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Abstract 

Alkali metals (potassium and sodium) are usually present as inorganic salts or 

organic-associated elements in biomass and are major contributors to bed 

agglomeration. This thesis investigated interactions between quartz sand and wood 

doped with individual alkali salts, together with the effects of Ca and P on such 

interactions. The interactions behaviours of several agricultural residues and 

macroalgae with different compositions of alkali salts, Ca and P were assessed. The 

effect of the reaction atmosphere was also evaluated. 

All the tests were conducted in a lab-scale, fixed-bed reactor at 900 °C under either 

a steam gasification (50% v/v steam) or a combustion (5% v/v O2) atmosphere, 

respectively. Techniques, including scanning electron microscope in combination 

with energy dispersive spectroscopy (SEM-EDS), X-ray diffraction (XRD), acid 

digestion, water leaching and Atomic Absorption Spectrophotometer (AAS) 

analyses, were applied.  

Significant bed agglomerates were observed for wood doped with alkali carbonate, 

acetate or sulfate, especially during steam gasification. In contrast, the formation of 

alkali silicates was much lower for alkali chloride-doped wood, especially during 

combustion, when only insignificant agglomerates were formed. The reactions 

between gaseous alkali metals and quartz sand contributed to the agglomerates’ 

formation, especially for K salts. 

The formation of alkali silicates in the agglomerates decreased significantly with 

the increase of Ca content, while molten alkali phosphate ash formed agglomerates 

via a melting-induced mechanism. The co-existence of Ca and P generated K-Ca 

phosphates, and the influence of the K-Ca phosphates on the interaction behaviours 

and the K retention in agglomerates varied significantly with the K salts species.  

Compared with the combustion atmosphere, steam exacerbated bed agglomeration 

for the coating-induced mechanism but not for the melting-induced mechanism. 

Steam affected biomass ash-quartz sand interactions both by increasing the alkali 

metals’ retention and the fractions of alkali silicates with high melting points in the 
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agglomerates and by facilitating the gas-solid phase reactions. 

The interaction behaviours of several agricultural residues and macroalgae were 

consistent with those of individual alkali salt-doped wood. A high P and low Ca 

content in Oedogonium intermedium (ODN) resulted in the co-existence of both 

melting-induced and coating-induced mechanisms. Fuel-derived molten alkali 

silicates formed the wheat straw agglomerates via a melting-induced mechanism. 

For grape marc, cotton stalk and Derbesia tenuissima (Deb), alkali metals reacted 

with Si in the quartz sand to form agglomerates, with K-Ca phosphates distributed 

within these agglomerates. Steam significantly increased the size of the grape marc 

and Deb agglomerates. Except for Deb during combustion, the size of the 

agglomerates of the tested biomass increased significantly by increasing the 

reaction time under both atmospheres. 

This thesis contributes to the comprehensive understanding of biomass ash-quartz 

sand interactions for various types of biomass with different inorganic compositions 

during steam gasification or combustion. 
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1.1 Background 

Growing concerns about the environmental issues attributed to the utilization of 

fossil fuels as an energy resource have driven people to search for alternative 

renewable fuels. Biomass, as a biofuel, has low net carbon dioxide intensity and is 

increasingly regarded as a critical renewable future energy resource worldwide. 

Among various types of biomass, agricultural residues are a low cost and abundant 

biomass, while macroalgae have high productivity and tolerate various cultivation 

conditions [1, 2]. These make them promising biofuels that meet the increasing 

demand for energy. Thermochemical conversion processes, such as gasification and 

combustion, are efficient technologies for the transformation of biomass to energy. 

However, the high ash and alkali metals content of agricultural residues and 

macroalgae lead to several ash-related issues during the gasification or combustion 

process [3, 4]. Agglomeration, one of the ash-related issues typically occurring in 

fluidized bed reactors, generally results from the adhesion of bed materials to the 

coating layer formed from reactions between alkali metals with Si or P either from 

the bed material or the feedstock. The adhesion of bed materials causes the 

formation of large agglomerates that then lead to the defluidization of fluidized bed 

reactors, which severely limits the utilization of agricultural residues and 

macroalgae as the feedstock in fluidized bed reactors [5]. Therefore, it is critical to 

investigate the interactions between the bed material and the ash of agricultural 

residues and macroalgae to achieve a better understanding of the agglomeration 

mechanisms. 

Most of the studies on agglomeration have only focused on raw biomass [6, 7]. 

However, the composition of different water-soluble alkali salts or organic-

associated alkali metals, the major contributors to agglomeration, within biomass 

is complex. In addition, other inorganic elements, such as Ca and P, in biomass have 

significant impacts on agglomeration behaviours in the presence of alkali salts. This 

investigation into the interactions between bed material and individual alkali metals 

in biomass, together with the effects of Ca and P on these interactions, will 

contribute significantly to a better understanding of the agglomeration behaviours 

of various types of biomass, with different compositions of inorganic matter.  
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Bed agglomeration characteristics of fluidized bed reactors are affected by both the 

particle physics and the ash-bed material interactions [8]. The ash-bed material 

interactions of agglomeration, which are very important for understanding 

agglomeration mechanisms, can be studied in a fixed-bed reactor without the effect 

of particle physics. Furthermore, most investigations into bed agglomeration have 

only been performed on agglomerates obtained after the bed has been defluidised 

[9]. Therefore, investigation of the time-dependent formation process of the coating 

layer for agglomeration is important to better understand the agglomeration 

mechanism, which is easily achieved in a fixed-bed reactor. Therefore, the biomass 

ash-bed material interaction behaviours in the present work were assessed in a 

fixed-bed reactor. The time-dependent layer formation process was investigated.  

The reaction atmosphere of combustion or gasification plays a vital role in bed 

agglomeration. The steam gasification atmosphere affects the morphology of the 

agglomerates and the generation of alkali silicates significantly, when compared 

with other atmospheres [10]. Understanding of the effect of the reaction atmosphere 

(steam gasification vs combustion) on the biomass ash-bed material interaction 

behaviour contributes to some practical utilizations, such as dual fluidized bed 

gasifiers, which have both steam gasification and combustion atmospheres. 

The principal aim of the thesis is to provide a comprehensive, fundamental 

understanding of the biomass ash-quartz sand interaction behaviours and the time-

dependent layer formation process for agglomerates. The interaction behaviours 

between quartz sand and individual alkali metals in biomass, together with the 

effects of Ca and P on these interactions, were also assessed and compared with the 

interaction behaviours of several agricultural residues and macroalgae with 

different inorganic compositions. This thesis also contributes to a better 

understanding of the difference between the biomass ash-quartz sand interaction 

behaviours under a steam gasification or a combustion atmosphere. 

1.2 Scope and structure of the thesis 

Chapter 2 gives a review of the important literatures, which identifies the research 

gaps of this thesis. The emphasis of the review is on the following areas: bed 
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agglomeration of agricultural residues and macroalgae, the time-dependent layer 

formation process of biomass, interactions between quartz sand and individual 

alkali salts in biomass, and the effects of Ca or P, or both, along with the steam 

gasification atmosphere on biomass bed agglomeration. The limitations in the 

literature, which directs the work presented in the subsequent chapters, are also 

discussed at the end of this chapter. 

Chapter 3 presents the interaction behaviour between quartz sand and wood doped 

with individual alkali salts (K or Na carbonate, acetate, chloride, sulfate and 

phosphate) in biomass (first journal publication). The time-dependent layer 

formation process and the gas-solid phase reactions between gaseous alkali metals 

and the bed material were assessed for different individual alkali salts in wood 

samples. The impact of the steam gasification atmosphere on the formation of 

various types of alkali silicates in the agglomerates was compared with that of the 

combustion atmosphere.  

Chapter 4 presents the effect of Ca and P, two important inorganic elements in 

biomass, on the interaction behaviour between quartz sand and wood doped with 

individual K salts (K2CO3, K2SO4 and KCl) in biomass under a steam gasification 

or a combustion atmosphere (second journal publication). The effect of either Ca 

or P on the agglomerates’ formation was assessed. The impact of the co-existence 

of Ca and P and the formation of Ca phosphates on interaction behaviours was also 

evaluated.  

Chapters 5 and 6 present the interaction behaviours between quartz sand and several 

agricultural residues (grape marc, wheat straw and cotton stalk) or macroalgae 

(Oedogonium intermedium (denoted as ODN) and Derbesia tenuissima (denoted as 

Deb)) with various compositions of alkali metals, Ca and P (the third and fourth 

journal publications, respectively). The time-dependent layer formation process 

was assessed for the biomass. The effect of the steam gasification atmosphere on 

the formation of agglomerates was evaluated for the biomass and compared with 

that of the combustion atmosphere. 

Chapter 7 presents conclusions from the body of work, along with 
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recommendations for future work in this area of research.  

References cited in Chapters 1, 2 and 7 are given at the end of the thesis. Other 

references cited in each journal papers are provided within the journal paper 

themselves. 
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2.1 Bed agglomeration of Agricultural residues and macroalgae 

2.1.1 Agricultural residues 

Climate change, depletion of fossil fuels and the drastic increase in global 

population call for more sustainable and eco-friendly energy resources [11-13]. 

Agricultural residues, as typical second generation biofuels, are important sources 

of renewable energy and widely distributed all over the world. The advantage of 

agricultural residues is their low price, no demand for additional arable land and 

high level of production. Utilisation of agricultural residues as energy resource 

reduces the consumption of valuable woody biomass and the short growth period 

of agricultural residues promises continuity of energy production [14]. The 

production of agricultural residues is approximately 1010 Mt worldwide, equivalent 

to an energy value of 47 EJ [15]. Therefore, agricultural residues are promising 

energy resources to replace fossil fuels. 

Australia has abundant resources of agricultural residues, such as wheat straw, 

grape marc and cotton stalk. Wheat straw is one of the major agricultural residues 

worldwide [14]. Wheat straw and grape marc, are the residues from wheat 

production and the wine industry, respectively. Wheat can produce approximately 

2.5-5 t/ha of straw, while 10-15% of the grape material ends up as grape marc during 

winery process. Australia is one of the world’s largest cotton producers. Cotton stalk, 

the residues left after cotton harvest, is a promising energy resource, as it has 

appropriate properties and a similar structure to woody fuels [16]. During 2015-

2016, in Australia, the production of wheat for grain and grape for wine were 

approximately 22Mt and 1.6Mt, respectively, while approximately 0.3M ha cotton 

was planted. To sum up, wheat straw, grape marc and cotton stalk are anticipated to 

play important roles as future sources of bioenergy. 

Even though the production of agricultural residues is enormous in many countries, 

their major utilisations are usually limited to animals feeding, being burned in the 

field or being disposed of as landfill [17, 18]. The improper management of 

agricultural residues causes pollution problems [13, 19]. Therefore, it is essential 

and pressing to develop more efficient and environmentally friendly techniques that 
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utilise agricultural residues.  

2.1.2 Macroalgae 

Macroalgae are important third generation biofuels. They have a high 

photosynthetic efficiency (6-8%) and a high growth rate [20-23]. They can be 

cultivated in wastewater or seawater, without the need of extra fertilizer or 

competition for arable land or fresh water for irrigation [21, 24]. The life cycle of 

macroalgae is short and they can be harvested up to five times a year [21]. 

Macroalgae are very environmentally friendly and biodegradable [2]. They can be 

used to treat wastewater [22]. Compared with microalgae, macroalgae is simple to 

harvest due to its plant like characteristics and its high carbohydrates content makes 

it suitable for biofuel production [23]. Consequently, macroalgae are promising 

renewable energy resources to meet the increasing demand for energy worldwide. 

The utilisation of macroalgae as energy resources is quite limited. The industry 

surrounding macroalgae is mainly aimed at food products for human consumption 

[25]. To explore macroalgae energy alone is not economically practicable, as the 

investment in macroalgae cultivation and processing is high [23, 26, 27]. The 

concept of utilising biomass cultivated for wastewater treatment, or biomass 

residues left after the extraction of high value products, as energy resources is more 

economically feasible. A freshwater macroalgae species, Oedogonium intermedium 

(denoted as ODN), can be cultivated to remove multiple harmful components from 

wastewater [28]. A marine species, Derbesia tenuissima (denoted as Deb), has a 

relatively high lipid content and can be used for bio-oil production [29]. The 

residues of Deb after bio-oil production can still be utilised as energy resources [26]. 

Both ODN and Deb have broad distribution and high productivity (specific 

information can be found in the fourth journal publication in Chapter 6). Therefore, 

they are promising macroalgae species for bioenergy production. 

2.1.3 Fluidized bed gasification or combustion 

Biochemical and thermochemical routes are two major processes that convert 

agricultural residues and macroalgae into bioenergy [22, 24, 30]. Thermochemical 
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processes include pyrolysis, combustion, gasification and hydrothermal treatments. 

Compared with other processes, thermochemical conversion processes have the 

following advantages: all of the biomass can be converted, higher conversion rates 

and the compatibility with a wide range of biomass [24, 30, 31]. Therefore, 

thermochemical processes are more efficient and flexible than biochemical 

processes for agricultural residues and macroalgae. Gasification or combustion in 

fluidized bed reactors are typical thermochemical processes to convert biomass into 

energy. The advantages of fluidized bed gasification or combustion processes are 

their high flexibility, uniform distribution of temperature, high conversion 

efficiency and adaptation to various types of biomass with different properties. [32, 

33]. Therefore, fluidized bed gasification and combustion are suitable techniques 

to convert agricultural residues and macroalgae into bioenergy. 

There are some challenging problems for the utilisation of agricultural residues or 

macroalage in fluidized bed gasification or combustion processes. Agricultural 

residues are normally rich in alkali metals [3]. Macroalgae generally have a much 

higher ash content (13.1–42.8% (mean 26.6%)) and alkali metals and halogen 

content (0.5–11%) than terrestrial biomass [4, 23]. The inorganic elemental 

composition of agricultural residues and macroalgae easily causes bed 

agglomeration and limits their utilisation as feedstock in fluidized bed reactors. 

Therefore, the agglomeration behaviour of agricultural residues and macroalgae 

during fluidized bed gasification or combustion needs to be investigated before 

appropriate countermeasures can be proposed. 

2.1.4 Bed agglomeration 

Agglomeration is a common ash-related problem occurring in fluidized bed reactors. 

Agglomeration causes defluidisation of the bed and can even cause an unscheduled 

shutdown of the whole reactor [34]. The frequent shutdown and start-up of reactors 

can reduce the profit and the lifespan of the plant [35]. Agglomeration is usually 

induced by the formation of sticky liquids, which increase inter-particle forces and 

adhere bed materials to form large agglomerates. The sticky liquids are further 

strengthened by sintering. In fluidized bed reactors, if the inter-particle forces of 
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the bed material developing through the formation of sticky liquids are increased to 

the same order of magnitude as the gravitational force on the particles of the bed 

material, the bed tends to attain defluidisation [34]. Many types of biomass 

feedstock have the problem of agglomeration in fluidized bed reactors. The 

agglomeration behaviour depends significantly on the inorganic elemental 

composition of feedstock. The inorganic elemental composition of agricultural 

residues and macroalgae is complicated due to the complexity of their species. 

Therefore, the agglomeration behaviour of various types of agricultural residues 

and macroalgae with different inorganic elemental compositions needs to be 

assessed for their utilisation in fluidized bed reactors.  

Alkali metals play vital roles in biomass bed agglomeration [36]. Two major 

biomass bed agglomeration mechanisms are identified: one is a melting-induced 

mechanism, which is fuel-derived partially molten alkali silicate or phosphate ash 

that adheres bed particles together to form agglomerates; the other one is a coating-

induced mechanism, which is where alkali metals from the fuel react with Si from 

the bed material to form alkali silicate [3]. Ohman et al. [37] have found that both 

Ca and K influence the bed agglomeration significantly, as K increases the amount 

of melt in the coating layer, while Ca decreases it. Brus et al. [7] have also identified 

the agglomeration behaviour for biomass with different K, Ca or Si compositions: 

for woody biomass with a high Ca and a low K content, an alkali silicate coating 

layer forms, followed by the diffusion of Ca into the coating layer; for biomass with 

a high K content, the coating layer is formed by alkali silicate, followed by viscous-

flow sintering and agglomeration; for biomass with a high K and reactive Si content, 

a coating layer is formed by the adhesion of the bed material to the partially molten 

fuel-derived ash particles of alkali silicate. Other bed agglomeration formation 

processes have also been suggested, such as the adhesion of bed particles to high 

temperature burning char particles [38], reactions between the bed material and 

alkali metals from the attached ash particles, or the diffusion of these alkali metals 

into the coating layer on the surface of the bed material [39, 40]. Compared with 

agricultural residues, fewer studies have been performed for algae fuels, which are 

limited to certain algae species [41-45]. Many types of agricultural residues and 

macroalgae are rich in P [4, 46], which tends to form the partially molten alkali 
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phosphate ash that induces bed agglomeration via a melting-induced mechanism 

[47]. For both agricultural residues and macroalgae, alkali metals are the major 

contributors to bed agglomeration. The agglomeration behaviour of alkali metals is 

significantly affected by other inorganic elements in agricultural residues and 

macroalgae, such as Ca, P or Si. However, the alkali metals in agricultural residues 

and macroalgae are present as different types of alkali salts or organic-associated 

alkali metals. The impact of the composition of alkali salts in these fuels on the bed 

agglomeration behaviour is different. In addition, the effect of other inorganic 

elements on the agglomeration behaviour of agricultural residues and macroalgae 

with different alkali salts’ compositions is different. This knowledge is critical for 

a better understanding of the agglomeration behaviour of alkali metals in 

agricultural residues and macroalgae. Therefore, more work need to be done to 

evaluate the agglomeration behaviour of agricultural residues and macroalgae with 

different alkali salts’ compositions. 

2.1.5 Time-dependent layer formation 

Although biomass bed agglomeration behaviour has been investigated by many 

studies, most of the studies have been performed on the agglomerates after the bed 

has been defluidised [9]. Little work has been done to assess the time-dependent 

coating layer formation process of bed agglomeration, which is essential for the 

better understanding of bed agglomeration. The layer formation process for 

different bed materials, including quartz sand, olivine, ilmenite, manganese ore, Na-

Feldspar and K‐Feldspar, has been assessed [48-55]. He et al. [48, 49] have 

evaluated the time-dependent layer formation process of woody fuels with quartz 

sand as the bed material during combustion in a fluidised bed reactor. They have 

discovered that, at an early stage of layer formation, K from the fuel reacts with the 

quartz sand to form a K silicate coating layer with a high K/Ca ratio. The Ca rich 

ash particles then attach to the sticky inner K silicate coating layer, which forms the 

inhomogeneous outer coating layer. Then, Ca from the outer coating layer gradually 

diffuses into the inner coating layer. The growth of the inner layer is fast at the 

initial stage, with a rise in the Ca/Si ratio and a decline in the K/Ca ratio, while both 

the growth of the inner layer and the changes in these ratios become much slower 
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after several weeks. The formation of the final Ca silicate inner coating layer 

prohibits further reactions between K and the quartz sand, which reduces the 

agglomeration tendency. Investigation into the time-dependent layer formation 

process for agricultural residues and macroalgae with quartz sand as the bed 

material is necessary to achieve a better understanding of the bed agglomeration 

behaviour of these fuels. This information is available for some woody biomass, 

but the difference in the ash chemistry between woody biomass with agricultural 

residues or macroalgae requires more work to be done on the time-dependent layer 

formation process of biomass. 

2.2 Interactions between quartz sand and individual alkali salts in biomass  

2.2.1 Alkali metals in biomass 

Alkali (K and Na) metals play essential roles in biomass bed agglomeration. 

Potassium (K) is an essential inorganic matter in biomass. Most of the K in biomass 

is highly mobile and is present as water soluble salts, while small amounts of K are 

organic-associated [56, 57]. Some herbaceous and agricultural biomass have a high 

K content [46]. The behaviour of sodium (Na) during thermochemical processes is 

similar to that of K but the content of Na in biomass is generally much lower than 

that of K [56]. Salt-tolerated biomass, such as straws and algae, are rich in Na [57]. 

Alkali metals (K and Na) often associate with sulfur (S), phosphorus (P) and 

chlorine (Cl) in biomass, as water-soluble salts. Algae is usually rich in S [57]. 

Some herbaceous and agricultural biomass are rich in P [46]. Most of Cl in biomass 

is water soluble and associated with K or Na [56]. Wood has quite a low Cl content, 

while salt-tolerated biomass, such as algae, straws and herbaceous biomass, is 

generally rich in Cl [46, 57, 58]. The composition of alkali metals in biomass is 

complicated and it varies significantly with the biomass species. The assessment of 

the agglomeration behaviour of individual alkali salts or organic-associated alkali 

metals in biomass is important to better understand the agglomeration behaviour of 

biomass with different alkali salts compositions. 

Generally, alkali sulfate is formed first during biomass ash transformation [36]. 

However, as most biomass has a lack of S, alkali metals are generally present as 
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alkali chloride, which is released at around 800 °C. The amount of gaseous alkali 

chloride normally determines the amount of alkali metals released to the gas phase, 

rather than the content of alkali metals [36]. At 700-900 °C, K2CO3 is decomposed, 

which can be accelerated by steam such that K is released as KOH [59, 60]. For 

biomass that is lacking in Cl, KOH is the most stable K salts in the gas phase [61]. 

Generally, K is incorporated into silicates at 800-900 °C. The retention of K in 

silicates is inhibited by Ca and Mg, which are more likely to be incorporated into 

silicates than K [59]. Transformation of K in biomass is mainly affected by Cl and 

Si, while K prefers to be released as KCl, rather than retained in the ash as K 

silicates [59]. Only small amounts of K are released below 700 °C, which come 

from the organic-associated K [59, 60]. The extra amount of organic-associated K 

could also decompose into K2CO3 [62]. The behaviour of Na is similar to that of K 

[63]. The difference between K and Na during thermochemical processes is that K 

can interact with char to form intercalates, which then transform to K2CO3 or oxides, 

while the intercalation of Na with char is insignificant [62]. In addition, K can be 

more readily incorporated into silicates than Na, while Na is more likely to form 

sulfates [62]. These factors give rise to the higher release of Na than that of K above 

800 °C [62]. The behaviours of different individual alkali salts or organic-associated 

alkali metals during biomass ash transformation are different, which implies that 

the agglomeration behaviour of these individual alkali salts or organic-associated 

alkali metals in biomass is different.  

2.2.2 Reactions between quartz sand and pure individual alkali salts 

The interactions between pure alkali salts in biomass and quartz sand have been 

assessed [64-68]. Many studies have identified that pure K2CO3 or Na2CO3 salt 

reacts with quartz sand during both gasification and combustion for some 

conditions [64-68]. No reactions take place between pure K2SO4 or Na2SO4 salt and 

quartz sand under either a steam atmosphere or a combustion atmosphere [64, 65, 

67], while Ma et al. [67] have found that pure K2SO4 reacts with quartz sand under 

an H2/N2 (5 vol% H2) atmosphere. Sevonius et al. [65] have discovered that under 

an H2O/air (20% H2O) atmosphere, pure NaCl salt has some reactions with the 

quartz sand to form alkali silicate. For pure KCl salt, some studies have found that 
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it reacts with quartz sand to a limited extent for some conditions, when steam is 

present [67, 68]. However, no reactions happen between pure KCl salt and quartz 

sand for a combustion atmosphere [67]. Some alkali salts can be hydrolysed by 

steam to form alkali hydroxide [69]. Alkali hydroxide can react with the quartz sand 

to form the agglomerates. The reaction between alkali chloride and quartz sand can 

be improved when alkali chloride is hydrolysed by steam [70]. However, the 

hydrolysis of alkali chloride needs quite a high temperature, which competes with 

the evaporation of alkali chloride [71]. The above results show that the interactions 

between quartz sand and pure alkali salts vary significantly with both the salt 

species and the reaction atmosphere. However, alkali salts in biomass not only react 

with quartz sand, but also react with the organic components of biomass during 

gasification or combustion, which affects the behaviour of the alkali salts. Therefore, 

interactions between quartz sand and pure alkali salts are different from interactions 

between quartz sand and those alkali salts that are present in biomass.  

Alkali salts need to be dissociated before they can react with the organic 

components of fuels. Compared with alkali carbonate and sulfate, alkali chloride 

and alkali phosphate are relatively inert to react with the organic components of 

fuels [72]. Generally, alkali salts of weak acids or can be decomposed to salts of 

weak acids can easily be dissociated and react with the organic components of the 

fuels to form intermediates [69]. Conversely, alkali salts of strong acids, such as 

alkali chloride, cannot easily form intermediates [69]. Both K2CO3 and Na2CO3 

interact with the organic components of the fuels and produce some intermediates 

as reactive sites, which can react with CO2 or H2O to facilitate gasification [73-78]. 

Some studies have demonstrated that the intermediates are more likely to be alkali 

oxides or peroxides [79, 80]. Both KCl and NaCl react with some organic groups 

of the fuels and K or Na becomes organic-associated [81-84]. Alkali sulfate also 

forms intermediates, such as oxides [72, 80]. Another possible mechanism is that it 

can be reduced by the organic components of the fuels to form alkali sulfide, which 

further transforms to alkali hydroxide under steam atmospheres [71, 85]. Although 

alkali phosphates are weak acid salts, they tend to form glassy compounds, which 

coat the surface of carbon particles to prevent their reactions with the reaction gas 

[69]. These intermediates are generated from reactions between alkali salts and the 
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organic components of biomass, such as alkali oxides, alkali hydroxide or organic-

associated alkali metals, and can react with the quartz sand to form agglomerates. 

This affects the interactions between the quartz sand and alkali salts that are present 

in biomass significantly. Assessment of the interactions between quartz sand and 

individual alkali metals that are present in biomass is unlikely to be performed by 

evaluating raw biomass, as the inorganic elemental composition of raw biomass is 

complex. Therefore, doping these individual alkali salts with a low-ash content 

biomass, such as wood, is a valid method to achieve this assessment. 

2.2.3 Reactions between quartz sand and fuel doped with individual alkali salts  

Studies into the reactions between quartz sand and the individual alkali salts that 

are present in biomass are quite limited, although several studies have evaluated the 

reactions between quartz sand and alkali salt-doped coal during thermochemical 

conversion processes. Qi et al. [86] have found the slagging degree of Zhundong 

coal doped with Na2SO4 and NaAc is higher than that of Zhundong coal doped with 

NaCl. Lindner et al. [87] have showed that the amount of Na silicate that is formed 

by reactions between quartz sand and NaAc (sodium acetate)-doped coal is 3 to 5 

times higher than that formed by reactions between quartz sand and NaCl-doped 

coal during combustion. Kosminski et al. [10] have discovered that NaAc-doped 

coal decomposes to Na2CO3, which reacts with silica under CO2, N2 and steam 

atmospheres, while NaCl-doped wood only reacts with silica under a steam 

atmosphere to a very limited extent. The above studies have mainly focused on Na 

salt-doped coal, while similar investigations into biomass doped with individual 

alkali salts, especially K salts, are still quite limited. The organic components of 

coal are different from those of biomass and the agglomeration behaviour of K salts 

in biomass is different from that of Na salts. Therefore, more work is needed to 

investigate the interactions between quartz sand and the individual alkali (K or Na) 

salts that are present in biomass. This understanding should provide a fundamental 

understanding of the agglomeration behaviour of biomass. Furthermore, it can be 

used to understand or predict the agglomeration behaviour of a wide range of 

biomass with different compositions of alkali salts. 
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2.3 Effects of Ca and P on biomass bed agglomeration 

2.3.1 Effects of Ca on biomass bed agglomeration 

As a common major inorganic matter in biomass, Ca is present either as organic-

associated matter or as included minerals, such as calcium oxalate. It can also be 

introduced to reactors as an additive or bed material, such as dolomite, calcite or 

limestone. During thermochemical processes, Ca can be present as CaO, which 

participates in some reactions [88]. The presence of Ca can mitigate bed 

agglomeration. Firstly, Ca dilutes the ash particles to hinder the formation of large 

agglomerates [89]. Secondly, Ca can dissolve into low melting-point K silicates and 

form high melting-point K-Ca silicates [90, 91]. The Ca rich coating layer can also 

protect the inner coating layer from further growth and drive K to be released to the 

gas phase [91, 92]. Thirdly, Ca reacts with Si to form Ca silicates and enhances the 

release of K through the consumption of Si [89, 90, 93, 94]. The effect of Ca on 

biomass bed agglomeration can vary with the composition of alkali salts in biomass, 

which is unlikely to be investigated by utilizing raw biomass with a complicated 

inorganic elemental composition. An evaluation of the effect of Ca on the 

interactions between quartz sand and individual water-soluble K salts present in 

biomass is critical for better assessment of the effect of Ca on the interaction 

behaviours of various types of biomass, with different compositions of alkali salts. 

2.3.2 Effects of P on biomass bed agglomeration 

The presence of P in biomass has a significant impact on ash transformation and 

bed agglomeration [95]. The addition of P rich additives to fuels can promote the 

formation of K phosphates, Ca phosphates or K-Ca phosphates [90]. Some studies 

have indicated that the addition of P-based additives (NH4H2PO4 and Ca(H2PO4)2) 

to biomass decreases the release of K and reduces the formation of K silicates, 

because K reacts with NH4H2PO4 to form K phosphates, K-Ca phosphates or reacts 

with Ca(H2PO4)2 to form K-Ca phosphates [96, 97]. The formation of high melting-

point Ca phosphates and K-Ca phosphates increases the melting point of the ash 

and has positive effects on the mitigation of agglomeration, while the formation of 

low melting-point volatile K phosphates has negative effects. During agglomeration, 
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P is present in the outer coating layer instead of the inner coating layer and is 

generally integrated with Ca as Ca phosphates [98]. The ratio of (K+Na)/(Ca+Mg) 

determines the influence of P on ash transformation and agglomeration [99]. 

Eriksson et al. [100] have demonstrated that for fuels that have high agglomeration 

and slagging tendencies due to the formation of K phosphates and silicates, the 

addition of Ca or Mg rich fuels can mitigate the agglomeration or slagging 

tendencies by forming high melting-point silicates or phosphates, such as K-Ca/Mg 

silicates/phosphates or Ca silicates/phosphates. Similar results have been identified 

by Steenari et al. [101]. Piotrowska et al. [47] have co-combusted bark rich in Ca, 

K and Si with rapeseed cake rich in K, P and Na for different mixing ratios. They 

have found that a combination of coating-induced (formation of K-Ca silicate) and 

melting-induced (formation of alkali phosphate ash) mechanisms is present for the 

fuel mixtures. For the co-combustion of wood with rapeseed cake, Piotrowska et al. 

[102] have also identified that the agglomeration mechanism is the formation of a 

K silicate coating layer that is attached by the P dominant ash particles. The 

presence of P in biomass, especially together with Ca, can have different influence 

on the agglomeration behaviour of biomass with different alkali salts compositions. 

Therefore, the study of the effect P, with or without the presence of Ca, on the 

interactions between quartz sand and the individual alkali salts that are present in 

biomass contributes to a better understanding of the agglomeration behaviour of 

various types of biomass with different compositions of alkali metals, Ca and P. 

2.3.3 Effects of Ca phosphate on biomass bed agglomeration 

When both Ca and P are present, Ca phosphate commonly forms in biomass, and it 

has a considerable impact on bed agglomeration. Generally, Ca phosphates are more 

stable than K phosphates and Ca silicates [103, 104]. Therefore, Ca phosphates will 

form before K phosphates and Ca silicates. The composition of the Ca phosphates 

formed depends on the stoichiometric ratio of CaO to P2O5 [105]. preferably, 

Ca(PO3)2, Ca2P2O7, or Ca3(PO4)2 are formed in biomass ash [105]. Normally, if Ca 

is in excess proportion to form Ca phosphates in the solid phase, then almost no P 

will be released. In contrast, P will be released at the gas phase if the level of Ca is 

insufficient [106]. The formation of Ca phosphates significantly improves the 
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melting point of biomass ash and decreases the amount of P to form low melting-

point K phosphates, which mitigates some ash-related issues. The addition of Ca 

phosphates to biomass keeps K from releasing to the gas phase [107]. However, the 

formation of Ca phosphates decreases the amount of Ca that reacts with Si, which 

increases the formation of K silicate and aggravates agglomeration [103]. The 

formation of Ca phosphates in biomass can have different influences on biomass 

with different compositions of alkali salts. Therefore, evaluation of the effect of the 

presence of Ca phosphates on the interactions between quartz sand and the 

individual alkali salts that are present in biomass can contribute to an understanding 

of the influence of the formation of Ca phosphates on the bed agglomeration 

behaviour of various types of raw biomass. 

2.4 Effect of steam gasification atmosphere on biomass bed agglomeration 

Many studies have demonstrated that the reaction atmosphere has a remarkable 

influence on the agglomeration behaviour of biomass and coal [6, 108]. Ohman et 

al. [6] have studied the agglomeration mechanisms of several types of biomass 

under both gasification and combustion atmospheres. They have found that for 

Lucerne with a high S content, a thin and particle-rich coating layer dominated by 

a salt melt (K, S, Cl and K2SO4) induces agglomeration during combustion, while 

a thick and homogeneous coating layer, rich in K silicate, is formed during 

gasification. Kaknics et al. [108] have investigated the interactions between 

Miscanthus ash and bed materials during gasification or combustion. The 

thermodynamic calculations have indicated that S forms solid K2SO4 during 

combustion, while S is released to the gas phase and leaves more K to form K 

silicates during gasification. Ma et al. [109] have assessed the agglomeration 

behaviour of three straws under N2/CO2, N2/H2, N2/steam and air atmospheres. The 

defluidisation temperatures of the three straws under the N2/H2 and the N2/steam 

atmospheres are much lower than those under N2/CO2 and air atmospheres. 

Manzoori et al. [110] and van Eyk et al. [111] have studied the agglomeration 

behaviour of a low-rank coal with a high S and Na content in fluidized bed reactors 

during combustion. They have concluded that the agglomeration results from the 

adhesion of the bed material to the ash-derived molten Na sulfate eutectic. 
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McCullough et al. [112] have discovered that for similar low-rank coal with a high 

S and Na content during steam/air gasification, the agglomeration is initiated by the 

formation of a Na silicate coating layer. The influence of the reaction atmosphere 

(steam gasification vs combustion) on the agglomeration behaviour varies 

significantly with the biomass species. Therefore, more studies are needed for other 

types of biomass, especially for some agricultural residues and macroalgae. 

Investigation into the impact of the reaction atmosphere (steam gasification vs 

combustion) on the agglomeration behaviour, especially on the time-dependent 

layer formation process, of various types of agricultural residues and macroalgae 

with different inorganic elemental compositions is necessary for the utilisation of 

them in different gasification or combustion processes.  

Steam affects the agglomeration behaviour of biomass by influencing the behaviour 

of alkali salts in biomass. Compared with other atmospheres, steam can decrease 

the melting point of some alkali salts, such as K2CO3, Na2CO3 and K2SO4 [113, 

114]. This has noticeable impacts on bed agglomeration. Kosminski et al. [10, 115] 

have identified that steam reduces the melting temperature of Na2CO3 and more 

liquid Na2CO3 is present under a steam atmosphere than under a CO2 or an N2 

atmosphere. Therefore, the liquid-solid phase reaction between Na2CO3 and quartz 

sand under a steam atmosphere generates more liquid silicates than the solid-solid 

phase reaction between Na2CO3 and quartz sand under a CO2 or an N2 atmosphere. 

The formation of liquid Na silicate begins at 750 °C under a steam atmosphere, 

while it starts at 850 °C under a CO2 or an N2 atmospheres. The reaction between 

NaCl and quartz sand only takes place under a steam atmosphere, while to a very 

limited extent. This work has been undertaken on coal doped with Na salts, while 

similar studies on biomass are limited. The biomass agglomeration behaviour 

depends significantly on the behaviour of alkali salts, Ca and P in biomass. 

Therefore, an understanding of the effect of the steam gasification atmospheres on 

the interactions between quartz sand and individual alkali (K or Na) salts in biomass, 

together with the presence of Ca and P, can contribute to a better understanding of 

the impact of steam gasification atmospheres on the agglomeration behaviour of 

raw biomass with different inorganic elemental compositions. 
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Acid digestion and water leaching are valid methods to investigate the effect of 

steam gasification atmospheres on biomass ash-bed material interactions. Acid 

digestion can quantify the alkali metals retained in the agglomerates, which 

suggests the agglomerates’ formation tendencies. Water leaching tests can quantify 

the formation of alkali silicates with different silica contents. Alkali silicates with a 

low silica content are cold water (15-25 °C) soluble; while alkali silicates with a 

high silica content are hot water (90-100 °C, nearly boiling water) soluble [10]. An 

increase in the silica-to-alkali oxide weight ratio decreases the solubility of a silicate 

[116]. Alkali silicate with a ratio approximately greater than 4 is generally 

considered insoluble in water [117]. As alkali silicates with different silica contents 

melt at different temperatures, the water leaching method can indicate the melting 

behaviour of the coating layer under different reaction atmospheres. These two 

methods, together with other typical techniques for bed agglomeration, such as 

SEM/EDS and XRD, can provide a better understanding of the effects of the 

reaction atmospheres on biomass ash-bed material interaction behaviours. 

2.5 Objective of thesis 

The aim of this thesis is to provide a comprehensive and fundamental assessment 

of biomass ash-quartz sand interaction behaviours, which can be applied to various 

species of biomass with different compositions of inorganic matter under either a 

steam gasification or a combustion atmosphere. The specific objectives are: 

1. To understand the interactions between quartz sand and wood doped with 

individual K or Na salts (acetate, carbonate, chloride, sulfate and phosphate) in a 

fixed-bed reactor. To evaluate the time-dependent layer formation and the gas-solid 

phase interactions between the gaseous K/Na generated from these alkali salts 

within biomass and the quartz sand, to compare all these interactions between a 

steam gasification and a combustion atmosphere.  

2. To assess the effects of Ca or P, or both, on the interaction behaviour between the 

quartz sand and wood doped with a series of individual K salts (K2CO3, KCl or 

K2SO4) under a steam gasification or a combustion atmosphere. 
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3. To investigate the time-dependent layer formation process during ash-quartz sand 

interactions for three agricultural residues (grape marc, wheat straw and cotton stalk) 

with different ash-forming elements under both steam gasification and combustion 

atmospheres. To compare the ash-bed material interactions under both the steam 

gasification and the combustion atmospheres. 

4. To evaluate the ash-quartz sand interaction behaviour of two species of 

macroalgae (Oedogonium intermedium (denoted as ODN) and Derbesia tenuissima 

(denoted as Deb)) by investigating the time-dependent layer formation process. To 

compare the macroalgae ash-quartz sand interaction behaviours under both a steam 

gasification and a combustion atmosphere for two species of macroalgae. 
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7.1 Conclusions 

7.1.1 Interaction behaviours between quartz sand and alkali salt-doped wood  

Interactions between quartz sand and alkali carbonate, acetate, sulfate or chloride 

salt-doped wood were a coating-induced mechanism, by formation of alkali silicate 

that resulted from reactions between alkali metals and Si from the quartz sand. 

Apart from reactions between these pure alkali salts and the quartz sand, 

interactions between alkali carbonates, chlorides or sulfates and the organic 

components of wood generated some intermediates that reacted with the quartz 

sand to form agglomerates. The gas-solid phase reactions between the quartz sand 

and gaseous alkali metals were also an important reaction pathway, especially for 

K salts in biomass.  

Large agglomerates were formed for alkali carbonate or acetate salt-doped wood, 

while relatively small agglomerates were formed for alkali chloride-doped wood. 

Alkali sulfate-doped wood formed agglomerates with a moderate size. Greater mass 

fractions of K or Na (70-100%) were retained in the agglomerates for alkali 

carbonate, acetate or sulfate salt-doped wood than those for alkali chloride-doped 

wood. This suggested that for biomass with a high content of alkali chloride, more 

alkali metals are released to cause other ash-related problems, such as ash 

deposition or fouling, while the tendency towards bed agglomeration is low. In 

contrast, for biomass rich in other alkali salts or organic-associated alkali metals, 

less alkali metals are released to induce other ash-related problems, while bed 

agglomeration is more serious. 

Steam significantly aggravated bed agglomeration. For alkali carbonate, acetate or 

sulfate salt-doped wood, similar amounts of alkali silicates were generated under 

both atmospheres. However, the steam favoured formation of more alkali silicates 

with lower melting points, when compared with that under a combustion 

atmosphere. This contributed to larger agglomerates during steam gasification. For 

alkali chloride-doped wood, the steam favoured generation of more alkali silicates, 

while insignificant agglomerates were formed under a combustion atmosphere. 

This could result from the hydrolysis of alkali chloride by steam. The gas-solid 
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phase reactions between the quartz sand and gaseous alkali metals were also 

facilitated by the steam through a hydrolysis step, especially for alkali sulfate-doped 

wood.  

7.1.2 Effects of Ca and P on interaction behaviours of individual K salt-doped wood  

The presence of Ca mitigated interactions between quartz sand and K salt-doped 

wood due to formation of Ca compounds in coating layer, which decreased 

formation of K silicate. Therefore, the size of agglomerates was reduced with the 

addition of Ca. The effect of Ca on agglomerates varied with species of K salts in 

biomass, which was more significant for K2SO4 or KCl salt-doped wood than for 

K2CO3-doped wood.  

The presence of P, especially with Ca together, had a significant influence on 

interactions between alkali salt-doped wood and the quartz sand. For K salt-doped 

wood with a high P content, its interactions with the quartz sand was dominated by 

a melting-induced mechanism, which resulted from the adhesion of quartz sand 

particles to partially molten phosphate ash particles, or the co-existence of both 

coating-induced and melting-induced mechanisms. When both P and Ca were 

present, Ca phosphate might form first, as a very stable compound in biomass ash. 

Individual K salts in wood samples reacted with both P and Ca, or with Ca 

phosphates. These reactions formed partially molten ash particles of alkali-Ca 

phosphates. These alkali-Ca phosphates could adhere the quartz sand to form 

agglomerates, when the amounts of them were great. The other fractions of 

individual K salts in wood samples reacted with the quartz sand to form K silicate 

coating layer. It could be concluded that, the presence of both Ca and P, or Ca 

phosphate, had two effects, it increased K retention by increasing formation of K-

Ca phosphates, while decreased K retention by reducing formation of K silicate. 

The domination of the two opposite effects on K retention and formation of 

agglomerates depended on the amounts of Ca and P present and species of K salts 

in wood samples. Furthermore, steam had insignificant effects on agglomerates 

formed by a melting-induced mechanism or on behaviours of both Ca and P during 

bed agglomeration.  
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7.1.3 Interactions between quartz sand and several agricultural residues or 

macroalgae  

The interaction behaviours between the quartz sand and several agricultural 

residues (grape marc, wheat straw or cotton stalk) or macroalgae (ODN or Deb) 

were consistent with those between the quartz sand and alkali salt-doped wood.  

Alkali metals from these agricultural residues or macroalgae either reacted with Si 

from the quartz sand to form alkali silicate coating layer, via a coating-induced 

mechanism (a reactive mechanism), or reacted with P or Si from the biomass to 

form partially molten ash of alkali silicate or alkali phosphate and formed 

agglomerates via a melting-induced mechanism (a non-reactive mechanism). A 

coating-induced mechanism (formation of alkali silicates) dominated for Deb, 

grape marc and cotton stalk; A melting-induced mechanism (formation of fuel-

derived partially molten alkali-silicate ash) dominated for wheat straw; Both 

coating-induced (formation of alkali silicates) and melting-induced (formation of 

fuel-derived partially molten phosphate ash) mechanisms co-existed for ODN. For 

wheat straw, cotton stalk and Deb, the formation of the coating layer was followed 

with the diffusion of Ca into the coating layer. 

The effect of the steam on interactions between quartz sand and the agricultural 

residues or macroalgae was consistent with those between quartz sand and alkali 

salt-doped wood. Grape marc was dominated by K2CO3 or organic-associated K, 

while Deb was rich in alkali chloride. Grape marc formed much larger agglomerates 

during steam gasification, while Deb formed insignificant agglomerates during 

combustion. Much larger agglomerates were formed during steam gasification than 

that during combustion for grape marc and Deb. For wheat straw and ODN, the 

steam had insignificant impacts on agglomerates formed wholly or partially through 

a melting-induced mechanism. For cotton stalk, alkali metals were present as a 

mixture of various types of alkali salts. Therefore, the influence of the steam on 

cotton stalk agglomerates was also insignificant, which resulted from its complex 

inorganic composition.   
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7.1.4 Time-dependent layer formation process of agglomerates 

Time-dependent layer formation of agglomerates was affected significantly by both 

the species of alkali salts in wood samples and the reaction atmosphere. For alkali 

carbonate or acetate salt-doped wood, large agglomerates were developed at an 

initial stage (a 7 min reaction time), especially during steam gasification. In contrast, 

for alkali sulfate or alkali chloride salt-doped wood, insignificant agglomerates 

were developed at an initial stage. Steam facilitated reactions between these alkali 

salts and the organic components of wood. Therefore, steam increased formation of 

agglomerates at an initial stage significantly. On the contrary, the combustion 

atmosphere (5% O2) slowed down the formation of agglomerates due to a low 

oxygen concentration, as it slowed down the consumption of the organic 

components. For biomass with a high P content, formation of agglomerates through 

a melting-induced mechanism was insignificant at an initial stage. 

The size of agglomerates for all the raw biomass tested at an initial stage was 

insignificant, with a thin coating layer. The size of agglomerates and amounts of 

partially molten compounds in coating layer increased significantly with the 

increase of reaction time, except for the Deb case during combustion, as Deb was 

dominated by alkali chloride salts. Ash chemistry of biomass ash-quartz sand 

interactions for all the biomass tested, except for ODN, was independent of the 

reaction time, while the melting-induced coating layer gradually diffused into the 

coating-induced coating layer for ODN. 

7.2. Recommendations for future work 

Further work is still necessary to advance our understanding of agglomeration in 

fluidized bed reactors during thermochemical processes.  

All the work that have been done in this thesis were performed in a lab-scale, fixed-

bed reactor and have only focused on the ash chemistry of agglomeration. The 

influence of physical aspects and operational conditions in fluidized bed reactors, 

such as fluidization, gas velocity, collision frequency, particle size and the 

continuous feeding of feedstock, was not considered in this thesis. The fluidization 
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behaviour can influence formation of agglomerates. Continuous feeding of 

feedstock in fluidized bed reactors can also affect the ash chemistry of bed 

agglomeration, which was identified in the fixed-bed reactor in the present thesis. 

The interaction behaviours suggested in this thesis need to be further examined in 

fluidized bed reactors. 

Interactions between alkali salts and the organic components in biomass affects bed 

agglomeration process. Therefore, it is necessary to study the effect of organic 

compositions of biomass on bed agglomeration. This can be performed by doping 

individual alkali salts with biomass of different organic compositions or with some 

macromolecules in biomass, such as cellulose, lignin, xylan and pectin. 

The interaction behaviours identified in this thesis have suggested that biomass with 

certain inorganic compositions can increase or decrease release of alkali metals and 

tendency towards agglomeration. Future work is required to achieve a more 

comprehensive understanding on how to control the tendency towards 

agglomeration practically, either by adjusting configuration of reactors or by 

altering compositions of feedstock and bed materials, to achieve optimized 

conditions in fluidized bed reactors. 

All the work in the present thesis were based on experimental work. Some future 

modelling work that are related to the experimental work in the present thesis are 

recommended. Such modelling work help to understand the interaction behaviours 

between quartz sand and raw biomass or alkali salts in wood samples, which have 

been suggested in this thesis. 
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