharmaceutical industries as thickeners [6]. Wood and other cellulosic materials are used as fuel
materials, but this use diminished towards the start of the 20th century for much of the
developed world, replaced by the use of fossil fuels [7]. As fossil fuels are becoming depleted
and environmental concerns more important, using renewable biomass is becoming a key area
of interest once more in research. Biomass is a generic term for organic non-fossil material of
biological origin, and is taken from many sources — woods, grasses, agricultural waste, manure,
municipal waste, and even sewage sludge [8, 9]. Most biomass materials have a high cellulose
content (about 50%), the exact levels are dependent on source [10].

Interest in studying the combustion of cellulose has been generally related to one of two issues;
flame retardance of textiles and soft furnishings, or to its use as a regenerable fuel source. In
these studies of biomass, and indeed wood research, it is believed that the cellulose is the more
important factor in combustion, whereas lignin, another major component of such materials, has
less importance [11]. As an easily obtainable and renewable material, biomass is also being
investigated as starting material for other industrial chemicals (such as acetol, acetic acid,
glucose for fermentation to ethanol [12]), modified cellulose fibres and other cellulosic materials

for domestic and industrial use [13].

1.1.2 Structure and Properties

Cellulose is a simple straight chain monopolymer of anhydroglucose molecules linked by a 1-4,
B-glucosidic bond [10, 14]. This initially forms a disaccharide, cellobiose, shown in Figure 1-1.
These units then link together on a screw axis with each monomer unit being at 90° to the
previous in chains of up to 5000 degrees of polymerisation (DP). There is no free rotation, in
the solid state, about the C-O-C bond due to steric hindrance [15]. Each of the anhydroglucose
units contains three hydroxyl groups, which may be esterified or substituted with other adducts
to form the various cellulose derivatives which are used commercially such as cellulose acetate,
carboxymethyl cellulose (CMC), and ethylcellulose [14].

Cellulose contains a mixture of highly ordered crystalline regions, and non-crystalline

amorphous regions. These are roughly in the ratio of 70:30 crystalline to amorphous. Little
12



experimental knowledge has been obtained that describe the structure of the amorphous regions
[16]. The structure of the crystalline region of cellulose is complex and a number of different
forms have been identified, labelled cellulose IB, II, 1I;, IV, and IV, [17]. These designations
describe different conformations and packing of the cellulose structure but generally all of them
retain a ribbon like shape, and these ribbons are arranged in flat layers which form the
crystalline structure [17]. The linear polymer chains are held together by hydrogen bonds [5] in
three-dimensional microfibrillar structures of average molecular weight of about 10° though the
exact structure of the hydrogen-bonded network is still not clear [13]. However, it is thought to
involve the hydroxyl groups and the hemiacetal (ring) oxygen of the crystalline regions (Figure
1-2). This makes these bonds relatively unreactive compared to the amorphous regions [18].
This extensive hydrogen bonding is the reason why cellulose is insoluble in water, despite the
fact that the monomer D-glucose is extremely soluble [6]. This is the naturally occurring
structure of cellulose in plant materials, in particular cotton species which are almost pure
cellulose (98%), as well as flax (80-90%) and ramie (~80%)[3].

The principal functional group of cellulose is the hydroxyl (-OH) group; therefore cellulose
behaves as a polyalcohol under oxidation conditions. On oxidation other functional groups are

formed that influence the chemistry of the molecule, including carbonyl, keto, and carboxyl
[19].

OH

-HO

n = 1500 to >6000

Figure 1-1. Structure of cellulose showing the repeat unit of the polymer, B-cellobiose residue [20].
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Figure 1-2. Proposed structure of hydrogen bonding in the crystalline regions of cellulose |18].

a-cellulose refers to cellulose extracted from wood using specific techniques. There are two
processes, sulphite and sulphate. Both involve cooking wood in either acid (sulphite process) or
alkali (sulphate or Kraft process) at 120 — 170°C to remove the lignins and other non-cellulose
components [3]. About 50% of the weight of most wood is a-cellulose [10]. Pure
(microcrystalline) cellulose is obtained by hydrolysis of natural cellulose leaving the acid
resistant crystalline sections of the polymer. This is readily obtained as a commercial material,

under a number of trade names [5, 21].

1.2 Pyrolysis and Combustion of Cellulose

1.2.1 General Introduction

In one of the earliest books on the subject of pyrolysis, Charles DeWitt Hurd wrote that,
‘pyrolysis is the transformation of a compound into another substance or substances by heat
alone’ [22]. That 1s to say pyrolysis i1s primarily concerned with decompositions and
elimination reactions induced by heat, generally resulting in the formation of products that are
smaller molecules than the starting material. Pyrolysis usually occurs between 500 — 800°C, but

may begin at 250°C, dependent on the material. Normally reactions occurring below this
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temperature would be described as thermal degradation not pyrolysis. Although pyrolysis is
often just a thermal decomposition, it is a less definitive term than thermal decomposition as
other reactions may occur, such as rearrangements, formation of larger molecules from smaller
fragments as well as decompositions [22]. Pyrolysis temperatures for cellulose are placed
around 325 — 375°C [19], however, external factors such as the heating rate may cause an
increase in onset and final decomposition temperatures [23].

Combustion 1s described as a rapid oxidation generating heat, or both heat and light. [t may also
be a slow oxidation process that produces little heat and no light [24]. Flaming combustion
involves gas phase oxidation of volatile products and smouldering combustion involves solid
phase oxidation of the chars remaining after evaporation of the volatile products. Smouldering
can also be described as a suppressed exothermic combustion, which generally occurs below the
surface in a limited oxygen supply [25]. Both of these involves complex interactions between
chemical reactions and heat, and mass transport [26].

Much literature has been generated studying the pyrolysis and combustion of cellulose,
including several comprehensive reviews of the subject [7, 10, 27-30]. The thermal
decomposition, pyrolysis and combustion of cellulose provide a complex mixture of chemical
and physical changes. It involves heat and mass transfer, both competing and concurrent
reactions of various types, such as decomposition, fragmentation, depolymerisation,
transglycosylation, oxidation and elimination [14]. Evolved compounds may also contribute via
secondary reactions which cause further complexity to the overall process. Such is this
complexity, that after over 60 years of study of cellulose pyrolysis, by a large number of
different researchers, it is generally acknowledged that the mechanism of cellulose pyrolysis is
still uncertain.

Some of the earliest work on the thermal behaviour of cellulose was carried out, by pyrolysing
the material under a nitrogen flow, and capturing various fractions of pyrolysates generated.
Mass and infrared spectrometry were used to identify the product fractions, but this
identification was limited describing only ‘tar’, water, carbon monoxide, carbon dioxide and
carbonaceous residue [31]. [t was postulated that cellulosic materials such as wood, paper and
related fibrous materials did not pyrolyse directly, but under the influence of heating they
decompose. The gases and volatiles formed will subsequently produce flaming combustion

when oxygen is added to the system. The heat generated by the flame continues the process of
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decomposing the starting cellulosic material [32, 33]. This process can be summarised

schematically as shown in Figure 1-3.

Smoke
Heat Fumes
FLAME
O, (a1r)
Combustible
Gases
“Fuel”
Cellulose
Pyrolysis

Figure 1-3. General schematic of the cycle of self-sustaining combustion of a polymeric material such as

cellulose.

Since those pioneering studies, the pyrolysis of cellulose and cellulosic materials has been
investigated under a variety of conditions and from a number of different views. These interests
include fire and fire safety of cellulosic materials used in fabrics and furnishings, chemical

utilisation and other technical subjects [34].

1.2.2 Physical effects

Interest has also been shown in the physical changes occurring in the cellulose substrate during
pyrolysis. In particular, the degree of polymerisation (DP) and the crystalline fraction have both
been studied with respect to changes on heating. Naturally occurring cellulose has a normal DP
in the range of 1200 — 5000, depending on source. Under heating there is a lowering of the DP,
particularly under slow heating rates and low temperatures. This has been noted as a key step in

the decomposition of the molecule. Under these conditions degree of polymerisation was
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observed to be greatly reduced from around 1400 to a value of approximately 200 — 400 [35,
36].

The crystallinity of the polymer has been shown to increase on heating, implying that thermal
degradation occurs in the amorphous regions first [37]. This principle of the amorphous region
being more reactive than the crystalline region is exploited for the formation of microcrystalline
cellulose. It has been observed that the amorphous region is attacked first by solvents and
chemical reagents [5]. From observations of inorganic salts added to the cellulose it was
suggested that they act as catalysts in the amorphous region, and not penetrate the crystalline
regions. A differential scanning calorimetry (DSC) study concluded that any thermal
degradation below 200°C was likely to occur in the amorphous region [38]. After ~50% weight
loss the pyrolysed cellulose samples had very similar crystallinity index (Crl) values. Therefore
further depolymerisation reactions must occur along the polymer chains through both regions
[39]. Thermogravimetric analysis (TGA) studies show cellulose with high degrees of
crystallinity are more thermally stable, with the major weight loss occurring from 280-380°C. A
DSC study concluded that the rapid weight loss region (300 - 380°C) occurred mostly in the
crystalline region [38]. Cotton cellulose with low degrees of crystallinity shows slow, steady
weight loss starting at 100°C and continuing until around 500°C [36)].

Contrary to these studies, Weinstein and Broido[39], using data from their x-ray diffraction
study, postulated that the initial decomposition reactions in cellulose occur via cross-linking
reactions primarily in crystalline regions of the cellulose leading to a lowering of the Crl. Back
[40] confirmed that there are cross-linking reactions occurring as cellulose is heated by making
measurements of Young’s modulus. The Young’s modulus value for the cellulose sample was
observed to decrease rapidly between 220°C and 230°C on heating, indicating a loss of rigidity.
Increasing the temperature further showed a rise in the modulus value, reaching a maximum in
the range 230°C - 320°C, which was interpreted as increase in cross-linking between the
polymer chains. Above this temperature the modulus value decreases rapidly as the polymer
begins to decompose.

The change in the physical character of cellulose has been studied via a number of different
techniques. The lowering of the DP shows that the polymer beaks down through some
depolymerisation mechanism [41, 42], and the corresponding increases in Crl seem to confirm

that this occurs in the amorphous regions initially. The cross-linking mechanism reason for the
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increase in Crl is less well defined. The proposal for cross-linking would include formation of

ether bonds [43, 44], but these types of bonds were not observed in other work [36].

1.2.3 Mechanism of thermal degradation

Cellulose is widely believed to decompose via an initial activation stage and then via one of two
competing reactions, normally referred to as the Broido-Shafizadeh mechanism (Figure 1-4).
The first is a dehydration reaction leading to yield a carbonaceous char, water, CO and CO, and
the second a depolymerisation reaction to yield a tar consisting mainly of levoglucosan and
other anhydrosaccharides which may also be released into the particulate phase. Simultaneously
a number of small volatile compounds are also formed that are released into the gaseous phase
[45]. Subsequently the primary volatile products may then pass through secondary gas phase

pyrolysis to form a large variety of compounds [10].

o Tar + Volatiles
Above 300 C

Cellulose ——» Cellulose*
(active cellulose)

Below 30?%

Figure 1-4. Broido-Shafizadeh mechanism for cellulose pyrolysis.

Char + CO, + CO + H50

The first step in this general mechanism, which is not always associated with weight loss, is the
formation of an ‘active’ cellulose (denoted cellulose*). Other mechanisms also have a similar
step with a lower DP cellulose [12], or in the case of Kilzer and Broido, dehydrocellulose [43].
It is generally believed in the two competing step mechanism (Figure 1-4) the char forming
reactions are dominant under low temperatures (below 300°C) and slow heating rates, while the
volatile forming reactions become more important at higher temperatures. Pyrolysis conducted
using short heating times and high heating rates also favour the volatiles route [34, 46].
Pastorova proposed that these cellulose pyrolysis routes may proceed through three competing
reactions types [36]—

e Transglycosylation leading to levoglucosan and oligomers having a 1,6-anhydroglucose

unit at the reducing end.
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® Retro-aldolisation, yielding 2-hydroxyacetaldehyde and oligomers containing ring-
cleavage fragments

* Elimination reactions leading to anhydrohexoses and pyranones.
Other concurrent and consecutive reactions may include depolymerisation, dehydration,
rearrangement, formation of carbonyl and carboxyl groups and evolution of CO and CO;
leaving a residual char [47].
Though the Broido-Shafizadeh mechanism is widely accepted and provides foundation for many
more complex pathways some dispute this mechanism for two main reasons. The first point of
disagreement 1s the activated cellulose step. One author [48] concluded that they could not find
a fit for the cellulose — active cellulose step in the Broido-Shafizadeh model kinetically. They
surmised that either it did not exist, or was a low temperature reaction (below 370°C). Varhegyi
[48, 49] and co-workers reviewed the Broido-Shafizadeh mechanism for cellulose critically, and
considered it an oversimplification of a complex system. They stated that a model such as the
Broido-Shafizadeh mechanism is too simplistic to describe the complex events that occur if
primary pyrolysis products are hindered from escaping the sample, leading to secondary
reactions. They favour a pair of competing reactions directly from cellulose (Figure 1-5),

followed by a higher temperature decomposition step (370°C) [48].

-H,0
Intermediates ——»  Char +H,0O + Gases
-H,Q

Cellulose

Char + Volatiles + Gases + H,O

Figure 1-5. Mechanism for the thermal decomposition by Varhegyi et al |48].

The lower temperature reactions favour the formation of char, water, and CO,, as will the
addition inorganics and moisture [9, 50, 51]. Lowering the heating rate with an identical sample
of cellulose (same initial mass and bulk density) increases the yield of char formed [52]. It is
accepted that high temperatures and heating rates tend to promote the volatile tar route. Fast
pyrolysis is used to give high yields of liquid product; fluidised beds are commonly used for this
to gain a commercially viable process of extracting useful products from biomass, which is

predominantly cellulose based. Rapid heating of cellulose to temperatures above 300°C may
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start a more complex chain of thermally induced reactions — transglycosylation, elimination,
fission and disproportionation. These reactions provide complex mixtures of low molecular
weight compounds that escape from the heated zone as tar and gaseous fractions [19, 36].

At 500°C and above, using fast heating rates the route of depolymerisation is favoured, leading
to a mixture of anhydrosugars, primarily levoglucosan. One proposal is that the levoglucosan
then 1s hydrolysed and decomposes into smaller molecules [53]. Another may be that it
undergoes cleavage into smaller molecules [46]. The presence of the ether linkages, carboxyl
and carbonyl functional groups increase the complexity of the formed products [19]. The degree
of polymerisation is seen to be greatly reduced from around 1400 to a value of approximately
200 — 400 on heating. This supports a general depolymerisation route of thermal degradation
for cellulose [35].

Instantaneous heating (flash pyrolysis) of cellulose to high temperatures above 500°C, may
involve similar reactions to give a mixture of volatiles and gaseous products. It may be possible
that direct fission of cellulose to low weight products occurs by the addition of such high
amounts of heat energy [44].

The effects of changing the atmosphere in which the thermal degradation of the cellulose occurs
have been examined; vacuum pyrolysis shows an increase in the amount of liquid products
formed [44], whereas, elevated pressures during biomass pyrolysis yield higher levels of char
(the solid residue remaining after pyrolysis) [49]. This may be indicative of secondary reactions
being the main cause for the formation of char. Under vacuum the pyrolysis products are
removed rapidly, whereas in a pressured system the primary pyrolysis products remain and may
react to form other compounds, promoting the formation of char.

Thermogravimetric experiments showed the same weight loss for cellulose, in both air and
nitrogen (~89%). The maximum rate of weight loss occurs at a slightly lower temperature in air
(330°C vs. 385°C). The charred residue is completely combusted under air only. This indicates
that the mechanism for this weight loss of the residue is an oxidative process [54].

The level of impurities or additives can have a large effect on the pyrolysis of cellulose.
Addition of compounds to cellulose is used as a method of fireproofing cellulosic fibres,
textiles, and soft furnishings. Inorganic additives as flame retardants enhance the char forming
reaction rather than the volatile forming reaction in the competing reactions model of Broido-
Shafizadeh. The additives conduct heat more evenly through the material, avoiding hotspots or

form a solid layer in the polymer blocking the migration of degradation products to the surface,
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reducing the amount of fuel available and thus the flammability [6, 26]. Vapour phase flame
retardants work by enhancing the formation of volatile phase compounds. The retardant
material, which generally has a halide moiety (usually bromine) is also released into the vapour
phase and will react with other materials, replacing oxygen in volatile molecules, lowering
vapour phase oxidation in the combustion [6, 55].

Depending upon the conditions, discussed above, cellulose decomposition passes through a
number of mechanisms to form a huge range of breakdown products. These reactions include
conversion of glycosyl units to levoglucosan and evaporation of the other volatile products. In
1976 Shafizadeh published a list of pyrolysates from cellulose heated to 550°C (Table 1-2),
since then a large number of compounds have been identified from pyrolysis studies of

cellulose.

Table 1-2. The main pyrolysis products of cellulose at 550°C in nitrogen |56].

Product Yield Wt %
Acetaldehyde 1.5
Furan 0.7
Propenal 0.8
Methanol 1.1
2-Methyl furan Trace
2,3-Butanedione 2.0
1-Hydroxy-2-propanone; glyoxal 2.8
Acetic acid 1.0
2-Furaldehyde 1.3
5-Methyl-2-furaldehyde 0.5
Carbon dioxide 6
Water 11
Char 5
Tar 66

More detailed studies of cellulose pyrolysis using pyrolysis gas chromatography-mass

spectrometry (py-GC-MS) show a large number of evolved products. The amount of material
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converted to volatiles was seen to peak at around 600°C, with the most complex region of
evolved compounds in the temperature range of 400 - 600°C. In this particular study, by Faroq
et al [57], cotton fabric was used as the cellulose source. They did not provide absolute
quantification on their data, but used arbitrary units of intensity for groups of compounds. They
arranged their compounds by functional groups to give an overview of the range of compounds
that are formed on pyrolysis:
e furans — peaked at 500°C (which may be a dehydration reaction of the carbohydrates)
e aldehydes — mainly formed from 300 - 560°C (from decomposition of levoglucosan)
e ketones — less abundant than the aldehydes, possibly formed from fragment
recombination reactions of primary pyrolysis products. Peak evolution at 500°C
e aromatic hydrocarbons — rise to a maximum at 500°C then rapidly decreases to a low
level.
e (CO — more abundant than the volatiles, peaking at 500°C then decreasing to a minimum
at about 700°C before slowly rising again with a smaller maximum at 900°C.
They used this relative ranking of the groups of compounds to compare their textile samples to
study the effects of burn retardants [57]. Pouwels and Moldoveanu, have both published much
more extensive lists of cellulose decomposition products under different pyrolysis conditions
[21, 34].
Generally, however, it is agreed that pyrolysis or thermal degradation of cellulose or cellulosic
materials are a mixture of complex concurrent and consecutive reactions that are strongly
influenced by a number of parameters [35]:
e composition of the material — different types of plant fibres or textiles or pure compound.
e time-temperature profile — slow gradual heating rates at low temperatures or rapid high
temperature rates, or extreme conditions such as flash pyrolysis.
e conditions — oxidising or inert atmosphere. Atmospheric pressure or vacuum. Water
and CO, in the pyrolysis atmosphere may also affect the process.
e inorganic impurities — such as ash or added catalysts or additives.
e particle size and sample mass are important factors to consider in kinetic studies, as a
heat transfer limitation i1s considerable at high temperatures, thus must be taken into

account in designing the experiment [12, 52].
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1.2.4 Levoglucosan

Thermal decomposition of cellulose in a vacuum was first performed in 1918 by Picter and
Sarasin, who discovered that levoglucosan (1,6 anhydro-fB-D-glucopyranose. [UPAC; 6,8-
dioxabicyclo [3.2.1.] octane-2,3,4-triol) was a major pyrolysis product of cellulose [58],
therefore the study of its formation provides information on the mechanism of cellulose
pyrolysis. The mechanism of formation for levoglucosan is still unclear though two main
mechanisms are proposed, either a homolytic or heterolytic cleavage of the glycosidic bond

(Figure 1-6) or a free radical mechanism.

CH,OH
0
R'O OR —_—
HO ~
OH
Cellulose
H,C 0
HO -H-O

OH

[
[ ]

Levoglucosan

Figure 1-6. Formation of levoglucosan via dehydration and homolytic cleavage of the glucosidic bonds

(Where R and R’ are the continuing cellulose chains).

Evidence for a heterolytic route was proposed by a study that blocked the formation of
levoglucosan by converting the primary alcohol to an ester. Madorsky concluded that the
reduced levoglucosan levels were due to steric hindrance between carbons | and 6 [31]. There
is also some evidence to suggest that the levoglucosan formation may also be related to the
degree of polymerisation (DP), with high DP samples giving higher yields of levoglucosan.
Crystallinity of the cellulose also has an effect, with the low ordered regions of cellulose having
faster rates of thermal decomposition [35].

Other studies have shown that decomposition of the primary products of cellulose is the route of

formation of many of the smaller molecules. Levoglucosan is thought to further degrade to
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form most of the flammable gases observed from the combustion of cellulosic materials [34, 53,
59]. This was shown by comparison of the pyrolysis products of cellulose and levoglucosan,
which contain similar gases, semi-volatiles and volatile compounds [29]. Decomposition of
levoglucosan occurs at moderate temperatures, implying low activation energies. Radio labelled
levoglucosan showed that the thermal decomposition of the levoglucosan yielded formaldehyde
from the C,-Cs fragment. [t was also seen that production of the 3,6 anhydro-ring leads to the
formation of furyl methyl ketone that decomposes to form furaldehyde from the C,-Cg fragment
of the monomer unit [42]. Nimlos and his team identified some simple reactions for further

decomposition of levoglucosan that include elimination of water and formaldehyde as shown in

Figure 1-7 [60].
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Figure 1-7. Suggested decomposition routes for levoglucosan pyrolysis |60).
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More detailed mechanisms for the formation of levoglucosan and its subsequent decomposition

are given in Figure 1-12 and Figure 1-17.

1.2.5 Char Formation

Cellulose pyrolysis yields a carbonaceous char that breaks down further under oxidising
conditions. The definition of char used by Broido and Nelson was “the solid residue collected at
370°C”, more recent studies define it more as the solid residue remaining after much higher
temperatures are reached (above 500°C). In the present study char refers to the solid residue
remaining after subjecting the sample material to a defined heat treatment temperature (HTT).

HTT is defined as the temperature at which the initial cellulose material was heated to prepare
the char sample.

Cellulose chars have been characterised as having large surface areas, and may be a source of
large numbers of free-radicals. The char may also be chemically active as high rates of oxygen
chemisorption have been measured, with the rate of chemisorption dependant on the HTT. The
peak rate observed was at a HTT of 550°C [61]. The precise chemical nature of the char is
believed to be dependant upon the temperature at which it is formed. The higher the
temperature of formation, the higher the aromatic content; a lower temperature leads to higher
amount of aliphatic content in the char. Chars formed at 350°C still contain nearly 50% of the
original cellulose structure. By 400°C all of the glycosidic structure has decomposed leaving a
mainly aromatic char with some paraffinic character. Between 400°C and 500°C the paraffinic
groups are preferentially decomposed leading to an increased aromatic ‘stable’ char [62]. A
DSC study of cellulosic chars confirm the presence of two char types by the presence of two
exotherms - the first exotherm due to oxidation of the aliphatic carbons and the second exotherm
due to the oxidation of the aromatic carbons [47]. Comparison of NMR and FTIR studies
confirm earlier work on cellulose chars that used permanganate oxidation as a method of
elucidating the structure of the char. The glycosidic structure i1s completely broken down on
heating cellulose at 400°C under nitrogen for 5 minutes. The formation of new structures of
carbonyl and carboxyl groups is apparent and also increasing aromaticity of the carbon content
of the char is observed. Heating from 400 - 500°C produces little additional change [26]; the
carboxyl and carbonyl groups are diminished and the aromatic groups are increased in the NMR.
The FTIR investigation revealed similar trends with loss of the hydroxyl and glycosidic bonds

observed at 3500cm™ and 900-1200cm™, respectively, and the emergence of more C=C
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absorption bands at 1600cm” and carbonyl absorption bands at 1700cm™. At higher
temperatures the absorption band at 1600cm™ is further enhanced [62, 63].

Shafizadeh and Sekiguchi showed that by changing the HTT of the cellulose (in forming the
char) the aromaticity of the char increases as shown in Table 1-3. In this study cellulose powder
(Whatman CF-11) was acid washed, then pyrolysed in a pre-heated oven for 5 minutes under
60ml.min” nitrogen flow [47]. At a HTT of 500°C for 5 minutes the char’s empirical formula
had changed from cellulose (CsHoOs) to C¢H3-0p9. This reduction in H/C ratio is confirmed
by IR and X-ray diffraction studies which show a lack of oxygen molecules in the structure of
the char [61]. Antal [64], however, found in his study that thermal pre-treatment had no
significant effect on cellulose pyrolysis. He indicated that earlier studies had used much larger
sample masses. This was confirmed by Mok who noted that increased sample mass (increased
mass in the constant volume of the reactor) in a sealed reactor observed increased char yields
[63]. The resultant increased transport resistance would lead to increased secondary reactions,

which would explain the increased char levels at higher temperatures [27].

Table 1-3. Elemental composition of the chars prepared at different temperatures under nitrogen |47].

Carbon Functionalities
. Char
Condition . Oxygenated
Yield | Composition Paraffinic Aromatic
groups
- C=0.,-
°C % C H |O CH3 | Others | Glycosylic | ¢-H | ¢-O Total
COOH | CHO
Untreated - 428 1 6.5 50.7 - - 100 - - - - 100
325 63.3 | 479 ] 6.0 | 46.1 4 85 3 8 100
340 50.1 | 51.8 (541428
350 33.1 | 61.3 148339 9 15 30 23 13 5 5 100
400 167 | 73.5 (4.6 [ 219 14 13 <l 56 13 1 2 100
450 105 | 788 43169 10 11 ~0 66 11 1 1 100
500 87 |804]3.6]16.1 6 6 - 79 9 - <1 101
600 53 | 883]29) 88

Volker [49] concurred that a lower heating rate gave more char; he observed that changing the
heating rate from 3 to 0.14°C.min"' with an identical sample of cellulose (same initial mass and
bulk density) doubled the yield of char formed. It has also been noted that a higher sample load

lowered the temperature at which charring occurs and increased the char yield.
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The effect of additives is shown to increase the yield of char formed in the pyrolysis process, in
particular Lewis acids (MgCly, NaCl, FeSO4 and ZnCl,) have a strong effect [64]. For example,
treatment with inorganic additives increases the char yield (from 15.3% for untreated cellulose,
to 17.5% from NaCl treated and 28.9% for diammonium phosphate treated cellulose). The char
yields measured by TGA in one study also varied 7-10%, indicating that there were other factors
involved in char formation other than ash (inorganic impurities) content [28]. Increased
aromaticity was seen in these increased yields compared to the untreated sample. The sodium
chloride additive enhances the smouldering combustion, but the diammonium phosphate
suppresses it. Both, however, suppress flaming combustion [61]. Inorganic species may have
the effect of lowering the temperature of ignition in cellulosic material, but have no effect on the
rate of chemisorption of oxygen onto the carbonised char. However, they do seem to increase
the rate of gasification from the char [65].

The composition of the intermediate chars can also be affected by inorganic species [26].
DeGroot [66] illustrated this in a study in which acid washed wood samples were shown to
reduce the char yield by 2-3% compared to untreated samples. This shows that the natural,
inorganic ‘ash’ content of the wood has a significant effect on the thermal decomposition of the
material. This effect on cellulose has been seen with all alkali metal ions, particularly sodium.
However, contrary to other studies it was found that char yields were unaffected. Conversely,
calcium ion treatment of the wood increases the decomposition temperature.

Elevated pressures increases the yield of char formed [63] and rapid removal of the primary
pyrolysis gases also has the effect of reducing the char yield [67]. Therefore char formation can
be linked to the vapour-solid phase reactions. By controlling these interactions the Antal and
Varhegyi showed that it was possible to achieve char yields from 0% to 40% [27]. It was also
seen that addition of water also increased the char yield, implying that the char forming reaction
is autocatalysed by water, a major pyrolysis product [63].

Antal also similarly noted that char formation in Avicel (a commercial powdered form of -
cellulose), under identical conditions but in a covered pan, changes from 7% to 19%. It was
concluded that it must be due to volatile-solid reactions, and therefore did not relate to char
forming mechanisms proposed by the models of Broido-Shafizadeh or Arseneau-Varhegyi [28].
At higher heating rates they also found that heat transport effects were more important with

increasing sample masses. This was observed by differential thermal analysis (DTA) as an

increase in the temperature of the maximum decomposition rate from 361°C to 378°C. This
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Increase in transport resistance leads to an increase in secondary reactions due to the inability of
primary products to leave the bulk sample, allowing secondary cracking of the gases and
volatiles [52].

The ratio of aliphatic to aromatic carbon groups affects the subsequent combustion temperature
of the char in air, the higher the aromatic content the higher the combustion temperature [47].
The combustion process involves chemisorption of oxygen on the reactive sites of the char.
This reaction is highly exothermic and occurs at relatively low temperatures forming surface
oxides, which in turn sustains the process in the absence of any major sources of heat loss.
Gann et al [33] found that, assuming zero-order kinetics, the energy absorbed by cellulose
pyrolysis in air was 850J.g‘l (in the temperature range 300 — 650°K). Under nitrogen they
obtained a value of ~1400J.g”" in the range of 300 - 500°K, which shows the role of oxygen in
the combustion process.

The net heat of combustion of cellulose char has been shown to be related to the carbon content

of the reacting substrate [47] —
Heomp (J/g) =94.45 x %C - 685.3 Equation 1-1

Consequently the high temperature chars, which are more aromatic in character and have a
higher %C, oxidise and also give out more heat for a given weight [47]. Therefore once the char
has begun to form, a low heat rate is sufficient to continue the spread of the char through the
substrate. Another study found that using a reaction temperature of 470°C, the reaction order for
cellulose char = 0.83 + 0.06 [68]. They also calculated activation energy of 112.9kJ/mol for
cellulose char. Subsequent formation of CO and CO; is believed to promote the formation of
new active sites on the surface of the char. The rate of propagation of the charring process is
dependant on the rate of formation of CO and CO,. The carbon-oxygen mechanism involved
consists of the following mechanisms with the formation of the new stable oxide at an active site

(C*) with subsequent high temperature desorption.

Slow

C* + Oy —  (C(O) — (CO + COy

Stabk
surface oxide

This is followed by the rapid gasification of CO and COs,, via a short lived transitory oxide.
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C*+0, —> COFf —> (), —2—» o+ CO,

Stabilised Mobile
molecular oxygen oxide

This latter process is thought to be responsible for the majority of the CO and CO> formed
during combustion [65, 69].

Oxidation of the char is highly exothermic and is then thought to be the driving force for the
continued thermal decomposition of the cellulose molecule. This process has been examined by
DSC which showed oxidation of the residual char occurs at two different temperatures, with
observed exotherms at 360°C and 520°C. The first corresponds to the oxidation of aliphatic
components and the second with oxidation of the aromatic components. Oxidation of the
aliphatic components of the char occurs almost at the same temperature as the pyrolysis of the
glycosyl units. The aromatic components of the char oxidise at a higher temperature and also
release more heat, indicating that the rate of the aromatic char oxidation is likely to be the
driving force of the combustion process [26]. The addition of acidic additives lowered the
temperatures of oxidation and also slowed the rate of oxidation, witnessed by the shifting and
broadening, respectively, of the DSC exotherms.

Chemisorption of oxygen onto the char is a controlling factor in the solid phase combustion of
cellulosic materials [61, 70]. Additives, such as NaCl, appear to increase the initial rate of
chemisorption, which increases the solid phase combustion of the cellulose. Burn inhibttors
such as diammonium phosphate, suppress the chemisorption rate. This may be due to the
additives either increasing or decreasing formation of ‘active’ sites, during carbonisation of
cellulose, for the chemisorption to occur.

A different study also showed that additives may enhance or retard the gasification rates, but
have little effect on the adsorption of oxygen. The rate of adsorption reaches a maximum in
chars prepared at 550°C, which corresponds to the usual temperature at a smouldering front in a
cellulosic material [69].

Electron spin resonance (ESR) studies have shown that the oxygen chemisorbed onto the char
inhibits the production of free radicals [70]. It was seen that the amount of oxygen that
chemisorbed onto cellulose chars was ten times higher than that expected from the free-radical
counts. Though a depolymerisation type free-radical generation is possible by peroxy radicals

pulling more H atoms from C-H bonds, another possibility 1s formation of reactive peroxide
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intermediates being formed via 1:4 addition to unsaturated diene type groups through a Diels-
Alder process. This is a thermally activated process, and therefore potentially more likely at the
temperatures that occur during pyrolysis and combustion [69].

From the above review it is clear that there are two stages of char formation in the
decomposition of cellulose, an aliphatic char and an aromatic char. Studies using various
techniques (NMR, IR and DSC) have all agreed on the presence of two char types. The
mechanism of formation of these chars is less clear, although a number of parameters that effect
the formation (pressure, additives/impurities, heat rates, etc.) have been demonstrated, and
proposals made regarding how these effects occur. However, it is apparent that gas-solid

reactions at the char surface play a major role.

1.3 Kinetics of Cellulose Pyrolysis

The kinetics of cellulose pyrolysis has been studied extensively. This is mainly due to the need
for accurate kinetic parameters for design of reactors for processing biomass, as a fuel or source
material for other commercially viable products. Modelling combustion behaviour of cellulose
and similar materials is extremely complex [29]. It involves consideration of heat transfer, mass
transfer and chemical reaction processes in the solid and vapour phases [71]. For example,
Baker suggests that to describe the process as a simple one step kinetic mechanism seems
unlikely due to the complexity of the decomposition process [72]. The complexity of “cellulose
pyrolysis kinetics’ is described in one study as, ‘the attempt to produce a mathematical
description of the thermal decomposition of a small, homogeneous sample of pure cellulose that
1s free from contaminants, with a well defined DP and crystallinity. The temperature is uniform
through out the sample during the process and mass transfer is such that it permits the
immediate escape of volatile products without incurring any secondary reactions. Further to this
the assumption is also made that the sample holder has no influence on the pyrolysis chemistry’
[27]. Disagreements are, however, commonplace in the literature when describing the reaction
rates and apparent activation energy of cellulose pyrolysis. It is possible to describe the global
reaction rates and activation energy using a number of models [73] but commonly first order
reaction kinetics are assumed for simplicity [14, 29]. As the process for cellulose combustion is
described as two competing reactions the kinetics may be described as a coupled set of

competing first order reactions [74]. However, some authors have described part or all of the
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process as zero order [71, 75, 76], whereas others have used expressions other than first or zero
order [37, 77, 78] to fit their proposed models.

Early work on thermal degradation rates of cellulose were performed under vacuum and gave
results that showed deviation from linearity in the logarithm of initial reaction rate vs. time
plots. It was postulated that the reaction was complex and could not be described fully by
assuming first order [31]. The logarithms of apparent initial rates were plotted against the
reciprocal of absolute temperature to give a straight line plots (the so-called Arrhenius plot).
From these plots the activation energy for the process was calculated — the authors obtained a
figure of ~188 kJ/mole [31]. Since this early work a wide variety of values for activation energy
have been produced, using different techniques (most commonly TGA) covering different
temperature ranges and source materials (cellulose mostly, some cotton and wood).

For example, Nada et al used TGA data to study cellulose pyrolysis [79]. They analysed the
weight loss data differentially and found that the slope of the plot (rate of weight loss vs. time) is
the rate constant for the thermal decomposition. In this study the result gave a two-stage line.
The first shallow part was ascribed to water loss, the steeper part was said to be due to the
decomposition. The authors assumed a first order reaction and calculated the activation energy
from an Arrhenius plot, using the main decomposition temperature region 260 — 450°C. They
obtained an activation energy of 182.4 kJ.mol™' [79]. However, a considerable range of values
from 109 to 251 kJ.mol' was previously reported in the literature [35].

Pyrolysis of cellulose under isothermal conditions (in inert atmosphere) shows an initial fast
weight loss until a maximum rate is reached. After this the rate decreases asymptotically until a
final char residue is reached [80]. Studies have described this observation with two phases as an
initial zero order reaction followed by a first order reaction within the unreacted cellulose, in
order to describe the kinetics [71, 75, 76]. Others have argued for a pair of competing
endothermic reactions [74]. Braun and Bumham produced a method for quantifying the
limitations of global kinetics for describing complex systems [81]. They showed that using a
pseudo-nth-order gives better fits and slightly higher effective activation energies than a first
order model. The pseudo-nth-order reaction can also be used for parallel, competing first order
reactions.

Generally, however, most treatments of TGA data used to measure the rates of decomposition

take an Arrhentus form, such as:
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~ ﬁ’lg = A exp(— %Efjw Equation 1-2
where:
W = the fractional residual weight of the sample
T = the absolute temperature
R = gas constant
t = time of reaction
A = the pre-exponential factor
AE = activation energy
n = the order of the reaction.

These equations are treated in one of two ways; first, the equation is written as a differential
equation and the fractional weight determined by integration as a function of the temperature.
The other method is to plot logarithms of the terms of the equation and from them obtain the
kinetic constants [82].

In Figure 1-8 Bradbury et al. describe a kinetic model for cellulose pyrolysis under inert

conditions as two competing first order reactions [80] which was extended by Radlein [12].
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Figure 1-8. Kinetic model for cellulose pyrolysis in inert atmosphere {12].

where:
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B d(ch//) — k

dt i[chII] Equation 1-3
dw

(th) = k,‘[ch// 1= (kv + kc)[WA] Equation 1-4
dW

(dtC) =0.35k [W ] Equation 1-5

ki =17x 1021 e—(58,000/RT) min—]

kv =19x 1016 e—(47,300/RT) min-]

kc =79x 1011 e—(36,000/RT) min-]

kr=34x 100 g @>000RD) i

However, the use of single first order reaction rate models to describe overall volatile formation
can lead to activation energies being calculated that may not be realistic for real chemical
processes [83]. Antal and Varhegyi [27] showed a high activation energy ~238kJ/mol by
minimizing the secondary vapour-solid char-forming interactions. They suggested that under
these conditions decomposition of cellulose fits an irreversible, first order reaction equation.
The experiments were performed such that secondary reactions were almost completely
eliminated by rapid removal of primary products, and that the cellulose sample was pure and
ash-free.

It 1s thought that perhaps the large sample sizes used in early work by Broido, etc. may have
encountered secondary reactions occurring due to the large sample sizes used in those studies.
Primary pyrolysis products could then be trapped in the substrate long enough to undergo

vapour-solid phase reactions, which then complicate the kinetics of the system [48].

33



Choosing the correct method for analysis of thermogravimetric data is a complex task in its own
right and much research has been done to show how TGA data may be used to derive kinetic
parameters for a reaction [82, 84-86].

Activation energy for the thermal decomposition of cellulose was calculated from a technique
developed by Ozawa [82]. For fractions of decomposition (o) between 0.1 and 0.9 the log of
heating rate was plotted against reciprocal of absolute temperature. This is known as an
isoconversional method of evaluating Arrhenius parameters. Overall Faroq et al suggest that the
decomposition of the untreated cotton fabric fits a second order reaction [87].

An improved model was proposed that included some of the secondary reactions that may occur

during the pyrolysis of cellulose, the Diebold model (Figure 1-9).

Secondary Secondary tar
Kea Kav
Virgin cellulose —® Active — Primary
k\c\ N
Char + water Char + water

Figure 1-9. The Diebold model for cellulose pyrolysis [88].

The different models used to describe the global kinetics of the thermal degradation of cellulose,
assuming the Arrhenius form of data treatment (Equation 1-5), seem to show little difference in

the constants derived from them (Table 1-4).
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Table 1-4. Activation energies (E) and pre-exponential (logA) terms from various pyrolysis models |89].

Rate/Model Virgin to ‘active’ step ‘active’ to volatiles step
log(A) E Log(A) E
[log(s )] [kJ/mol] [log(s‘T)] [kJ/mol]
Multistep models
Classic 19.45 242.4 14.5 196.5
Diebold 19.45 2424 9.83 140
1-step models
Antal-Varhegyi 18 238 NA NA
Reynolds-Burnham 12.94 180.45 NA NA

Note: One step models should be considered as virgin to product, but are placed in the virgin to active

columns for comparison.

To examine cellulose using global kinetic studies it is important to define exactly what the char
1s. In most TGA traces the asymptotic char yield is evidence of temperature gradients within the
sample. As noted previously, Milosavljevic and Suuberg observed that in normal, non-
isothermal TGA experiments there was a potential for serious heat transfer limitations and
associated temperature measurement problems that had to be considered [71]. Also heating
rates did have a significant effect on the data determined from the experiments. As a result of
these observations, Milosavljevic and Suuberg, in their TGA studies made sure that the samples
were placed in a mono-layer rather than a pile in the sample pan [71]. Another consideration,
particularly in non-oxidising atmospheres, is that the reaction may seem to be complete but there
may be higher temperature pathways still open to the remaining material [71]. Antal also noted
that the catalytic effect of the ‘ash’ (inorganic impurities) content of the cellulose needs to be
included in the model of the process, although there is no simple technique capable of
performing such a task [28]. It was the conclusion of one reviewer that many studies are
rendered uncertain by these problems — especially those performed using TGA [12].

Despite the debate as to whether TGA is a suitable technique for kinetics studies, the majority of
kinetic models are based upon weight loss information. Ozawa presented one of the earliest
He stated that

techniques for drawing kinetic information from TGA data [82].

thermogravimetry has advantages over isothermal data collection, as particularly with higher
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polymers, initial structural change in the sample complicates the isothermal data. Ozawa’s
method for data treatment has been drawn on and refined over the years by other researchers.

Flynn and Wall [90] described an alternative technique where simple thermogravimetric data
can be used to produce a more accurate measurement of activation energy. The activation
energy can be calculated from reading the temperature at a point of constant weight loss from a
series of integral thermograms collected at different heating rates. They describe C as the rate of

conversion, where 1-C (the residual fraction) is equals the weight of material loss divided by the

total weight loss as T or t — 0. So the thermogravimetric rate is given by

dC/dT =(4/B)f(Cle /" Equation 1-6
where:
T = absolute temperature, K
B = constant heating rate
A = pre-exponential factor of the Arrhenius equation
E = activation energy
R = ideal gas constant

f(C) = a function of degree of conversion (weight loss)

The variable parameters can be separated and then integrated assuming that A, f(C) and E are
independent of temperature, and that A and E are independent from C. At the lower limit, Ty, the

integral 1s negligible, thus as a logarithm the equation transforms to:
log f(C)=log (AE/R)-log f + log p(E/RT) Equation 1-7

where p is the integral function of the exponential temperature. For E/RT > 20, log p(E/RT) can

be approximated to

log p(E/RT,) =-2.315-0.457E/ RT, Equation 1-8

substituting this into the equation and differentiating at a constant degree of conversion gives the

following equation
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dlog f/dl/T =(0.457/R)E Equation 1-9
And for R = 8.643 J.mol™".K!

E=-435dlog f/d1/T Equation 1-10

Therefore activation energy (E) can be determined as the slope of a plot of log B vs. I/T.
Further values of E can be obtained by inserting different values of 1-C into the equation. From
the approximate E/RT value the constant, -4.35, can be improved to obtain more accurate values
of E through an iterative process. The independence of E from C and T can be tested by
determining E for different values of constant weight loss. This expands the work of Friedman
[85], by producing models that show less deviation from experimental results.

Friedman plots are used to describe complex solid phase pyrolysis reactions mathematically.

For example, a simple single step model governing weight loss is assumed then the rate law:

dvidi =kl =) k= e " Equation 1-11

is often used to fit experimental data.

Taking natural logarithm of both sides, the following equation is obtained:
In(dV /dfy=InA—E/RT +nln(V" V)  Equation 1-12

If values of In(dV/dt) obtained at different heating rates are plotted against T"' for constant

values of weight fraction (V*-V) the slope of the resulting line is —-E/RT.

Where:

\Y = (Wi-W)/Wj

V* = (wi-wp)/wi

k = rate constant

A = pre-exponential constant (apparent frequency factor)
E = apparent activation energy (kJ/gmol)

t = time of reaction (s)

n = apparent order

T = temperature (K)
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w(t) = time dependant sample weight (g)
Wi = initial sample weight (g)

Wi = final sample weight (g)

By plotting a number of these lines for different constant heating rates, a curve may be drawn
through the points of same weight fraction that is unique to the active pathways during
pyrolysis. Therefore it is a powerful way of interpreting complex solid phase pyrolysis
information [73].
[t 1s easy to conclude that processes measured in thermal experiments involve complex
interactions that change over time. It is little wonder that simple kinetic models do not provide
adequate descriptions of such systems in terms of mechanistic description [91].
With this in mind when designing an experiment with the goal of determining the kinetics of a
complex pyrolysis system like cellulose, a number of parameters must be clearly defined [12]:
e the sample must be clearly defined, though it is not always clear which parameters are
important in terms of the kinetics (e.g. crystalline index, purity, additive type and level)
e temperature range and pressure of the reaction system
e pyrolysis atmosphere — oxidising or non-oxidising
e internal and external heat transfer rates, and the relationship with particle size (particle
size 1s an important factor to consider in kinetic studies, as a heat transfer limitation 1s
considerable at high temperatures, thus must be taken into account in designing the
experiment)

e pyrolysis temperature and also rate of heating

With these factors in mind the information surrounding the kinetics of cellulose is still an area of
much research, with no clear agreement on the reaction order, whether or not to treat the system
as concurrent or consecutive processes [78]. The range of proposed activation energy values
(109 — 251kJ.mol™") also reflect this general disagreement of cellulose kinetics, and the wide

variety of experimental conditions used in these studies.

1.4 Reaction pathways for cellulose thermal decomposition

A number of chemical reaction pathways have been produced that attempt to describe an

overview of the process involved in cellulose combustion. These give a general picture of the
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chemistry occurring during the pyrolysis or combustion processes, some have been built purely
using kinetic information. As indicated previously the kinetics are still subject to some debate,
so these mechanisms are formed by using global kinetic information based on weight loss data,
combined in some cases with evolved pyrolysis product identification. Early mechanisms are
based more around the identification of pyrolysis products using various different experimental
conditions, so the associated mechanisms are postulated from these observations.

The pathways presented here are grouped into fields of study, the earliest being more concerned
with fire research and the actions of flame retardant additives. Later papers start to show
interest in the effective use of biomass, reflecting the attempts define kinetic parameters for
design of biomass processing plants. Other models are derived form the interest of using

biomass as a source for other industrial chemicals.

1.4.1 Fire research and flame retardants

One of the earliest models for cellulose pyrolysis was by Kilzer and Broido [43]. Published in
1965, their model for combustion of cellulose still forms the basis of many subsequent studies
particularly by Shafizadeh and his co-workers [7, 44, 56, 92, 93]. Today these form a starting
point for more recent studies and reviews of cellulose combustion. Though some more recent
studies dispute some of the findings and kinetics proposed this initial work still forms much of
the basis of later models. Kilzer and Broido began with a view to providing a greater
understanding of the process of thermal decomposition of cellulose. The intention was that
greater understanding would help in the development of flame retardants, and as such they were
the first to note the effects of addition of salts on the mechanism. They proposed thermal

decomposition of cellulose was a combination of two competing endothermic reactions (Figure

1-10) [43].
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“Dehydrocellulose”
+ H,O

200 - 280°C
(Slightly endothermic

(exothermic)

Char + H,0, CO, CO, etc
Cellulose

280 - 340°C
(endothermic)

Tar

(primarily levoglucosan)

Figure 1-10. Kilzer and Broido reaction model for the combustion of cellulose 143].

The model has three distinct processes; the first a slightly endothermic reaction with the loss of
water to give ‘dehydrocellulose’, as described in Figure 1-11. It is an intermolecular reaction,
with a hydroxyl group from an adjacent chain (Figure 1-11-a) reacting at the glycosidic bond
(Figure 1-11-b), resulting the elimination of water and the formation of a furanose end group
(Figure 1-11-c) on the cellulose chain.

Finally the exothermic reactions of the ‘dehydrocellulose’ produce char with a number of
gaseous products and volatile carbonyls. This competes with the other endothermic reaction
which is postulated to be an unzipping of the polymer to give levoglucosan, via 1, 4 anhydro-o.-

glucopyranose (Figure 1-12).

I I o) I I OH
HO OH HO H HO

/_OH o) o o)

O [ ‘11[
", . HOI OH | o . CHO

0 HO +H30
HO
HO o OH OH
L : _ C

a
Figure 1-11. Proposed mechanism for intermolecular dehydration of cellulose — a. cellulose b. reaction

intermediate c. ‘dehydrocellulose’.
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Figure 1-12. Proposed mechanism for depolymerisation of cellulose. a. Glucopyranose monomer, b. 1, 4

anhydro—a-glucopyranose, c. levoglucosan, d. 1, 6 anhydro —B-glucofuranose.

This mechanism is based mostly on kinetics from weight loss information and the assignment of
compounds is disputed by Banyasz et al as an arbitrary assignment of compounds. Banyasz
performed a similar kinetic study based upon product formation by evolved gas analysis (EGA),
also allowing identification of the pyrolysis gases. However, in terms of predicted weight loss
the kinetics from both models gave similar results, indicating overlap between the models,
particularly at temperatures below 400°C [94]. Milosavljevic and Suuberg found that with large
sample sizes tar may be formed under either slow heating or rapid heating. This was due to
temperature gradients across the sample such that the heating displayed high rates occurring at
the surface and slower rates in the centre [71].

Drews and Barker [95] studied the combustion of cellulosic fabrics but from a different angle.
Their work was to examine the effect of phosphorus based burn additives on the chemical nature
of the char formed on pyrolysis of cellulose. Cellulose fabrics were treated with phosphorus-
containing burn retardants. The samples were charred by burning the samples in air using a
paper match. Samples that extinguished were relit until fully charred. Calorimetric analysis

was carried out on the samples to determine the heat of combustion. TGA analysis was also
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used, and from it, concluding that the phosphorus flame retardants reacted directly with the
cellulose rather than any of the intermediates. This was deduced from the change in activation
energy of the treated cellulose (-33.4 to -41.8 kJ/mol) compared to the untreated cellulose (-188
kJ/mol) [95].

They used a slightly different model (Figure 1-13) that did not include the ‘dehydrocellulose’
step 1n the reaction proposed by Kilzer and Broido. Their kinetic model was not taken any
further, though later models acknowledged that the ultimate end point of both of the reaction

pathways was the formation of carbon dioxide and water.

0O,

Pressure

Cellulose Heat > CO, + H,O

. 0,
Air Pressure

Heat Heat

Char
CO,

H,O

Figure 1-13. Mechanism for the pyrolysis of cellulose proposed by Drews and Barker |95].

Other researchers have also produced work expressing their doubts over the ‘dehydrocellulose’
or ‘active cellulose’ step that was used by Broido and Shafizadeh respectively [27, 48].
Shafizadeh and his various co-workers produced extensive work on combustion of cellulose
over nearly 20 years at the Wood Chemistry Laboratory at the University of Montana. A great
deal of their work was funded by fire research institutes, so the main focus was in the
fundamentals of the process and the effects of flame retardants. His meticulous research along
with his co-workers, have produced a number of findings that have become an essential part of
the general understanding of cellulose combustion. Many research groups have quoted his work
and built around his work in their studies of cellulose pyrolysis.

Shafizadeh summarised in one of his published discussions that pyrolysis or thermal degradation
of cellulose or cellulosic materials are a mixture of complex concurrent and consecutive

reactions that are strongly influenced by a number of parameters [35]:
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e composition of the material — different types of plant fibres or textiles or pure compound.

e time-temperature profile — slow gradual heating rates at low temperatures or fast high
temperature rates such as flash pyrolysis.

e atmospheric conditions — oxidising or inert. Atmospheric pressure or vacuum. Water
and CO; 1n the pyrolysis atmosphere may also affect the process.

e Inorganic impurities — such as ash or added catalysts or additives.

These parameters have been subjected to many studies by other authors and have been verified
almost as many times.

In 1979 Shafizadeh and Bradbury produced the schematic model for cellulose combustion
shown in Figure 1-14 [51]. They, however, noted that the proposed reaction lines are not
distinct or clearly defined. The pathways often overlap and therefore may produce different

proportions of the final products based on the experimental conditions [35].

O
/ CO, CO,, H,0, C — Glowing ignition
T J

Cellulose ——» Levoglucosan

v

Combustible volatiles

2
»  Flaming combustion

Figure 1-14. A schematic model of cellulose combustion by Shafizadeh and Bradbury |51].

They identified two main reaction paths; one reaction is the fragmentation of the molecule to
form volatile compounds that feed the flaming combustion. The other is the dehydration of the
cellulose and formation of a carbonaceous char leading to glowing ignition of the material.
Heating at lower temperatures favours the latter route, whilst at higher temperatures, generally
above 300°C, the formation of a tar which contains a large amount of levoglucosan (up to 60%
of the tar) is seen along with other carboxyl and carbonyl decomposition products [29, 51, 92].
At higher temperatures a number of concurrent reactions occur including dehydration,
rearrangement reactions and fission of the glucose units to form a variety of carbonyl

compounds. These higher temperature reactions, generally above 500°C, produce the volatile
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tars and residues that in air may lead to flaming combustion. Smaller particle sizes, fast heating
rates will favour the formation of the volatile tars and gases [9, 50].

At temperatures below 300°C the reactions that occur in the pyrolysis of cellulose, in air or inert
atmospheres include, free-radical initiation, elimination of water, depolymerisation reactions
producing a carbonaceous char with carbonyl, carboxyl groups and evolution of CO and CO;.
The initiators in these reactions include thermal action on trace impurities in the cellulose, the
action of oxygen on a substance other than the substrate (a very slow reaction unless heat is
added), or direct hydrogen abstraction by oxygen — a highly endothermic reaction so quite
unlikely. These initiators then can interact leading to auto-oxidative reaction common to
polymers [96]. In a similar fashion to synthetic polymers, Shafizadeh observed the formation of
hydroperoxide groups in cellulose at 170°C in air, and the subsequent decay in nitrogen. A

mechanism for formation and decomposition of cellulose hydroperoxide is postulated (Figure
1-15).
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Figure 1-15. Possible mechanism of formation and decomposition of cellulose hydroperoxide formed

thermally in air |44].
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However, another study [36] did not find any evidence of ether linkages in pyrolysis of cellulose
and pre-charred celluloses, as was also suggested by Kilzer and Broido in their proposed
mechanism for the formation of ‘dehydrocellulose’ [43].

In the range of 300 - 450°C transglycosylation reactions occur, which is the cleavage of the
glycosidic bond by substitution involving a free hydroxyl group [97]. Figure 1-16 describes the
reaction. This reaction leads to levoglucosan (1, 6 anhydro-B-D-glucopyranose — centre second
row) but also the 1, 2 and 1, 4 anhydro-B-D-pyranoses may be formed (left and right molecules
respectively, second row). These compounds may then further decompose to form a mixture of
other glucose derivatives and oligosaccharides. This reaction is believed to occur in the

amorphous region of the cellulose polymer.
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Figure 1-16. Mechanism for the transglycosylation reaction in cellulose heated above 300°C [97].
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Lomax et al proposed a mechanism for the formation of free reducing end groups from cleavage
of the glycosidic bonds. They dispute Shafizadeh’s proposal that oligomers are formed by
resynthesis from levoglucosan. Their GC-MS data of permethylated cellulose pyrolysate
indicates the presence of oligomers, and some anhydrosugars. The amount of anhydrosugars
present seemed to be dependant on sample size. It was concluded that there was some
resynthesis but on the whole the oligomers are formed as primary pyrolysis products from
cellulose [98]. Despite this, in a later treatise on biomass combustion Shafizadeh published an
updated mechanism (Figure 1-17) from the transglycosylation reactions for cellulose pyrolysis,

reiterating the formation of oligomers via resynthesis from anhydrosugars.
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Figure 1-17. Updated mechanism for pyrolysis of cellulose to anhydrosugars and other compounds by

transglycosylation reaction |44].

46



The higher temperature mechanism involves cleavage of glycosidic bonds to form
anhydrosugars, notably levoglucosan. Higher temperatures still may involve free radical

reactions as the solid residues char further [44].
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Figure 1-18. Free-radical depolymerisation of cellulose, in which (I) and (II) are radicals, Golova |42].
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Golova produced a reaction scheme for a free-radical depolymerisation of cellulose (Figure
1-18). The mechanism begins with the cleavage of a glycosidic bond to initiate the reaction.
The reaction continues, with the cellulose breaking down at the initiated end of the chain with
one anhydroglucose unit detaching one after another. The initiated chain end (II) can then form
levoglucosan, denoted (III), via a conformational shift continuing the depolymerisation [42].
However, Hirata in his review [29] suggests that the mobility of free-radicals in cellulose is
likely to be limited. In contrast with synthetic linear polymers which may fuse before
pyrolysing, cellulose thermal decomposition is primarily in the solid state.

More recently, Price and Horrocks et al made an extensive study on the mechanism of a number
of specific flame retardants on cellulose textiles [15, 25, 57, 87, 99-103]. From their
observations they created a more detailed pathway for cellulose pyrolysis [101].

They divided their model into three main stages:

e in the region 300-400°C, cellulose breaks down via an activated form of cellulose
(cellulose*) to give a mix of aliphatic char and levoglucosan. DTA experiments show a
low temperature transition peak (~330°C) which may support this theory [103].

e between 400-600°C the aliphatic char is oxidised in the presence of O, gas to give an
oxidised char. At the same time the volatiles are oxidised to CO, CO,, H>O and various
organic compounds. At higher temperatures (600-800°C) the aromatic char degrades to
give low molecular weight compounds such as acetylene.

e above 800°C oxidation and combustion dominates.

The model that they proposed included a more comprehensive scheme for the formation of a
number of classes of compounds. They used a number of different techniques to study the
effects of the burn additives, including TGA, DSC and py-GC-MS to name but three [15, 25, 57,
87,99-103]. The pathway they proposed is shown in Figure 1-19.

In support of the general Broido-Shafizadeh model, Price and his co-workers included a step of
cellulose transforming into the active form of cellulose on heating (cellulose — cellulose*).
They based this on data obtained from DTA coupled with Evolved Gas Analysis (DTA-EGA).
They determined a low temperature transition (denoted T;) that had no corresponding weight
loss. This transition was confirmed by the more sensitive technique DSC. They noted that that

the peak was reproducible but not reversible and also required the presence of an external source

48



of oxygen. The T, peak only occurred in samples pyrolysed in air, implying that the ‘active

cellulose’ may be the result of an oxidation reaction.
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Figure 1-19. Model for cellulose pyrolysis by Price, Horrocks et al. where |O] represents oxygen available

from the cellulose molecule [101].

During pyrolysis of the cotton fabric (cellulose) CO and CO, formation occurs from primary
and secondary pyrolysis reactions and char oxidation [100]. Hajaligol at al also found that
ethane, ethane and propane formation increases above 650-750°C, suggesting that a significant
contribution 1s from secondary decomposition of the tar rather than the parent cellulose. To
support their claim they also noted that the tar yield began to decrease in the same temperature

region [104].
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Pastorova agreed from her work that the char exists in two phases; she described them as a
residual crystalline cellulose phase and a thermostable phase that was more aromatic in
character. The chars prepared at lower temperatures (190 — 250°C) contained mostly residual
crystalline cellulosic char, while the higher temperature chars (270 — 310°C) contained more

aromatic character. Intermediate temperatures contained some of both types of char [36].

1.4.2 Treatment of biomass

Mok and Antal, in particular, have been very active in biomass research over the years; these
references representing a selection of their papers [10, 30, 63, 64, 67, 73]. As a result of
cellulose making up 50% of most biomass sources they and their various co-workers have
contributed a huge amount of work in the field of cellulose pyrolysis. In particular they have
produced a large amount of work on the kinetics of the pyrolysis process, for cellulose as well as
other biomass [27, 28, 49, 77]. However, they also produced a mechanism for cellulose
degradation after studying the effects of pressure on the pyrolysis of cellulose [53].

They verified this model for cellulose pyrolysis by also looking at the pyrolysis of levoglucosan,
and anhydrocellulose under the same conditions of cellulose. They found that similar pyrolysis
products were formed, particularly under low flow rates and high pressures. As a result they
concluded that the secondary reaction between the pyrolysis products and also the remaining
substrate were important factors in the pyrolysis process. Reactions 1 and 4 (Figure 1-20) are
promoted under higher pressure and low flow rates leading to the maximum char formation.
High pressure with high flow still produces more char; including a secondary char formed via
reaction 6 which is visually different to the primary char, being less rigid and more ‘soft and
flufty’ in appearance. Under high flow rates and normal pressures the volatiles are allowed to
escape more easily which promotes the reactions 2 and 5.

Repeating the study with cellulose it was discovered that there was no effect on the primary
competitive reaction (1 & 2), form either the changing the pressure or flow rate. However, a
later study by Essig and Richards [105], showed that this reaction may be influenced by the
addition of low levels of salts (NaCl, MgCl, and Na,CO3). Small amounts (less than 1%) of
these salts were added to cellulose that has been pre-treated to remove any naturally occurring
metal ions. This has the effect of lowering the level of levoglucosan and raising the level of

glycoaldehyde.
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Figure 1-20. Detailed model of cellulose pyrolysis (Mok and Antal) |53].

Scheirs et al [41] studied the evolution of water during the combustion of cellulose. Primarily
the interest was in the biomass field and in particular the auto-acceleration effect water has on
the process of combustion. Although their reaction pathway is based around the evolution of
water by various processes during cellulose combustion, it is possible to see links to some of the
more complex models by Radlein [12], and Price and Horrocks [101]. In general water
evolution had been noted previously as occurring in three different temperature regions during
the pyrolysis process of cellulose:
e loss of water below 220°C. Physically absorbed water is lost from 25 — 100°C, and
above this chemically adsorbed water and water of crystallinity is lost.
e chemical loss of water (220 — 550°C). Mostly from dehydration reactions of the
molecule.
e chemical loss of water in pyrolysis (above 600°C).
However, Scheirs and his colleagues [41] only noted two evolution temperatures for water as
their experiments had a maximum temperature of 400°C. They used these evolution
temperatures (approximately 110°C and 300°C) to devise a more detailed mechanistic pathway

for the evolution of water from cellulose pyrolysis, shown below in Figure 1-21 [41].
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Using TGA-FTIR, Pan and Richards [106] found that at approximately 360°C a water peak is
found, formed most likely via elimination reactions (probably from glycol groups, resulting in
increasingly unsaturated residues and ultimately chars). This agrees with Scheirs theory of
water formation from elimination reactions occurring from primary pyrolysis products.

Radlein and his group [12] studied the potential of biomass as a source for producing industrial
chemicals. One part of the work was looking to shift the process of decomposition to favour
one or more products, in particular levoglucosan and hydroxyacetaldehyde. Through this work
they produced a pathway for cellulose combustion that differed to the traditional Broido-
Shafizadeh mechanism [51] and, also to that of Mok and Antal [53]. In this mechanism there is
no active cellulose stage, and the low temperature char formation route is direct from the virgin
cellulose. They suggested that the high temperature route passed through a stage where the
degree of polymerisation (DP) decreased considerably to around 200. This low DP cellulose
could then pass through two different routes, or a mixture of the two. One is fragmentation of
the polymer chain via dehydration and decarbonylation reactions, and the second a
depolymerisation, unzipping, of the chain (Figure 1-22). The ring fragmentation route has the
higher activation energy. Below 300°C the evolution of carbonyl, carboxyl, lactone and
aldehyde groups in the pyrolysing residue increases linearly over a period of several hours. The

formation of the char is an indication of cross-linking reactions in the region of 220°C [12].
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Figure 1-21. A schematic pathway for the different reactions that contribute to water during cellulose

pyrolysis |41].

Lomax also presented an additional possibility or route of fragmentation, a reverse aldolisation
(Figure 1-23) of the sugar fragments as a method of formation of hydroxyacetaldehyde [98].

They considered this as an alternative pathway to the formation of levoglucosan and

cellobiosan, which agrees with Radlein's mechanism[12].
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Figure 1-22. Mechanistic pathway for cellulose pyrolysis proposed by Radlein et al |12].
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Figure 1-23. Reverse aldolisation fragmentation of a sugar residue, where R represents an adjacent

saccharide residue |98].

Radlein noted that, under moderate heating rates and temperatures, levoglucosan (up to 40%
from pure cellulose) and hydroxyacetaldehyde (~10%) are the highest yield products from
cellulose, though the latter dehydrates readily at temperatures above 200°C to give ketene. This
can be rehydrated to form acetic acid, which may be a route of formation for acetic acid. Acetic
acid, formic acid and acetol are also compounds formed by pyrolysis of cellulose in relatively
large yields (5-10%) [12]. Piskorz also reported acetol (1-hydroxy-2-propanone) and
hydroxyacetaldehyde (glycolaldehyde) in their pyrolysis studies whilst noting that both had only
reported in a couple of earlier studies [46]. Possibly elimination and retro-aldolisation
predominate in amorphous cellulose regions, whilst crystalline centres are the main source of

transglycosylation reactions to form levoglucosan.
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As was proposed by Shafizadeh [35], Radlein et al found that the pyrolysis products from the
high temperature reaction routes could be markedly different depending on the level, and nature

of impurities within the cellulose. The mechanisms for this are not well understood [12].

1.4.3 Other

Banyasz, et al [94] produced a study that was primarily looking at the volatile production from
cellulose pyrolysis. This originated from a study of formaldehyde production from tobacco
(cellulose makes up approximately 10% wt of tobacco leaf [1]). Their work gave evolution
kinetics that mapped onto the secondary reactions of cellulose evolution products. They only
looked at this part of the mechanism, starting at the low DP cellulose, so the rest of the

displayed mechanism (marked with dashed lines) was not studied as part of their investigation

(Figure 1-24).
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Figure 1-24. Proposed pathway for cellulose decomposition (Banyasz et al) |94]. Dotted arrows and italics

refer to reactions not observed in their study.

The nature of the change from cellulose to active cellulose is not well understood. In the study
they however, accept that the cellulose depolymerises but do not describe it as a separate
species, as in Kilzer and Broido’s ‘dehydrocellulose’ [43]. The study seems to support the
Radlein mechanism of cellulose pyrolysis in which the activated form of cellulose (low DP
cellulose) is only observed with fast heating rates. Banyasz et al [74] study of
hydroxyacetaldehyde showed that it was a decomposition product of cellulose but not

levoglucosan, indicating that they were separate pathways [74].
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Sanders et al [107], compared the pyrolysis products of mono- and di-saccharide pyrolysis
products with that of cellulose. They showed that there were different pyrolysis product

distributions for D-glucose and cellulose (Table 1-5).

Table 1-5. Qualitative yields of three types of pyrolysis product from pure D-glucose and cellulose [107].

Low MW oxygenated
Compound Levoglucosan Furans
compounds
D-Glucose Less More Less
Cellulose More Less More

They concluded that these differences were due to the reducing sugars reacting via their acyclic
form that promoted formation of furans. As cellulose only