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ABSTRACT 

This thesis reports some significant research outcomes on the previously unreported 

phenomenon of bed agglomeration during the pyrolysis of mallee biomass in a 

fluidized-bed reactor (pyrolyser) under various conditions.  

Firstly, under thermally thin conditions (biomass particle size: 355–500 µm; bed 

sand materials: 125–250 µm; Biot Number <0.1), bed agglomeration takes place due 

to the formation of char-char and/or char-sand agglomerates connected by carbon-

enriched necks.  There are two types of bed agglomeration: one formed due to 

solvent-soluble organic matter and dissembled upon solvent washing and the other 

due to solvent-insoluble organic matter produced from biomass pyrolysis.  The total 

yield of bed agglomeration (YAP) decreases with increasing pyrolysis temperature.  

At low temperatures (e.g., 300 C), bed agglomeration is dominantly contributed by 

those formed by solvent-insoluble organic matter.  As pyrolysis temperature 

increases, bed agglomeration due to solvent-soluble organic matter becomes 

increasingly important and reaches a maximum at 500 C. At pyrolysis temperatures 

above 600 C, there is a drastic reduction in the bed agglomeration formed by 

solvent-soluble organic matter due to thermal cracking so that solvent-insoluble 

organic matter again dominates bed agglomeration.  Overall, bed agglomeration 

during biomass pyrolysis in a fluidized-bed reactor is due to the production of sticky 

agents, which are organic matter (both solvent-soluble and solvent-insoluble) 

produced from biomass pyrolysis reactions. 
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Secondly, a systematic set of experiments were also carried out to study the 

significant differences in bed agglomeration behaviour during the fast pyrolysis of 

various mallee biomass components (leaf, wood and bark) in the fluidized- bed 

reactor at 500 C.  The pyrolysis of mallee leaf and bark led to significant bed 

agglomeration yields of 12.0 wt. % and 13.4 wt. %, respectively, while the pyrolysis 

of the wood component results in bed agglomeration yield  of <0.1 wt. %. Ethanol 

washing of the leaf and bark samples were carried out to prepare solvent-extracted 

leaf and bark samples (the solid residues after extraction) and the extract samples 

(obtained after evaporating the solvent from the extracted solvent solutions). 

Subsequent pyrolysis of the solvent-extracted leaf and bark samples showed 

drastically reduced bed agglomeration yields of 6.0 wt. % and 1.3 wt. %, 

respectively.  Direct pyrolysis of the extract samples from leaf and bark resulted in 

substantial bed agglomeration yields of 24.4 wt. % and 34.1 wt. %, respectively, 

suggesting that the extractives within biomass play a critical role in the bed 

agglomeration during biomass fast pyrolysis.  The experimental results indicate that 

if the biomass from the whole mallee tree is used as a feedstock for bio-oil 

production via fluidized-bed fast pyrolysis, then the leaf and bark components are 

expected to cause bed agglomeration, due to the substantial amount of extractives 

present in these biomass materials. 

Thirdly, this study further proposes a new parameter (i.e., sand loading (SL) ), which 

is defined as the mass of sand sticking to the pyrolysing biomass particles in the bed 

to form bed agglomerates normalised to the total mass of biomass fed into the 

fluidized-bed reactor, for the diagnosis of bed agglomeration.  It was found that SL is 

a powerful diagnostic parameter for investigation into the interactions between the 
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pyrolysing biomass particles and the sand particles in the fluidized-bed.  During 

continuous feeding of the biomass into the reactor, the sand in the bed and the 

pyrolysing biomass particles interact in a negative order reaction kinetic of 0.4.  

During holding upon the completion of biomass feeding, the sand and biomass 

particles interacted in a zero-order mechanism with respect to holding time, 

suggesting that the sand particles attach to the “active sites” (as part of the sticky 

agents) produced from biomass fast pyrolysis for the forming of bed agglomerates. It 

was also found that during continuous feeding, SL decreases from 2.4 to 0.8 

gsand/gbiomass (db).  At a low feed fraction (<12 wt. % of the bed mass), the formed bed 

agglomerates are mainly sand-char bonded, but at higher feed fractions, char-char 

bonding becomes more important. 

Fourthly, the new parameter sand loading has then applied to the diagnosis of bed 

agglomeration during biomass fast pyrolysis in the fluidized-bed reactor at 200–700 

°C.  Under all conditions, bed agglomeration can be modelled using SL.  The value of 

SL during pyrolysis is greatly influenced by the ethanol–soluble extractive contained 

within the raw biomass.  For the pyrolysis of the raw biomass, at temperatures <310 

°C, SL follows an endothermic reaction pathway (Ea= 28 kJ/mole, Ak = 3.4E+02) 

during which its values increase with increasing temperature.  However, at higher 

temperatures >350 °C, SL follows an exothermic reaction pathway (Ea = -45 kJ/mole, 

Ak = 2.2 E-04) during which its values decrease with increasing temperature. 

Fifthly, SL has also been applied to the diagnosis of biomass drying in the fluidized-

bed reactor in air at 120–250 °C for 15 minutes.  Surprisingly, bed agglomeration 

takes place even during drying.  The bed agglomeration yield (YAP) increases from 
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5.2 wt. % at 120 °C to 17.3 wt. % at 250 °C.  The interaction between biomass and 

sand bed particles during biomass drying can also be quantified using sand loading 

and found to follow the generic equation (SL=KR
-0.5

) as previously reported for 

biomass pyrolysis, where K is analogous to the Arrhenius equation and R is the 

biomass feed to sand ratio (i.e., the ratio between the total accumulated mass of 

biomass fed and the total mass of sand in the fluidized-bed).  The activation energies 

(Ea) for bed agglomeration during biomass drying under air and argon atmosphere 

are estimated to be 19.7 and 29.3 kJ/mole, respectively. 

Lastly, as the work in points 1–5 concerns biomass pyrolysis under thermally thin 

conditions, further investigation has been performed into the effect of biomass 

particle size on bed agglomeration.  Sand loading (SL), which is defined as the mass 

of sand sticking to the biomass particles normalised to the total mass of biomass fed, 

is used for quantifying the interaction between the pyrolysing biomass particle and 

sand in fluidized-bed to form bed agglomerates.  At biomass particle sizes ≤500 μm, 

sand loading increases with increasing biomass particle size.  At biomass particle 

sizes >500 μm, sand loading decreases with further increase in biomass particle size.  

The results further show that mass transfer of the sticky agent produced from 

biomass pyrolysis plays a key role in bed agglomeration.  At small particle sizes 

(≤500 µm) sand loading is dominantly influenced by convective mass transfer of 

sticky agent from the particle, while at large particle sizes (>500 µm) sand loading is 

mainly controlled by diffusive mass transfer of sticky agent within the pyrolysing 

biomass particle.  
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   However, Albert Einstein counsels us, “Wisdom is not a product of schooling 

but of the lifelong attempt to acquire it.”  

The combined value of knowledge and wisdom are evidenced by this passage, “For 

the protection of wisdom is like the protection of money, and the advantage of 

knowledge is that wisdom preserves the life of him who has it”. 
Eccl 7:12
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CHAPTER 1 INTRODUCTION 

1.1 Background and motive 

Fast pyrolysis in a fluidized-bed reactor is one of the most promising technologies 

that can be used for the production of bio-oil.  The bio-oil can not only be used as 

fuel source for combustion in furnaces, but with further upgrading and refining, it 

can be transformed into transport fuels 
1-9

 such as biodiesel.  Bed agglomeration is a 

common phenomenon that has a detrimental influence on the durable operations of 

fluidized-bed reactors.
10-16

  Currently, most of the open literature is dedicated to 

agglomeration in fluidized-bed reactors when they are operating in either 

combustion or gasification modes.  Very little has been performed on bed 

agglomeration occurring when they operate in pyrolysis mode.   

Therefore, the research program designed and conducted in this thesis is geared 

towards at least three goals.  The first goal is to evaluate if bed agglomeration does 

take place during fast pyrolysis of biomass in a fluidized-bed reactor.  If so, what are 

the characteristics of bed agglomerates and the underlying fundamental mechanism 

governing such bed agglomeration.  The second goal is to identify which 

components of the mallee wood, leaf or bark will dictate bed agglomeration if the 

whole biomass of mallee tree is processed in a fluidized-bed reactor.  The third and 

last goal is to develop useful parameter(s) for diagnosing bed agglomeration during 

biomass fast pyrolysis in fluid bed under various conditions, including the effect of 

pyrolysis temperature, atmosphere, particle size, etc.    
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1.2 Scope and objectives 

The scope of this thesis is to carry out a systematic investigation into bed 

agglomeration during biomass fast pyrolysis in a fluidized-bed reactor under various 

conditions.  

The main objectives are to:  

 Determine whether bed agglomeration does take place during biomass fast 

pyrolysis in fluidized-bed;  

 Characterise bed agglomerates formed during biomass fast pyrolysis; 

 Probe into the fundamental mechanism responsible for bed agglomeration;  

 Identify the differences in bed agglomeration behaviour among the fast 

pyrolysis of various mallee biomass components (wood, leaf and bark) in 

fluid bed; 

 Develop new parameter(s) for diagnosing bed agglomeration during biomass 

fast pyrolysis in fluidized-bed;  

 Apply the new parameter(s) for diagnosing bed agglomeration during 

biomass fast pyrolysis under thermally-thin conditions at 300–700 C; 

 Apply the new parameter(s) for diagnosing bed agglomeration during 

biomass drying at 120–250 C; 

 Apply the new parameter(s) for diagnosing the effect of biomass particle size 

on bed agglomeration during biomass fast pyrolysis in fluidized-bed.  

 

1.3 Thesis outline 

This thesis has a total of 10 chapters and an appendix.  The thesis structure is 

schematically illustrated in the thesis map (Figure 1.1), with the synopsis of each 

chapter given below: 
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Chapter 1 provides an overall introduction of this thesis, including background, 

motives, scope, objectives and thesis outlines;  

Chapter 2 reviews the literature and identifies research gaps, which leads to the 

determination of specific objectives for the current research; 

Chapter 3 presents the research methodologies employed in this study; 

Chapter 4 presents the evidence to show that agglomeration during pyrolysis occurs; 

Chapter 5 determines the differences in bed agglomeration from various biomass 

components during pyrolysis in fluidized-bed; 

Chapter 6 introduces a new parameter, sand loading (SL), for diagnosing the 

interaction between sand and pyrolysing biomass particles to form bed agglomerates;  

Chapter 7 investigates bed agglomeration during biomass pyrolysis in fludised bed at 

a wide range of temperatures using SL; 

Chapter 8 investigates bed agglomeration during the drying of leaf biomass in a 

fluidized-bed dryer in an inert or air atmosphere using SL; 

Chapter 9 investigates the influence of biomass particle size on bed agglomeration 

during biomass pyrolysis in fluidized-bed using SL;   

Chapter 10 summarises the conclusions and outlines the practical implications of the 

current study along with recommendations for future research.  

Appendix collates the permissions obtained for the use of the published papers in 

this thesis. 
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Figure 1.1 Thesis map 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction  

Low cost and plentiful energy in all its forms is generally the backbone of all modern 

economies and is essential for a well-ordered and functioning society.
17

  This is 

particularly true and important for Australia, whose citizens enjoy a post-modern 

lifestyle.  Since energy is a vital part of any economy, most governments have now 

placed energy security as part of their policy and strategies.
17-21

  Australia is no 

different and has its own policies in place 
22, 23

 as noted by the formation in 2001 of 

the think tank, Australian Strategic Policy Institute, by the Australian government.  

The Western Australia state government also has an energy security paper 
24

 which 

is used to direct research and the development of energy resources within the state.  

Although energy may be the backbone of an economy, it is also arguably the cause 

of climate change,
25-30

 due to the subsequent release of carbon dioxide (CO2) during 

its conversion (or combustion) to usable energy.  Governments and industry around 

the world are actively looking at ways to slow the amount of CO2 being placed into 

the atmosphere by supplementing energy requirements with renewable energy 

sources,
25-39

 such as solar, wind, geothermal, hydro and biomass, to name a few.  Of 

particular importance to the West Australian government is the biomass component 

of the energy mix used for the control and abatement of salinity in the farming areas 

of Western Australia, particularly the Narrogin region.
40-44
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2.2 Importance of mallee biomass to Western Australia  

The southwest of Western Australia is one of the largest agricultural farming areas in 

the state, producing grain and livestock for both the local and international markets.  

Dry land salinity in this region has caused approximately 7000 farms (~1.2 million 

hectares) to show significant signs of degradation,
41

 this currently represents  

10–12 % of the farmland available within the region.  On a business as usual 

scenario, it is expected that approximately 30% of West Australian farms and 

approximately 15%, on average, for all Australian farmland will show significant 

degradation due to salinity by the year 2050.
44, 45

  

Salinity of the soils has mainly been caused by land clearing or the removal of the 

natural vegetation.  Most of the removed vegetation consisted of deep-routed 

perennial plants in the form of trees, which have been replaced with the shallow-

rooted annual crops.  These crops consist mainly of wheat and various types of grain, 

along with postural grassland used to raise livestock.
42, 46, 47

 

The land clearing, along with current farming practises, produced overt problems in 

the hydrology within the region.
42

  The removal of the natural deep-rooted 

vegetation caused the water table level to rise in some areas.  With this rise, the 

stable salts stored in the lower levels of the soil mobilised to the surface with the 

water table.  This in turn, caused large tracts of land to either be waterlogged or too 

saline for crops and pasture growth, rendering the land unusable for farming.
40, 41, 47

   

Various authors performed research into reclamation and treatment of these  

areas.
40-42, 44-54

  The most cost-effective remedy for the treatment of the affected 
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areas is to plant mallee trees in alleys between annual crops.  This solves two issues: 

firstly, it controls the level of the water table as normal rainfall washes the salts from 

the surface to lower levels in the soil, rendering the soil useable for farming again.  

Secondly, the mallee trees have also been identified as a secure and carbon neutral 

biomass resource, which can be used as the feed source to the fledgling bio-fuels and 

bio-energy industries 
46, 50, 55-59

 within the state.   Mallee trees have been calculated 

to have an energy ratio in the region of 20–41 compared to an annual crop residual, 

which has an energy ratio from 4–7.
60, 61

  Energy ratio is calculated as the total 

energy output divided by the total non-renewable energy input (both direct and 

indirect), making mallee biomass an ideal candidate for the fledgling agro-forestry 

industry in the area.  These trees can not only be harvested for their energy content 

but also for the eucalyptus oils and chemicals contained within them; these can be 

used as a feed stock for the bio-refining industry
59

 to produce transport fuels such as 

biodiesel.     

2.3 Mallee biomass structure 

Mallee trees consist of three major biomass components - wood, bark and leaf.   The 

average overall mass composition of these components of the tree are 50% wood, 

15% bark and twigs, with the remaining 35 % being leaves.
59

  Each of these biomass 

components are essentially composed of three main organic polymerized chemical 

structures – cellulose, hemi-cellulose and lignin – in varying amounts depending on 

the plant species and component type (leaf, wood or bark).
62, 63
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2.3.1 Cellulose  

Figure 2.1 (below) is a schematic representation of the repeating structure of 

cellulose.  Cellulose is composed of polymerized linear chains of D-Glucose linked 

by β-1, 4 glycosidic bonds with carbon content from 1000 to 10000 units.
1, 64-66

   

 

Figure 2.1  Structure of cellulose adapted from
66

 

 

2.3.2 Hemi-cellulose 

The chemical composition of hemi-cellulose is varied depending on the hardness of 

the wood. In softwood the main components are galactoglucomannans (shown in 

Figure 2.2) and arabinoglucucuronoxylan (shown in Figure 2.3).
67, 68

 

 
Figure 2.2  Chemical structure of galactoglucomannans in softwood adapted from

68
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Figure 2.3  Structure of arabinoglucuronoxylan in softwood adapted fromError! Hyperlink 

reference not valid. 

 

For hardwoods the main component is glucurronoxylan. Figure 2.4 (below) is an 

abbreviated chemical structure for the glucurronoxylan structure found in 

hardwoods.
1
 

 
Figure 2.4  Structure of glucuronoxylan found in hardwoods adapted from

1, 68
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2.3.3 Lignin   

Figure 2.5 is a chemical representation of the repeating chemical structure of 

lignin.
70

  Lignin is generally accepted as a polymerised group of phenol compounds; 

these compounds are responsible for the rigidity of the cell wall.
64

  

 
Figure 2.5  Repeating chemical structure of Lignin adapted from

70
 

 

2.3.4 Mallee extractives 

Not only does the mallee biomass comprise of the three main organic polymerised 

chemical structures – cellulose, hemi-cellulose and lignin as discussed above – it 

also contains extractives.  These are organic compounds that can be extracted by the 

use of polar and non-polar solvents, acid solvents and water 
62, 63, 71-74

 and range from 

simple oils such as eucalyptus oil, to complex flavonoid compounds.  
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The contents for the cellulose, hemi-cellulose, lignin and extractives contained in the 

mallee leaf, bark and wood have been previously
62, 63

 reported by other authors and 

the results are summarised below in Table 2.1.  

 

Table 2.1  Summary of approximate mass concentrations of lignin, cellulose, hemi-cellulose 

and total extractives from mallee biomass components (wt. % dry basis) 

Compound Leaf 
62

 Bark 
63

 Wood 
62

 

Lignin 25.9 14.4 24.9 

Cellulose 14.6 30.9 22.2 

Hemi-cellulose 14.8 19.5 40.7 

Total Extractives * 44.7 35.2 12.2 

* Calculated by difference 

 

2.3.5 Influence of biomass structure on bed agglomeration 

To date there has been no definitive study into how each of the polymerised 

structures cellulose, hemi-cellulose, lignin and extractives affect the bed 

agglomeration during pyrolysis.  There has however been a multitude of studies 

performed by various authors on the effect each of the structures on the pyrolysis 

gasification and combustion reactions.  Section 2.5 below in part discusses the 

individual effect of the biomass structure on the pyrolysis reactions, which are 

pertinent to this study.   
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2.4 Conventional biomass utilisation technologies - combustion and 

gasification 

Conventional biomass conversion technologies employ either combustion or 

gasification for the conversion of biomass to energy (in the case of combustion) or 

synthesis gas (in the case of gasification). 

2.4.1 Combustion  

Combustion of biomass, either as biomass only or co-combustion (mixed in with 

coal), involves the oxidation of the biomass with excess air (1.1 to 1.3 times 

stoichiometric requirement) to produce heat, CO and CO2, along with small amounts 

of SOx and NOx.
75-82

  Combustion is generally defined as a complex sequence of 

chemical reactions where a fuel and oxygen react at sufficiently high temperatures so 

heat and light evolve.
83

  

Combustion of biomass can be considered as a three- or four-step process 
75, 77, 78, 80, 

84
 depending on the drying and volatilisation steps being taken as one or two steps.  

The sequenced steps are listed below:  

 Drying of the biomass particle; 

 De-volatilisation of entrapped hydrocarbons;  

 Pyrolysis of the particle to form char and volatiles;  

 Combustion of the char and volatiles.  

Modelling the combustion of biomass particles reaction is essentially based on the 

simultaneous numerical solution of heat and mass balance equations for each of the 

above mentioned process steps and is comparable to the combustion of coal.
77, 78, 80
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2.4.2 Gasification  

Gasification is the partial oxidation of the biomass by sub-stoichiometric (<0.8) 

amounts of air.
85-88

  This process produces organic vapours (low calorific value gas) 

and energy.  The synthesis gas can either be fed directly into a boiler or gas turbine 

and combusted or can be further upgraded by Fischer-Tropsch reactions to form 

chemical building blocks for downstream chemical industries 
89-99

 and transport fuels 

such as biodiesel. 

2.4.3 Conventional combustors and gasifier reactors  

The combustion of biomass, or the co-combustion of biomass and coal up to a 

maximum of 20 wt. % biomass in some cases,
100

 can be performed in various types 

of combustors such as pile burners, stoke graters (both stationary and moving),
101

 

bubbling fluidized-bed, circulating fluidized-bed 
76, 77, 101-103

 and suspension burners,  

to name a few.  Fluidized-bed or circulating fluidized-bed reactors are the most 

common commercially used reactors for both gasification and combustion.  This is 

due to the good thermal efficiency, feed combustion / gasification completion and 

the flexibility of feed that can be fed to the combustor or gasifier.
101, 103, 104

  Although 

the fluidized-bed is the most popular type of combustor / gasifier used commercially 

for the conversion of biomass, one major factor plagues the operation of these 

reactors, that is agglomeration of the bed which usually occurs when trying to 

operate at high (>650 °C) reaction temperatures.
105-111
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2.4.4 Bed agglomeration in a fluidized-bed reactor 

One of the major factors in the expansion of using fluidized-bed reactors in the 

conversion of biomass to energy either operating in gasification or combustion mode, 

is that the operation of a fluidized-bed at elevated temperatures (>650 °C) is usually 

limited due to the tendency of the particles to form agglomerates.
13, 112-114

  Formation 

of these agglomerates, in turn, leads to the de-fluidising of the bed resulting in 

unplanned shut downs of the reactor while it is cleaned out.  In the worst cases, the 

total fluidising bed is replaced.  This results in a lower overall conversion efficiency 

for the process as the availability of the reactor is compromised during this period.  

The point of de-fluidisation may occur at temperatures well below the normal 

melting or softening point of the sand bed particles themselves.
14, 114-118

  This 

phenomenon is not only prevalent in the combustion or gasification of biomass, but 

also has been encountered in several other processes which include coal combustion 

and gasification, iron ore reduction and cement manufacture.
14, 15, 113, 118-120

 

Agglomeration is seen to be caused by the gathering of sintered particles 
112, 115, 121

 

(in the case of combustion it is seen as the ash particles) coming together and then 

combining with the fluidized-bed particles to form larger particles or agglomerates 

which de-fluidise from the bed.  The de-fluidisation rate increases at elevated 

temperatures, causing more rapid and stronger bonding of the agglomeration of the 

particles 
118, 121-124

 to occur.   

A number of techniques have been developed over the years to prevent the 

agglomeration or, at the very least, to extend the time taken for agglomeration to 

occur.  These include increased particle size, lower operating temperatures 
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(<650 °C), higher fluid velocities (leading to the development of the circulating bed 

combustors and gasifiers) and varied types of fluidized-bed material which is 

designed to absorb the sintering particles themselves.
14, 16, 114-116, 118, 125-127

 

Other researchers
12, 128-134

 have investigated the initial connections and continuing 

interaction of the particles forming agglomerates in a fluidized-bed and they have 

concluded that the production of the agglomeration is the continuous resultant of 2 

inter-particle forces: the forces that allow agglomeration to occur and the forces that 

cause deterioration of the agglomeration formed.   The adhesive forces, which allow 

agglomeration to form, include electrostatic, Vander Waals and liquid capillary 

action (can be caused by heating or chemical reaction products), this is also known 

as “bridge force”.  The forces that seek to decrease the agglomeration include 

collision (effect of particle-particle interaction) along with elastic repulsive forces.

The main culprits for strengthening agglomerates in the fluidized-bed reactors 

especially at high temperatures >650 °C have been identified as the contained silica 

and alkali earth metal species
14,105,135-138

 such as Na, Mg, Ca and K, to name a few.  

These metals are inherently present in all forms of biomass and to a certain extent in 

coal.  Four main mechanisms
118,121,125,137

 have been identified for transport of 

material from sintered particles to form the bonds necessary for agglomeration with 

the sand bed material.  These are surface diffusion, volume diffusion, viscous flow 

and vaporisation/condensation.  Surface and volume diffusion involves the 

movement of atoms from a region of high density to the porous sections of the 

particle.
115

  Surface diffusion is only important during the initial stages of sintering 

as significant densification cannot occur by this mechanism.
118

  In some cases, the 
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surface diffusion is the starting mechanism causing the particles to adhere, after 

which volume diffusion occurs and causes densification.
115

 

Viscous flow due to surface tension: surface tension varies with the curvature of the 

surface of the particle allowing flow from convex to concave regions within the 

particles.
115

  This phenomenon is also known as sintering in the presence of a “liquid 

phase”.  Agglomerates formed by viscous flow sintering are usually more strongly 

bonded than agglomerates formed by diffusion.
115

  Transport of material by vapour 

is known as vaporisation and condensation.  The rate at which the material is 

transported by the vapour is expressed as a function of the difference in equilibrium 

pressures of the surfaces.  The vapour pressure above a concave surface is lower than 

that of a convex surface allowing condensation to occur.
115

  It is proposed
105, 115

 that 

initial sintering of the particles is caused by the interaction of the particles in the bed.  

Surface diffusion causes the initial sticking of the particle followed by the 

densification of that site by either volume diffusion or viscous flow.  Many  

authors 
11, 137, 139-141

 report viscous flow is the probable route for the densification of 

the initial contact site.  This is due to the fact that both sodium and potassium form a 

liquid phase at normal reaction conditions (650 to 920 
O
C) with silica; Figure 2.6 

(below) is an indication of this.  Some authors 
11, 15, 138, 142

 have also suggested the 

condensation and vaporisation of the alkali earth metals are also responsible for the 

densification of the initial contact site, although it may be to a lesser extent. 
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Figure 2.6 Phase diagrams for sodium and potassium silicate eutectics adapted from

143
 

The pressure drop across the bed increases as agglomeration is taking place.  Once 

agglomeration is complete, the pressure drop across the bed is reduced to below the 

fluidisation pressure drop 
131

 and the bulk temperature in the bed increases causing 

further agglomeration and, in the worst cases, total bed agglomeration.  

Various methods to predict the agglomeration of a bed before it occurs have been 

investigated by a large number of authors.  The methods used vary from extremely 

sensitive pressure and temperature measurements, to differential pressure analysis 

and conductivity measurements of the fluidized-bed itself.
10, 109, 110, 117, 131

 

2.5 Fast pyrolysis a technology for producing bio-oil from biomass 

Pyrolysis is generally defined as the thermal breaking down of organic material in 

the absence of oxygen.
144

  The products of pyrolysis are smaller gas compounds such 
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as methane, ethane, CO and CO2, along with the production of bio-oils and  

bio-char.
1, 144-147

   

Two forms of pyrolysis exist, fast and slow.  Each is totally dependent on the heat-

rate selected for the pyrolysis reaction.  In slow pyrolysis, the particle heating rate is 

generally <200 K/min.  While for fast pyrolysis, the heating rate of the particle is 

>200 K/sec.
1, 145, 147-154

   

The products produced by each of the types of pyrolysis differ.  Slow or 

conventional pyrolysis, where heating rates from 1x10
-3

 to 200 K/min are applied, 

produces high charcoal yields from the biomass.
153-155

  Fast or flash pyrolysis, where 

heating rates exceed 200 K/sec, results in low char yield dependent on the reactor 

temperature and gas residence times.  For high gas yield, the residence times are 

around one second and temperature is above 920 K.  For a high “liquid” or bio-oil 

yield, the reactor temperature ranges from 620 to 920 K and residence times are 

shorter than one second.
1, 144, 154-156

  Thus, fast or flash pyrolysis is the best pyrolysis 

reaction for the production of bio-oil from biomass.  

The gasses generated from the pyrolysis reaction can be directly converted to energy 

by either being co-combusted with another fuel gas or by itself in an industrial boiler 

system, which could be making steam for heating or electrical power generation.
79, 

157
  The “liquids” or bio-oil generated in the pyrolysis reaction are more valuable 

than the gases generated and can be collected from condensers that quench cool the 

exiting gas from the outlet of the reactor.  The non-condensing gases are usually 

combusted directly in industrial furnaces, boilers and gas turbines.
158-160

  The bio-oils 
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are collected and can be further upgraded in value in a bio-oil refinery 
1, 161, 162

 with 

further processing to produce transport fuels such as biodiesel and chemical building 

blocks for further chemical industry feed stocks such as phenols and alcohols.   

2.5.1 Fast pyrolysis reactors  

Pyrolysis can be performed in a variety of reactors such as fixed bed, fluidized-bed, 

circulating fluidized-bed ablative or rotary cone reactors.
1, 144, 146, 148, 156, 163-169

  Each 

of these reactors has advantages and disadvantages.
1, 144, 156, 166

  The most common 

type of reactor presently used in commercial plants is a fluidized-bed or a modified 

fluidized-bed, in the form of a circulating fluidized-bed reactor.
1, 144, 148, 163, 166

  

Argon and nitrogen are the most commonly used industrial gases to provide both the 

required inert atmosphere and the subsequent bed fluidisation gas 
1, 144, 166

 for the 

reactors.  These reactors provide a number of advantages over the other types listed 

above.  Firstly, they are more thermally efficient.
144, 155, 158, 170-172

  Secondly, the 

pyrolysis products from the reactor can be manipulated by adjusting the gas 

residence time, reactor temperature profiles and feed rates.
1, 144, 145, 154, 155, 166

  This 

makes them a lot more flexible in operation and the ideal reactor for the manufacture 

of bio-oils from biomass directly.  

2.5.2 Mathematical modelling of pyrolysis  

Two main effective overall models for the reaction mechanisms have been 

developed to aid in the modelling of the reaction kinetics of the pyrolysis process.  

The first, a simple overall model of the biomass pyrolysis reaction mechanism was 

first developed by Pyle and Zaror.
173

  This model assumes a constant ratio of char to 
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volatile yield for all reaction temperatures.
174

 This, however, cannot be extended to 

general cases and is thus limited in its use, although still useful for overall general 

trends.  The second model is more complex in nature; it was developed by Chan et 

al,
150, 151

 who proposed a two–stage, semi-global reaction mechanism model in 

which the reaction kinetics of pyrolysis includes both primary and secondary 

reactions.  This model takes into account successive and parallel reactions taking 

place during the process of pyrolysis.  Where the biomass is decomposing into 

gasses, char and tar, the tar further decomposes to form char and gasses.   

In biomass, which is mainly composed of cellulose, hemi-cellulose and lignin as 

indicated above, each of these complex organic molecules undergoes pyrolysis 

separately.
174

  Maximum pyrolysis rates are achieved at different temperatures for 

each of these compounds: cellulose (640 K), hemi-cellulose (565 K) and lignin  

(620 K).  Lignin decomposes slower than both the cellulose and hemi-cellulose but 

over a wider temperature range 
174

 starting at about 384 K and finishing at 1173 K.
175

  

Pyrolysis reactions (fast or slow) have been found to follow Arrhenius’s rate law.
145, 

173, 176, 177
  The single reaction model is the most frequently used 

178
 model for both 

fast and slow pyrolysis.  When the model is used for the overall global modelling of 

both the kinetics and pyrolysis process, the order of the reaction generally 

encompasses the thermal and transport effects experienced by the particle during the 

pyrolysis process, reaction order ranges from 0.83 to 1.81.
179

  Most researchers use a 

first-order reaction rate to model the pyrolysis reaction 
144, 145, 148, 150, 151, 178

 whether 

the reaction is due to fast or slow pyrolysis in either a fixed or fluidized-bed reactor.  
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For an accurate model for either fast or slow pyrolysis, the following processes need 

to be determined and modelled: 
144, 146, 148, 176, 180

 

 Heat transfer to the particle by radiation, convection and conduction; 

 Diffusion of gaseous reactants to the particle through the gas film separating 

the particle from the bulk fluid; 

 Heat transfer within the particle by conduction and radiation; 

 Diffusion of gaseous reactants through the unconverted virgin solid; 

 Chemical reaction of the convertible solid, forming the primary products of 

pyrolysis; 

 Intra- and extra-particle, homogeneous and heterogeneous chemical reactions 

of the primary pyrolysis products; 

 Diffusion of gaseous products through the converted solid product; 

 Diffusion of gaseous products away from the particle through the gaseous 

boundary layer. 

From the summarized process outlined above, there are large interactions between 

the internal and external transport processes, along with the actual reaction kinetics, 

which are dependent on these processes.  Any model needs to account for them.   

Various characteristic numbers 
155,171

 have been developed to measure the ratio or 

relative values of the internal and external effects of each of the transport processes  

listed above.  This is done in order to determine which of the effects is controlling 

the overall process.  One of the most important numbers developed is that of the Biot 

number (Bi).  This number measures the relative magnitudes of the internal (particle) 

and external mass and heat transfer.
171, 180

  When Bi  >1 then the internal heat transfer 

is smaller than the convective heat transfer and there is a tendency for large heat 

gradients to be formed in the particle.  This regime is also known as the thermally 
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thick region where the reaction is controlled by internal heat and mass transfer 

effects.  For Bi <<1 this is known as the thermally thin region which indicates that 

there is very little temperature gradient within the particle and as such that the 

pyrolysis reaction itself is controlling the overall process.
153

  The thermally thin 

region for wood particles experimentally was found to be less than 20 mm.
171, 180-183

 

2.6 Research gaps  

The use of a fluidized-bed reactor operating under fast pyrolysis conditions is the 

ideal type of reactor for the manufacture of bio-oils.  This is due to the fact that the 

reaction conditions can be manipulated to maximise the bio-oil yield and the overall 

thermal efficiency.  There is a large amount of research available on the modelling of 

the pyrolysis reaction both for fast and slow pyrolysis, either carried out in a fixed 

bed or fluidized-bed reactor.  There also exists a good understanding of the 

agglomeration that occurs during combustion and gasification as to its initiation, 

cause and effect on the fluidized-bed.  However, the agglomeration phenomenon as 

it pertains to the pyrolysis in a fluidized-bed reactor, or the actual interaction of the 

biomass particle undergoing pyrolysis and the fluidized-bed sand particle, has not 

previously been reported or researched in any depth in the open literature.  The 

following research gaps have been identified and will be answered in this thesis: 

 

 It is largely unknown if bed agglomeration takes place during biomass 

pyrolysis in fluidized-bed; 

 The fundamental mechanism governing bed agglomeration during biomass 

fast pyrolysis in fluidized-bed is unclear;  
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 It is unknown if there are any differences in bed agglomeration behaviour 

among the pyrolysis of different biomass components (wood, leaf and bark); 

 The effect of process conditions in the fluidized-bed reactor on bed 

agglomeration needs to be explored; 

 It is unknown if bed agglomeration takes place in fluidized-bed dryer at low 

temperatures in air conditions; 

 There is a strong need to develop parameter(s) which can be used to diagnose 

bed agglomeration during biomass fast pyrolysis in fluid bed. 
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CHAPTER 3 METHODOLOGY AND EXPERIMENTAL 

TECHNIQUES 

3.1 Introduction 

This chapter details the sample preparation, apparatus, methodologies and analytical 

techniques used throughout the experimental program.  The chapter outlines: 

 

 Sample collection and preparation of the biomass components;  

 Ethanol leaching of the biomass components to produce the samples required 

for the experimentation program; 

 Collection and preparation of the sand material;  

 Characterisation of the sand bed material; 

 Fluidized-bed reactor set-up; 

 Outline of pyrolysis experimental procedures used; 

 Analytical techniques encompassed. 

 

3.2 Biomass sample collection and initial preparation 

Green mallee trees were harvested from a field in Narrogin, Western Australia.  The 

trees were manually separated into their respective biomass components (wood, leaf 

and bark).  These components were allowed to air dry in the laboratory until the 

moisture content reached <10 wt. %.  Once dry, the components were milled; each 

component was milled separately and the mill was cleaned before and after each 

component, to minimise the risk of contamination during the milling process.  The 

resulting milled samples were then subjected to mechanical sieving into the 

following nine size fractions  <106 µm, 106–125 µm, 125–355 µm, 355–500 µm,  
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0.5–0.71 mm, 0.71–1.0 mm, 1.0–1.7 mm, 1.7–3.15 mm and  >3.15 mm.  The sieves 

were cleaned using a stiff nylon brush and finally immersed in a sonic bath before 

being used for the next biomass component.  The sieves used were calibrated 

standard Tyler series sieves, which are commercially available for laboratory use.  

Once the samples were sieved, each size fraction was placed into an airtight 

container to reduce the risk of contamination, moisture ingress and sample 

degradation during storage. 

3.3 Ethanol leaching of biomass components  

Ethanol of 99.5 % purity was used to extract the solvent-soluble oils and compounds 

from the biomass components.  A portion (10g) of the wood, leaf and bark 

components were subjected to an ethanol (200 ml) leach in which the biomass and 

ethanol were stirred continuously in a vessel for four hours at ambient temperature.  

The stirrer speed was adjusted to ensure intimate contact between the biomass and 

the ethanol was achieved.  The ethanol was added in excess of the biomass to ensure 

the concentration gradient was sufficient to extract as much as possible from the 

biomass components. 

Once the leaching was completed, the solids and ethanol were separated using 

filtration.  After filtration the solids were washed with fresh ethanol to remove any 

residue from the surface of the biomass solids.  The ethanol washings were 

combined with the leachate and subjected to evaporation of the ethanol from the 

leachate.  Evaporation of the ethanol was carried out in a fume cupboard using a 

hotplate set at 45 °C. Once the ethanol was evaporated, the “extract” was collected 

and placed into airtight containers to prevent contamination during storage.    
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To differentiate the material being used in subsequent experiments, the material 

before ethanol leaching was given the prefix “raw”.  The biomass solid material after 

leaching with ethanol was given the prefix “washed”.  The material resulting from 

the evaporation of ethanol was given the suffix “extract”.  Table 3.1 is a summary of 

the results for the approximate ultimate analysis of the “raw”, “washed” and 

“extract” material from each of the biomass components treated.  Methods used for 

the proximate and ultimate analysis can be found in 3.8.3 and 3.8.4, respectively. 

Table 3.1 Summary of the ultimate and proximate results for biomass components washed 

with ethanol for 4 hrs. at ambient temperature. 

Ultimate Analysis wt. % daf Proximate Analysis wt. % db 

Component C H N S Oa Moisture Ash VMb FCc 

Raw Wood 45.95% 6.10% 0.16% 0.64% 47.14% 2.6% 0.6% 83.0% 13.8% 

Washed Wood 46.12% 6.33% 0.22% 0.80% 46.52% 3.3% 0.5% 80.7% 15.5% 

Wood Extract 48.72% 7.62% 0.42% 0.92% 42.32% 2.8% 1.8% 74.7% 20.7% 

Raw Bark 46.80% 5.41% 0.36% 0.73% 46.72% 3.6% 5.4% 69.0% 22.% 

Washed Bark 44.04% 6.06% 0.51% 0.76% 48.63% 2.4% 6.3% 72.0% 19.3% 

Bark Extract 55.46% 6.11% 0.17% 0.87% 37.39% 9.1% 0.7% 54.2% 35.9% 

Raw Leaf 52.19% 6.55% 1.35% 0.72% 39.19% 4.8% 3.7% 71.2% 20.4% 

Washed Leaf 47.82% 6.12% 1.71% 0.79% 43.57% 2.1% 4.4% 72.8% 20.8% 

Leaf Extract 57.32% 7.91% 0.31% 0.88% 33.58% 10.2% 1.6% 67.5% 20.7% 

a Calculated by difference, b Volatile Material, c Fixed Carbon  

The individual biomass components were analysed for the inorganic species using 

ICP-AES and the results have been summarised in Table 3.2.  The methods used for 

the analysis can be found in 3.8.6.   

The concentrations reported for each of the raw, washed and extracts of the various 

biomass components have been calculated as a wt. % daf of the individual sample 
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analysed.  The second part of Table 3.2 indicates the overall mass % recovery of the 

individual inorganic species back calculated to the original raw biomass component 

on a daf basis.  It represents the mass fraction of the inorganic species reported to the 

extract from the original raw biomass component.  It can be seen in Table 3.2 

relatively small amounts of Ca in the raw biomass components (wood (0.61wt. %) ), 

leaf (0.28 wt. %) and bark (0.11 wt. %) ) was extracted by ethanol washing.  This 

suggests the Ca is either bound in molecular structures or in compounds that are 

insoluble in ethanol.  Mg in the leaf, however, was extracted in appreciable amounts 

(16.19 wt. %) when compared to the wood (1.32 wt. %) and the bark (7.49 wt. %).  

This is due to the leaf extract containing the compounds chlorophyll a 

(C55H72O5N4Mg) and b (C55H70O6N4Mg) 
184, 185

 used in photosynthesis and known to 

be extracted from the leaf using ethanol.  The recovery of Na in the wood (60.87 wt. 

%) and bark extracts (59.17 wt. %) is far larger than for the leaf (16.97 wt. %).  This 

could be indicating the Na in the leaf could be contained in compounds not easily 

soluble in ethanol when compared to those in the wood and bark.  The recovery of K 

in the extracts of the bark (4.56 wt. %) and wood (2.88 wt. %) is much lower than 

for the leaf extract (12.99 wt. %), although there is a variation in the K amount 

recovered in the extract.



              CHAPTER 3 

Bed Agglomeration during Biomass Fast Pyrolysis in a Fluidised Bed Pyrolysis Reactor 28 

 

Table 3.2 Summary of ICP-AES AAEM results for various biomass components along with fraction of AAEM recovered in the extract biomass components used in the 

experiment 

Component Mass concentration of Inorganic Species found in each sample reported as wt. % daf of the sample analysed. 

 Al Ba Ca K Na S Mg Ti Si Fe P Sr 

Raw Wood 0.0025% 0.0003% 0.1215% 0.0625% 0.0233% 0.0075% 0.0328% 0.0001% 0.0201% 0.0037% 0.0194% 0.0024% 

Washed Wood 0.0015% 0.0001% 0.1230% 0.0620% 0.0095% 0.0063% 0.0336% 0.0001% 0.0128% 0.0028% 0.0192% 0.0025% 

Wood Extract 0.0258% 0.0080% 0.0393% 0.0860% 0.3373% 0.0420% 0.0121% 0.0007% 0.1747% 0.0229% 0.0242% 0.0003% 

Raw Bark 0.0029% 0.0008% 2.7042% 0.1529% 0.2150% 0.0152% 0.0736% 0.0001% 0.0327% 0.0051% 0.0288% 0.0338% 

Washed Bark 0.0030% 0.0007% 3.3986% 0.1793% 0.1084% 0.0165% 0.0859% 0.0001% 0.0373% 0.0059% 0.0359% 0.0408% 

Bark Extract 0.0025% 0.0009% 0.0143% 0.0372% 0.6682% 0.0097% 0.0266% 0.0004% 0.0107% 0.0018% 0.0061% 0.0003% 

Raw Leaf 0.0176% 0.0013% 0.8897% 0.5458% 0.6450% 0.0676% 0.1364% 0.0018% 0.0739% 0.0085% 0.1145% 0.0091% 

Washed Leaf 0.0236% 0.0015% 1.2737% 0.6723% 0.7283% 0.0846% 0.1564% 0.0025% 0.0982% 0.0099% 0.1503% 0.0131% 

Leaf Extract 0.0023% 0.0007% 0.0083% 0.2415% 0.4136% 0.0234% 0.0820% 0.0002% 0.0084% 0.0051% 0.0212% 0.00002% 

 Mass fraction for each inorganic species recovered in the extract as a mass % of the original “raw” component daf content. 

 Wood  41.41% 62.10% 0.61% 2.88% 60.87% 19.54% 1.32% 39.49% 39.29% 27.84% 4.83% 0.37% 

Bark  18.31% 24.87% 0.11% 4.51% 59.17% 11.55% 7.49% 59.07% 5.75% 7.50% 5.07% 0.14% 

Leaf  3.65% 14.94% 0.28% 12.99% 16.97% 9.59% 16.19% 3.15% 3.06% 17.27% 5.13% 0.07% 

 



              CHAPTER 3 

Bed Agglomeration during Biomass Fast Pyrolysis in a Fluidised Bed Pyrolysis Reactor 29 

 

3.4 Fluidized-bed material 

The material selected for the fluidized-bed is commercially available thermal sand, 

which can be purchased in 20 kg quantities and is mainly used in the under floor 

heating industry.  The sand was initially passed over a 700 µm screen to remove any 

large lumps or impurities that may have been present in the raw material, >99.9 wt. 

% passed through this screen.  It was then sieved mechanically into five size 

fractions, these were <125 µm, 125–250 µm, 250–355 µm, 355–425 µm and finally 

>425 µm.  The sieves used were standard Tyler series sieves available for laboratory 

use.  Figure 3.1 shows the results of the size distribution generated by the initial 

sieving of the sand material, with size fraction of 125–250 µm being used throughout 

the experimental program.   

 

Figure 3.1 Original sand material size distribution for the purchased thermal sand 

This material was then subjected to three washing cycles, consisting of four aliquots 

of demineralised water per cycle to remove water-soluble impurities and loose 
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debris.  The washing took place in a large pyrex beaker continuously mechanically 

stirred for one hour at room temperature.  The speed of the mechanical stirrer was 

adjusted to ensure the sand and water came into intimate contact but not sufficient to 

produce large abrasive action between the sand particles.  The wash water from each 

cycle was decanted through a 125 µm Tyler screen to ensure that no sand would be 

lost.  The sand was then recovered from the screen and placed in an oven at 50 °C 

where it was allow to dry for several hours.  Once the washing cycle was complete, 

the dry sand was spread onto large stainless steel trays to a thickness of 

approximately 5–10 mm and placed into an induction furnace.  The furnace was set 

at a ramp rate of 5 °C/min where it was calcined at 600 °C in the presence of air 

(nominally 2 Normal litres per minute) for six hours to remove any organic material 

present.  Once calcined, the sand was removed and allowed to cool to room 

temperature.  A further two washing cycles were performed using the procedure 

outlined above.  Once dry, the sand was placed in airtight containers to reduce the 

likelihood of contamination occurring during storage. 

Table 3.3 is a summary of the results for the ICP-AES analysis performed on the 

selected fluidized-bed material.  Outline of the analysis technique used is found in 

3.8.6.  From Table 3.3 the purity of the sand used in the experimental program had a 

purity >99.5 wt. % silica. 
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Table 3.3 Summary of ICP-AES analysis results for the sand bed material used throughout 

the experimental program, showing the chemical analysis for the major elements 

present.  

Inorganic 

Species 

Mass 

Fraction 

(wt. %) 

Al 0.080 

Ba 0.002 

Ca 0.011 

Fe 0.011 

K 0.089 

Mg 0.007 

Na 0.080 

P 0.010 

S 0.022 

Si 99.674 

Sr 0.000 

Ti 0.015 

 

3.5 Characterisation of the fluidized-bed sand material  

Because little was known about the sand bed material, it was subjected to a number 

of tests such as bulk density (free and packed), surface area and particle size 

distribution (D10, D50 and D90) within the initial size distributions measured above.  

These values are required for a more accurate calculation of the minimum 

fluidisation velocity using the Ergun equation.
186-188
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3.5.1 Free and packed bulk density and porosity  

The bulk density of the material was measured using a modified measuring cylinder, 

which was cut at the 10 ml mark to ensure it could be filled to a constant volume.  

The procedure followed to determine the free packed bulk density was: the initial 

mass of the measuring cylinder before the sand material is poured into it is obtained 

and noted; sand material is poured into the cylinder and the excess is removed, 

scraping the top, using a spatula to ensure a level surface and a constant volume of 

10 ml.  The new mass of the cylinder was noted and the free packed bulk density of 

the sand material was calculated.  To determine the packed density, the cylinder was 

placed on a vibrating table for 30 minutes.  Once the time had expired, the new 

volume of the sand material was read from the measuring cylinder and the packed 

bulk density could be calculated.   Knowing the density of sand (2700 kg m
-3

), the 

porosity of the packed and unpacked bulk sand could be calculated.  Table 3.4 is a 

summary of the average results obtained for the different size distributions tested; 

the average error for the measurements was ±3%. 

Table 3.4 Summary of the measured free and packed bulk densities and the calculated free 

and packed bulk porosities for the fluidized-bed sand material size fractions. 

Size 

Distribution 

Free Bulk 

Density 

(kg m
-3

) 

Packed Bulk 

Density 

(kg m
-3

) 

Free Bulk 

Porosity 

(Volume %) 

Packed Bulk 

Porosity 

(Volume %) 

< 125 µm 1265 1512 53.1 44.0 

125–250 µm 1423 1595 47.3 40.9 

250–355 µm 1483 1612 45.1 40.3 

355–425 µm 1478 1594 45.3 41 
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3.5.2 Surface area and particle size distribution of original screened bed 

material  

Three small representative samples from each of the size distributions were obtained 

by using a sample riffler.  Each of these samples was then subjected to a size 

distribution analysis using a Malvern Mastersizer 2000 laser diffraction analyser 

following the procedures outlined in the operating manual.  Table 3.5 is a summary 

of the Malvern analysis results acquired; the data had an error ±1%.  

Table 3.5 Summary of the Malvern Mastersizer results for each of the original sand 

distributions analysed.  

Size 

Distribution 

D10 

(µm) 

D50 

(µm) 

D90 

(µm) 

Specific Surface Area 

(m² g
-1

) 

<125 µm 67 130 227 0.057 

125 - 250 µm 176 244 340 0.025 

250 - 355 µm 257 353 485 0.018 

355 - 425 µm 316 434 592 0.014 

>425 µm 388 531 730 0.012 

 

3.5.3 Minimum fluidisation velocity of the selected sand bed material 

Laboratory bench scale fluidisation tests were performed on the 125–250 µm 

material only; this was the selected size distribution used throughout the research 

program followed.  The minimum fluidisation velocity is an important measurement 

required to ensure the sand bed material is completely fluidized during all the 

pyrolysis experiments performed. 

Fluidisation tests were performed using a 150 mm diameter column with a 74 µm 

mesh screen at the bottom of it.  The screen was used to prevent the sand material 
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coming in contact with the 5mm glass beads used to evenly distribute the fluidising 

air in the conical transitional section of the column.  The fluidising medium used 

during the experiments was instrument air having a dew point <-6 °C and having an 

average molecular mass of 28.97.  The pressure drop across the column and bed 

material was measured using a water-filled manometer.  The air flowrate through the 

bed was measured using a calibrated rotameter and increased from 0 to 70 STP litres 

per minute.  The height of the bed and the corresponding pressure drop was 

recorded.  Figure 3.2 is a plot of the bed column pressure drop vs. the fluidisation air 

flowrate obtained for the sand bed fluidisation experiments.  

 

 
 
Figure 3.2 Results for the bed column pressure drop vs. air flowrate for 125–250 µm sand 

bed material 

From Figure 3.2 the minimum fluidisation point is estimated to be 32 STP litres per 

minute of air, giving a minimum fluidisation velocity of 0.032 m sec
-1

; this equates 

to a particle Reynolds number <0.3.  When substituting the values for the porosity 

and D50 measured and reported above in Table 3.5 into the Ergun equation, a value 
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of 0.031 m sec
-1

 is obtained.  These values (calculated and measured) are in 

agreement with each other, validating the minimum fluidisation velocity measured 

and the assumption that the particle Reynolds number will be <1.  The reduced 

Ergun equation was then used to calculate the required gas flowrates for the 

minimum fluidisation velocity of the bed material during the experimental program 

followed.  The fluidising gas flowrate was taken at 1.5 to 2.5 times the required 

minimum calculated.      

3.6 Fluidized-bed pyrolyser reactor set up 

Figure 3.3 is a schematic diagram of the type of fluidized-bed pyrolyser used 

throughout the research program.  The reactor is extensively manufactured from 

quartz and can be operated at a maximum continuous temperature of 900 °C.   

The induction furnace is cylindrical in shape with a 100 mm diameter opening 

running through the core.  The furnace is used to provide the heat source required for 

the pyrolysis reactions to occur.  To ensure no movement of the reactor occurs 

during any experiment, the reactor is securely anchored in the vertical position using 

external clamps; this also ensures an even flow distribution of gas through the 

fluidized-bed during the experiment.  

The induction furnace has its own Programmable Logic Controller (PLC) and 

feedback control systems, giving the furnace the ability to control not only the final 

required temperature but also the ramp temperature rate, which can be adjusted from 

1 to 100 °C/min.  This control system provided the ability to perform slow pyrolysis 

experiments in the reactor from room temperature to the required experimental bed 
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temperature at various specified heating rates up to 100 °C/min.  The bed 

temperature was monitored via a separate inserted thermocouple to ensure both the 

heat rate and bed temperature required were achieved.  For fast pyrolysis 

experiments the final temperature of the furnace was manually adjusted to ensure 

that the bed temperature, measured via the inserted thermocouple, was within 5 °C 

of the desired experimental temperature. 

   
 
Figure 3.3 Schematic diagram of fluidized-bed pyrolyser reactor used throughout the 

research experimentation. 

To ensure the bed temperature in the reactor will have the best chance of being 

constant, the reactor frit was placed near the bottom of the isothermal zone in the 

furnace.  The isothermal zone was found by inserting a thermocouple into the centre 

of the furnace, noting the depth from the top of the furnace and the temperature at 

that position.  The temperature reading was allowed to stabilise for 15 minutes 
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before being recorded.  These calibration curves were done over a number of furnace 

set temperatures to ensure there is no difference over the temperature range.  Figure 

3.4 is the results of the calibration curves drawn.  From this graph the isothermal 

zone for the furnace used ranges from 170 to 320 mm from the top of the furnace.  

The frit in the reactor was placed at the 290 mm mark and was kept at this distance 

throughout the experimental program followed. 

 

 
 
Figure 3.4 Plot of furnace temperature vs. distance from top of furnace showing the 

isothermal zone (dashed lines) performed at furnace set temperatures of 700, 800 

and 900 °C  

The inlet feed tube was gas cooled using compressed instrument air having a dew 

point <-20 °C.  The flowrate of the instrument air was adjusted until the outlet 

temperature of the air was less than 50 °C.  This was performed to ensure that no 

pyrolysis occurred within the feeding tube itself.  To minimise short-circuiting of the 

cooling gas in the feeding tube, an internal central baffle was installed running 90% 



              CHAPTER 3 

Bed Agglomeration during Biomass Fast Pyrolysis in a Fluidised Bed Pyrolysis Reactor 38 

 

of the total length of the feeding tube.  The feed tube insertion depth into the reactor 

was adjusted to be located at a fixed distance (5mm) from the fluidized-bed.  This 

could be performed since there was a constant charge of 19.5–20 g of constant size 

distribution (125–250 µm) sand bed material used in each of the experiments.  The 

fluidisation gas flowrate was adjusted throughout the experiments within the range 3 

to 5 Normal litres per minute.  This equates to 1.5 times the minimum fluidisation 

velocity at 300 °C and 2.5 times the minimum fluidisation velocity at 700 °C. 

3.7 Experimental procedures  

This section details the experimental methodology used in the actual experiments 

performed.  Four main types of experiments were performed throughout the 

experimental program: 

 Fast pyrolysis of biomass solids (“washed” and “raw”); 

 Slow pyrolysis of biomass solids (“washed” and “raw”); 

 Fast pyrolysis of the “extract” of the biomass components; 

 Drying of biomass in a fluidized-bed dryer. 

  

3.7.1 Fast pyrolysis of biomass solids  

Fast pyrolysis experiments were performed in the fluidized-bed reactor set-up as 

described in 3.6 above at an estimated heating rate of >200 K/sec.  The biomass 

solids encompassed the washed and raw biomass components of leaf, bark and 

wood.  The temperature range investigated during the experiments was 200–700 °C 

for raw and 200–600 °C for washed biomass. 
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The induction furnace was heated to the approximate temperature required for the 

experiment.  Once the furnace was at the pre-set temperature, the empty reactor was 

weighed.  An aliquot (19.5–20 g) of sand bed material (125–250 μm) was pre-

weighed and placed into the reactor after which the reactor was weighed again and 

the amount of sand bed material was determined.     

The fluidisation gas, feeding tube, off gas and feeding tube cooling connections to 

the reactor were made and the thermocouple was inserted into the reactor sand bed, 

taking care not to allow the thermocouple to contact the frit or the sides of the 

reactor.  The fluidisation gas (Ar) was set and adjusted to the required set point (3 to 

5 Normal litres per minute) and the reactor was then placed into the furnace at the 

correct position and clamped.  The feeding tube cooling air was turned on and set to 

a nominal flow of 3 Normal litres per minute.  

The reactor was left in the furnace for 15 minutes to allow it to thermally stabilise; 

the stability was determined using the inserted thermocouple.  During this stabilising 

time the feeding tube cooling air exit temperature was checked and the air flowrate 

adjusted until the exit temperature was below 50 °C.  The furnace temperature was 

adjusted to ensure the bed temperature required for the experiment was within 5 °C. 

Once achieved, the reactor was allowed to sit for a further 15 minutes to become 

thermally stable.  

The biomass sample (washed or raw) was pre-weighed, normally (1.95–2 g) for most 

experiments, and placed into the previously weighed sample holder.  The sample 

holder was again weighed and connected to the sample feeding system.  The feeding 
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system was purged with the inert gas used for the experiment for three to five 

minutes to remove any air contained in the sample.  The rate achieved during the 

biomass sample feeding was in the range 0.3 to 0.5 g/min.  The main overall driver 

for the feeding rate of the sample was the fluidized-bed temperature in the reactor.  

This temperature could not deviate by more than 5 °C from the required set point.  

Once the biomass sample was fed into the reactor, the holding time for the 

experiment was started.  This was nominally 15 minutes for most of the experiments 

but was adjusted from one to 40 minutes in some of the experiments to determine the 

effect of holding time on the pyrolysis reaction and agglomeration.  At the end of the 

holding time the reactor was removed from the furnace and allowed to cool with the 

fluidisation gas to a temperature below 50 °C, after which the feeding tube and the 

flue gas connections were removed.  The reactor was allowed to cool further to 

below 40 °C where the fluidisation gas was stopped.  The inserted thermocouple was 

then removed and the reactor was weighed.  The tar and condensate collected in the 

flue gas passage and sides of the reactor were burned off using a Bunsen burner, 

making sure no sample material was destroyed during this process.  The reactor was 

again allowed to cool to room temperature.  Once at room temperature the reactor 

was re-weighed and the contents were removed from the reactor.  The contents, now 

termed “bed samples”, were collected and stored for further analysis. 

3.7.2 Slow pyrolysis of biomass solids 

Slow pyrolysis experiments were performed at 10 °C/min, in the same reactor as the 

fast pyrolysis experiments.  The biomass solids encompassed the washed and raw 
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biomass components of leaf, bark and wood.  The temperature range investigated 

during the experiments was 200–600 °C. 

The empty reactor was weighed and the mass noted.  A pre-measured aliquot (19.5–

20 g) of sand bed material having a size distribution of 125–250 μm was placed into 

the reactor and, once again, the reactor was weighed and the mass recorded.  Finally, 

an aliquot (1.95–2.0 g) of the biomass sample required for the experiment was added 

and the final mass of the reactor was determined.  

The fluidisation and flue off gas connections were made on the reactor, after which 

the thermocouple was inserted into the sand bed, taking care not to allow the 

thermocouple to contact the sides or the frit of the reactor.  The reactor was then 

placed into the furnace, which was at room temperature.  The reactor was then 

clamped into the correct vertical position to prevent any movement during the 

experiment, along with ensuring an even distribution of the fluidized gas through the 

bed material.  The fluidisation gas (Ar) was set and adjusted to the required set point.    

The rate of temperature rise required for the experiment was programmed into the 

PLC of the furnace, along with the final temperature required.  The furnace was 

turned on and the temperature of the bed was monitored and noted throughout the 

experiment.  Once the bed temperature reached the required experimental 

temperature, the holding time was started.  This ranged from 1 to 35 minutes and is 

noted where required; for most experiments it was kept at 15 minutes.  Once the 

holding time elapsed, the reactor was removed from the furnace, allowed to cool to 

below 50 °C and the flue gas and feed tube connections were removed.  The 
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fluidisation gas was allowed to flow until the reactor temperature was below 40 °C, 

after which it was stopped and the reactor was weighed.  The tar and condensate 

were then burned off from the flue and sides of the reactor using a Bunsen burner, 

taking care not to degrade the sample material remaining in the reactor.  Once the tar 

and condensate had been removed, the reactor was once again allowed to cool to 

room temperature, at which time the mass of the reactor was determined.  The 

contents in the reactor were then deemed the “bed sample” and were collected for 

further analysis.  

3.7.3 Fast pyrolysis of biomass “extract”  

Fast pyrolysis experiments were performed on the “extract” material resulting from 

the ethanol leaching of the biomass components leaf, bark and wood, at an estimated 

heating rate >200 K/sec.  The procedure used for the pyrolysis experiments followed 

the same as outlined in 3.7.1 above, with only two differences.  First, the preparation 

of the sample and second, the method used to feed the sample into the reactor.  The 

temperature range investigated during the experimentation was 170–600 °C. 

The amount of extract fed into the reactor was back-calculated to be equivalent to 

that which is contained in the 1.95 to 2.0 g of the “raw” biomass component.  The 

extract content values, used to back-calculate the extract requirement for the 

experiment, were bark 35.2 wt. % db, leaf 44.7 wt. % db and wood 12.2 wt. % db. 

These values were determined by other 
62, 63

 researchers using the same feedstock 

from the same area.  The amount of extract required was weighed using a Mettler 

Toledo microbalance and placed into a calibrated syringe.  Then 24 times the initial 
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sample mass of ethanol was placed into the syringe and the syringe was shaken until 

all the extract was dissolved.  

The syringe was connected to a small stainless steel injection pipe (4 mm ID) 

inserted into the existing air-cooled feeding tube.  To assist in the dispersion of the 

ethanol extract mixture and also to ensure the entire sample was inserted into the 

reactor, entrainment gas, usually the same as the fluidisation gas, was injected into 

the smaller tube and set at flowrate of 0.5 Normal litres per minute.  Figure 3.5 is a 

schematic representation of the feed set-up used.   Before the syringe was connected 

to the injection system, the feed tube and syringe tubes were purged to ensure an 

inert atmosphere was present. 

 

 

Figure 3.5 Schematic diagram for feeding ethanol diluted extract during fast pyrolysis. 
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The temperature in the reactor was monitored, via an inserted thermocouple, to 

ensure it did not deviate by more than 5 °C during the feeding of the sample.  Once 

the full sample was injected, the holding time was started, usually 15 minutes unless 

otherwise stated.  The procedure for removal and cooling of the reactor along with 

the final collection of the “bed sample”, were the same as described in 3.7.1 above.  

3.7.4 Drying of biomass solids  

Drying experiments were performed in the fluidized-bed reactor set-up as described 

in 3.6.  The biomass solids encompassed the “raw” biomass component of leaf only.   

The procedure followed was the exactly the same as that for fast pyrolysis described 

above in 3.7.1. The only differences were the temperature range was much lower and 

was performed at 120–250 °C and 2 fluidisation gases were used: firstly, air in the 

form of instrument air having a dew point <-20 °C, and secondly, argon. 

3.7.5 Cleaning of the reactor 

After each experiment the reactor was cleaned to reduce the risk of contamination 

between experiments.  The cleaning of the reactor was achieved by following the 

procedure outlined below:     

The reactor was inserted into the furnace at 600 °C for 30 minutes to combust any 

residual organic material.  Once the 30 minutes had expired, the reactor was taken 

out of the furnace and allowed to cool to room temperature.  The reactor was rinsed 

and then allowed to steep for a further 30 minutes with a 2 M solution of H2SO4.  

The sulphuric acid solution was used to remove any salts that may have built up in 
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the reactor during the experiment.   The reactor was then emptied and rinsed with 

three or four bed volumes of demineralised water to remove any contaminants and 

then returned to the furnace to dry.  Once dry, the reactor was removed and allowed 

to cool to room temperature, covered and placed into storage for use at a future date.  

3.8 Analytical techniques  

3.8.1 Determining particle size distribution    

To study the bed agglomeration phenomenon, the mass particle size distributions 

were determined for the bed samples collected after biomass pyrolysis experiments 

or after solvent treatments.  Each sample was sieved into a series of nine size 

fractions (i.e., <106 µm, 106–125 µm, 125–355 µm, 355–500 µm, 0.5–0.71 mm, 

0.71–1.0 mm, 1.0–1.7 mm, 1.7–3.15 mm and  >3.15 mm) for determining its mass 

particle size distribution. 

3.8.2 Determining the solvent-soluble and solvent-insoluble organic matter  

Selected bed samples collected after biomass pyrolysis were washed using a mixed 

solvent of chloroform and methanol (ratio: 4:1), known to be good solvent for 

washing organic matter,
189

 in order to determine the yields of “solvent-soluble 

organic matter” present in the bed samples.  

The bed sample was placed into a flask and the mass determined.  Twice the mass of 

a 4:1 chloroform methanol mixture was placed into the flask and hand-swirled for 10 

minutes.  After solvent washing of the bed sample was complete, solids and solution 

were separated using filtration.  The solution collected was placed into an oven at 35 

C to evaporate the solvents.  The yield (wt. % daf) of organic matter remaining after 
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solvent evaporation, normalised to the total mass (daf) of biomass fed into the 

pyrolysis reactor, is considered to be the yield of “solvent-soluble organic matter”. 

The bed samples after solvent washing were also collected via filtration followed by 

evaporating the residual solvents in an oven at 35 C.   The insoluble organic 

material was determined by combusting the rest of the bed sample using a controlled 

burning profile used in the original calcining of the sand bed material described in 

3.4 above.  For the solvent-washed bed sample, the weight loss after combustion was 

considered as the yield (wt. % daf) of “solvent-insoluble organic matter” in the bed 

sample collected from biomass pyrolysis, normalised to the total mass (daf) of 

biomass fed into the bed. The sum of the yields of “solvent-soluble organic matter” 

and “solvent-insoluble organic matter” is considered as the yield of “total organic 

matter” in the bed sample. 

3.8.3 Proximate analysis. 

Various samples were selected for proximate analysis.  The char particles, when 

required, were separated from the bed samples via mechanical rubbing of the 

samples through a 106 µm Tyler screen in order to liberate the char from the sand 

bed material.  The sand material was left on the screen while the liberated char was 

collected below the screen in a pan.  The actual determination of the proximate 

analysis was performed in a METTLER Thermogravimetric Analyser (TGA) 

following a specific program adapted from the ASTME 871-82 method.
190

  The 

particular program followed is outlined below: 

Approximately 10 mg of the char sample at room temperature was placed into the 

TGA crucible and allowed to heat up at a rate of 5 °C/min to 35 °C in an argon 
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atmosphere.  The sample was held at this temperature for 10 minutes to allow the 

sample to purge completely and to give a constant starting temperature for the 

analysis.  Once the 10 minutes elapsed, the sample was heated at 10 °C/min to 110 

°C and held at this temperature for one hour to drive off moisture.  The moisture 

content of the sample can be determined by the difference between the starting mass 

and the mass of the sample at this point.  The sample was further heated in the argon 

atmosphere at 50 °C/min to a final temperature of 900 °C and kept at this 

temperature for a further 30 minutes.  The mass loss at the end of the heat up and 

constant temperature holding time is determined to be the volatile content within the 

sample.  The sample was then cooled at a rate of 10 °C/min to a temperature of 700 

°C and allowed to equilibrate at this temperature for 10 minutes before the 

atmosphere in the TGA was changed from argon to air with a dew point <-20 °C.  

The sample was given a further 30 minutes in this atmosphere to allow for the 

complete combustion of the carbon material.  The mass loss at this point is deemed 

to be the fixed carbon content and the residual mass is determined to be the ash 

content of the sample.  

3.8.4 Ultimate analysis  

Selected samples were subjected to chemistry analysis using a CHNS/O elemental 

analyser (model: PerkinElmer 2400 Series II) following the procedures outlined in 

the owner’s operational manual. 
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3.8.5 UV spectra  

Selected solutions resulting from the solvent washing of the bed sample described 

above in 3.8.2 were subjected to analysis using a UV-fluorescence spectrometer 

(model: Perkin-Elmer LS55B).  The collection of UV-fluorescence spectra followed 

a procedure similar to that reported in a previous study.
191

  Briefly, the spectra were 

scanned at a speed of 200 nm min
-1

, at a constant energy difference of -2800 cm
-1

 

and a slit width of 2.5 nm.  The intensities of spectra were normalised as per g of 

biomass feed, enabling direct comparison among the solvent-soluble organic matter 

in bed samples collected from biomass pyrolysis under various experimental 

conditions. 

3.8.6 Analysis of inorganic species  

Specific samples were analysed for their inorganic species content. The specific 

inorganic elements measured were Al, Ba, Ca, K, Na, Mg, Ti, Si, Fe, P and Sr.   

The procedure followed for the analysis of the inorganic species contained in the 

samples tested has been used in a previous study.
192

  In brief, 20–30 mg of sample 

was placed into a platinum crucible and inserted into an induction furnace in a 

specialised quartz container to prevent any contamination.  The furnace 

thermocouple was inserted into the container.  Air in the form of instrument air with 

a dew point <-20 °C was fed at nominal rate of 2 Normal litres per minute into the 

container to aid in the ash cycle.  The heating profile used for the ash cycle was 

developed to ensure very little or none of the inorganic species in the sample was 

released during the ash cycle.  The heating profile used for the ash cycle was pre-set 
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into the furnace PLC before the ash cycle was initiated.  The heating profile allows 

for the initial heating of the sample from room temperature to 270 °C at a heating 

rate of 10 °C/min.  The sample was then held at this temperature for 15 minutes 

before the temperature of the furnace further was increased to 315 °C at a heating 

rate of 5 °C/min and held at this temperature for a further five minutes.  The furnace 

temperature was again increased to 370 °C at a heating rate of 5 °C/min and held at 

this temperature for a further five minutes.  The temperature of the sample was 

finally increased to 600 °C at a heating rate of 10 °C/min and held for two hours at 

this final temperature.  The furnace was then allowed to cool before the ash samples 

could be removed.  

Once the samples had been removed from the furnace, they could be weighed and 

the ash content of the initial sample determined.  The ash samples were then mixed 

with X-ray flux containing a mixture of lithium tetraborate (35.3 wt. %) and 

lithium metraborate (64.7 wt. %).  The X-ray flux was added to the sample in a 

30:1 mass ratio, lids were placed onto the crucibles and the crucibles were 

placed into a specialised quartz container.  The container was placed into the 

centre of the furnace and the furnace thermocouple was attached to the 

container.  The fusion of the sample occurred in the crucibles, which are heated 

from room temperature to 950 °C at a heat rate of 5 °C/min and held at this 

temperature for 2 hours, where after the furnace was switched off and allowed 

to cool before the crucibles could be removed  

Once removed the crucibles were placed into Teflon vials where a known quantity of 

redistilled nitric acid solution (10 % v/v) was added to dissolve the fusion product 
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from the crucibles.  The resulting solution was subjected to inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) analysis, performed at Murdoch 

University’s Marine and Freshwater Research Laboratory using a Varian Vista Axial 

CCD Simultaneous ICP-AES instrument.  

3.8.7 Determining organic material in sand bed   

To determine the amount of organic material reporting to the lower size distributions 

(<355 μm) were combined and combusted.  The combustion procedure used to 

measure this organic material was to insert the lower size distributions (<355 μm) 

into a quartz reactor and determine the initial mass; instrument air (dew point <-20 

°C) was then used to provide the fluidisation and combustion gas for the sample.  

The reactor was then inserted into an induction furnace which was set at a 

temperature to ensure that the resulting fluidized-bed temperature was lower than 

625 °C but higher than 600 °C. This temperature was also monitored by an inserted 

thermocouple in the reactor.  At the end of the 30-minute holding time, the reactor 

was removed from the furnace and allowed to cool while the fluidising air was left 

running until the bed sample reached room temperature.  The fluidisation air was 

stopped and the reactor was then weighed again.  The difference in mass from the 

start to the end was determined; this change in the total mass represents the amount 

of organic material that reported to the lower (<355 μm) particle size distributions.  

3.8.8 Imaging  

Selected bed samples were also set into resin to prepare cross-sectional specimens 

for morphological characterisation using a scanning electron microscope (SEM, 
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model: Zeiss EVO 40XVP).  Other bed samples were also examined directly under 

an optical microscope (model: Nikon) equipped with an externally connected camera 

for image acquisition.
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CHAPTER 4 MECHANISTIC INVESTIGATION INTO BED 

AGGLOMERATION DURING BIOMASS FAST 

PYROLYSIS IN A FLUIDIZED-BED REACTOR 

4.1 Introduction  

The objective of this chapter is to carry out a series of experiments to investigate bed 

agglomeration during biomass fast pyrolysis in a laboratory-scale fluidized-bed 

reactor.  The research program followed in this chapter is designed to obtain the 

direct experimental evidence on bed agglomeration during fast pyrolysis and to 

report essential data on the nature and characteristics of the bed agglomerates formed 

under various pyrolysis conditions.  Based on the experimental evidence and data, in 

this chapter the fundamental mechanisms responsible for bed agglomeration during 

biomass pyrolysis in a fluidized-bed reactor are discussed and postulated.  

4.2 Experimental method   

Fast pyrolysis reaction experiments were performed in a fluidized-bed pyrolyser 

using mallee raw leaf biomass having a size fraction of 355–500 µm within the 

temperature range 300–700 °C with a holding time of 7.5 to 25 minutes.  The fast 

pyrolysis was performed using the outlined procedure in 3.7.1 above, and the 

preparation of the raw leaf biomass was performed as outlined in 3.2.   Analysis 

performed on selected samples was performed using the techniques outlined in 3.8 

above. 
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4.3 Results and discussion   

4.3.1 Evidence of bed agglomeration during biomass fast pyrolysis in a 

fluidized-bed reactor 

Figure 4.1A presents the mass particle size distribution of the bed samples collected 

after biomass fast pyrolysis at various pyrolysis temperatures and a holding time of 

15 minutes.  It should be noted that the bed materials (silica sand) in the fluidized-

bed pyrolysis reactor have sizes of 125–355 µm while the biomass particles fed into 

the reactor have sizes of 355–500 µm.  It is therefore safe to conclude that any 

particles >500 µm in the bed samples collected after biomass pyrolysis must be due 

to bed agglomeration.  Indeed, Figure 4.1A clearly demonstrates that depending on 

pyrolysis temperature, there are various amounts (1.8–16.5 wt. %) of the materials in 

the samples collected after biomass pyrolysis having particle sizes >500 µm. There 

are also very small but appreciable quantities (<0.5 wt. %) of small particles of size 

<125 µm generated, possibly due to the significant weight loss of biomass particles 

and/or fragmentation of biomass/char particles during pyrolysis. 
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Figure 4.1 Particle size distribution of total materials in the bed after biomass fast pyrolysis 

(pyrolysis temperature: 300–700 °C; feeding time: 4 minutes; holding time: 15 

minutes; sand particle size: 125–355 µm; biomass particle size: 355–500 µm). A) 

before solvent washing; B) after solvent washing 

Figures 4.2A–4.2C present typical SEM images of the cross-sections of the bed 

agglomerates collected from the fluidized-bed pyrolysis reactor after the pyrolysis of 
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mallee leaf at 300, 500 and 700 °C and a holding time of 15 minutes.  The images 

clearly show that the char particles in the agglomerates are generally of a partially-

round shape, suggesting that these particles experienced at least partial melting 

during pyrolysis, even at a pyrolysis temperature as low as 300 °C.  The SEM 

images in Figure 4.2A–4.2C clearly show that these agglomerates are either due to a) 

multiple char particles agglomeration with each other or b) multiple sand particles 

agglomeration with char particles.  Figures 4.2D–4.2F further present optical images 

taken for the bed agglomerates under the same pyrolysis conditions.  Similarly, the 

optical images also clearly show the agglomeration either among sand particles and 

biomass char particles or among multiple char particles.  It is clear that the char 

particles experienced at least partial melting and the connection neck of the char-

char or char-sand agglomerates being carbon-enriched organic matter.  Therefore, it 

is important to note that bed agglomeration observed during biomass pyrolysis at 

300–700 ºC in this study is unlikely due to ash agglomeration.  It is well known that 

ash agglomeration takes place during solid fuels combustion/gasification and 

requires the bed temperatures to be greater than 700 ºC.
193-196

  The results clearly 

provide direct experimental evidence that bed agglomeration indeed takes place 

during biomass fast pyrolysis in a fluidized-bed reactor under the conditions in this 

study.  Therefore, it is important to understand a) the dependence of bed 

agglomeration on pyrolysis temperature and holding time; b) characteristics of bed 

agglomerates and the organic materials responsible for bed agglomeration during 

biomass pyrolysis under various conditions and c) the fundamental mechanisms 

responsible for bed agglomeration.  
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300 C, SEM 300 C, Optical Microscope 

 

  
500 C, SEM 500 C, Optical Microscope 

 

  

700 C, SEM 700 C, Optical Microscope 

 
Figure 4.2 SEM and optical images of bed agglomerates (pyrolysis temperature: 300, 500 and 

700°C; holding time: 15 minutes); A, B and C: SEM images; D, E and F: optical 

images 
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4.3.2 Dependence of bed agglomeration on pyrolysis temperature and 

holding time 

The data in Figure 4.1A demonstrates that bed agglomeration is strongly dependent 

on the bed temperature (300–700 C). 

  

Figure 4.3 Dependence of agglomeration yield on pyrolysis temperature (holding time: 

15 minutes) 

For subsequent discussion, a term “agglomeration yield” is then defined to quantify 

the extent of bed agglomeration during biomass pyrolysis in the fluidized-bed 

reactor.  The “agglomeration yield” (wt. % db) is defined as the mass (db) of 

materials >500 µm as the percentage of the total mass (db) of the bed sample after 
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pyrolysis.  The agglomeration yield provides a reasonable estimation of the extent of 

agglomeration taken place in the bed because a) the sizes of sand and biomass 

particles are 125–355 µm and 355–500 µm, respectively, so that all materials >500 

µm must be deemed as bed agglomerates; and b) there are minimal amounts (<0.5 

wt. %) of materials <125 µm.  

Figure 4.3A presents the agglomeration yields during biomass pyrolysis in the 

fluidized-bed reactor at various pyrolysis temperatures at a constant holding time of 

15 minutes (i.e., the series of datum points in filled circles with legend “Before 

solvent washing”).  It is clear that the agglomeration yield decreases with pyrolysis 

temperature, from ~16.5 wt. % at 300 C, to ~9.5 wt. % at 500 C, ~4.6 wt. % at 600 

C and merely ~1.8 wt. % at 700C, respectively.  

A set of experiments was also carried out at a pyrolysis temperature of 500 C, 

varying the holding time from 7.5 to 25 minutes.  The results are plotted in Figure 

4.4A (i.e., the series of datum points in filled circles with legend “Before solvent 

washing”).  The data shows that there is an initial decrease in the agglomeration 

yield with increasing holding time, from 13.3 wt. % at 7.5 minutes to 9.5 wt. % at 15 

minutes. Increasing holding beyond 15 minutes leads to only slight change in the 

agglomeration yield.  

This is also the reason that the same holding time of 15 minutes was used in the 

experiments for investigating the effect of pyrolysis temperature on bed 

agglomeration (see Figure 4.3A, the series of datum points in filled circles with 

legend “Before solvent washing”). 
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Figure 4.4 Dependence of agglomeration yield on holding time  

(pyrolysis temperature: 500 C) 

 

4.3.3 Characteristics of bed agglomerates and correlations between bed 

agglomeration and organic matter in bed samples 

To investigate the characteristics of bed agglomerates, the bed samples collected 

after biomass pyrolysis were then washed using a mixed solvent of chloroform and 

methanol, aiming to remove any possible solvent-soluble organic matter that could 

aid in the agglomeration.  The particle size distributions of the bed samples after 

solvent washing are presented in Figure 4.1B, which shows a significant shift in the 
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particle size distribution of bed samples to smaller particle sizes after solvent 

washing, hence reductions in agglomeration yields (see Figure 4.3A and Figure 4.4A  

(i.e., the series of datum points in unfilled circles with legend “After solvent 

washing”) ).  It is also evident that after solvent washing, there are still various 

amounts of agglomerates present in the bed samples (see Figure 4.3A and Figure 

4.4A (i.e., the series of datum points in unfilled circles with legend “After solvent 

washing”, respectively)).  

The net reductions in the agglomeration yields as result of solvent washing are then 

calculated and plotted in Figures 4.3B and 4.4B.  At a holding time of 15 minutes, 

Figure 4.3B shows that the reduction in agglomeration yield due to solvent washing 

firstly increases from 3.5 wt. % at 300 C to a maximum of ~8.1 wt. % at 500 °C and 

then decreases rapidly as the pyrolysis temperature increases further.  At 700 °C, 

solvent washing apparently leads to little (merely 0.2 wt. %) reduction in 

agglomeration yield.  After solvent washing, the yield of the remaining agglomerates 

in bed samples decreases slightly with increasing pyrolysis temperature from 300 to 

400 C and rapidly from 400 to 500 C, then levels off as the pyrolysis temperature 

increases further.  At a given pyrolysis temperature (500 C, see Figure 4.4B), the 

reduction in agglomeration yield due to solvent washing decreases with increasing 

holding time initially (from 7.5 to 15 minutes) then levels off with further increase in 

holding time.  Figure 4.4A also suggests that holding time has no apparent effect on 

the yield of remaining agglomerates in the bed samples after solvent washing. 

 Since solvent washing removes at least some of the organic matter in the bed 

samples, the yields of solvent-insoluble, solvent-soluble and total organic matter in 
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the bed samples were then quantified.  Figure 4.5 presents the yields of the different 

types of organic matter in bed samples collected from biomass pyrolysis at various 

temperatures and a holding time of 15 minutes, normalised to the total mass (daf) of 

biomass feed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Yield of total organic matter, solvent-soluble organic matter and solvent-insoluble 

organic matter as a function of pyrolysis temperature (holding time: 15 mins). 

It can be seen from Figure 4.5A that the yields of solvent-insoluble organic matter 

decrease with increasing pyrolysis temperature, following a similar trend observed in 

the effect of temperature on the yield of remaining agglomerates in the bed samples 

after solvent washing (see Figure 4.4A).  However, the yield of solvent-soluble 
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organic matter initially increases from 300 to 500 °C then decreases with further 

increasing pyrolysis temperature.  Interestingly, the trend is also similar to that seen 

in the effect of pyrolysis temperature on the reduction in agglomeration yield as 

results of solvent washing.  At a given pyrolysis temperature (500 C, see Figure 

4.6B), both the yields of solvent-soluble organic matter and solvent-insoluble 

organic matter decrease with increasing holding time initially (from 7.5 to 15 

minutes) then level off with increased holding time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Yield of total organic matter, solvent-soluble organic matter and solvent-insoluble 

organic matter as a function of holding time (pyrolysis temperature: 500 C). 

Attempts were then made to investigate the correlations between the reduction in 

agglomeration yield due to solvent washing and the yields of solvent-soluble organic 
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matter (i.e., via plotting the data in Figures 4.3B and 4.4B against the corresponding 

data in Figures 4.5B and 4.6B).  Similarly, the data in Figures 4.3A and 4.4A (i.e., 

the yields of remaining agglomerates in bed samples after solvent washing) are also 

plotted against the corresponding data in Figures 4.5A and 4.6A (i.e., the yields of 

solvent-insoluble organic matter). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7 Correlation between the yield of agglomeration (after the solvent washing of bed 

materials collected from biomass pyrolysis) and the yield of solvent-insoluble 

organic matter 

 As shown in Figures 4.7 and 4.8, both correlations are broadly linear, clearly 

suggesting that the respective (solvent-soluble or solvent-insoluble) organic matter is 

indeed responsible for the formation of the corresponding bed agglomerates during 

biomass pyrolysis 
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Figure 4.8 Correlation between the reduction in the yield of agglomeration (due to the solvent 

washing of bed materials collected from biomass pyrolysis) and the yield of 

solvent-soluble organic matter 

For both solvent-soluble and insoluble organic matter, the correlations do not pass 

through zero, as shown in Figures 4.7 and 4.8.  The data suggests that a minimal 

amount of organic matter is required for bed agglomeration to take place. 

4.3.4 Possible mechanisms responsible for bed agglomeration during biomass 

pyrolysis 

The data presented in this paper so far provides essential experimental evidence for 

understanding the nature of bed agglomerates formed and the mechanisms 

responsible for ash agglomeration during biomass gasification in a fluidized-bed 

reactor.  It is clear in the SEM and optical microscope images (Figures 4.2A–4.2F) 

that the bed agglomeration is due to some organic matter which acts as sticky agent 

for forming agglomerates, producing the carbon-enriched connection necks in either 

char-char or char-sand agglomerates during biomass pyrolysis.  The data in Figures 

4.3–4.8 further suggest that there are two different types of agglomerates in the bed 

samples.  One is the bed agglomerate formed due to solvent-soluble organic matter 

and such agglomerates dissemble upon solvent washing.  The other type of bed 

agglomerate is the remaining agglomerates in bed samples which are formed as 

results of solvent-insoluble organic matter produced from biomass pyrolysis. 
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To understand the relative importance of bed agglomeration caused by solvent-

soluble and solvent-insoluble organic matter, the contributions of the two types of 

agglomerations to the total agglomeration are calculated and plotted in Figure 4.9, 

based on the data in Figure 4.4A and Figure 4.5A.  The contribution of 

agglomeration due to solvent-insoluble organic matter dominates at the low 

pyrolysis temperatures (e.g. ≈80 wt. % at 300 C), decreases with pyrolysis 

temperature and reaches a minimum at 500 C (≈30 wt. %) then increases with a 

further increase in pyrolysis temperature.  At 700 C, the contribution is over 90 wt. 

% so that bed agglomeration is again dominantly due to solvent-insoluble organic 

matter.  

 

 

 

 

 

 

 

 

Figure 4.9 Distribution of bed agglomeration as a function of pyrolysis temperature (holding 

time: 15 mins) 

On the contrary, the contribution of bed agglomeration due to solvent-soluble 

organic matter is low initially (≈20 wt. % at 300 C), increasing rapidly and reaching 

a maximum as temperature increase from 300 to 500 C (≈70 wt. %) then decreasing 
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again.  An increase in pyrolysis temperature above 600 C leads to a drastic 

reduction in the bed agglomeration contributed by solvent-soluble organic matter.  

It is important to note that initially there were only silica sand and biomass particles 

present in the fluidized-bed reactor.  The biomass feed particles would be the only 

particles to have experienced thermal decomposition during fast pyrolysis, as the 

silica sand particles are inert.  Therefore, the organic matter (both solvent-soluble 

and solvent-insoluble) must be a product of physical and/or chemical transformation 

of biomass during pyrolysis in the reactor.  As shown in Figure 4.3A, the 

agglomeration yields due to solvent-insoluble organic matter are very high at a 

pyrolysis temperature as low as 300 C.  As pyrolysis reactions are not intensive at 

such a low temperature, the biomass particles must have undergone at least a partial 

melting process that makes the particles become sticky to enable bed agglomeration.  

This is also consistent with the previous experimental observations that 

cellulose/biomass particles may experience a melting process upon rapid heating.
197, 

198
  Certainly, melting appears to take place at high pyrolysis temperatures as well, as 

supported by the experimental observation in Figure 4.2  (i.e., the char particles in 

the agglomerates having partially round shapes). 

As pyrolysis temperature increases from 300 to 600 C, biomass pyrolysis reactions 

become more intensified, leading to a continuous decrease in the yield of total 

organic matter (i.e., char yield of biomass pyrolysis).  This in turn results in a 

decrease in bed agglomeration that is contributed by solvent-insoluble organic matter 

(see Figures 4.4 A and 4.5A).  Due to the fact that the pyrolysis reactions are more 

intensive at pyrolysis temperatures 400–500 C,
199, 200

 this leads to a drastic 
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reduction in the bed agglomeration due to solvent-insoluble organic matter around 

this temperature range. 

Table 4.1 Elemental analysis of chars collected at various pyrolysis temperatures and a 

holding time of 15 minutes 

Pyrolysis 

temperature (C) 

Elemental analysis (wt. % daf) 

C H N S O* 

300 68.14 4.82 1.56 0.57 24.91 

450 74.02 3.37 2.41 0.39 19.82 

500 76.82 2.78 2.52 0.39 19.82 

550 78.73 2.43 2.99 0.30 15.55 

600 78.75 2.31 3.17 0.28 15.49 

700 86.06 1.34 3.78 0.12 8.80 

* determined by difference 

This is further supported by the data in Table 4.1, which clearly shows that the char 

samples, which are the dominant solvent-insoluble organic matter in the bed samples 

after solvent washing, have indeed become increasingly carbonised.  The yield of 

solvent-soluble organic matter (see Figure 4.5B) and the agglomeration contributed 

by solvent-soluble organic matter (see Figure 4.4B) increases with pyrolysis 

temperatures up to 500 °C then decreases rapidly as temperatures further increase 

(e.g., 600 and 700 C).  It should be noted that the solvent-soluble organic matter in 

question remains in the bed sample rather than be released as part of the volatiles 

during biomass pyrolysis.  Therefore, the solvent-soluble organic matter is most 

likely produced via two mechanisms.  One is as part of the reacting biomass 

particles, which experience at least partial melting, and the other is as heavy tars, 

which were not released to gaseous phase under the pyrolysis conditions.  The first 
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mechanism appears to be dominant at low temperatures (e.g., 300 C) while the 

second mechanism appears to be dominant at high pyrolysis temperatures.  This is 

supported by the experimental data in Figure 4.10 on the UV spectra of the solvent 

solutions produced by the washing of the bed samples.  The data are reported as the 

relative intensity of the synchronous spectra normalised to the total mass (daf) of 

biomass feed.  Figure 4.10 clearly shows that the yield of aromatics in the solvent-

soluble organic matter indeed also follow a similar trend (i.e., increasing with 

pyrolysis temperature up to 500 °C then decreasing rapidly as temperatures further 

increase).  As secondary cracking reactions of biomass tars become more 

pronounced at temperatures >500 C,
201

 the solvent-soluble organic matter would 

have experienced thermal cracking, resulting in the formation of large aromatic ring 

systems possibly re-combined into the solid “char” as  part of the insoluble organic 

matter.  This is reflected in the substantial reductions in not only the yield of solvent-

soluble organic matter in the bed samples (see Figure 4.5B) but also the bed 

agglomeration yield contributed by solvent-soluble organic matter (see Figure 4.4B). 
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Figure 4.10 UV fluorescence synchronous spectra of the solutions obtained from the solvent 

washing of bed materials collected from biomass pyrolysis at 400–700 C (holding 

time: 15 minutes). The UV intensities are normalised to the amount of biomass fed 

into the pyrolysis reactor. 

 

4.4 Conclusions  

This chapter reports an experimental investigation into bed agglomeration during 

biomass pyrolysis in a fluidized-bed reactor operated at a temperature range of 300–

700 C.  The results clearly show that bed agglomeration takes place, forming  

char-char and char-sand agglomerates connected by carbon-enriched connection 

necks.  The yield of bed agglomerates decreases with increasing pyrolysis 

temperature.  Two types of bed agglomerates are identified: one is formed due to 

solvent-soluble organic matter and can be dissembled via solvent washing while the 

other is the remaining agglomerates which are formed as a result of solvent-insoluble 

organic matter produced from biomass pyrolysis.  There is a broadly linear 

correlation between the yield of each type of bed agglomeration and the yield of the 

corresponding type of organic matter in the bed samples.  The distribution of the two 

types of agglomerations is also strongly dependent on the pyrolysis temperature.  
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The contribution to bed agglomeration due to solvent-insoluble organic matter 

dominates at low pyrolysis temperatures (e.g., 300 C), after which it decreases with 

an increase in pyrolysis temperature and reaches a minimum at 500 C, then 

increases with a further increase in pyrolysis temperature.  The contribution of bed 

agglomeration due to solvent-soluble organic matter follows an opposite trend.  At 

pyrolysis temperatures above 600 C, there is a drastic reduction in the bed 

agglomeration contributed by solvent-soluble organic matter due to thermal cracking 

reactions so that solvent-insoluble organic matter dominates bed agglomeration.  

Overall, bed agglomeration is formed due to sticky agents produced during biomass 

pyrolysis, including both the partial molten pyrolysing biomass particles and/or the 

organic matter (solvent-soluble and solvent-insoluble) as products of biomass 

pyrolysis reactions.   
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CHAPTER 5 DIFFERENCES IN BED AGGLOMERATION 

BEHAVIOUR DURING THE FAST PYROLYSIS 

OF MALLEE BARK, LEAF AND WOOD IN A 

FLUIDIZED-BED REACTOR AT 500 ° C  

5.1 Introduction  

The key focus of this chapter is to investigate the agglomeration behaviour among 

different biomass components during fast pyrolysis in a fluidized-bed pyrolyser 

operating at industrial conditions.   

5.2 Experimental method 

Fast pyrolysis reaction experiments were performed in a fluidized-bed pyrolyser 

using the mallee biomass components raw, washed and extract of leaf, wood and 

bark at a temperature of 500 °C and constant holding time of 15 minutes.  The 

preparation and the procedures used in the fast pyrolysis experiments are detailed in 

chapter 3 above.  

5.3 Results and discussion 

5.3.1 Fast pyrolysis of raw mallee wood, leaf and bark  

Figure 5.1 presents the particle size distributions (PSDs) of the bed materials 

collected from the fast pyrolysis of wood, leaf and bark in the fluidized-bed reactor 

at 500 °C and a holding time of 15 minutes.  The PSDs of the bed materials for bark 

and leaf are also included in Figure 5.1 after the collected materials were washed 
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with solvent (chloroform and methanol mixed in a 4:1 ratio).  Due to the fact that the 

sizes of the sand and biomass samples are 125–355 m and 355–500 m, 

respectively, the samples in the size fractions of 500–710 m, 0.71–1.70 mm, 1.70–

3.15 mm and >3.15 mm must have been produced due to bed agglomeration.  

 

Figure 5.1 Particle size distributions (PSDs) of the bed materials collected from the fast 

pyrolysis of wood, bark and leaf in a fluidized-bed pyrolysis reactor at 500 °C and 

15 minute holding time. Legends: 0 – bed material from wood pyrolysis, before the 

collected material being washed using solvent; 1 – bed material from bark 

pyrolysis, before the collected material being washed using solvent; 2 – bed 

material from leaf pyrolysis, before the collected material being washed using 

solvent; 3 – bed material from bark pyrolysis, after the collected material being 

washed using solvent; 4 – bed material from leaf pyrolysis, after the collected 

material being washed using solvent. The PSDs of sand (125–355 µm) and biomass 

(355–500 µm) fed to the reactor are omitted in the figure. 

The results in Figure 5.1 show that the fast pyrolysis of wood, leaf and bark has 

resulted in significant difference in bed agglomeration.  Fast pyrolysis of leaf and 
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bark leads to significant bed agglomeration but that of wood results in little 

agglomeration.  In addition, the data also clearly shows that solvent washing of the 

bed materials can disintegrate at least some of the agglomerates from the fast 

pyrolysis of bark and leaf.  There are also obvious differences between the 

reductions in the particle size distributions from the bark and leaf components.  

While solvent washing leads to a significant reduction in the PSD of the collected 

bed materials from leaf pyrolysis, such a reduction appears to be much less 

significant in the case of bark pyrolysis.  The results suggest that the nature of the 

agglomerates from the fast pyrolysis of bark and leaf may be significantly different.  

Figures 5.2A–5.2D present the images of various samples acquired using an optical 

microscope for leaf and bark particles before pyrolysis and typical agglomerates 

formed after fast pyrolysis of the bark and leaf.  It can be seen that agglomerates are 

mainly formed via char-char binding and char-sand binding (see Figures 5.2B and 

5.2D).  Particularly, the agglomerate during bark pyrolysis appears to be formed via 

sand particles attached to the char particle itself (Figure 5.2B) while the agglomerate 

formed during leaf pyrolysis (Figure 5.2D) consists of a large amount of leaf char 

and sand particles inter-sintered.  This could be due to the difference in shape as 

indicated in Figures 5.2A and 5.2C.  The bark particles (Figure 5.2A) are more 

cylindrical or rectangular in nature while the leaf particles (Figure 5.2C) have shapes 

much closer to cubes.  Therefore, the bark particles have much larger aspect ratios so 

that these particles provide less contact among the char particles produced but more 

contacts between the char particles and sand particles. 



              CHAPTER 5 

Bed Agglomeration during Biomass Fast Pyrolysis in a Fluidised Bed Pyrolysis Reactor 74 

 

  

  

 

 

 

Figure 5.2 Optical images of various samples. Legend: (A) bark particles (355–500 µm) 

before pyrolysis; (B) a typical bed agglomerate in the size fraction of 1.70–3.15 

mm collected from bark pyrolysis; (C) leaf particles (355–500 µm) before 

pyrolysis; and (D) a typical bed agglomerate in the size fraction of 1.70–3.15 mm 

collected from leaf pyrolysis. The blue marks underneath the sample are the 

marks of millimetres. 

  

5.3.2 Fast pyrolysis of ethanol-washed mallee leaf and bark 

The raw wood, bark and leaf samples were washed using ethanol to prepare a set of 

ethanol-washed biomass samples.  The purpose of ethanol washing was primarily to 

A 

B 

C 

D 

1 mm 
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remove the extractives (ethanol-extractable) in the biomass components so that the 

effect of these ethanol-extractable components on the pyrolysis behaviour of the raw 

biomass materials can be explored.  Figure 5.3 presents the yields (on a carbon basis) 

of the extract from the ethanol washing of the raw wood, leaf and bark.  It can be 

seen that the yield of extract from the wood component is small (3.6 wt. % daf on a 

carbon basis) and those from the leaf and bark are substantial (18.9 and 15.9 wt. % 

daf on a carbon basis, respectively).  Considering the little bed agglomeration during 

wood pyrolysis and the low yield of extract of wood, the experimental program was 

then conducted using the ethanol-washed leaf and bark samples only. 

 

 

Figure 5.3 Yield of extract (C% daf) from the washing of wood, bark and leaf using ethanol 

at room temperature for 4 hrs.  
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Figure 5.4 PSDs of the bed materials collected from the fast pyrolysis of ethanol-washed bark 

and leaf in a fluidized-bed pyrolysis reactor at 500 °C and 15 minute holding. 

Legends: 1 – bed material from ethanol-washed bark pyrolysis, before the 

collected material being washed using solvent; 2 – bed material from ethanol-

washed leaf pyrolysis, before the collected material being washed using solvent; 3 

– bed material from ethanol-washed bark pyrolysis, after the collected material 

being washed using solvent; 4 – bed material from ethanol-washed leaf pyrolysis, 

after the collected material being washed using solvent. The PSDs of sand  

(125–355 µm) and biomass (355–500 µm) fed to the reactor are omitted in the 

figure. 
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Figure 5.5 Bed agglomeration yields during the fast pyrolysis of various feeding materials in 

a fluidized-bed reactor at 500 °C and 15 minute holding time. The feeding 

materials include wood, bark, leaf, ethanol-washed bark (bark-EW), ethanol-

washed leaf (leaf-EW), bark extract and leaf extract. 

Figure 5.4 shows the PSDs of the collected bed materials from the fast pyrolysis of 

the ethanol-washed bark and leaf samples under the same pyrolysis conditions.  It is 

interesting to see that compared to the PSDs in Figure 5.1, the bed materials 

collected from the pyrolysis of ethanol-washed presence of particles have been 

reduced substantially in the size fractions of 500–710 m, 0.71–1.70 mm, 1.70–3.15 

mm and >3.15 mm, respectively.  The results suggest that after ethanol washing of 

the raw leaf and bark, there are drastic reductions in bed agglomeration when 

compared to the results for the raw biomass materials.  
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The agglomeration yields during the fast pyrolysis of wood, bark, leaf, ethanol-

washed bark and ethanol-washed leaf are plotted in Figure 5.5.  It can be seen that 

the agglomeration yields are reduced from 13.4 to 1.3 wt. % and from 12.0 to 6.0 wt. 

% after ethanol washing of the biomass material, for bark and leaf, respectively.  The 

results suggest that the extractives in the biomass materials may play a critical role in 

bed agglomeration during the fast pyrolysis of bark and leaf.  

5.3.3 Direct fast pyrolysis of extracts obtained from the ethanol-washing of 

mallee leaf and bark 

Compounds found in the ethanol extracts from the mallee leaf have been identified 

by various researchers
202-207

 and have been identified as limonene, globulol, 

citronellol, terpinol, cineole, pipertone, phellandrene and eudesmol.  Compounds 

within the ethanol extracts of the mallee bark has been performed by various 

researchers 
208-210

 and some of the compounds identified were yangambin; 1- 

monopalmitin; 3,3-di-O-methylellagic acid sideroxylin; 2,6-dimethoxy-1,4-

benzoquinone; and b-sitosterol.  As can be seen by the compounds identified by the 

researchers, these compounds are large and complex in nature.  More compounds are 

being discovered yearly as both the analytical and measurement techniques are 

improved. 

Further experiments were then carried out to investigate bed agglomeration when the 

extracts obtained from the washing of raw leaf and bark were directly fed into the 

fluidized-bed pyrolysis reactor under similar conditions (pyrolysis temperature: 500 

°C; holding time: 15 minutes).  Figure 5.6 presents the PSDs of the collected bed 

samples under the experimental conditions.  It should be noted that the amount of 
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extract samples injected in each experiment was back-calculated to represent the 

same amount of extract that would be fed into the reactor during the pyrolysis of the 

raw biomass component.  The results in Figure 5.6 clearly show that direct pyrolysis 

of the extract samples obtained from both of the leaf and biomass components results 

in significant bed agglomeration because there are substantial amounts of large 

agglomerates in the size fractions of >3.15 mm.  The data provides direct evidence 

that demonstrates the extractives in the raw biomass playing a key role in bed 

agglomeration during fast pyrolysis of these biomass materials.  This is consistent 

with the observation that there is little bed agglomeration during rapid pyrolysis of 

the wood (see Figure 5.1) because the yield of extract sample is very low (see Figure 

5.3).  It should also be noted that the extract samples were injected into the reactor in 

the form of an ethanol solution.  Blank experiments of direct injecting the same 

amount of solvent only (ethanol) into the reactor led to no bed agglomeration under 

the same pyrolysis conditions. 
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Figure 5.6 PSDs of the bed materials collected from the fast pyrolysis of the extracts from 

bark and leaf in a fluidized-bed pyrolysis reactor at 500 °C and 15 minute holding. 

Legends: 1 – bed material from bark extract pyrolysis, before the collected 

material being washed using solvent; 2 – bed material from leaf extract pyrolysis, 

before the collected material being washed using solvent; 3 – bed material from 

bark extract pyrolysis, after the collected material being washed using solvent; 4 – 

bed material from leaf extract pyrolysis, after the collected material being washed 

using solvent. The PSDs of sand (125–355 µm) in the reactor has been omitted 

from the figure. 

Figure 5.6 also indicates the leaf and bark extracts having undergone fast pyrolysis 

have similar magnitude values for the size distribution in the size fractions of  

500 µm–3.15 mm before and after washing with the chloroform : methanol solvent. 

The size fraction of >3.15 mm, however, differs greatly along with the 125–355 µm 

size fraction.  This further indicates that the extract samples of bark and leaf react 

differently, most likely due to the leaf and bark extracts being composed of different 

compounds and composition.
211-216

  The extract of the leaf contains smaller 
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molecular weight compounds than that of the bark extract as can be seen from some 

of the compounds listed above from each of the extracts.  Nevertheless, the extracts 

seem to be interacting with sand in the fluidized-bed in a similar manner, forming 

very large amounts of >3.15 mm material relative to the other size fractions which 

remain similar in magnitude, except for the 125–355 µm (sand size fraction) which 

is decreasing at a proportional rate to the increasing >3.15 mm material.  The results 

suggest that the sand is essentially being used to form the corresponding amount of 

large agglomerates of sizes >3.15 mm.  This is consistent with the fact that after 

solvent washing, the sand distribution (125–355 µm) increases almost by the same 

amount as the >3.15 mm material decreases. 

Figure 5.7A and 5.7B present the optical microscope images of the resulting 

agglomeration formed during the fast pyrolysis of the leaf (A) and bark (B) extract 

samples in the fluidized-bed at 500 °C and a holding time of 15 minutes.  It can be 

seen that both of these extracts (leaf and bark) have almost completely intermixed 

with the sand particles to form these large agglomerates which are generally round in 

shape and tightly inter-packed sand particles.  This shape indicates that these 

particles are forming by combining smaller agglomerated particles into much larger 

ones as they interact with the incoming sticky agent produced during the fast 

pyrolysis of the extract sample. 
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Figure 5.7 Optical images of typical bed agglomerates collected from the fast pyrolysis of leaf 

and bark extract sample in the fluidized-bed reactor at 500 °C and a holding time 

of 15 minutes. (A) agglomerated materials (>1.7 mm) resulting from the fast 

pyrolysis of leaf extract; (B) agglomerated materials (>1.7 mm) resulting from the 

fast pyrolysis of bark extract 

5.3.4 Further discussion and practical implications 

Figure 5.5 shows that when only injecting the extract into the fluidized-bed reactor at 

500 °C under fast pyrolysis conditions, there has been a dramatic increase in bed 

agglomeration yield.  Removing the extractive materials from leaf and bark (via 

ethanol washing) leads to substantial reductions in bed agglomeration yields. 

Therefore, the results also clearly suggest that the extractive materials in leaf and 

bark biomass components play vital roles in producing sticky agents for the fluidized 

sand bed material to interact with.  The potential mechanisms may include the 

thermochemical reactions of the extractive materials and interactions between these 

materials (or their pyrolysis products) and the pyrolysing biomass particles (or their 

pyrolysis products) that facilitate bed agglomeration.  Compared to that of extractive 

materials, the pyrolysis of the raw biomass particles leads to a reduction in bed 

agglomeration.  Therefore, the interaction between the pyrolysing extractive-free 

A B 
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biomass particles with the pyrolysing extractive materials hinders bed 

agglomeration.  The results presented in this chapter show that there are significant 

differences in bed agglomeration behaviour during the fast pyrolysis of mallee wood, 

leaf and bark.  While wood pyrolysis leads to minimal bed agglomeration, that of 

bark and leaf results in substantial bed agglomeration.  It can therefore be concluded 

that when the whole biomass from mallee trees are used for bio-oil production via 

fluidized-bed pyrolysis, the leaf and bark components will be responsible for the 

potential bed agglomeration that can impact the durable operations of the reactor 

system.  

5.4 Conclusions 

There are significant differences in bed agglomeration behaviour during the 

pyrolysis of mallee wood, bark and leaf in a fluidized-bed reactor at 500 °C.  

Pyrolysis of wood component leads to insignificant bed agglomeration while the 

pyrolysis of leaf or bark biomass component results in substantial bed 

agglomeration.  Removing extractive materials from leaf and bark via ethanol 

washing of the raw biomass samples resulted in insignificant bed agglomeration 

during the fast pyrolysis of the ethanol-washed leaf and bark in the fluidized-bed 

reactor under the same conditions.  Direct pyrolysis of the extractive materials from 

leaf or bark leads to substantial bed agglomeration.  The data in this chapter suggests 

when the whole mallee biomass is used for bio-oil production via fluidized-bed 

pyrolysis, the leaf and bark components are expected to result in bed agglomeration.  

The large amounts of extractive materials present in the leaf and bark play a critical 

role in bed agglomeration during the fast pyrolysis of these biomass samples. 
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CHAPTER 6 QUANTIFICATION OF INTERACTIONS 

BETWEEN SAND AND PYROLYSING BIOMASS 

PARTICLES IN FLUIDIZED-BED UNDER FAST 

PYROLYSIS CONDITIONS PERTINENT TO 

BIO-OIL PRODUCTION 

6.1 Introduction 

This chapter investigates the direct interaction between the biomass particle 

undergoing pyrolysis and the fluidized sand bed particle as it pertains to the 

conditions found in an industrial fluidized-bed pyrolyser (500 °C and above 

atmospheric pressure).  The interaction is measured or quantified via a newly defined 

measurement parameter called sand loading (SL) which has the units gsand/gbiomass (db).  

6.2 Experimental method  

Fast pyrolysis experiments were performed on the raw leaf biomass; preparation of 

the samples and procedures used in the fast pyrolysis are detailed above in chapter 3.  

The particle size distribution used for the sand bed material (125–250 μm) and the 

leaf biomass (355–500 μm) was constant for all experiments; the actual bed mass 

was kept constant for all experiments (19.5–20 g).  The pyrolysis experiments were 

carried out at different holding times (1–35 minutes) using a constant feed mass 

(1.95–2 g), feed rate (≈0.3 g/min) and pyrolysis temperature of 500 °C.  Various 

ratios of the biomass feed (on a dry basis (db) ) to the sand bed material were 

performed (by adjusting the biomass feed mass only while keeping the mass of sand 

bed constant (19.5–20 g), at a holding time of 15 minutes).  The size fraction used in 
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the experimentation (355–500 μm) is smaller than the usual feed into an industrial 

fluidized-bed pyrolyser >1 mm, this was performed to ensure that the resulting Biot 

number was <0.1.  With a Biot number <0.1 the effects of internal and external heat 

and mass transfer for the particle are minimised and can be ignored, as the particle is 

deemed thermally thin in nature.
169, 217-219

  By doing this we can get a true 

relationship between the interacting sand and biomass feed particles without the 

effect of thermal or mass transfer gradients across the particle.  Samples before and 

after pyrolysis were subjected to analysis, the analysis performed is noted where and 

when required, and procedures used in the analysis are outlined in chapter 3 above.  

6.3 Sand loading (SL) as a key diagnosis parameter for bed agglomeration 

A new parameter (i.e., sand loading (SL) ) is introduced in order to investigate the 

direct interaction between the pyrolysing biomass particles and the sand particles (as 

bed material).  The sand loading (SL) is defined as the mass of sand that sticks with 

the pyrolysing biomass particles in the bed to form bed agglomerates normalised to 

the total mass of biomass fed into the fluidized-bed reactor:  

 𝑆𝐿 = 𝑀𝑆+ 𝑀𝐵0⁄                                                                                 (6.1) 

Where MB0 is the total mass of biomass feed (g, db).  MS+ is the amount of sand (g) 

that is in the bed agglomerates.  

Quantifying MS+ hence SL can be done experimentally.  As the sand particles have 

particle sizes of 125–250 µm, the mass of ash produced via the combustion of the 

bed sample of size >250 µm, excluding of ash in the recovered chars in the sample, 
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must be MS+ the mass of sand directly interacting with pyrolysing biomass particles 

in the bed. 

6.4 Results and discussion  

6.4.1 Distribution of char in bed agglomerates and non-agglomerate bed 

materials  

In this chapter, the sand and biomass particles have particle sizes of 125–250 µm and 

355–500 µm, respectively.  Therefore, any material in the bed sample having a size 

greater than 500 µm must be bed agglomerates.  It was also noted that there was 

little sample recovered in the size fraction of 250–355 µm.  The amount of sample 

recovered in the size fraction of 355–500 µm is also minimal.  In fact, the 

fluidisation velocity of the sand particle is much larger than that of the biomass char 

particle due to the substantial difference in particle densities of sand particles (≈2700 

kg/m³) and bio-char (≈250 kg/m³).  It was estimated that the char particles in these 

size fractions would be carried over by the fluidization gas if not forming 

agglomerates.  Therefore, the samples collected in the size fraction of 250–500 µm 

should also be bed agglomerates, but the contribution from the size fraction to bed 

agglomerates is rather small.  This can be clearly seen on the values of the bed 

agglomeration yield (YAP),
220

 presented in chapter 4 above, which is the mass of bed 

agglomerates as percentage of the total mass of the bed sample.  As shown in Figure 

6.1, the values of YAP are similar regardless of the particle size used >250 µm or 

>500 µm to measure the bed agglomerate yields.  
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Overall, the total amount of char in the bed sample after pyrolysis (i.e., MC, g) 

consists of those in the bed agglomerates (denoted as MC+, g) and those in the rest of 

bed sample, which is not bed agglomerates (denoted as MC–, g): 

 𝑀𝐶 = 𝑀𝐶+ + 𝑀𝐶−                                                                           (6.2) 

 

 
 
 Figure 6.1 Comparison in bed agglomeration yield YAP, which is the mass of bed 

agglomerates as percentage of the total mass of the bed sample, considering either 

particles with sizes >250 µm or particles with sizes >500 µm as bed agglomerates 

Figure 6.2 presents the data on char recovery from the bed materials <250 µm 

normalised to the total char recovered from the whole bed sample (i.e., MC– / MC) 

under various pyrolysis conditions.  From Figure 6.2 it can be seen that the results 

for the char recovery for either varying the feeding time (1–17 minutes) with a 

constant holding time of 15 minutes (panel A), or varying the holding time 1- 35 

minutes at a constant feeding time of 6 minutes (panel B), the actual contribution of 

char in the bed materials <250 µm to the total char recovery from the whole bed 

sample is insignificant (≈2 wt. %).  Therefore, MC- is also insignificant.  We can then 

define char recovery (XR, % db) from the fluidized-bed as char recovered from the 
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bed normalised to the total mass of biomass feed on a dry basis.  The values of XR 

under various conditions can be determined experimentally.  

 

Figure 6.2 Contribution of char in the bed materials below 500 µm to the total char recovered 

from the whole bed sample (i.e., MC–/MC) during biomass fast pyrolysis in the 

fluidized-bed reactor at 500 °C. Panel (A): with continuous biomass feeding at 

various periods of time (1–17 minutes) then followed with a constant holding time 

of 15 minutes; Panel (B): with a fixed feeding time of 6 minutes then followed with 

various holding times (1–35 minutes). 

We then further have 

 𝑀𝐶 ≈ 𝑀𝐶+ ≈ 𝑋𝑅𝑀𝐵0 (6.3) 
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The total mass of bed agglomerates are the sum of the total mass of sand in bed 

agglomerates and the total mass of char in bed agglomerates, we have 

 𝑀𝑆+ = 𝑀𝑇+𝑆 − 𝑀𝐶+                                                                       (6.4) 

where MT+S is total mass of bed agglomerates (g) and MC+ is the total amount of char 

(g) in bed agglomerates. Substituting Equations (6.3) and (6.4) into Equation (6.1) 

yields that SL can be calculated as  

 𝑆𝐿 = 𝑀𝑇+𝑆 𝑀𝐵0⁄ − 𝑋𝑅                                                                    (6.5) 

Differentiating Equation (6.5) with respect to time, yielding 

𝑑𝑆𝐿 𝑑𝑡⁄ = 1 𝑀𝐵0
2⁄ ∙ (𝑀𝐵0 ∙ 𝑑𝑀𝑇+𝑆 𝑑𝑡⁄ − 𝑀𝑇+𝑆 ∙ 𝑑𝑀𝐵0 𝑑𝑡⁄ ) − 𝑑𝑋𝑅 𝑑𝑡⁄            (6.6) 

At a constant biomass feeding rate, 𝑑𝑀𝐵0 𝑑𝑡⁄ = 0, therefore we have  

𝑑𝑆𝐿 𝑑𝑡⁄ = 1 𝑀𝐵0⁄ ∙ 𝑑𝑀𝑇+𝑆 𝑑𝑡⁄ − 𝑑𝑋𝑅 𝑑𝑡⁄                                                         (6.7) 

Equation (6.7) shows that the rate of bed agglomeration (𝑑 𝑀𝑇+𝑆 𝑑𝑡⁄ ) and 

consequently the rate of sand loading (SL) are affected by the char recovery from the 

bed as both of these variables are dependent on each other.  Equation (6.7) also 

indicates that the rate at which the sand interacts with the pyrolysing biomass 

particles is dependent on the biomass pyrolysis reaction conditions occurring in the 

pyrolyser. 
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6.4.2 Kinetics of bed agglomeration during continuous holding after the 

completion of feeding 

After the completion of biomass feeding, bed agglomerates formed undergo further 

evolution during continuous holding at the pyrolysis temperature.  The further 

carbonisation of the organic matter, which is the sticky agent responsible for 

agglomerate formation, leads to further reduction in bed agglomeration 
220

 as 

indicated in chapter 4 above.  The relationship between sand loading (SL) and 

holding time (th) may reveal further insights into the kinetics of bed agglomeration 

during continuous holding after the completion of feeding.  Figure 6.3 plots the sand 

loading (SL) as a function of holding time (th) after the completion of 6 minutes of 

feeding during pyrolysis at 500 °C.  It is interesting to see that sand loading has a 

linear correlation with holding time.  

 
 

Figure 6.3 Sand loading (SL), expressed as g of sand in bed agglomerates per g biomass feed 

(db), as a function of holding time during biomass undergoing pyrolysis at 500 °C   

The results suggest that during holding at the pyrolysis temperature, the sand loading 

follows a zero-order reaction path with respect to holding time.  In chemical reaction 

engineering, zero-order reaction kinetics are usually associated with catalytic 
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reactions,
221

 in which the active sites on the catalyst are saturated so that the 

reactions are dictated by availability of active sites, instead of the concentration of 

the reactants.  Therefore, the data in Figure 6.3 suggests that sand loading is a 

consequence of the pyrolysis reactions that produce sticky agents with “active sites” 

for sand particles to interact with for bed agglomeration to occur.  Such “active sites” 

appear to lead to the formation of either char–char bonds (i.e., the “active sites” on 

the surfaces of different biomass particles interacting with each other) or char–sand 

bonds (i.e., the “active sites” on the surfaces of pyrolysing biomass particles 

interacting with the sand particles), as previously reported 
220, 222

 in chapters 4 and 5 

above. 

Therefore, considering sand loading follows a zero–order reaction,
223, 224

 we have 

 𝑑 𝑆𝐿 𝑑𝑡⁄ = −𝐾𝑆                                                                               (6.8) 

Integrating Equation (6.7) between the limits of holding time t0 and th along with SL0 

and SL, we have 

 𝑆𝐿 − 𝑆𝐿0 = −𝐾𝑆(𝑡ℎ − 𝑡0)                                                             (6.9) 

Based on Equation (6.9) and the linear correlation in Figure 6.3, the values of KS and 

SL0 can be determined from the slope and the intercept, which are 0.022 

gsand/gbiomass(db) per minute and 1.471 gsand/gbiomass (db), respectively.  As a consequence 

of pyrolysis reactions, SL should be correlated with the pyrolysis reaction kinetics, 

which can be quantified as char recovery XR over time.  Therefore, the data on SL as 
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a function of char recovery XR are then plotted in Figure 6.4, which clearly shows 

that there is a linear correlation between SL and XR, with a slope of 0.04.  It is also 

noteworthy that the extrapolation of the line goes through (0,0), (i.e., at a zero char 

recovery (XR = 0), the sand loading is zero).  

 
 
Figure 6.4 Plot of biomass sand loading (SL) vs char recovery (XR) for biomass pyrolysis at 

500 °C after the completion of 6 minutes feeding and varying holding time (1–35 

mins) 

As the reaction kinetics for pyrolysis generally follows first-order kinetics, we have 

 𝑑𝑋𝑅 𝑑𝑡⁄ = −𝐾𝑥𝑋𝑅                                                        (6.10) 

Dividing Equation (6.8) by Equation (6.10), we have 

 𝑑𝑆𝐿 𝑑𝑋𝑅⁄ = 𝐾𝑆 𝐾𝑋⁄ ∙ 1 𝑋𝑅⁄ = 𝐾 ∙ 1 𝑋𝑅⁄                                          (6.11) 

Integrating Equation (6.11) over the limits SL0 to SL and XR0 to XR, we have  

 𝑆𝐿 = 𝑆𝐿0 + 𝐾 ∙ ln(𝑋𝑅 𝑋𝑅0⁄ )                                                            (6.12) 
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The initial char recovery (XR0) can be found by plotting ln(XR) vs holding time (th). 

From this plot the slope is the pyrolysis reaction constant (KX) and the intercept is 

ln(XR0),  where ln(XR0) represents the char recovery the instant the biomass particle is 

at 500 °C.  Figure 6.5A is the plot of ln(XR) vs holding time (th) for biomass 

pyrolysis at 500 °C with varying holding time (1–35  minutes).  It can be found that 

ln(XR0) = –0.9422 and the pyrolysis reaction constant (KX) is 0.0165 min
-1

.  

Furthermore, because the char recovery XR was experimentally measured at different 

holding times, a plot of ln 𝑋𝑅 𝑋𝑅0⁄  vs sand loading SL can then be plotted in Figure 

6.5B according to Equation (6.12).  It can be seen that the initial sand loading SL0 is 

the intercept value (i.e., 1.461) and the slope of the line is the reaction constant K 

value (i.e., 1.293 gsand/gbiomass (db) ).  
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Figure 6.5 Plots of (A) ln(XR) vs holding time (th) and (B) Sand load (SL) vs ln(XR/XR0) for 

biomass pyrolysis at 500 °C after the completion of 6 minutes feeding and various 

holding time (1–15 minutes)  

Considering the values of KX (0.0165 min
-1

, see Figure 6.5A) and KS (0.022 

gsand/gbiomass (db) per minute, see Figure 6.3), the reaction constant K is calculated to be 

1.33 gsand/gbiomass (db), very close to the value of 1.293 gsand/gbiomass (db) determined 

experimentally in Figure 6.5B.  In addition, the values of initial sand loading SL0 are 

also very close, being 1.471 (estimated in Figure 6.3) or 1.461 (estimated in Figure 

6.5B) gsand/gbiomass (db), respectively.  Therefore, for bed agglomeration, the sand is 

interacting with the pyrolysing biomass particles not in a random fashion but is 

indeed dependent on pyrolysis reactions occurring.  This hypothesis is also verified 
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in the derivation of Equation (6.8) above where it was found that the sand that 

interacted with the biomass feed is dependent on the pyrolysis reactions occurring in 

the reactor. 

6.4.3 Kinetics of bed agglomeration during biomass pyrolysis with 

continuous feeding  

Section 6.4.2 shows that after the formation of bed agglomerates in the bed upon the 

completion of feeding, bed agglomeration follows a zero-order reaction during the 

continuous holding at the pyrolysis temperature.  The “active sites” present in the 

binding agent as part of bed agglomerates diminish due to further pyrolysis reaction 

of the organic matter, resulting in a reduction in sand loading SL and also bed 

agglomeration.  However, the scenario is different to the case for bed agglomeration 

as a function of continuous feeding.  As biomass is continuously fed into the 

fluidized-bed reactor, the sticky agent is being continuously generated from the 

biomass pyrolysis reactions occurring.  As feeding time increases, the accumulated 

biomass fed into the fluidized-bed increases also.  

The variable “biomass feed to sand ratio” (R) can then be derived at various feeding 

times as the ratio between the total accumulated mass of biomass (db) fed into the 

reactor and the total mass of sand in the fluidized-bed. The value of R varies from 

1.5 to 25 wt. % under the conditions of the experiments in this study, corresponding 

to 0.5–17 minutes of continuous feeding, followed up with a constant 15 minute 

holding time in all experiments.  Figure 6.6 presents the data on char recovery XR as 

a function of biomass feed to sand bed ratio R.   
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Figure 6.6 Char recovery (XR) as a function of biomass feed to sand ratio (R), due to 

continuous feeding of biomass into the fluidized-bed reactor (R is between 1.5 and 

25 wt. %) during fast pyrolysis 

The data shows that the char recovery is independent of R as XR remains constant 

over the range of R under the experimental conditions in this study.  This suggests 

that upon continuous feeding, there is similar amount of char (relative to the amount 

of biomass feed) contributing to the formation of bed agglomerates.  Figure 6.7 

further presents the fraction of sand contained within the bed agglomerates as a 

function of biomass feed to sand bed ratio R.  

The data shows that as the feeding of biomass continues (i.e., R increases), the 

fraction of sand in bed agglomerates continues to decrease up to R = ~12 wt. %, after 

which the sand fraction in bed agglomerates becomes relatively constant.  A similar 

trend has been observed in Figure 6.8 for sand loading SL as a function of R during 

continuous feeding. 
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Figure 6.7 Fraction of sand in bed agglomerate as a function of biomass feed to sand ratio R, 

due to continuous feeding of biomass into the fluidized-bed reactor (R is between 

1.5 and 25 wt. %) during fast pyrolysis 

However, it is noted that the trend of SL as a function of R is different to that of bed 

agglomeration yield YAP,
220

 used in chapter 4 and 5 above, which is calculated based 

on the mass of bed agglomerates as percentage of the total mass of the bed sample.  

 
 
Figure 6.8 Sand loading SL as a function of biomass feed to sand ratio R, due to continuous 

feeding of biomass into the fluidized-bed reactor (R is between 1.5 and 25 wt. %) 

during fast pyrolysis  
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As shown in Figure 6.9, YAP almost increases linearly with R.  As biomass feeding 

continues, there is continuous decrease in the sand fraction in bed agglomerates and 

sand loading, suggesting that the sticky agent produced from biomass pyrolysis 

becomes more favourably to form char-char bonding, instead of char-sand bonding 

that increases SL.  The bed agglomerates formed at R >≈12 wt. % has a constant SL, 

most likely due to the large bed agglomerates sinking to the bottom of the bed at a 

constant sand loading.  Clearly, SL is a more powerful diagnostic parameter for 

quantifying the actual interactions between sand and the pyrolysing biomass 

particles in the fluidized-bed than the previously used (chapters 4 and 5) bed 

agglomeration yield YAP. 

 
Figure 6.9 Bed agglomeration yield YAP as a function of biomass feed to sand ratio R, due to 

continuous feeding of biomass into the fluidized-bed reactor (R is between 1.5 and 

25 Wt. %) during fast pyrolysis 

If there is a relationship between the sand loading and the actual biomass feed ratio 

R, it may be mathematically represented as   

 𝑆𝐿 = 𝐾𝑅𝑅𝑛                                                                                      (6.13) 
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Taking natural logs of Equation (6.13), we have  

 ln(𝑆𝐿) = 𝑙𝑛𝐾𝑅 + 𝑛𝑙𝑛(𝑅)                                                                (6.14) 

Based on Equation (6.14), the relationship between ln (SL) and ln (R) can then be 

plotted based on the experimental data, as shown in Figure 6.10.  Indeed, ln (SL) vs 

ln (R) yields a straight line in the figure.  The data in Figure 6.10 shows that the 

slope of the line is -0.5 and the intercept is -1.24.  It is noted that the slope of the line 

in Figure 6.10 yields the overall reaction order n and the intercept of the graph yields 

ln (KR) from which the global reaction constant KR can then be derived.  Therefore, 

the interaction between sand and the pyrolysing biomass particles (upon continuous 

feeding) within the reactor seems to be in a negative order of 0.5.  The negative 

order indicates that the concentration (indicated by the biomass feed to fluidized-bed 

mass ratio, R) inversely affects the sand loading (SL) as the higher the concentration 

of the biomass feed to the fluidized-bed mass, the more the biomass feed will 

interact with itself to form char-char bonding rather than the actual sand bed material 

to form the char-sand bonding as indicated in Figures 6.7 and 6.8.  
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Figure 6.10 Relationship between ln(SL) and ln(R), due to continuous feeding of biomass into 

the fluidized-bed reactor (R is between 1.5 and 25 wt%) during fast pyrolysis 

It is also noted that the experiments performed at continuous feeding were done at a 

constant holding of 15 minutes after the completion of different feeding periods; the 

reaction order includes a constant holding time (i.e., th = 15 minute) and does not 

represent the actual order of reaction when there is no holding time (i.e., th = 0).  

Therefore, the initial sand loading (SL0) for each of the conditions tested can be back-

calculated using Equation (6.12) with the calculated K value of 0.022 and with a 

constant holding time of 15 minutes.  It is plausible to assume that the sand loading 

follows a zero-order reaction rate and the sand loading decreases in proportion to the 

holding time (as indicated by Figure 6.3).  Figure 6.11 presents a plot of the back-

calculated SL0 as a function of biomass feed to sand bed mass ratio R.  A fitted curve 

in the figure shows that the overall global reaction for the interaction between sand 

and pyrolysing biomass particles during continuous feeding is –0.4 and the reaction 

constant KR is 0.5.   
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Figure 6.11 Back-calculated SL0 as a function of biomass feed to sand bed ratio R, due to 

continuous feeding of biomass into the fluidized-bed reactor (R is between 1.5 and 

25 Wt%) during fast pyrolysis 

At a given feeding rate (F) and feeding time (tf), the biomass feed to sand bed ratio R 

can be mathematically expressed as  

 𝑅 = 𝐹𝑡𝑓 𝑀𝑆0⁄                                                                                   (6.15) 

Substituting Equation (6.15) and the values found from Figure 6.11 for SL0 into 

Equation (6.9) then the overall sand loading can be modelled in terms of feed rate 

(F), initial mass of the fluidized-bed (MS0), feeding time (tf) and holding time (th), 

using Equation (6.16) below.    

 𝑆𝐿 = 𝐾𝑅 ∙ (𝐹𝑡𝑓/𝑀𝑆0)−0.4 − 𝐾𝑆𝑡ℎ                                                    (6.16) 

From the above results Equation (6.16) has an applicable range from R = 0 to R = 

12.5 wt. %  and for a particle diameter of 355–500 μm.  Sand loading as a variable 

can be used in any situation in which there is agglomeration taking place during 
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pyrolysis or before combustion occurs, this being due to its definition being the 

amount of biomass that directly interacts with the fluidized-bed sand material.   

6.5 Conclusions  

This chapter introduced the diagnosis parameter sand loading (SL) for examining the 

direct interaction of sand bed material with thermally thin (Biot number <0.1) 

pyrolysing biomass particles to form bed agglomerates during fast pyrolisis in a 

fluidized-bed reactor.  The results and analysis in this chapter showed that bed 

agglomeration is not merely a random phenomenon but is dependent on biomass 

pyrolysis reactions and hence the pyrolysis conditions.  During continuous feeding 

of biomass into the reactor, the correlation of SL shows that the sand interacts with 

incoming biomass feed in a negative order of 0.4.  At feed fractions below <12 wt. 

% of the bed mass, bed agglomeration is mainly driven by sand-char bonding, but 

char-char bonding becomes more important at higher feed fractions.  Upon the 

completion of biomass feeding, the sand particles interact with the pyrolysing 

biomass particles accumulated in the bed in a zero-order reaction kinetic, which is 

only dependent on the holding time (th).  Therefore, during holding, no new sand 

particles are connecting to the char particles in the bed material but are breaking off, 

thus reducing the sand loading (SL).  
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CHAPTER 7 DIAGNOSIS OF BED AGGLOMERATION 

DURING BIOMASS PYROLYSIS IN FLUIDIZED-

BED AT A WIDE RANGE OF TEMPERATURES 

7.1 Introduction  

The main focus of this chapter is to apply sand loading SL to the diagnosis of bed 

agglomeration during biomass pyrolysis in fluidized-bed at a wide range of 

temperatures (200–700 °C).  

7.2 Experimental method 

The material used for the experimentation outlined in this chapter was ethanol 

washed, ethanol extract and raw leaf biomass.  The size distribution used for the 

solid biomass was 355–500 μm. This size distribution was selected to ensure that the 

Biot number is <0.1, under which conditions the effect of the intra-particle heat 

transfer can be ignored.
169, 217-219

  The biomass components underwent fast pyrolysis 

as detailed in chapter 3 above, where the pyrolysis temperature was varied from 300 

to 700 °C, the mass of the biomass fed to the reactor (1.95–2 g or equivalent in the 

case of ethanol extract material), holding time (15 minutes), fluidized-bed mass 

(19.5–20 g) and sand bed material particle distribution (125–250 μm) were kept 

constant.  Samples before and after pyrolysis were subjected to analysis, the analysis 

performed is noted where and when required, and procedures used in the analysis are 

outlined in chapter 3.  
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7.3 Results and discussion 

7.3.1 Sand loading during biomass fast pyrolysis at a wide range of 

temperatures  

Figure 7.1 presents sand loading as a function of pyrolysis temperature (200–700 °C) 

for the fast pyrolysis of raw biomass, ethanol-washed biomass and extract samples.  

For direct comparison, the values of sand loading for the pyrolysis of the ethanol-

extracted biomass and extract samples have been back-calculated to be on the basis 

of the equivalent amount of raw biomass.  

 

 
Figure 7.1 Sand loading as function of temperature for bed agglomeration during the fast 

pyrolysis of the raw biomass, extract and ethanol-washed biomass samples at 

different temperatures (200–700 °C)  

There are several important observations from this figure.  Firstly, it can be seen that 

over the wide temperature range (200–700 °C), the pyrolysis of the extract sample 

leads to the highest sand loading, followed by the raw biomass, then the ethanol-

washed biomass.  This is consistent with the data previously report on bed 

agglomeration during biomass fast pyrolysis at 500 C 
225

 in chapter 6 above.  In 

addition, the data in Figure 7.1 clearly suggests that bed agglomeration during the 
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pyrolysis of the raw biomass is not just a simple addition of those of the two 

separated biomass components (ethanol-washed biomass and extract).  Clearly, there 

are synergies between the two biomass components during raw biomass pyrolysis.  

The large sand loading values obtained from the pyrolysis of the extract are due to 

the fact that when it is injected alone there is no hindrance from the resulting 

biomass char or particle matrix.  

Secondly, the sand loading increases with increasing temperature initially, reaches a 

maximum, then decreases with further increasing temperature.  It is noted that sand 

loading is an indicator for ability of “active sites” (for forming bed agglomeration) 

with the sticky agent that is produced by biomass pyrolysis.  At a given temperature, 

the production of sticky agents (therein the active sites) is the net result from the 

competition between sticky-agent-generating reactions (such as depolymerisation) 

that generate the sticky agents (therein the active sites) and sticky-agent-eliminating 

reactions (such as carbonisation) that eliminate the sticky agents (therein the active 

sites).  At low temperatures, the sticky-agent-generating reactions (e.g., 

depolymerisation) are more important so that an increasing temperature leads to the 

production of more sticky agents (therein active sites) for bed agglomeration, 

resulting in an increase in the sand loading.  At high temperatures, sticky-agent-

eliminating reactions (e.g., carbonisation) are dominant so that an increasing 

temperature leads to the diminishing of sticky agents, resulting in a reduction in sand 

loading, at high pyrolysis temperatures.  This suggests that either the amount of such 

“active sites” formed becomes less and/or the quality of “active sites” becomes less 

sticky as a result of intensive carbonisation reactions of samples (therein the sticky 

agents).  However, it is interesting to note that the temperatures, at which the 
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maximum values of sand loading values are reached, are significantly different for 

different samples (i.e., ≈250–280 °C for the extract sample, ≈310–350 °C for the raw 

biomass sample and ≈490–510 °C for the ethanol-washed biomass sample).  It is 

clear that the raw biomass, ethanol-washed biomass and extract samples experience 

significantly different pyrolysis reactions in producing/eliminating the sticky agents 

that are responsible for bed agglomeration.  The data in Figure 7.2 further confirms 

that the presence of extract in the sample has a significant effect on bed 

agglomeration, hence sand loading, and suggests that there may be synergies among 

different biomass components during raw biomass pyrolysis. 

7.3.2 Determination of activation energy (Ea) of the sand loading (SL) during 

biomass fast pyrolysis  

During biomass fast pyrolysis in a fluidized-bed reactor at 500 C pertinent to bio-oil 

production (as previously reported in chapter 6), sand loading (SL) follows a zero-

order rate equation with respect to the holding time (th) as 𝑆𝐿 = 𝑆𝐿0 − 𝐾𝑆𝑡ℎ.  At a 

constant holding time (th), sand loading (SL) is a function of the amount of biomass 

continuously fed into the reactor and can be mathematically represented as 𝑆𝐿 =

𝐾𝑅−0.5.  Here, R is the biomass feed to sand ratio (i.e., the mass ratio of the biomass 

feed (db) to the total mass of biomass and sand in reactor) while K is the reaction 

constant (gsand/gbiomass (db) ).  Therefore, for biomass fast pyrolysis at a wide range of 

temperatures, the reaction constant K can be considered to follow an Arrhenius 

equation that can be mathematically represented as 

𝐾 = 𝐴𝑘𝐸𝑋𝑃 (
𝐸𝑎

𝑅𝑔𝑇
)                                                                                             (7.1) 
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where Ak is the frequency factor, Ea is the activation energy, Rg is the universal gas 

constant and T is the bed temperature in Kelvin.  

In Equation 7.1, Ak is a function of both the total number and the alignment or 

orientation of collisions (i.e., sand and pyrolysing biomass particles in the reactor 

coming in contact) to form bed agglomerates (indicated by measured SL).  The 

orientation and the alignment determine if the surface of the particle has sufficient 

“sticky agent” to produce the sand-char or char-char bonding agglomerates (as 

previously observed in Chapters 4–6 
206, 211, 212

).  The activation energy Ea can be 

considered as the minimum energy required for the particles to form “sticky agent”.  

Therefore, the fraction of particles containing the amount of energy required for the 

reaction is approximated by the term 𝐸𝑋𝑃 (
𝐸𝑎

𝑅𝑔𝑇
). 

Substituting Equation (7.1) into the generic sand loading equation developed in 

chapter 6 (𝑆𝐿 = 𝐾𝑅−0.5) and rearranging the equation, the relationship between sand 

loading and temperature is derived as 

 𝑆𝐿 𝑅−0.5⁄ = 𝐴𝑘𝐸𝑋𝑃 (
𝐸𝑎

𝑅𝑔𝑇
).  

Taking natural log yields Equation (7.2)  

ln(SL R−0.5⁄ ) = ln Ak − (
Ea

Rg
)

1

T
                                                                          (7.2) 
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Equation (7.2) suggests that when plotting ln(𝑆𝐿 𝑅−0.5⁄ ) as a function of 1/T, the 

slope of the line should represent -Ea/Rg and the intercept should be ln Ak.  As shown 

in Figure 7.2, the plots of ln(𝑆𝐿 𝑅−0.5⁄ ) vs 1/T are indeed linear for the raw biomass 

(panel A), ethanol-washed biomass (panel B) and extract (panel C) samples over the 

temperature range investigated.  The reactions leading to bed agglomeration are 

initially endothermic then become exothermic at the high temperatures.  Such 

observation is consistent with the results presented in Figure 7.1 where during the 

endothermic reaction, energy is absorbed from the system to produce the sticky 

agent.  

During the exothermic reaction, the “sticky agent” is either being consumed 

(reduction in the amount of the “sticky agent” available for interaction) or 

carbonised (reduction in the “stickiness” of the agent).   
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Figure 7.2 ln( SL / R
-0.5

) as a function of 1/T for bed agglomeration during the fast pyrolysis of 

the raw biomass (A), extract (B) and the ethanol-washed biomass (C) samples at 

200–700 C 
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Table 7.1 lists the results obtained from Figure 7.2 for the activation energies (Ea) 

and frequency factors (Ak).  Both the activation energy and the frequency factor give 

insights into the bed agglomerations among pyrolysing biomass particles and sand 

particles.  

Table 7.1 Activation energies (Ea) and frequency factor (Ak) determined based on sand 

loading (SL) for bed agglomeration during the fast pyrolysis of the raw biomass, 

ethanol-extracted biomass and extract samples at 200–700 °C 

Sample 
Temperature 

°C 

Slope 

Ea/Rg 

Intercept 

lnAk 

Activation 

energy (Ea), 

kJ mole
-1

 

Pre-

exponential 

factor (Ak), 

min
–1

 

Raw 

biomass 
200–310 –3314 5.8 27.6 3.4E+02 

Raw 

biomass 
350–600 5362 –8.4 -44.6 2.2E-04 

Ethanol-

washed 

biomass 

200–500 –781 –1.0 6.5 3.6E-01 

Ethanol-

washed 

biomass 

500–600 5390 –8.9 -44.8 1.4E-04 

Extract 200–275 –1651 3.4 13.7 3.0E+01 

Extract 275–600 1994 –3.3 -16.6 3.7E-02 

 

The activation energies (Ea) at low temperatures are positive (endothermic), varying 

from 27.6 kJ mole
-1

 for the raw biomass, to 13.7 kJ mole
-1

 for the extract sample and 

then to 6.5 kJ mole
-1

 for the ethanol-washed biomass.  Removing the extract from 

the raw biomass leads to a drastic reduction in the activation energy (from 27.6 to 

6.5 kJ mole
-1

).  Although activation energy for the ethanol-washed biomass is lower 

than that for the raw biomass, the actual sand loading values obtained for the 

ethanol-washed is far lower than that for the raw biomass, due to the considerably 
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lower frequency factor for the ethanol-washed biomass (3.6E-01) in comparison to 

that for the raw biomass (3.4E+02).  

Furthermore, the activation energy (13.7 kJ mole
-1

) for sand loading during the 

pyrolysis of the extract sample is lower than that during the pyrolysis of the raw 

biomass (27.6 kJ mole
-1

).  However, the frequency factor for sand loading during the 

pyrolysis of the extract sample (3.0E+01) is lower than that during the pyrolysis of 

the raw biomass sample (3.4E+02) by one order of magnitude.  Figure 7.3 presents 

the mass of bed agglomeration normalised to the equivelent amount of biomass fed 

into to the reactor during the pyrolysis of extract and raw biomass at  170 to 275 C 

during the build-up phase of the sand loading values.  

 
 

Figure 7.3 Mass of bed agglomeration per unit equivelent mass of biomass fed into the 

reactor during the fast pyrolysis of the raw biomass and extract samples at 170–

275 C during the build-up phase of the sand loading showing relative slopes 

It can be seen from figure 7.3, that the relative difference in the sand interaction 

(ratio of slopes) during the pyrolysis of the extract sample is higher than that during 

the pyrolysis of the raw biomass sample by one order of magnitude.  The results 
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suggest that the pyrolysing extract picks up large amounts of the sand particles from 

the bed material, leading to a reduction in the collisions avalaible for the fresh 

incomming feed material to interact with.  These are in consistence with the 

observation made in chapter 5 above, that the extracts are primarily responsible for 

sand loading and there is a substantial interaction between the extract and the nascent 

char/biomass particles during pyrolysis.  Sand loading (SL) is strongly dependent on 

the content of extracts in biomass, for example, fast pyrolysis of wood leads to little 

bed agglomeration (observed in chapter 5 above) because the content of extracts in 

wood is low (<3%).  

7.3.3 Overall equation of sand loading (SL) for bed agglomeration during 

biomass pyrolysis at a wide range of temperatures 

Under continuous feeding conditions, sand loading is a function of biomass feed to 

sand ratio (R) and the holding time (th) in the form of 𝑆𝐿 = 𝐾𝑅𝑅−0.4 + 𝐾𝑆𝑡ℎ as 

indicated in chapter 6 above.  Considering 𝑆𝐿 = 𝐾𝑅−0.5 and a holding time of 15 

minutes in the experiments, the overall sand loading can be calculated as 

𝐾𝑅−0.5 = 𝐾𝑅𝑅−0.4 + 15𝐾𝑆                                                                                   (7.3) 

Equation (7.3) indicates that the ratios of KR/KS and K/KS must be constant due to the 

fact that the biomass feed to sand ratio R remains constant during sample holding in 

the reactor at the pyrolysis temperature.  From chapter 6 above the values of K, KR 

and Ks for biomass leaf fast pyrolysis at 500 C are KR/KS = 0.5/0.022 and that for 

K/KS = 0.29/0.022.  These ratios can then be used to back-calculate the 

corresponding KS and KR at the reaction temperatures.  The activation energy and 

pre-exponential constants can also be found using Equation (7.2).  



              CHAPTER 7 

Bed Agglomeration during Biomass Fast Pyrolysis in a Fluidised Bed Pyrolysis Reactor 114 

 

Figure 7.4 presents the plot of the natural logs of the back-calculated KR and KS as a 

function of inverse temperature (1/T) for the raw biomass leaf.  The activation 

energy and the pre-exponential factor can also be determined.  It is interesting to 

note that the activation energy is similar to that determined from the data presented 

in Figure 7.2. 

 

Figure 7.4 lnKR or lnKS as a function of 1/T for bed agglomeration during fast pyrolysis at  

200–600 °C 

This is expected because it is the same reactions that govern bed agglomeration and 

result in sand loading.  The results presented in Figure 7.4 clearly confirm that sand 

loading is not a random event in the fluidized-bed reactor but a direct consequence 

of the reactions occurring during pyrolysis.   

The activation energy and the frequency factor determined based on the data in 

Figure 7.4 can then be used to calculate the overall sand loading for the pyrolysing 

raw leaf biomass as a function of holding time th and biomass feed to sand ratio R for 

the two temperature ranges, as Equation (7.4a) for 200–310 °C and Equation (7.4b) 

for 350–700 °C below 
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𝑆𝐿 = 601𝐸𝑋𝑃 (
−3300

𝑇
) 𝑅−0.4 − 24.5𝐸𝑋𝑃 (

−3300

𝑇
) 𝑡ℎ                                        (7.4a) 

𝑆𝐿 = 0.00045𝐸𝑋𝑃 (
5300

𝑇
) 𝑅−0.4 − 0.00002𝐸𝑋𝑃 (

5300

𝑇
) 𝑡ℎ                            (7.4b) 

where the biomass feed to sand ratio R is related to biomass feed rate (F), feeding 

time (tf) and initial sand bed mass (MS0) as 𝑅 =
𝐹𝑡𝑓

𝑀𝑆0
.  This would suggest that the 

sand loading is an actual product of the biomass pyrolysis reactions occurring and its 

modelling may be taken into account in the overall model of biomass pyrolysis in a 

fluidized-bed reactor.  As shown in Figure 7.5, the model predictions are broadly in 

good agreement with the experimental data, except at the turning point around 310 

C, this could be due to the fact that the reactions within this region are turning from 

endothermic (27.6 kJ mole
-1

) to exothermic (-44.6 kJ mole
-1

) in nature.   

 

Figure 7.5 Modelled sand loading for bed agglomeration during the fast pyrolysis of the raw 

biomass in a fluidized-bed reactor at different temperatures 200 – 700 °C 

This would suggest that there is a very large interaction between the sticky agent 

produced and the char matrix during pyrolysis in this temperature region (310 to 350 

°C), which could likely be attributed to the formation of complex intermediates, 
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which firstly increase the sand loading dramatically then decrease it as the 

temperature reaches 350 °C. 

7.4 Conclusions  

Sand loading as a powerful analysis tool is successfully applied for the diagnosis of 

the interactions between the pyrolysing biomass particles and sand material to form 

bed agglomeration during fast pyrolysis of biomass feedstock at 200–700 °C.  The 

reaction between the raw leaf biomass particles undergoing pyrolysis and the sand 

bed material is endothermic (27.6 kJ mole
-1

) at low temperatures (200–310 °C) and 

the sand loading increases from 0.2 to 4 gsand/gbiomass (db).  At high temperatures (350–

700 °C), the reaction turns to exothermic (-44.6 kJ mole
-1

) and the sand loading 

value decreases from 4 to below 0.23 gsand/gbiomass (db) at 700 °C.  The results further 

confirm that the extracts in biomass are responsible for bed agglomeration, hence 

sand loading, as the removal of extracts from the raw biomass leads to a drastic 

reduction in sand loading from a peak of 8.24 gsand/gbiomass (db) at 275 °C to 0.42 

gsand/gbiomass (db) at 500 °C.  The extracts interact with the biomass particles during 

pyrolysis to increase the activation energy from 13.7 kJ mole
-1

 (extract only) to 27.6 

kJ mole
-1

 for the raw biomass sample.  
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CHAPTER 8 BED AGGLOMERATION DURING THE 

DRYING OF MALLEE LEAF IN FLUIDIZED-

BED 

8.1 Introduction 

While there has been a large amount of reports on the performance and modelling of 

biomass drying in fluidized-bed dryers,
226-233

 potential bed agglomeration issues 

during biomass drying has not been reported and explored.  Consequently, the 

objective of this chapter is focused on quantifying the interaction between biomass 

particles and sand bed particles, responsible for bed agglomeration, during the drying 

of mallee leaf in a fluidized-bed dryer in air or inert (argon) atmosphere at  

120–250 °C.  

8.2 Experimental method 

The material used for the experimentation outlined in this chapter was raw leaf 

biomass.  The size distribution used for the solid biomass was 355–500 μm. This 

size distribution was once again selected to ensure that the Biot number is <0.1, 

under which conditions the effect of the intra-particle heat transfer can be ignored.
169, 

217-219
  The biomass components underwent fast drying as detailed in chapter 3 

above, the drying temperature was varied from 120 to 250 °C and the mass of the 

biomass fed to the reactor (1.95–2 g), holding time (15 minutes), fluidized-bed mass 

(19.5–20 g) and sand bed material particle distribution (125–250 μm) were kept 

constant.  The feed rate to the reactor was kept constant at ≈0.3 g per minute.  The 

reactor before and after the drying experiment was weighted.  Biomass recovery 
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(XRb, wt. % db) from the drying reactor was then determined as biomass recovered 

from the bed after drying normalized to the total mass of biomass feed on a dry 

basis. 

8.3 Results and discussion 

8.3.1 Biomass recovery after drying in fluidized-bed and evidence of bed 

agglomeration 

Figure 8.1 is a plot of biomass recovery (XRb) as a function of drying temperature 

(120–250 °C) in the fluidized-bed.  At drying temperatures <200 °C, the biomass 

recovery after drying is high, but at drying temperature >200 °C the biomass 

recovery decreases rapidly.  

 
Figure 8.1 Biomass recovery (XRb) as a function of drying temperature (120–250 °C) in a 

fluidized-bed reactor in an air atmosphere 
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Figure 8.2 Particle size distribution results of bed samples collected after the drying of mallee 

leaf in a fluidized-bed reactor under air atmosphere at (1)120 °C, (2)170 °C, 

(3)190 °C and (4)250 °C 

Therefore, upon drying in the fluidized-bed, a proportion of the biomass samples 

were carried out by the fluidisation gas, due to changes in the properties of biomass 

particles such as loss of moisture, possible attrition or effect of potential pyrolysis (at 

temperatures above 200 °C).  The results show that the drying temperature needs to 

be kept below 170 °C for a biomass recovery of >90 wt. % (db).  

Figure 8.2 presents the particle size distribution of bed samples collected from the 

drying of mallee leaf in the fluidized-bed reactor at 120–250 °C.  The particle size of 

the original biomass fed into the fluidized-bed was 355–500 μm and that of the bed 

sand material was 125–250 μm so that any particles of sizes >500 μm must be bed 

agglomerates formed during biomass drying.  This study then deploys bed 

agglomeration yield (YAP, wt. %), which was previously defined 
220, 234

 and used in 



              CHAPTER 8 

 

Bed Agglomeration during Biomass Fast Pyrolysis in a Fluidised Bed Pyrolysis Reactor 120 

 

chapters 4,5 and 6 above as the total mass of bed sample with size >500 μm 

normalised to the mass of the total bed sample, for quantifying bed agglomeration. 

Figure 8.3 presents YAP as a function of bed temperature during the drying of mallee 

leaf at 120–250 °C.  The results in Figures 8.2 and 8.3 clearly demonstrate that bed 

agglomeration does occur during the drying of mallee leaf in fluidized-bed at 120–

250 °C.  Furthermore, as shown in Figure 8.3, YAP increases with increasing bed 

temperature. 

 
Figure 8.3 Bed agglomeration yield YAP (wt. %) as a function of drying temperature during 

the drying of mallee leaf in a fluidized-bed reactor at 120–250 °C in an air 

atmosphere  

 

8.3.2 Nature of bed agglomerates during mallee leaf drying in fluidized-bed  

The observation of bed agglomeration in Figures 8.2 and 8.3 is surprising because 

bed agglomeration during biomass drying in fluidized-bed was not reported 

previously.  For bed agglomeration to take place a sticky agent would have been 

produced during biomass drying and such a sticky agent is responsible for the 

formation of bed agglomerates.  Figure 8.4 further presents the typical optical 
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microscopy images of bed agglomerates collected after the experiment of mallee leaf 

drying at 170 °C.  

 
 

Figure 8.4 Typical optical microscope images of bed agglomerates in the bed samples 

collected after the drying of leaf in a fluidized-bed reactor at 170 °C under air 

atmosphere; panel A: bed agglomerate with sand-biomass binding of multiple 

particles in the size fraction of 500–710 μm; panel B: bed agglomerate with both 

sand-particle and biomass-biomass binding of multiple particles in the size 

fraction of 500–710 μm; panel C: bed agglomerate with both sand-biomass and 

biomass-biomass binding of multiple particles in the size fraction of 710–1000 μm; 

panel D: bed agglomerate with both sand-biomass and biomass-biomass binding of 

multiple particles in the size fraction of 1000–1700 μm 

It can be seen that bed agglomeration that takes place at such low temperatures is 

mainly contributed by a mixture of biomass-biomass and biomass-sand bonding of 

multiple particles.  It is noted that there are also signs of bubbling on the surface of 

the biomass particles and the particle surfaces also become smooth (see Figure 8.4B 
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and to a lesser extent Figures 8.4C and 8.4D).  It appears that during the drying of 

mallee leaf, the sticky agents seem to be formed within the biomass particles and 

then diffuse to the surface of biomass particles to form a coating. 

From chapter 5 above at 500 C significant bed agglomeration takes place during the 

fast pyrolysis of mallee leaf (containing 18.9 wt. % extractives) but little bed 

agglomeration can be observed during the fast pyrolysis of mallee wood (containing 

3.6 wt. % extractive), suggesting that the extractives in biomass play an important 

role in facilitating bed agglomeration.  The results in this chapter further show that 

even at temperatures as low as 120 C, sticky agent responsible for bed 

agglomeration can also be produced in the process of drying mallee leaf.  The 

extractives appear also to play an important role, as bed agglomeration during the 

drying of mallee wood was not observed in a set of separate experiments.  In 

addition, the data in Figure 8.3 shows that during mallee leaf drying, YAP increases 

with increasing bed temperature, suggesting that the production of the sticky agent 

responsible for bed agglomeration increases with increasing temperature.  

8.3.3 Sand loading as a function of temperature during the drying of mallee 

leaf in fluidized-bed  

Figure 8.5 presents the experimental results on sand loading (SL) during the drying of 

mallee leaf in fluidized-bed at 120–250 °C in air and argon atmospheres.  It can be 

seen that at temperatures <200 °C, the values of SL are insensitive to atmosphere.  

This suggests that the mechanisms responsible for producing the sand loading (i.e., 

the actual interactions with the biomass and the sand, leading to bed agglomeration) 

are similar.  Therefore, SL and R during mallee leaf drying at temperatures <200 °C 
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are also likely to follow the correlation previously derived in chapter 6 for similar 

reaction conditions under an inert atmosphere, (SL=KR
-0.5

) for a 15 minute holding 

time, where K is the relational proportional constant and can be determined 

experimentally and R is the ratio of total biomass feed (db) to the total mass of sand 

in the bed.  

 
Figure 8.5 Modelled and measured sand loading values for raw leaf undergoing drying in an 

inert (argon) and air atmosphere in a fluidized-bed reactor at 120–250 °C. 

Legend: () measured values for biomass drying in inert atmosphere; (□) 

measured values for leaf drying in air atmosphere; (dash curve) modelled values 

for biomass drying in inert atmosphere; and (solid curve) modelled values for 

biomass drying in air atmosphere. 

Indeed, as shown in Figure 8.6, the plot of the natural log of (SL/R
-0.5

) against inverse 

temperature (1/T) is a straight line.  The activation energies, which can then be 

derived from Figure 8.6 and are presented in Table 8.1, are 19.3 and 29.3 kJ mole
-1

 

for bed agglomeration at 120 to 250 °C, under air and argon atmosphere, 

respectively.  
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Table 8.1 Activation energies (Ea) and pre-exponential constants (Ak) for bed agglomeration 

during mallee leaf drying in fluidized-bed at 120–250 °C under air and argon 

atmosphere  

Temperature  Atmosphere Slope 

Ea/Rg 

Intercept 

lnAk 

Activation 

Energy 

(Ea), kJ mole
-1

 

Pre-Exponential 

Factor (Ak), 

min
–1 

120–250 °C air -2368 3.82 19.7 ± 1.3 46 ± 3 

120–250 °C inert, argon -3528 6.34 29.3 ± 2.4 570 ± 37 

 

 

 
Figure 8.6 Plot of ln(SL/R

-0.5
) as a function of 1/T during leaf drying in a fluidized-bed reactor 

at 120–250 °C under inert atmosphere (argon) and air atmosphere 

In reaction engineering,
235

 activation energy (Ea) and pre-exponential factor (Ak) 

represent the energy and collisions required to form “intermediate complexes”, 

respectively.  In this case, such “intermediate complexes” are bed agglomeration or 

the sand-biomass and biomass-biomass bonding.  Activation energy Ea can be 

considered as the energy required to form sticky agents responsible for bed 

agglomeration while Ak is a measure of the collisions that result in the correct 

alignment  (steric or having sufficient “sticky agent” or a good degree of “stickiness” 
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within the “sticky agent” available for the sand or biomass to interact with). 

Therefore, the differences in Ea and Ak during mallee leaf drying in air and inert 

atmosphere suggest that the presence of O2 during mallee leaf drying affects the 

generation and properties of sticky agents and hence bed agglomeration. 

Based on the data, the overall Equations (8.1) and (8.2) can then be derived for 

estimating the sand loading which occurs during the drying of mallee leaf in air and 

inert (argon) atmosphere, respectively.  

𝑆𝐿 = 46 𝑒
−2368

𝑇 𝑅−0.5           (8.1) 

    

𝑆𝐿 = 570 𝑒
−3528

𝑇 𝑅−0.5          (8.2)  

where T is the bed temperature (Kelvin) and R is the ratio of total biomass feed to 

total sand bed mass (fraction). 

The modelled sand loading can then be predicted using Equations (8.1) and (8.2) 

during the drying of mallee leaf in fluidized-bed and the results (predicted) are then 

plotted along with experimental data (measured) in Figure 8.5.  It can be seen from 

both experimental data and model prediction that drying in air or argon exhibits little 

difference in SL at temperatures <200 °C.  At temperatures ≥200 °C, atmosphere 

shows distinct effect on sand loading, suggesting that the thermochemical reactions 

of mallee leaf to generate sticky agents that are responsible for bed agglomeration 

follow different pathways.  The results in this study clearly demonstrate that bed 

agglomeration takes place even at temperatures <200 °C during mallee leaf drying in 
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fluidized-bed.  Therefore, such bed agglomeration issues during mallee leaf drying 

cannot be ignored.  

8.4 Conclusions 

During the drying of mallee leaf in fluidized-bed, bed agglomeration takes place 

even at temperatures below 200 C.  Such bed agglomeration can be modelled using 

sand loading (SL) that was previously devised for investigation into bed 

agglomeration during biomass pyrolysis in fluidized-bed.  It was also found that SL 

during biomass drying follows a similar generic equation (SL=KR
-0.5

) that was 

previously derived (chapter 6) for bed agglomeration during biomass pyrolysis, 

where K is analogous to the Arrhenius equation and R is the ratio between the total 

accumulated mass of biomass fed and the total mass of sand in the fluidized-bed.  

The kinetic data (i.e., activation energies Ea and pre-exponential factor Ak) for bed 

agglomeration during mallee leaf drying under both air and argon atmosphere are 

also derived. 
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CHAPTER 9 INFLUENCE OF BIOMASS PARTICLE SIZE ON 

BED AGGLOMERATION DURING BIOMASS 

PYROLYSIS IN FLUIDIZED-BED 

9.1 Introduction 

This chapter further investigates the interaction between pyrolysing biomass 

particles and sand in fluidized-bed responsible for bed agglomeration during 

pyrolysis at 500 C, considering a wide range of biomass particle sizes.   

9.2 Experimental method 

The leaf and bark components were separated from mallee trees harvested in 

Western Australia. The samples were dried, milled, then sieved to yield a series of 

biomass samples of different size fractions: <106, 106–150, 150–250, 250–355, 

355–500, 500–710, 710–1000, 1000–2000 and 2000–4000 µm, with the 

corresponding average particle sizes of 53, 128, 200, 303, 428, 605, 855, 1500 and 

3000 µm, respectively.  The sand used was prepared as outlined in chapter 3 above. 

A set of fast and slow pyrolysis experiments were carried out using the biomass 

samples prepared as indicated above, following the procedures outlined in chapter 3. 

After the feeding was completed, the reactor was held at 500 C for further 15 

minutes; this gives a total reaction time of approximately 21.5 minutes for the fast 

pyrolysis and approximately 61.5 minutes for the slow pyrolysis experiments.  For 

both fast and slow pyrolysis experiments, the temperature time histories for all 

intents and purposes where consistent within the fast and slow pyrolysis and as such 
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the results within the slow or fast pyrolysis experiments are comparable with each 

other.   

9.3 Results and discussion 

9.3.1 Effect of biomass particle size on sand loading 

Figure 9.1 shows that sand loading initially increases with an increase in biomass 

particle size, reaches a maximum at a transit biomass particle size of ≈430 μm and 

decreases with further increase in biomass particle size.  It should be noted that SL 

quantifies the products produced from biomass pyrolysis to form the “active sites” or 

“sticky agent” that are responsible for forming bed agglomerates. 

Figure 9.1 shows that the actual values for SL are dependent on pyrolysis conditions 

(fast or slow) and biomass used (leaf or bark).  This result is also verified by the 

previous research reported into the differences in the agglomeration behaviour of the 

different biomass components in chapter 5 above.  There is also a transition particle 

size (≈430 μm), suggesting that there is a change in the mechanism for the transfer of 

“sticky agent” from the surface of the biomass particle to interact with the sand 

particles.  Based on experimental data on heat transfer coefficient (h) and the thermal 

conductivity of biomass
155

, the critical particle size is estimated to be ≈500 µm at a 

critical Biot number of 0.1 for the biomass particles. 
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Figure 9.1 Sand loading (SL) as a function of biomass particle size (DP) during the pyrolysis of 

leaf (panel A) and bark (panel B) in fluidized-bed at 500 °C under fast or slow 

heating conditions.  

Figure 9.1 shows that for the pyrolysing biomass particles the transition is around 

430μm, which is consistent with this estimation.  Such a transition diameter during 

biomass fast pyrolysis reflects a change from a “thermally thin” regime where 

thermal and mass transfer effects can be ignored to “thermally thick” regime where 

such effects cannot be ignored. 
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9.3.2 Sand loading and mass transfer of sticky agent 

As previously reported in chapters 6, 7 and 8 above, the amount of “sticky agent” 

produced is dependent on the pyrolysis reaction conditions and as such the actual 

sand loading should be a function of the overall biomass conversion (XCC0).  The 

bed material can be considered as “inert”, as it has no concentration of sticky agent 

present and cannot generate any; therefore, the only place sticky agent can be 

generated is in the biomass particle undergoing pyrolysis, thus providing the 

concentration gradient required for mass transfer to occur.  Therefore, once the 

“sticky agent” is produced within a pyrolysing biomass particle (high concentration 

of sticky agent), the value of SL reflects the net results of the diffusion of the “sticky 

agent” through the particle and the convective transfer from the particle surface to 

interact with sand to form bed agglomerates.  In other words, SL may be modelled as 

an overall mass transfer phenomenon, considering diffusive transfer coefficient 

(DAB) of the amount of “sticky agent” produced during biomass pyrolysis through 

the particle and the convective mass transfer coefficient (Kc) from the particle 

surface (high concentration of sticky agent accumulated) to interact with sand (low 

sticky agent concentration). 

Based on mass transfer theory
236

, the dimensionless Sherwood number (Sh = 

KcDp/DAB), Reynolds number (Re = DpV/µ) and Schmidt number (Sc =ν/DAB) 

follows a generic correlation 𝑆ℎ = 𝑘𝑅𝑒
𝛼𝑆𝑐

𝛽
.  Here Kc is the mass transfer coefficient 

(length time
-1

), Dp is the average particle diameter (length), DAB is diffusion 

coefficient (length
2
 time

-1
), ρ is particle density (mass length

-3
), μ is fluid viscosity 

(mass length
-1

 time
-1

), V is fluid velocity (length time
-1

), k is a dimensionless 
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proportional constant while α and β are constants measured experimentally.  If we 

assume that the physical properties are consistent within the reaction sets, since the 

experiment temperatures and time histories are the same, then SL can be modelled as 

an overall mass transfer phenomenon, then 

 𝑆𝐿 = 𝑘𝑠𝑆ℎ = 𝑘𝑠𝑘𝑅𝑒
𝛼𝑆𝑐

𝛽 = 𝐾𝑀𝐷𝑃
𝑁                                                                                                                        (9.1) 

where KM is the overall proportional constant [(gsand/gbiomass) time
-1

 length
-N

] at total 

reaction time, SL is sand loading (gsand/gbiomass) and N is a constant dependent on the 

reaction conditions (dimensionless). Taking natural logs of the equation yields 

 ln 𝑆𝐿 = ln 𝐾𝑀 + 𝑁 ln 𝐷𝑃                                                                                                  (9.2) 

 

Therefore, a plot of the natural log of SL against the natural log of the particle size DP 

will yield a slope equal to the exponential constant (N) and the intercept equal to ln 

KM.   

Indeed, as shown in Figure 9.2 for the pyrolysis of biomass with various sizes at 500 

°C and 15 minutes under either slow or fast heating conditions, the plot of lnSL 

against ln DP yields a straight line.  The slopes and intercepts of the lines in Figure 

9.2 are then derived and summarised in Table 9.1.  It is interesting to see that when 

biomass particle sizes are ≤430 μm, the values of N for the slow pyrolysis of both 

the bark (0.98) and leaf (1.23) are close to 1.  This indicates that the diffusion and 

convective mass transfer of the “sticky agent” produced by the pyrolysis reactions 

are in “balance” for biomass particles of sizes ≤430 μm.  In other words, under slow 
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pyrolysis conditions, SL ≈ KMDP so that SL is proportional to biomass particle size. 

The overall “sticky agent” produced by the pyrolysis reactions is a direct 

consequence of the individual biomass particle mass to area ratio:   

  𝑅𝑀:𝐴 =  
𝑀𝑃

𝐴𝑃
=  

𝛷𝑉𝜌
𝜋

6
𝐷𝑃

3

𝛷𝐴𝜋𝐷𝑃
2 =

𝛷𝑉𝜌𝐷𝑃

6𝛷𝐴
=

𝛷𝑉𝐶0𝐷𝑃

6𝛷𝐴
                                                                   (9.3) 

where RM:A  is the ratio of the mass or mole to the area of the particle (mass or moles 

length-
2
), MP is total mass of the particle (mass or moles), AP is the area of the 

particle (length
2
), ρ is the density of particle (mass or moles length

-3
), ΦV is the 

volumetric shape factor (dimensionless), ΦA is the area shape factor (dimensionless) 

and C0 is the initial concentration of reactants present in particle (moles length
-3

).  

Sand loading SL may be related to the ratio of particle mass to the surface area, 

yielding  

 𝑆𝐿 = 𝑓( 𝑅𝑀:𝐴) = 𝐾
𝛷𝑉𝑋𝑆𝐶0𝐷𝑃

6𝛷𝐴
= 𝐾𝑀𝐷𝑃                                                                            (9.4) 

Where K is the proportional constant (gsand/gbiomass) length
2
 mole

-1 
time

-1
) and XS is 

the overall conversion of initial reactants to “sticky agent”.  Equation (9.4) indicates 

that SL is directly proportional to the overall flux of the “sticky agent” generated 

within the particle and then leaving the surface to interacting with sand. 
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Figure 9.2     ln (SL) as a function of ln (DP) during the pyrolysis of leaf and bark with various 

particles sizes (53–3000 μm) at 500 °C. Panel A: slow pyrolysis of leaf; panel B: 

fast pyrolysis of leaf; panel C: slow pyrolysis of bark; and panel D: fast pyrolysis 

of bark. 

 

Table 9.1      Values of N and KM for sand loading during the pyrolysis of biomass particles 

biomass 

 

pyrolysis particle size 

(DP), length 

slope 

(N) 

intercept 

(ln KM) 

KM 

( gsand/gbiomass) time
-1

  length
-N

 

leaf  slow
a
 ≤430 μm 1.23 9.53 1.38e+04 

leaf slow
a
 >430 μm  -0.68 -5.05 6.41e-03 

leaf  fast
b
 ≤430 μm  0.10 1.05 2.86e+00 

leaf  fast
b
 >430 μm  -0.95 -7.02 8.94e-04 

bark  slow
a
 ≤430 μm  0.98 7.48 1.77e+03 

bark  slow
a
 >430 μm  -0.42 -3.77 2.31e-02 

bark  fast
b
 ≤430 μm  0.61 5.00 1.48e+02 

bark  fast
b
  >430 μm  -0.77 -5.56 3.85e-03 

a 
slow pyrolysis at 10 °C min

-1
, 

b 
fast pyrolysis at  >200 K s

-1
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In addition, Figures 9.1 and 9.2 indicate that at biomass particle size <430 µm, N > 0 

so that SL increases with particle size and the convective mass transfer controls the 

amount of “sticky agent” that has presented at or left the surface of the particle to 

interact with sand.  At biomass particle size >430 μm, N < 0 so that SL decreases 

with particle size and the diffusive mass transfer controls the amount of “sticky 

agent” that interacts with sand or the flux of the sticky agent becomes constant.  

9.3.3 Diffusive mass transfer of sticky agent  

At biomass particle size >430 μm, SL is controlled by the mass transfer of the “sticky 

agent” through the particle, which would allow for a constant molar or mass flux 

through the biomass particle to interact with the sand bed material.  According to 

Fick’s law of diffusion
236

, 𝑁𝐴 =  −𝐷𝐴𝐵
𝑑𝐶𝑆

𝑑𝐷𝑃
, and Equation (9.1), we have 

 𝑆𝐿 ∝ 𝑁𝐴𝑜𝑟 𝑆𝐿 = 𝐾𝑀𝐷𝑃
𝑁 = 𝐾𝐴𝑁𝐴 =  −𝐾𝐴𝐷𝐴𝐵

𝑑𝐶𝑆

𝑑𝐷𝑝
                                                           (9.5) 

where DAB is the diffusivity coefficient (length
2
 time

-1
), NA is the flux of sticky agent 

or pyrolysis products from the biomass particles undergoing pyrolysis (g_mole 

“sticky agent” length
-2 

time
-1

), CS is the overall concentration of “sticky agent” 

produced (g_mole length
-3

) and KA is the proportional constant and represents the 

fraction of the molar flux that directly interacted with the sand bed material to form 

the sand loading measured.  The concentration of the sticky agent produced (CS) 

depends on the actual initial reactant concentrations (C0) produced from the 

pyrolysis reaction, which is first order in nature.  Assuming similar average 

selectivity of “sticky agent” in the pyrolysis products, one may have XS/XC = 
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constant = KXs where XC is the biomass conversion.  The overall concentration of the 

“sticky agent” (CS) produced, can be calculated by CS = KXsC, where the 

concentration of the reactants (C) can be determined by C = XCC0.  The biomass 

conversion XC (interacting with the sand bed material) can also be represented by (1- 

XR) where XR represents the char recovery in the bed sample.  Applying this to 

Equation (9.5) yields  

 𝐾𝑀𝐷𝑃
𝑁 =  𝐾𝐴 𝐷𝐴𝐵  𝐾𝑋𝑠 𝐶0

𝑑𝑋𝑅

𝑑𝐷𝑃
                                                                           (9.6) 

Figure 9.3 is a plot of char recovery (XR) as a function of biomass particle size (DP) 

for the pyrolysis of leaf (Figure 9.3A) and bark (Figure 9.3B) at 500 C in fluidized-

bed under various conditions.  It can be seen that XR is a function of DP and has a 

natural log fit and indicates that the overall conversion of the biomass is first order in 

nature over the reaction conditions investigated. 

Integrating Equation (9.6) from the transitional particle diameter, the diameter at 

which the sand loading is being effected by the mass and heat transfer effects, (DPTr) 

(≈430 μm) to the particle diameter (DP) and from the corresponding transitional char 

recovery (XRTr) to the char recovery (XR) at DP, we have  

 𝐾𝑀  ∫ 𝐷𝑃
𝑁𝑑𝐷𝑃 =  𝐾𝐴 𝐷𝐴𝐵  𝐾𝑋𝑠 𝐶0 ∫ 𝑑𝑋𝑅

𝑋𝑅

𝑋𝑅𝑇𝑟

𝐷𝑃

𝐷𝑃𝑇𝑟
 

  

  

  

 𝐾𝑀
(𝐷𝑃

𝑁+1−𝐷𝑃𝑇𝑟
𝑁+1) 

(𝑁+1)
=  𝐾𝐷(𝑋𝑅 − 𝑋𝑅𝑇𝑟)                                                                  (9.7) 
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Figure 9.3 Char recovery (XR) as a function of particle size (DP) during the pyrolysis of leaf 

(panel A) and bark (panel B) in fluidized-bed at 500 °C under fast or slow heating 

conditions. 

Where KD = KA DAB KXs C0 is equivalent to the overall average mass transfer 

coefficient of the sticky agent through the total biomass particles that interacted 

directly with the sand bed material at the reaction conditions investigated. 

Equation (9.7) indicates that when plotting the differential particle size as a function 

of the overall differential char recovery, this should yield a slope which is equal to 

KD/KM so that the average overall mass transfer coefficient of the sticky agent can 
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now be estimated over the total reaction time (61.5 minutes for slow and 21.5 

minutes for fast pyrolysis).  

Indeed, as shown in Figure 9.4, the differential particle size correlates linearly with 

the differential char recovery.  This in turn indicates that SL is controlled by the mass 

transfer of the “sticky agent” to interact with sand to form bed agglomerates, SL 

decreases with increasing DP at DP >430 μm and the mass transfer coefficient 

becomes constant at particle diameters greater than the transition diameter due to the 

diffusion of the sticky agent through particle being limited.  The derived overall 

average mass transfer coefficients of sticky agent are listed in Table 9.2. 

Table 9.2       Values of the average overall mass transfer coefficient KD during the pyrolysis of 

biomass with various sizes at 500 °C and 15 minutes holding under either slow or 

fast heating conditions 

biomass pyrolysis slope 

(KD/KM) 

KM 

from Table 9.1 

average mass transfer coefficient 

moles m
-2

 hr
-1

 

leaf slow
a
 1.9E+00 6.4E-03 1.2E-02 

leaf fast
b
 9.5E+00 8.9E-04 2.4E-02 

bark slow
a
 4.2E-01 2.3E-02 9.4E-03 

bark fast
b
 3.2E+00 3.8E-03 3.4E-02 

a 
slow pyrolysis at 10 °C min

-1
, 

b 
fast pyrolysis at  >200 K s

-1
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Figure 9.4     Differential particle size as a function of differential char recovery during the 

pyrolysis of leaf and bark with various sizes (430–3000 μm) at 500 °C. Panel A: 

fast pyrolysis of leaf; panel B: slow pyrolysis of leaf; panel C: fast pyrolysis of 

bark; panel D: slow pyrolysis of bark biomass. 

It is interesting to see that the average diffusion transfer coefficient of the sticky 

agent produced under slow or fast pyrolysis of leaf or bark are actually similar in 

magnitude, with the fast pyrolysis being larger than that for the slow pyrolysis.  This 

is consistent with the data in Figure 9.1 where the values of SL under slow pyrolysis 

for both the bark and leaf biomass are similar in magnitude at particle diameters 

>430 μm.  Under slow heating conditions, pyrolysis reaction is slow.  The generation 

of sticky agent is slow (experiencing intensive secondary reactions) and less 

sensitive to the properties of the parent biomass, leading to the similar average mass 

transfer coefficients of the sticky agent for leaf or bark.  Under fast heating 
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conditions, pyrolysis reactions proceed intensively and the generation of sticky agent 

is rapid so that the differences in parent biomass properties become important.  This 

is evident in Figure 9.1 that the bark undergoing fast pyrolysis seems to interact 

more with the sand bed material as reflected by the higher sand loading values and 

the subsequent larger average mass transfer coefficient (3.4 × 10
-2

 moles m
-2

 hr
-1

) 

than the leaf biomass under the same conditions having a lower average mass 

transfer coefficient (2.4 × 10
-2

 moles m
-2

 hr
-1

).  These results suggest that while the 

shapes of the curves are similar in Figure 9.1, the actual “sticky agent” formed from 

bark pyrolysis leads to more bed agglomeration (i.e., high SL values) than that from 

leaf pyrolysis.  This is most likely due to the differences in the chemistry of the 

parent biomass.  Leaf and bark are known to have chemically-different extractible 

matter that plays an important role in bed agglomeration during biomass fast 

pyrolysis as shown in chapter 5 above. 

9.4 Conclusions 

Under the experimental conditions investigated in this study, the biomass particle 

size has a significant influence on bed agglomeration, hence the values of sand 

loading (SL) that are diagnosis parameters developed for quantifying the interaction 

between pyrolysing biomass particles and sand particles to form bed agglomerates.  

Based on mass transfer theory, SL correlates to biomass particle size DP via 

SL=KMDP
N
, where the values of KM and N can be determined experimentally.  It was 

found that at DP ≤430 μm, SL is controlled by the convectional mass transfer of the 

sticky agent while at DP >430 μm, SL is controlled by the intra-particle diffusion 

transfer of the sticky agent.  
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CHAPTER 10 CONCLUSIONS, IMPLICATIONS  AND 

RECOMMENDATIONS FOR FUTURE TEST 

WORK  

10.1 Conclusions from current test work  

10.1.1 Agglomeration occurring in the pyrolyser  

The results presented in chapter 4 clearly show that bed agglomeration does take 

place by the resulting particle size distributions obtained.  The resulting 

agglomerates are an overall mix of char-char and char-sand bonding, which are 

connected by carbon-enriched necks. The overall yield of the bed agglomerates 

decreased with increasing pyrolysis temperature (300–700 °C).  

Two main types of bed agglomerates have been identified.  The first is due to 

solvent-soluble organic matter, which can be dissembled via solvent washing, while 

the second is due to solvent-insoluble organic matter.  Not only is the overall yield of 

the agglomerates dependent on the pyrolysis temperature, but so is the distribution of 

the two types of agglomerations (solvent soluble and solvent insoluble) that are 

formed.  Solvent-insoluble organic matter dominates at low pyrolysis temperatures 

(300–500 °C), while solvent-soluble organic matter dominates at higher pyrolysis 

temperatures (500–700 °C).   Agglomeration is the result of sticky agents (solvent–

soluble and solvent-insoluble), which are produced during biomass pyrolysis 

reactions. 
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10.1.2 Differences in bed agglomeration behaviour of biomass components 

wood, leaf and bark 

Results predominately presented in chapter 5 show there are significant differences 

in bed agglomeration which is formed when processing wood, bark and leaf in a 

fluidized-bed reactor at 500 °C.  The wood component of the biomass results in 

insignificant bed agglomeration formation, while that of the leaf and bark 

components result in significant amounts of bed agglomeration.  When removing the 

ethanol-soluble extractive materials from both the leaf and bark biomass 

components, the resulting agglomeration was drastically reduced but not eliminated 

at the same process conditions.  Directly reacting the ethanol-soluble extractive 

materials obtained from both the leaf or bark biomass components lead to substantial 

increases in the bed agglomeration formation.  This indicates the ethanol-soluble 

extractive materials in the biomass have a significant influence on the overall bed 

agglomeration produced. 

10.1.3 Determining whether the agglomeration is a random or a direct 

consequence of the pyrolysis process  

With the definition and introduction of the new diagnostic parameter, sand loading 

(SL), having the units gsand/gbiomass (db), in chapter 6, it is now possible to measure 

experimentally the overall interaction of the biomass undergoing pyrolysis with the 

sand bed material.  The variable sand loading has been found to be a superior 

indication and measurement of the interaction of the biomass and sand bed material 

than that of the agglomeration yield (YAP).  The interaction of the biomass with the 

sand bed material during the continuous feeding phase is in a negative order of 0.4 

and during the holding phase of the reaction interacts in a zero-order reaction kinetic.  
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The paramter sand loading has shown that the bed agglomeration is not a random 

phenomenon, but is dependent on the biomass pyrolysis reactions occurring in the 

pyrolyser. 

10.1.4 How process conditions in the pyrolyser affect the interaction of the 

fluidized-bed sand material and the biomass particles 

With the introduction of the sand loading (SL) variable, it is now possible to directly 

measure experimentally the interaction of the biomass and the sand bed material 

with the process reaction conditions.  The reaction parameters examined during the 

experimental program were the amount of biomass fed into the reactor. This is 

actually reflected in the biomass to sand bed mass ratio (R) chapter 6; the fluidized-

bed temperature (T) chapters 4, 7 and 8; the holding time (th) chapter 6; and the 

particle diameter (DP) chapter 9. 

10.1.4.1 Biomass to sand bed mass ratio 

The results from chapter 6 indicate that as the biomass to sand ratio (R) is increased, 

there is actually a reduction in the sand loading value measured.  This is indicated by 

the negative order of 0.5 obtained for the generic relationship between the sand 

loading and biomass feed to sand bed ratio (SL= KR
-0.5

) found for a constant reaction 

temperature and holding time (th = 15 minutes).   At a biomass to sand bed ratio 

below 12 wt. %, the bed agglomeration is mainly driven by sand-char bonding, but 

as this ratio is increased above 12 wt. % the char-char bonding becomes more 

prevalent. 
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10.1.4.2 Holding time  

The results in chapter 6 indicate there is a zero-order reaction kinetic relationship 

between the resulting sand loading (SL) and the holding time (th).  This relationship 

indicates that during the holding time there is no new sand or biomass interaction 

occurring but that the existing connections are starting to disseminate following a 

zero-order reaction kinetic and that the generation of the agglomerates, or increase in 

the sand loading, occurs only during the feeding phase of the reaction. 

10.1.4.3 Reaction Temperature  

When increasing the temperature (T) from 200 to 310 °C, the sand loading (SL) 

increases dramatically (0.2 to 4 gsand/gbiomass (db)).  When there is a further increase in 

temperature from 350 to 700 °C, the sand loading decreases (4 to 0.23 gsand/gbiomass 

(db)) as indicated by the results detailed in chapters 4, 7 and 8.  The generic sand 

loading equation developed in chapter 6 (SL=KR
-0.5

) can be used for modelling the 

sand loading values at different fluidized-bed temperatures under the same biomass 

to sand bed ratio (R = 0.095) and holding time (th = 15 minutes).   The K values 

calculated from the experimental data were found to obey the Arrhenius law for 

reaction kinetics as a function of reaction temperature. This once again shows that 

the interaction between the sand bed and the biomass feed material is not a random 

process but is dependent on the reaction conditions in the Pyrolyser.  From the 

Arrhenius equation it was found that during the temperature increase from 200 to 

310 °C the activation energy (Ea) required for the formation of the complexes to 

form the sand-char and char-char bonds which make up the agglomeration was 

endothermic and had a value of 27.6 kJ mole
-1

.  When the temperature was increased 
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further from 350 to 700 °C, the activation energy is exothermic and has a value of  

-44.6 kJ mole
-1

.  In the range from 310 to 350 °C the activation energy has a turning 

point where it changes from endothermic to exothermic in nature.  It was further 

found that when the ethanol extracts were reacted directly with the same overall 

change in activation energy, it changed from endothermic to exothermic, although 

the turning point temperature was much lower (250 to 280 °C).  The actual 

activation energy to form the required complexes was 13.7 kJ mole
-1

 and the sand 

loading reached a peak value of 8.24 gsand/gbiomass (db) at a temperature of 275 °C.  

What this result indicates is that the ethanol extracts interact within the biomass 

particle itself as indicated by the increase of the activation energy from  

13.7 kJ mole
-1

 (extract only) to 27.6 kJ mole
-1

 for the raw biomass sample.  This is 

further supported by the value of the exothermic activation energy for the sand 

loading of the extract at the higher temperature range (275 to 600 °C) being lower  

-16.6 kJ mole
-1

 than -44.6 kJ mole
-1

 for the untreated biomass sample. 

10.1.4.4 Particle diameter  

The effect of the biomass particle (DP) has a large influence on the sand loading (SL) 

values obtained for fast or slow pyrolysis as shown by the results outlined in chapter 

9.  The sand loading values correlate to the generic equation SL=KMDP
N
, which is 

based on mass transfer theory.  The values of KM and N are determined 

experimentally.  When the particle diameter is <430 μm, the sand loading is 

controlled by the convectional mass transfer of the sticky agent from the particle, but 

at particle diameters >430 μm, the sand loading is controlled by the intra-particle 

diffusion transfer of the sticky agent through the particle. 
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10.1.5 Effect of drying biomass   

Bed agglomeration occurs during the drying of biomass in either air or argon 

atmosphere temperatures <200 °C as indicated by the results in chapter 8.  The sand 

loading (SL) values obtained for drying in an air or argon atmosphere are of similar 

value up to approximately 200 °C, after which the sand loading values for the 

biomass in the argon atmosphere is larger than that for the biomass in the air 

atmosphere.  The generic sand loading equation (SL=KR
-0.5

, from chapter 6 and 7) 

can be used to model the resulting sand loading in either the air or argon atmosphere.  

K is determined experimentally at different temperatures keeping the biomass feed to 

sand bed ratio (R = 0.095) and holding time (th = 15 minutes) constant and varying 

the fluidized-bed temperature (T).  This result indicates that the process by which the 

sticky agent is produced and then interacts with the sand bed material is similar up to 

a temperature of 200 °C, regardless of atmosphere.  At temperatures >200 °C the 

reactions producing the sticky agent differ and are dependent on the atmosphere in 

which the reactions are occurring as indicated by the different activation energies  

(Ea) calculated (28 kJ mole
-1

 for the argon atmosphere and 19 kJ mole
-1

 for the air 

atmosphere).   

10.2 Practical implications of the current research  

The overall finding from this research indicates that appreciable agglomeration 

occurs during either the fast or slow pyrolysis of both bark or leaf biomass 

components in a fluidized-bed Pyrolyser.  Very little agglomeration is formed during 

the fast or slow pyrolysis of the wood biomass component.  Ethanol extracts from 
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the leaf and bark biomass components have a dramatic effect on the degree to which 

agglomeration occurs.  Even when this extract is removed from the biomass 

components, an appreciable amount of agglomeration still occurs.  What this result 

indicates is that the biomass material must still be separated into the various biomass 

components wood, leaf and bark and cannot be treated as a single mixture in the 

Pyrolyser as agglomeration will occur.  This also indicates that the extracts contained 

within the leaf and bark material must be removed to decrease the agglomeration 

occurring during pyrolysis.  

The power of the sand loading (SL) variable has been shown as it pertains to the 

reaction conditions in the Pyrolyser, in that the sand loading can be correlated to the 

temperature (T), biomass feed to sand bed mass ratio (R) and holding time (th) over a 

wide range of temperatures (120–700 °C).   

The agglomeration is formed by the direct interaction of  “sticky agents” that are 

either directly or indirectly produced by the pyrolysis reaction conditions occurring 

in the Pyrolyser and is reflected in the sand loading measurement.  This result 

indicates that the agglomeration or the sand and biomass interaction is not a random 

occurrence but is totally dependent on the pyrolysis reaction conditions occurring in 

the Pyrolyser.  

Low temperature drying in either an air or inert (argon) atmosphere produces 

agglomeration even at temperatures as low as 120 °C and as such it cannot be 

ignored when using a fluidized-bed dryer to increase the calorific value of the 

biomass.    
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10.3 Recommendations and future work 

Agglomeration yield (YAP), although a useful tool when used to determine if 

agglomeration is occurring, is not a good tool for measuring the actual direct 

interaction of the biomass and the fluidized-bed material as it pertains to reaction 

conditions.  It is recommended that sand loading (SL) should be used from now on to 

measure and model the direct interaction of the biomass and fluidized sand bed 

material.   

The experimentation performed in this thesis is but a brief introduction for the sand 

loading variable and its use to describe the interaction of the biomass and fluidized-

bed material.  Further experimentation should be conducted to accurately determine 

the points of inflection for the activation energy (Ea) and the reasons why this occurs 

should be determined. 

An overall reaction equation that correlates the particle diameter (DP), fluidized-bed 

temperature (T), feed to sand bed mass ratio (R) and holding time (th) to the sand 

loading (SL) during pyrolysis should be developed with further and more detailed 

experimentation.  

It would be of great value to determine if the sand loading (SL) variable can be used 

to measure the interaction of the biomass and fluidized-bed material during 

combustion or gasification and can be ultimately correlated to the reaction conditions 

such as, particle diameter (DP), temperature (T), feed to sand bed mass ratio (R) 

holding time (th) and AAEM concentration in the biomass.   
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