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ABSTRACT 
 

The microstructure of Metallurgical Grade Alumina (MGA) has extensive consequences 

on how it performs as a raw material for aluminium production. MGA is produced 

primarily in the Bayer process in which both the precipitation and the calcination steps 

play important roles for the development of alumina microstructure. Calciner technology 

is progressively moving from rotary kilns to more energy efficient gas suspension or 

circulating fluidised bed processes, which influences the intricate interplay of calcination 

parameters and therefore effects the development of structure and properties in the 

alumina. 

 

The evolution of structural features during the calcination of Bayer gibbsite is a complex 

process that involves both a dehydroxylation reaction and a rearrangement of the crystal 

lattice. Due to the highly agglomerated starting material, the pseudomorphic nature of the 

reactions and the incomplete transformation to the thermodynamically stable alpha 

alumina, a mixed phase meso- to macro porous material results. As a consequence of 

the wide range of particle sizes, rapid heating rates, short residence times and other 

inhomogenities in the modern calcination process a diversity and mixture of aluminium 

oxide products are formed. Deviations from the average transition alumina structures are 

also observed. 

 

In this thesis an integrated approach to evaluate alumina micro- and nanostructure is 

presented. Using a suite of modern analytical techniques, in conjunction with more 

traditional approaches, the structures that make up the MGAs are probed and insights 

into the development of structural features and the transformation reactions during the 

calcination process are obtained. 

 

It is shown that the alumina phase composition is influenced by the calcination 

conditions, which for the MGAs are dictated by the calciner technology, and that 

compositional variations are observed even within individual alumina grains. The results 

indicate that these compositional variations arise both due to the distribution of sodium 

and other impurities which catalyse the transition to alpha alumina, and as a result of the 

rapid heating rates. It is proposed that the rapid heating rates in modern calcination 

processes result in the formation of a boehmite-like structure within the particles. The 

internal boehmite formation may be promoted by desorption resistance of the product 
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water, from surfaces and pore openings, due to the rapid decomposition rates. Electron 

microscopy investigations reveal that a lamellar and sponge-like network of 

interconnected pores and channels is formed with relatively large alpha alumina 

crystallites growing in the transition alumina matrix. Furthermore, it is shown that alpha 

alumina may be directly observed in cross sectioned alumina grains through Charge 

Contrast Imaging using an Environmental SEM. 

 

It is also demonstrated that multiple field Solid-state Magic Angle Spinning NMR can be 

used to quantitatively assess the phase composition of MGAs. The availability of high 

magnetic fields significantly aids this quantification. The NMR results indicate that the 

MGAs are relatively ordered on the short range, and that only small amounts of 

pentahedral aluminium are present. Furthermore, using X-ray Absorption Near-edge 

Structure (XANES) spectroscopy it was observed that the short range order is influenced 

by the precursor material and the calcination conditions. This offers a possible 

explanation for some of the discrepancy in the literature regarding the structural 

relationship between the gibbsite and boehmite derived transition aluminas. The results 

also indicate that changes in the intermediate range ordering occur with increasing 

calcination temperature. Even in the complex mixed phase MGAs some long range order 

is observed, which seems to be closely tied to the formation of alpha alumina in the 

samples. XANES is very sensitive to these long range structures. However quantitative or 

structural analysis is difficult due to the complex and overlapping resonances arising from 

multiple scattering interactions in the samples. 

 

The complex mixture of phases and the high level of disorder in the MGAs present 

significant challenges in understanding their structure, particularly with relation to the 

performance as a raw material for aluminium metal production. The structures that make 

up the MGAs transcend short-range ordering, on the nano-scale, and into longer range 

domains. Therefore, to examine MGA microstructure and better understand its impact in 

smelter operations, it is essential to evaluate structural ordering on several different 

scales. This requires advanced and often multiple analytical techniques. 
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1. GENERAL INTRODUCTION 

 

The structural richness and unique surface properties of alumina is reflected in the 

multitude and diversity of its applications (e.g. ceramics, pigments, fillers, electronics, 

adsorbents, catalysts and catalyst supports, abrasives and even as a gemstone), 

although the primary use is as feedstock for the electrolytic production of aluminium. 

Globally over 60,000,000 metric tons of Metallurgical Grade Alumina (MGA) is produced 

per year in the so called Bayer-process (see figure 1.1.). The final step in this process is 

the calcination of gibbsite and how this step is carried out has extensive consequences 

on the properties and performance of the material in the aluminium smelter. Increasing 

energy prises (oil and gas) have been, and continue to be, one of the main drivers for 

technological developments in the Bayer process. Higher fuel prices and increased 

demand coupled with environmental concerns (particularly regarding the fluorides used 

and emitted in aluminium production) led to some major changes in both the alumina and 

aluminium industries in the 1960s and 1970s which affected the properties and 

performance expectations of the product alumina. 

 

 
Figure 1.1. Current and forecasted world alumina production capacity by region [1]. 
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The Hall-Heroult process is used to produce aluminium metal by the electrochemical 

reduction of alumina. Dry scrubbers emerged in the 1960s as an answer to the rising 

emissions concerns associated with this process. The dry scrubbers make use of the 

high specific surface area and the reactivity of partially calcined alumina to capture the 

volatile fluorides emitted from the electrolyte used to dissolve the alumina. Around the 

same time as the dry scrubbers were introduced another significant change also 

occurred. Traditionally, the primary raw material, alumina, was fed to the electrolysis cell 

periodically (often manually) and in relatively large batches. Environmental requirements 

to enclose the cells as much as possible and the clear benefits of a more continuous way 

to feed the alumina into the electrolysis cells resulted in the development of so called 

Break and Feed systems. The first implementation of this way of feeding was the Bar 

Breaking method. Using this method, a breaker beam is lowered to break the layer of 

crust (which covers the cell and anodes) and then a specified amount of alumina 

(determined by volume) is dumped into the cell. Along with the alumina a large amount of 

broken crust and cover material also enters the cell. Dissolution is slow and large 

amounts of undissolved alumina/crust are deposited on the surface of the cathode and 

gradually dissolved until the next feed cycle. In more recent time the bar breaking method 

has given way to Point Feeders. Using point feeders, a small hole is firstly pierced in the 

crust (by a crust breaker/pneumatic plunger) and the alumina is then added into the 

electrolyte through a feeding device. Using up to five of these point feeders 0.5 – 3 kg of 

alumina (determined by volume) per feeder is added every few minutes, changing the 

operation from a semi-batch type to a more continuous nature [2]. 

 

As a result of these changes, the demands on alumina quality also changed. The so 

called floury alumina (with low specific surface areas and high alpha alumina contents) 

was outperformed by the sandy type alumina (with high surface areas and low alpha 

alumina contents). In the aluminium smelter this has gradually led to changes in how the 

material is used and what is demanded in terms of alumina specifications. Using the 

modern feeding systems the alumina flow properties and tendency to segregate, the 

density and the particle size distribution becomes critically important to control the feed 

rate and dissolution, whereas, a high surface area is necessary for operating the dry 

scrubbers. The impact of alumina properties on feeding and dissolution characteristics, 

the ability to form a stable crust and anode cover as well as the adsorption of HF in the 

dry-scrubbers have been of particular interest and will be discussed further in section 

3.1.. 
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Fluid bed calcination, as an alternative for the Rotary Kilns used in the Bayer process to 

react gibbsite to Metallurgical Grade Alumina, was developed in the 1950s to 60s. The 

potential gains, increased production volumes, reduced maintenance and energy 

savings, resulted in considerable research efforts into these technologies, and as a result 

variations of the fluidised bed technology emerged. Today these are known as: 

Circulating Fluidised Bed (CFB), Gas Suspension (GS) and Fluid Flash calciners. The 

gas suspension and fluid flash calciners are very similar in design and will be referred to 

as Gas Suspension or GS calciners in this work. The differences in design and operation 

of the main calciner technologies are addressed in section 3.2.. The increased alumina 

demand and increasing oil and gas prises (fuelled by the looming threat of another 

energy crisis such as the one in the 1970s [3]) resulted in more and more Bayer plants 

converting to fluidised bed processes. 

 

For the main calciner technologies typical energy consumption, residence time, 

production capacity, alpha alumina content, calcination temperature and free heat 

transfer surface are presented in table 1.1.. With production capacities between 2500 to 

3500 tons per day for modern Gas Suspension or Circulating Fluidised Bed calciners 

significant effort goes into minimising the downtime of these installations which has also 

led to other process and control improvements. Most noteworthy, however, is the 

reduction in energy consumption compared even to best practice Rotary Kilns. 

 

The energy reductions can mainly be attributed to heat recovery in the cooling stage and 

from the waste gas heat, resulting in common features such as the pre-heating stages 

and the fluid bed coolers for both Gas Suspension and Circulating Fluidised Bed 

calciners. The energy consumption should however be compared to the theoretical 

energy for gibbsite calcination which lies around 1.98 to 2.40 MJ kg-1 for dry and moist 

gibbsite, respectively [4], indicating that there is still margin for improvements. With the 

calcination stage amounting to approximately a third of the energy consumed in the 

Bayer process, the potential for energy savings become significant. 
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Table 1.1. Typical energy consumptions, residence times, production capacities, alpha alumina 

contents, calcination temperatures and free heat transfer surface for different calciner 

technologies [4-8]. 
 Gas Suspension

or Fluid Flash 
Circulating 
Fluidised Bed 

Rotary Kiln 

Specific energy (MJ / kg product) 3.0 – 3.3 2.9 - 3.3 4.2 – 5.5 

Material residence time in the furnace (s) 1 - 2 180 – 300 2000 – 10000

Typical calcination temperature (°C) 1020 960 1100 

Free heat transfer surface (m2 / g product)* 45 0.03 0.003 

Typical alpha alumina range (wt-%) 4-10 1-8 5-20 

Typical production capacity (tons per day) 2700 3000 1000 
Notes *) The free heat transfer surface relates to the surface area available for heat transfer (which is 

affected by the gas/solids velocities, furnace geometry and design and the resulting mixing). 

 

Differences in the alpha alumina contents for the different technologies are directly tied to 

the residence times and calcination temperatures (as will be discussed in chapter 3) 

whereas the higher free heat transfer surface for the modern calciners is related to the 

high gas velocities and large surface areas. It has been proposed that the heating rate 

during the calcination may influence the reaction pathways [9, 10], and it is therefore 

hardly surprising that material from rotary kilns often display different properties [11, 12] 

from the products of stationary calciners. Surprisingly little effort has however gone into 

understanding how these differences arise and more specifically what impacts 

differences in the precursor material have on the calcination reactions and resulting 

alumina properties. The speed of the modern calciners, together with the variation of 

particle size and morphology, is expected to produce a structurally more disordered and 

heterogeneous material than that produced in rotary kilns. The disorder and co-existence 

of phases, however, poses significant challenges for characterisation and understanding 

of these materials. 
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2. FOCUS AND STRUCTURE OF THESIS 

 

In the Bayer process, the precipitation and particularly the calcination step, play crucial 

roles in the development of structural features which ultimately have consequences for 

the performance of the material when used in aluminium production. Previous 

investigations revealed that alumina microstructure is important for efficient utilisation in 

the gas scrubbing systems [13] and for the mechanical stability and thus also the 

tendency to form dust during handling and feeding [14]. Furthermore, there has been 

considerable interest in structural effects on alumina dissolution and HF formation [15-17] 

as well as the ability to form a stable crust with appropriate properties to cover the 

anodes to minimise airburn, control heat losses from the electrolysis cell and reduce 

gaseous and particulate emissions [18, 19]. 

 

The aim of this research is to investigate how calcining conditions and technology 

influence the properties, and specifically the microstructure, of the alumina produced, and 

further, to clarify how these properties relate to the performance of the material as a 

feedstock for the electrolytic production of aluminium. The specific goals can be further 

classified into three main areas: 

 

I. Microstructural Characterisation 
 

The objective of this part of the study is to develop an integrated, multi-technique, 

approach that allows a wider range of structural ordering to be evaluated. This is 

designed to reveal structural differences in the aluminas as a function of the preparation 

conditions. A systematic approach has been made to correlate these differences to the 

sample history, particularly the calciner technology and operational parameters, as well 

as the impurity distribution. 

 

 

II. Gibbsite Calcination Pathways 
 

Building on the findings from the microstructural characterisation, the phase evolution 

and the calcination pathway(s) at conditions relevant to Bayer operations have been 

investigated. Using X-ray diffractometry and Rietveld refinement, laboratory and pilot-

plant calcined samples (prepared under conditions relevant to Bayer calcinations) as well 
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as industrial samples representing different calciner technologies and sampling locations, 

have been examined. 

 

III. Local Structure and Disorder 
 

Using advanced solid state characterisation techniques, the short range structures that 

make up the aluminas were probed. 27Al Magic Angle Spinning NMR was used to 

investigate the aluminium coordination environment as influenced by the processing 

conditions, in laboratory and industrial samples. X-ray absorption spectroscopy (on both 

the aluminium and oxygen absorption edges) has been used to obtain complementary 

information. 

 

The structure of the thesis is orientated around the three main goals. A more detailed 

introduction to the Hall-Heroult and Bayer processes, and review of the literature to date 

is provided in chapter 3. Chapter 4 focuses on the development of alumina microstructure 

and porosity, as influenced by calcination conditions and calciner technology. Chapter 5 

addresses the phase transformation pathways in the modern calciners and chapter 6 

focuses on the short range order and local structure in the metallurgical grade aluminas. 

The main findings are summarised in chapter 7 and recommendations for further studies 

are provided. The experimental techniques and procedures are described separately in 

chapter 8 and additional experimental details and results are provided in the appendices. 
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3. THEORY AND LITERATURE REVIEW 
 

3.1. ALUMINIUM PRODUCTION – THE HALL-HEROULT PROCESS 
 

As the name indicates, the invention of the method to produce aluminium metal by 

electrochemical reduction of alumina (Al2O3) is attributed both to Charles Hall and Paul 

Héroult. Although major changes in the operation, materials and understanding of this 

process have taken place since the invention in 1886, the fundamental principle remains 

the same. In essence, alumina is dissolved in the molten electrolyte bath (mainly cryolite 

or Na3AlF6) at temperatures around 960°C, an electric current is passed through the 

electrolyte reducing the aluminium oxide into liquid aluminium and oxygen in the form of 

negatively charged oxyfluoride complexes, reacting with the carbon anodes to form 

carbon dioxide. The main electrochemical reaction that takes place can be described as 

follows (reaction 3.1.): 

 

2Al2O3(diss) + 3C(s) -> 4Al(l) +3CO2(g)     /3.1./ 

 

The theoretical reaction voltage (or decomposition potential) is approximately 1.17 V at 

an operating temperature around 960°C and with a ‘normal’ bath chemistry; however, the 

total cell voltage lies around 4.0 V, when the polarisation and overvoltage terms are 

included [20]. Liquid aluminium has a higher density than the electrolyte bath and is 

therefore deposited at the bottom of the electrochemical cell. Some aluminium remains in 

solution (or may be dissolved due to process fluctuations or disturbances) and can react 

with CO2 (formed in reaction 3.1.) to form Al2O3 and carbon monoxide, according to 

reaction 3.2.: 

 

2Al(diss) + 3CO2(g) -> Al2O3(diss) + 3CO(g)     /3.2./ 
 

This ‘back-reaction’ is undesirable as it, in addition to forming toxic CO gas, decreases 

the current efficiency of the cell and increases the carbon consumption. 

 

Although alternative ways of producing aluminium exists, the Hall-Heroult process is the 

only commercially used method at this time. It should also be noted that two variations of 

the process exist, namely: the prebake and the Soederberg technology. The Soederberg 

technology uses a continuously created anode; made by addition of a mixture of 
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petroleum coke and coal tar pitch (25-28 wt-%) to the top of the anode (the heat from the 

smelting process ‘bakes’ the pitch). As the name implies, in the prebake technology the 

anodes are made in a separate process where they are ‘baked’ in large ovens at high 

temperatures before being used in the cell. The prebake anode technology now 

dominates the industry. A schematic representation of a prebake cell can be seen in 

figure 3.1. a) and a cross section in figure 3.1. b) (figures reproduced from [21]). 

 

 
 

 
Figure 3.1. Schematic (a) and cross sectional (b) view of a prebake cell. Reproduced from [21]. 
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Typical cell dimensions range from 3-5 meters in width and 9-18 meters in length. The 

electrical current enters the cell via the busbar, goes through the anodes and into the 

bath and metal (sodium ions are the main current carrier in the bath), after which it 

passes through the cathode and into the collector bars. The collector bars carry current 

through an external busbar network to the next cell in line. Several hundreds of cells may 

be connected in series, forming a ‘potline’. The amount and dimensions of the anodes 

vary between smelters, but typically around 20 anodes are used in each cell. The trend in 

the industry has been for higher electrical currents and larger cells (today testpots are 

being trialled with capabilities up to 500 kA [22]), as this facilitates energy savings and 

increases production rates. 

 

3.1.1. The Many Roles of Alumina 

 

As may be seen in table 3.1. Metallurgical Grade Alumina is not only used as a 

feedstock. Alumina quality requirements such as: “ability to capture fluoride” and 

“desirable crust formation” obviously relate to other processes or operations in the 

aluminium smelter. Unless primary alumina is used in the reduction cell, which is the 

case when high purity metal is produced, the alumina is used to adsorb the fluoride 

containing cell off-gases before it is fed to the cell (note that CO2, CO, SO2, PAHs, PFCs 

and HFCs may also be produced in the process and are not as efficiently absorbed by 

the alumina and thus requires other means for their removal and/or reduction). This is 

carried out in so called ‘dry-scrubbers’, in order to reduce harmful gaseous and 

particulate emissions and to recover important bath chemicals (fluorides). In addition, 

alumina is also used as a component of cell cover to protect the anodes from airburn and 

to prevent fugitive emissions from the cell. For these reasons maintaining a proper anode 

cover, in terms of integrity and thermal and mechanical properties, is critical. This follows 

from having the right mixture and granulometry of the alumina and crushed bath 

components of which the cover material is comprised. 
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Table 3.1. Ranking of alumina properties based on smelter requirements (modified from [23]). 
Rank Smelter Preference Associated Alumina Properties Alumina Specification Related to 

Performance Criteria 

1 Good solubility for rapid 

dissolution in bath 

Alumina phase composition (low 

alpha alumina content) 

High surface area 

Low hydroxyl and moisture content 

Optimal flow properties 

Uniform particle size (low fines 

content) 

Alpha alumina content 

Specific surface area 

Loss on Ignition 

Moisture on Ignition 

Particle size distribution 

Density 

Angle of Repose and Flow Time 

2 Low dusting during 

handling and cell 

feeding 

Low amount of fines 

Phase composition (low gibbsite 

content) 

Gibbsite content 

Particle size distribution 

3 Consistency (with 

respect to particle size, 

flow properties, specific 

surface area, Na2O) 

Minimal variation Particle Size Distribution 

Angle of Repose and Flow Time 

Bulk density 

Specific surface area 

Na2O content 

4 Desirable crust 

formation 

Alumina phase composition (low 

alpha alumina content) 

High surface area 

Low hydroxyl and moisture content 

Alpha alumina content 

Specific surface area 

Loss on Ignition 

5 Ability to capture 

fluoride 

High surface area Specific surface area 

6 No segregation with 

respect to particle size, 

density, impurities 

Uniform and consistent particle size 

(low fines content) 

Consistent density and particle size 

Optimal flow properties 

Particle size distribution 

Angle of Repose and Flow Time 

Density 

7 Low moisture 

contamination 

Low moisture and residual hydroxyl 

content 

Low gibbsite content 

Moisture on Ignition 

Loss on Ignition 

Gibbsite content 

8 Low impurities Low impurity content and minimal 

variation 

All chemical impurities 

9 Robust strength to 

minimize fines 

formation 

Low attrition index 

Low fines content 

Attrition Index 

Particle Size Distribution 

10 Good insulating 

properties to cover 

anodes 

Alumina phase distribution (low 

alpha alumina content) 

High surface area 

Optimal particle size distribution 

(low fines content) 

Alpha alumina content 

Specific surface area 

Loss on Ignition 

Particle size distribution 
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The main uses of alumina may be summarised as: 

 

• Primary feedstock 

• Anode and cell cover material 

• Scrubbing medium 

 

The many and different roles or uses of alumina in the smelter puts a lot of demand on 

the properties. There are also additional requirements, not directly related to any 

particular process step, such as: low impurity content, high particle strength and low 

dusting tendency, critical for an efficient operation and a safe and desirable working 

place. In the following, the main uses (listed above) will be discussed separately, and the 

alumina properties most closely tied to the performance criteria highlighted. 

 

Alumina Feeding and Dissolution 
 

The stoichiometry of reaction 3.1. dictates that for every mass unit of aluminium metal 

that is produced (e.g. 1 kg Al) approximately one third of that mass of carbon (0.33 kg C) 

and almost twice the mass of alumina (~1.92 kg Al2O3) is needed (in practice the carbon 

consumption is significantly higher than the theoretical value due to the back reactions, 

discussed earlier, and other process inefficiencies). The capacity for dissolution of 

alumina in the bath is, however, limited and controlling the alumina concentration in the 

cell therefore becomes critical for maintaining a stable operation. Feeding too much 

alumina (‘over-feeding’) results in the accumulation of undissolved alumina on the 

cathode surface (called ‘sludge’ or ‘muck’), with negative impacts on the operation. 

Conversely, not feeding enough alumina (‘under-feeding’) can, unless detected, result in 

a preferential reduction of the bath components inducing an ‘anode effect’, which results 

in a direct loss of efficiency and is often associated with increased emissions. 

 

Alumina dissolution is a multistep process that involves: an initial agglomeration and a 

freezing of bath on the agglomerates, followed by mineralization of transition alumina (to 

alpha alumina) and melting of the freeze and finally dissolution by formation of 

aluminium-oxyfluoride complexes. Apart from having a sufficient dissolution power (often 

referred to as ‘superheat’, which is the temperature above the melting point of the bath) 

providing a higher surface area for the dissolution process/reaction is also beneficial. 

One way to achieve a higher surface area for the dissolution is through improved 

dispersion of the alumina on, and in, the bath. The bubble induced bath flow is important 
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for this (and hence also the placement and design of slots in the anodes), but more so, 

how the alumina enters the cell. For this two main methods are used: ‘point feeders’ or 

‘bar breakers’. Point feeding is becoming more widely used, particularly in modern cell 

designs and as part of retro-fitting older cells. In the case of using point feeders, the 

alumina is fed into the cell via a number (typically 3-5) of point feeders located along the 

centre channel in the cell. A point feeder will feed up to 5 kg of alumina every 1-3 

minutes. Using the Bar Breaker method, the crust is broken into the molten bath to 

replenish the alumina content; this is then followed by dumping alumina over the broken 

surface to repair the crust. This method of feeding is carried out less frequently, with 

feeding cycles typically between 10 and 60 minutes. 

 

The dispersion and dissolution has also been found to be influenced by the alumina 

properties [15, 17, 24-26]. In the studies by Liu et al. and Welch et al. visualisation of the 

dissolution process was made possible through the use of video recording equipment in 

laboratory scale electrolysis cells and the results were correlated against simultaneous 

measurements of the electrolyte temperature and the alumina concentration in the bath 

[17, 25]. Both studies indicated that transition aluminas dissolve faster than alpha 

alumina rich samples. This was partly attributed to the tendency of the alpha alumina rich 

particles to aggregate. Keller et al. showed that if the size and density of the 

agglomerates are high enough these may sink through the bath and metal to form 

deposits on the cathode surface (‘sludge’) [26]. Welch et al. also point out that the 

exothermic nature of the transition alumina to alpha alumina transformation may aid with 

the bath temperature whereas dissolution of alpha alumina is more dependent on the 

superheat in the bath. Furthermore, Liu et al. argues that the shattering of transition 

alumina rich particles (possibly due to a volume change and/or evolution of vapour) in the 

melt increases the surface area and thus the dissolution rate. 

 

Østbø attributed differences in the dissolution characteristics for two aluminas with similar 

surface areas to differences in the nano-structure and pore structure (based on X-ray and 

porosimetry studies) [15]. The results by Østbø also indicated that the transition aluminas 

have a greater tendency to aggregate, which the author attributed to the formation of 

platelets (in the mineralization process) which would interlink the grains. Dando et al. also 

presented a similar mechanism and observed a formation of ‘rafts’ of alumina aggregates 

on the surface of the bath [24]. Using electron microscopy these rafts were shown to be 

composed of alumina particles interlinked by platelets, which would support the findings 

by Østbø. Studies have also shown that the presence of fluoride species on and in the 
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alumina, as well as the moisture (adsorbed water) and residual hydroxyl content and the 

presence of un-calcined material (gibbsite, Al(OH)3) influences the dissolution behaviour 

as well as the formation of HF [15, 24, 27, 28]. Residual hydroxyls have been observed 

to be present in the transition aluminas (where they are thought to be incorporated in the 

crystal structures) due to the incomplete conversion to alpha alumina in the calcination 

stage in the Bayer process (discussed briefly in section 3.2. and in further detail in 

section 3.3). 

 

The Role of Alumina in the Cell Cover 
 

The anode cover, or more aptly “cell cover” material, plays important roles for maintaining 

a stable and productive operation. Today it is widely accepted that alumina is a key 

component in controlling the properties of this material. 

 

Traditionally the anode cover had mainly an insulating role (i.e. minimising the heat 

losses). However, with higher line currents being used the anode temperatures also 

increased and protecting the anodes against airburn (which is the oxidation of the anode 

carbon by reaction with oxygen or CO2) became increasingly important. With high 

amperage operation a need to dissipate more heat through the anode cover also became 

apparent. In fact, adjusting the thermal properties of the anode cover (through 

composition and granulometry as well as thickness) is one of only two ways to control the 

heat flow out of the cell without changing the cell design [19] (the other being through 

adjusting the liquid levels and hence the heat loss through the sidewall). 

 

The environmental and health aspects are increasingly important research areas in 

aluminium production. In this regard the cell cover is critically important as it also acts as 

a primary prevention mechanism in emissions control by capturing volatile fluorides (such 

as NaAlF4, AlF3 and HF). It is easy to see that the cover therefore also plays an important 

role in the bath level and bath chemistry control [29] as well as in metal purity [30]. 

 

The requirements on the anode cover material goes beyond the mechanical and thermal 

properties needed to control the heat balance and maintain the integrity of the cover 

during the routine operations (such as feeding, changing anodes etc). The ability to 

capture volatile fluorides arises from the high surface area of the transition alumina 

phases, and is intricately associated with the formation of interlocking alpha alumina 

platelets which bond the crushed bath components together. This is however a delicate 
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balance as alpha alumina (also known as corundum) is one of the hardest materials 

known to science (having a hardness of 9 on the Moh’s scale). As the spent anodes are 

recycled the associated bath and cover material is also recovered to make fresh cover 

material. In the presence of significant amounts of alpha alumina the processing of this 

material may pose mechanical challenges. The properties also have to be balanced with 

the correct thermal properties, as the risk otherwise is that the cover starts to melt, which 

undermines the mechanical properties ultimately resulting in a collapse of the cover. 

 

For these reasons the control of the cover composition is extremely important. Although it 

is widely appreciated that alumina is needed in an optimal cover material, researchers 

are only now beginning to understand the impact of alumina properties on the integrity 

and evolution of the cover and crust material and properties. 

 

Alumina Properties and Fluoride Emissions 
 

Fluoride emissions are regulated and therefore mechanisms for their reduction are an 

essential part of the aluminium production process. The two main technologies for 

fluoride removal are: Wet Scrubbing and Dry Scrubbing. As the name implies, Wet 

Scrubbing makes use of an aqueous spray to remove soluble species which are 

collected as a liquor and then further treated. Dry Scrubbing makes use of the adsorbing 

capability of alumina to reduce the emissions. Both technologies have the added benefit 

of allowing the bath chemicals (fluorides) to be returned to the cell. The major drawbacks 

with wet scrubbing are the corrosion problems and handling and treatment difficulties 

related to the highly acidic nature of the scrubbing solution. Today, wet scrubbers are 

therefore mainly used for sulphur dioxide removal. 

 

The modern, injection type, dry scrubbing system comprises of a reactor (where alumina 

is injected and comes in contact with the collected cell off-gases) and a separate 

filtrations system (where the reacted alumina and other particulates are separated from 

the gas stream). The reactors are designed to ensure good mixing between gas and 

solids. These systems can be operated at very high efficiencies, and more than 99 % of 

the gaseous and particulate fluorides may be recovered. With good pot hood collection 

efficiency, and the dry scrubber recovering and recycling most of the particulate and 

gaseous fluorides, the operation can be regarded as a closed loop between the cells and 

the scrubber [31]. As the high particulate collection efficiency also includes those 

impurities lost to the duct (elements forming volatile fluoride compounds), the recycling of 
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the dry scrubber alumina (secondary or reacted alumina) naturally leads to increased 

impurity levels in the bath, and thus also in the metal [32]. 

 

The chemistry and kinetics of the dry scrubbing process (i.e. the adsorption and reaction 

of HF with alumina) was explored in depth by Gillespie [13]. Gillespie argued that since 

the fluoride adsorption capacity is related to both the specific surface area of the alumina 

and the relative humidity during the adsorption, the reactions must occur in a surface 

process. The author presented a mechanism which involved several steps, starting with 

the adsorption of water on the surface of the alumina followed by HF adsorption and 

acidification of this surface layer which would dissolve the alumina surface and form AlO2
- 

and hydroxide species and finally cause the precipitation of oxy- and hydroxyfluorides. 

Most importantly the reaction was shown to be irreversible under dry scrubbing 

conditions (temperature and atmospheric), an important finding which enabled new 

developments of the dry scrubbing process and control strategies to be made. 

 

Although the mechanisms for the reaction between HF and alumina (in the dry scrubbing 

process) are relatively well understood, the role of alumina microstructure and porosity is 

less clear. There is a direct relationship between the surface area available for adsorption 

and the adsorption capacity [4], however it could be expected that the pore size 

distribution also plays an important role in providing access to internal reaction sites. The 

porosity and surface area arises from the incomplete conversion of gibbsite to alpha 

alumina in the calcination stage and is therefore associated with the transition alumina 

phases. 

 

As mentioned earlier, the residual hydroxyls are an integral part of the transition alumina 

structures, but are also the main source of HF formation in the electrolyte bath. In the cell 

HF is formed when the released water (or OH) reacts with the electrolyte. The surface 

adsorbed water and more loosely bound hydroxyls (represented by the MOI values) on 

the other hand are rapidly flashed off when the alumina is fed into the electrolytic cell 

[28]. This may actually be beneficial for the dissolution process as it helps with the 

dispersion of the material [27]. 

 

It is then easy to see that there is a conflicting relationship between generation of HF 

from residual hydroxide and capturing the HF by increasing the surface area (which 

inevitably results in more structural hydroxyls and increased HF formation in the first 

place). Understanding how the development of alumina microstructure is influenced by 
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the calcination conditions and precursor material, and in particular understanding the 

structures that arise during the transformation reactions, is key to improve the efficiency 

of both the calciners and the aluminium smelting process through finding an optimum 

balance, or compromise, between the critical properties. 
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3.2. ALUMINA PRODUCTION – THE BAYER PROCESS 

 

The Bayer process dates back to 1888, when a method to extract alumina from bauxite 

was patented by the Austrian scientist Karl Josef Bayer. Today, Metallurgical or Smelter 

Grade Alumina (MGA/SGA) is produced almost exclusively by this method. This process 

includes four major process stages; these are: digestion, clarification, precipitation and 

calcination. Both the precipitation and the calcination step play important roles for the 

development of structural features, which are related to the performance of the material 

in the aluminium smelter. A schematic representation of the Bayer process can be found 

in figure 3.2., and the four main stages in the process are discussed separately below. 

Note that the “Sand Separation” step in the diagram below is discussed under the 

Clarification stage in this work. 

 

 
Figure 3.2. Schematic illustration of the Bayer process (modified from [33]). Note that the “Sand 

Separation” stage in the diagram above is referred to as clarification in this work. 
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3.2.1. Digestion 

 

In the digestion stage the main objective is to selectively extract the available aluminium 

species from the crushed and finely ground bauxite mineral. This is done through a 

dissolution process at high temperatures, pressures and caustic concentrations. The 

operating conditions are selected according to the bauxite mineral grade and the 

digestion technology that is used [4] (sometimes several stages at different operating 

conditions is required). In most bauxites the main aluminium bearing minerals are: 

gibbsite (or γ-Al(OH)3) boehmite (γ-AlOOH) and to some extent diaspore (α-AlOOH, 

which requires higher digestion temperatures and caustic concentrations to dissolve) 

[34]. In the reaction vessels the main digestion reactions are (reactions 3.3. and 3.4., 

from [35]): 

 

 Al(OH)3 + NaOH <-> Na+ + Al(OH)4
-      /3.3./ 

 

and for boehmite and/or diaspore 

 

 AlOOH + H2O + NaOH <-> Na+ + Al(OH)4
-     /3.4./ 

 

The simultaneous dissolution of other oxide and hydroxide minerals (such as silicates, 

kaolinates and iron and titanium bearing minerals) is important from an operational 

viewpoint. Apart from being a direct loss of caustic, the precipitation of insoluble sodium-

aluminium silicates (Bayer sodalite) is a significant process challenge as these species 

may build up to a degree at which they may result in process upsets and loss of 

productivity. In fact, it has been argued that it is the rate of sodalite precipitation, and not 

the rate of gibbsite dissolution, that governs the digestion time in low temperature 

operations [36]. The digestion stage has few direct impacts on the microstructure of the 

produced alumina; however, impurities that are dissolved with the bauxite play important 

roles for the development of microstructure in later process stages. 

 

3.2.2. Clarification 

 

The clarification stage is carried out in order to separate the solids (insoluble residues) 

from the liquid phase (which carries the majority of the aluminium containing species). 
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This is typically carried out in two steps, the first being the “sand separation” and the 

second residue removal is through settling followed by washing and filtration. The residue 

containing the insoluble solids (referred to as red mud) contains mainly iron, silicon and 

titanium oxides, sodium-aluminosilicates (sodalite) and to lesser extent calcium 

carbonate/aluminate. These residues are washed to recover the caustic. In the second 

step, synthetic flocculants are often used to promote the separation of the solids. 

 

3.2.3. Precipitation 

 

The precipitation reaction is basically the reverse of reaction 3.3.. The process is 

controlled through the addition of seed particles (i.e. gibbsite particles separated in the 

classification stage and returned to the precipitator tanks, see figure 3.2.) and by 

adjusting the process temperature and the particle size of the seed material. The addition 

of seed is important for initiating the crystallisation, as the super-saturated liquor is 

considered to be in a meta-stable state in which gibbsite does not precipitate 

spontaneously [4]. 

 

Gibbsite precipitation affects the particle size and morphology which also relates to the 

particle strength. The three dominating mechanisms in the precipitation stage are: 

nucleation (seeding), agglomeration and grain growth. Organic molecules have been 

deemed to have detrimental effects on gibbsite crystal growth. The organic species stem 

from the degradation of humic matter during the bauxite digestion step in the Bayer 

process and can be present in thousands of different forms in the liquor cycles [34]. Di-

sodium oxalate has been given special focus as it is one of the ultimate degradation 

products (the other one being sodium carbonate) of many of the sometimes very large 

and complex organic molecules and also since it is a very potent crystal growth inhibitor. 

Using AFM the growth mechanisms on different crystallographic planes as influenced by 

organic molecules have been studied [37]. Organic molecules seem to slow or 

completely inhibit crystal growth on the prismatic face but have less effect on the growth 

on the basal face; the rate and yield as well as the morphology and size of the crystals is 

affected, often adversely. 

 

Beside resulting in considerable operational problems, many of the inorganic impurities 

accumulated in the liquor cycle are precipitated (sometimes quantitatively) with the 

gibbsite; where they affect the precipitation and crystal growth and possibly the 
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transformation reactions during the calcination stage (and obviously also continue on to 

the aluminium smelter causing further problems). 

 

The precipitation process is controlled to maximize the yield and in particular production 

speed, which causes the crystals to intergrow and agglomerate. The Bayer gibbsites can 

therefore be viewed as a granular material comprised of aggregates of intergrown 

crystals; generally with a crystallite size of 10-40 μm, and a mean particle size of up to 

150 μm [38]. Nevertheless, for the same gibbsite, it is how the calcination step is carried 

out that will determine several of the key properties needed for an optimal feed material 

in the aluminium smelter. 

 

3.2.4. Calcination 

 

After the classification (i.e. the separation of seed material and gibbsite for calcination) a 

final washing is carried out before the gibbsite (or aluminium tri-hydroxide, Al(OH)3) is 

calcined. As discussed in the general introduction (chapter 1), both the alumina and 

aluminium industries underwent some major changes in the 1950s and 60s with the 

introduction of dry scrubbers and stationary calciners. As a consequence the demand on 

alumina quality shifted from the so called floury alumina (with high alpha alumina 

contents and small particle size) to sandy alumina (with larger particle sizes, significantly 

less alpha alumina and high surface areas). It should be noted that floury alumina is still 

in use in some parts of the world, although most smelters today have converted to the 

practice of using the less calcined, sandy alumina. In this work the focus will be on the 

sandy type alumina as this represents the majority of the alumina produced. The 

development of structural features during the calcination process is the main focus of this 

thesis and will therefore be addressed separately in section 3.3. 

 

The main difference between the Circulating Fluidised Bed and the Gas Suspension 

calcination technologies is in the gas/solids velocities and residence times (see table 1.1. 

in chapter 1.). As can be seen from figure 3.3., depending on the gas velocity the fluid 

bed reactors are classified into different types. Fluid bed reactors operating at relatively 

low gas velocities represent the ‘classic’ Bubbling Fluidised Bed. These operate as a 

continuously stirred tank reactor with defined solids residence time distributions. 
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With higher gas velocities the slip velocity (the differences between gas and solids 

velocities) increases and the fluidisation behaviour changes accordingly. At these 

velocities the gas has enough energy to entrain the solids, which are then separated from 

the gas in a cyclone and returned to the fluidised bed reactor. In Bayer alumina 

calcinations this represents the Circulating Fluidised Bed (CFB) calciner [39]. The use of 

a recirculation cyclone and the internal recirculation in the main reactor (or furnace in 

alumina CFB calciners) results in a homogenous temperature distribution and a 

prolonged retention time. 

 

With even higher gas velocities the solids velocity will approach the velocity of the gas; 

this represents the flash reactor (or Gas Suspension or Fluid Flash calciners in Bayer 

operations). In the flash reactor the temperature distribution is more heterogeneous (than 

in CFBs) and the gas/solids retention time is shorter. The main features of the different 

alumina calcination technologies used in Bayer operations are briefly described below. 

 

 
Figure 3.3. Different types gas/solid reactors for fine particulate solids and relative (or slip) 

velocities (reproduced from [40]). 

 

Rotary Kiln Calcination 
 

A schematic illustration of a Rotary Kiln can be found in figure 3.4. (reproduced from [4]). 

In rotary kiln calcination operations, gibbsite enters the kiln at the cold end and passes 
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along the kiln countercurrent (by gravitation aided by continuous rotation of the kiln) to a 

stream of hot combustion gases generated by gas or oil burners in the ‘hot end’ of the 

calciner. The kilns are refractory lined and sit on an angle (typically a few degrees 

downward slope towards the hot end) to aid with the materials flow. The goal of the 

operation is to produce alumina that meets product specifications and to minimise the 

energy consumption and maintenance costs. Control of the calciners is typically through 

a direct temperature measurement at the hot end and indirectly by monitoring flue gas 

oxygen and CO contents [8]. Control is challenging due to the lack of direct process 

measurements (the product quality analysis takes several hours to conduct), the large 

thermal mass (particularly a problem for start-up and shut-down) and the complex 

residence time distribution (sometimes furnace chokes are used to increase the overall 

residence time) [41]. 

 
Figure 3.4. Schematic illustration of a Rotary Kiln calciner (reproduced from [4]) 

 

Over the years several attempts to increase the energy efficiency have been made, 

including: longer kilns, pre-dryers, coolers/heat exchangers and improved process control 

[4, 8, 42, 43]. Despite the technological developments and significant improvements in 
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kiln control the energy efficiency still falls short of the superior energy efficiency of the 

modern CFB or GS/Flash calciners (see table 1.1.). 

 

Circulating Fluidised Bed Calcination 
 

The main components of the Circulating Fluidised Bed calcination process are: 

preheating stages, a calcining stage and two cooling stages. The entire residence time 

from when the raw material is fed into the process to the point when the product is 

discharged from the end is roughly twenty minutes. CFB calciners typically operate in a 

range from 900 to 1000°C, depending on product quality demands. A schematic 

illustration of the process is included in figure 3.5. (reproduced from [39]). 

 

 

Figure 3.5. Schematic diagram of a Circulating Fluidised Bed calciner (reproduced from [39]). 

 

The CFB calciner makes use of a multi-stage venturi preheating system to recover the 

waste gas heat by preheating and drying the gibbsite feed prior to reaction. As Hudson 

points out, moist gibbsite is an excellent heat sink [4]; and in fact, most of the energy in 

the decomposition of gibbsite to transition alumina is used below 300°C. The main 

calcination reaction is carried out in the CFB reactor (calcining stage in figure 3.5.). The 

energy for the calcination process is supplied by direct combustion of either oil or gas. 
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Energy in the hot alumina is also recovered in a multistage cooling system (which 

includes several cyclones and a fluidised bed alumina cooler). In a further design 

evolution of the CFB technology some of the energy in the hot alumina can also be used 

to directly react part of the gibbsite from the first preheating stage (in a so-called ”hydrate 

by-pass”). The efficient use of heat exchange technology and the implementation of the 

“hydrate by-pass” brings the total energy consumption down to 2850 kJ per kg of alumina 

produced [39]. 

 

Gas Suspension Calcination 
 

The most modern design implementation of the Gas Suspension calciners (also known 

as Fluid Flash calciners) has four main process stages [44], these being: 

 

• Drying and pre-heating/pre-calcination (PO1/PO2) 

• Calcination furnace (PO4), furnace cyclone (PO3) and holding vessel (HV) 

• Direct heat recovery (by direct air cooling, CO1-CO4) 

• Indirect heat recovery (by water cooling in a fluidised bed cooler, FBC) 

 

as outlined schematically in figure 3.6. (reproduced from [44]). 

 

 
Figure 3.6. Process diagram of a Gas suspension calciner (reproduced from [44]) 
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In this process, all gibbsite is carried by the combustion gases (originating from the 

calcination furnace) and transported to the first preheating stage (PO1) where the solids 

are separated from the gases in a cyclone. The solids continue on to the second pre-

heating stage, in which the air used as a primary cooling medium in the holding vessel 

(HV) is used to further pre-heat the material. From there the solids continue to the 

calciner furnace (PO4). In contrast to the Circulating Fluid Bed process the solid material 

is carried through the furnace in one pass only, and then separated from the gas in the 

furnace cyclone (PO3). A holding vessel (HV) is used to increase the retention time and 

ensure that the reactions have time to proceed to a desired degree in order to meet 

product specifications. 

 

The addition of a holding vessel allows for significant energy savings as the temperature 

in the furnace may be reduced and the reaction time is prolonged in this process stage. 

As Wind et al. remark, higher temperature is substituted by longer retention times [44]. 

Additional energy savings are made possible through heating of the combustion air. The 

combustion air is heated by counter current heat exchange in the 4-stage cyclone coolers 

(CO1-CO4). A final, indirect, cooling and heat exchange is carried out in a water cooled 

fluid bed cooler (FBC). 
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3.3. GIBBSITE CALCINATION AND STRUCTURAL EVOLUTION 
 

In the section 3.1. the alumina quality requirements, as perceived by the aluminium metal 

producers, was presented. Hudson summarised typical ranges for alumina properties and 

also related these to the different stages in the Bayer process (table 3.2.). When 

comparing these two tables it is apparent that the properties most critical for effective 

utilisation of the material in the aluminium smelter are directly influenced by the 

calcination process. The direct influence on properties, coupled with the potential for 

energy savings, makes the dynamics and interactions in the calcination process of prime 

interest in terms of scientific research; particularly as new technological developments 

and production increases are changing this intricate interplay of calcination parameters 

with development of structure and properties. 

 
Table 3.2. Typical Metallurgical Grade Alumina properties, and operations influencing the 

development of specific properties (modified from [4]). 

Item Major Impact Minor Impact Normal Range 

Particle Size Precipitation Calcination 10 - 200 μm 

Chemical Composition - - 

     - Na2O Precipitation Calcination 0.3 - 0.7 wt-% 

     - Fe2O3 Digestion Clarification, Calcination 0.01 - 0.04 wt-% 

     - SiO2 Digestion Calcination 0.01 - 0.03 wt-% 

     - CaO and other Digestion, Clarification - - 

Surface Area Calcination - 60 - 100 m2 g-1 

Alpha Alumina Calcination - 2 - 20 wt-% 

MOI (up to 300°C) Calcination - 1.5 - 4.0 wt-% 

LOI (300 to 1000°C) Calcination - 0.3 - 1.5 wt-% 

Attrition Index Precipitation, Calcination - 4-15 

Crystallite Size Precipitation - 10 - 200 μm 

Density (bulk, loose) Precipitation, Calcination  880 - 1100 g cm-3

Angle of Repose Precipitation Calcination 30 - 45° 

 

In Bayer operations the calcination strategy is governed first and foremost by the need to 

meet a specification for a specific surface area while maintaining a low residual hydroxyl 

content (measured as LOI). LOI, or loss on ignition, is a standard measurement of the 

weight loss that occurs between two temperatures (typically defined as 300 and 1000°C) 



Chapter 3. Theory and Literature Review 
 
 

27 

[45]. As mentioned earlier, keeping the LOI value low is necessary to limit HF generation 

when the alumina is fed into the molten electrolyte in the reduction cell, whereas a high 

surface area is critical for effective performance as a gas scrubbing medium. It has also 

been demonstrated that a high surface area, and the associated loosely bound water 

species, helps with the dispersion of the alumina on and in the electrolyte thus aiding the 

dissolution process (section 3.1.1.). Surface area is maximised by controlling the 

transition sequence to limit maximum temperature and residence time. The transition 

alumina phase changes and the resulting changes in aluminium and oxygen coordination 

environments, as well as the development of physical properties during the calcination 

reactions, have been the subject of intensive studies for well over 100 years. Some of the 

recent understanding arising from these studies is summarised below. More detailed 

considerations of experimental and computational findings by other researchers are 

included throughout the main chapters, and discussed in relation to the results obtained 

in this study. 

 

Gibbsite Calcination and Transition Alumina Phase Changes 
 

Several excellent reviews on transition alumina phase change during the calcination of 

gibbsite and boehmite exist; particularly noteworthy are those of Levin et al. [46], and 

Wefers et al. [35]. The reactions have been found to be influenced by several parameters 

(such as temperature, heating rate, residence time, particle size and morphology, 

crystallinity, impurities and atmospheric conditions) some of which are directly related to 

Bayer operations [9, 10, 12, 35, 47]. Figure 3.7. schematically summarizes the possible 

reaction pathways for gibbsite dehydroxylation. It should be pointed out that, apart from 

the initial decomposition to chi alumina, rho alumina or boehmite, the reactions proceed 

slowly; even if the energetic barriers are overcome prolonged heating is required to reach 

equilibrium for any of the meta-stable transition alumina forms. 

 

It has been found that with increasing temperature, the phase sequence moves from the 

hexagonal gibbsite, Al(OH)3, through the oxyhydroxide boehmite, AlOOH, into the cubic 

system represented by the spinel structured gamma alumina [48]. Neutron diffraction 

studies indicate that the face centred cubic oxygen sublattice in the spinel based 

transition aluminas tends to be highly ordered in these materials, the aluminium ions 

however are quite disordered, leading to the broadened lines typical of their powder X-

ray diffraction (XRD) patterns [49]. 
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Figure 3.7. Thermal decomposition pathways of gibbsite, adapted from Wefers et al. [35]. 

 

In terms of Bayer calcination, the understanding has not advanced that much from this 

picture, although the works by Whittington et al. and Ingram-Jones et al. clearly indicate 

that a crossover of the calcination pathways in figure 3.7. also is possible [9, 10]. It has 

also been observed that the short residence time and high heating rates in these modern 

processes produce a structurally disordered material with significantly different properties 

compared to rotary kiln calcined alumina [11, 12]. 

 

Coordination Environment in the Oxides and Hydroxides of Aluminium 
 

When heated, the gibbsite lattice collapses and a structural rearrangement occurs. This 

rearrangement results in changes in the aluminium to oxygen coordination environment. 

In gibbsite, Al(OH)3, aluminium atoms are hexagonally arranged in a cubic close packed-

arrangement (ccp) with the hydroxyls, and occupy two thirds of the octahedral positions, 

with the hydroxyl groups octahedrally coordinated in double layers. The long range order 

(in gibbsite or boehmite) is lost upon formation of chi- or gamma alumina. Following the 

second pathway in figure 3.8., higher temperatures or prolonged heating results in the 

conversion to gamma’- (and delta) and then to theta alumina, also face centre cubic (fcc) 

based transition alumina forms. Gamma-, delta- and theta alumina all have a face 

centred cubic packing of the oxygen anions with various ratios of aluminium cations in the 

octahedral and tetrahedral interstices. The proportion of occupied tetrahedral sites 

increases with temperature [50], with 25-30 % of the tetrahedral sites occupied for 

gamma alumina and 50% for theta alumina [51, 52], until the abrupt disappearance of 
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tetrahedrally coordinated aluminium upon formation of alpha alumina (corundum), which 

marks the end of the transformation sequence. Alpha alumina has a hexagonal close 

packing (hcp) of the oxygen anions, and all of the octahedral aluminium sites are 

occupied [53]. 

 

 
Figure 3.8. The basic structures of gibbsite, boehmite, the transition alumina derivatives, and 

alpha alumina. 

 

Development of Physical Properties and Porosity 
 

In gibbsite the hydroxyls in adjacent layers are situated opposite each other, which lead 

to the structural channels, or capillary pores, perpendicular to the layers (001 plane). 

Based on the theories of Freund et al. [54], Rouquerol et al. argued that adjacent 

hydroxyls in the gibbsite react through a proton capture mechanism to form water that 

then diffuses out through the structural channels in the gibbsite lattice [55, 56]. Scott et 

al. thought that this would also form the nucleus of a pore [57] and other investigations 

indicated that these pores are ink-well type pores [58, 59]. 

 

Figure 3.9. shows the gibbsite unit cell viewed along the c-axis and perpendicular to the 

c-axis, the site of the structural channel perpendicular to the basal plane is also indicated. 

Considering the high dehydroxylation rates encountered during fluid bed calcination, 

water egress in-plane (parallel to the 001 plane) and along the grain boundary cracks is 

also a likely pathway. Based on careful examinations of nitrogen adsorption isotherms 

Candela et al. argued that in addition to the initial slit shaped pores parallel to the c-axis 

formed when gibbsite reacts to boehmite, capillary pores (or structural channels 

perpendicular to the gibbsite c-axis) would also form, mostly during the second 

decomposition of gibbsite to transition alumina [60]. Stacey et al. noticed that the water 
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vapour pressure during the thermal decomposition influenced the width of the slit shaped 

pores thus offering some level of control of the pore size [61]. 

  
Figure 3.9. The structure of gibbsite viewed along the basal planes (left figure) and perpendicular 

to the basal planes (right figure). The structure parameters were sourced from Saalfield et al. [62]. 

The blue spheres are aluminium atoms, the red spheres oxygen atoms and the white spheres 

hydrogen atoms. 

 

The development of porosity is also reflected in changes in the surface area. In figure 

3.10. (reproduced from [4]) a rapid increase in the specific surface area can be observed 

at lower calcination temperatures. The high surface area during the early stages of the 

dehydroxylation reactions is a result of the smaller pore size [35]. As the pore size 

increases the surface area diminishes. Alpha alumina has virtually no porosity associated 

with mesopores (2-50 nm). To accommodate for the shrinkage and formation of porosity 

a density change is also observed (figure 3.10.). 

 

As the reactions proceed, the hydroxyls will become sparser and more separated and the 

reaction slows down [54], meaning that some of the hydroxyls are retained even at 

elevated temperatures. This is reflected in the Loss on Ignition (LOI) in figure 3.10.. The 

location and distribution of these remaining hydrogen species is still highly ambiguous, as 

is the effect that they have on the structure of the transition aluminas [63]. Experimental 

studies clearly demonstrate that the residual hydroxyl is the main source of HF 

generation in the aluminium electrolysis cell [16, 28]. The LOI method provides a good 

measurement of the degree of calcination but fails to take into account the difference 

between “true” structural hydroxyl and strongly chemisorbed water [11]. 

 

Site of the structural channel in gibbsite 
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Figure 3.10. The relationship between Calcination Temperature and Specific Surface Area, Loss 

on Ignition and Density (reproduced from [4]). 

 

Although the relationship between calcination temperature and properties illustrated in 

figure 3.10. is relatively well established (for specific conditions), the influence of 

precursor material properties and processing conditions are far less clear. As 

demonstrated by numerous authors, the temperature history, particle size and 

morphology, crystallinity, impurities and atmospheric conditions impact on the 

transformation reactions and thus also the development of properties (see for example 

[35, 47] and references therein). 

 

Production technology has progressively moved from rotary kilns to the more energy 

efficient gas suspension or fluid bed rapid flash calciners; the literature and the 

understanding of the processes operating under these conditions is however lacking. 

Particularly the understanding of the effects of precursor material on the transformation 

reactions and the development of alumina microstructure under conditions relevant to the 

modern calcination processes has not been systematically investigated. 
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4. INVESTIGATIONS INTO THE EFFECTS OF CALCINER 
TECHNOLOGY AND OPERATION ON THE DEVELOPMENT 
OF ALUMINA MICROSTRUCTURE 

 

Chapter Overview 
 

Alumina microstructure is significantly influenced by calciner technology and operations, 

and the resulting microstructure has a range of impacts on the performance of the 

material in the aluminium smelter. The development of structural features during the 

calcination of Bayer gibbsite to produce Metallurgical Grade Alumina (MGA) is a complex 

process that involves both a dehydroxylation reaction and a rearrangement of the crystal 

lattice. The highly agglomerated starting material, the pseudomorphic nature of the 

reactions and the incomplete transformation to the thermodynamically stable alpha 

alumina, give rise to a mixed phase meso- to macro porous material. 

 

Evaluation of the development of porosity for a number of short term calcined samples 

support the view that the initial formation of narrow, slit shaped pores is tied to the 

decomposition of the layered gibbsite structure and the formation of boehmite. The 

subsequent increase in pore size is due to the growth of the capillary pores, 

perpendicular to the c-axis. This, much slower, process is related to the formation of 

transition alumina phases and requires ion migration and a rearrangement of the 

crystallographic lattice. 

 

It is demonstrated that for the MGAs, the treatment of the Electrostatic Precipitator (ESP) 

dust, associated with the treatment of the calciner outlet gases, has particular 

consequences for the bulk properties (such as average surface area or pore size). Pore 

size distribution plots can reveal if the aluminas contain under calcined components (low 

order transition aluminas or boehmite), important from an alumina performance 

perspective. 

 

Electron microscope investigations show that the MGAs have a lamellar and sponge like 

texture. The lamellar structure forms due to the c-axis shrinkage, during the early stages 

of the calcination reactions, which disconnects the gibbsite/boehmite slabs. The growth 
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of the structural channels (or capillary pores) interconnects the voids in a complex 

network of pores and channels. 

 

Methodology and Materials 
 

Alumina microstructure was investigated by electron microscopy techniques and nitrogen 

porosimetry. Nitrogen porosimetry measurements were conducted to monitor the 

development of porosity (surface area and pore size) as influenced by calcination 

conditions and calciner technology. Scanning electron microscopy (SEM) was used to 

investigate changes in the external structure and morphology with calcination conditions. 

For this a software routine was developed to analyse changes in particle shape (as 

described by various shape factors) from SEM images on particle cross sections. 

Environmental SEM (ESEM) on cross sectioned particles was used to obtain information 

on the internal structure. Through charge contrast imaging (CCI) in the ESEM gibbsite 

growth rings could be observed. Transmission electron microscopy studies were 

conducted to characterise the detailed microstructure and obtain complementary 

information to the SEM and ESEM results. Thermogravimetry was used to investigate the 

water and hydroxyl content in calcined aluminas. The techniques and sample preparation 

details are described in further detail in chapter 8. 

 

For the laboratory calcinations two Bayer gibbsites were used. The precursor gibbsites 

represent ‘typical’ Bayer gibbsites in terms of their impurity content and crystallinity. The 

main difference between gibbsite A and B was observed to be in the morphology. 

Gibbsite A represents a radial gibbsite (with relatively large crystallites seemingly growing 

from a common centre) whereas gibbsite B is of the mosaic/agglomerated type (with 

smaller more randomly orientated crystallites). 

 

Short-term calcinations (2 – 30 seconds) 

 

To investigate changes in the microstructure in the early stages of the calcination 

reactions a set of samples were prepared with short residence times (2, 10, 20 and 30 

seconds) at a fixed temperature of 970°C +/-2°C. To mimic the rapid heating rates, and to 

some extent the heating rates, encountered in the modern industrial processes these 

short term calcinations were performed in a vertical tube furnace. A furnace insert with 

baffles within the hot zone was used to control the residence time (a schematic drawing 
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of this set-up can be found in chapter 8 along with a more detailed experimental 

description). 

 

Long-term calcinations (1 minute and longer) 

 

A muffle furnace was used for the long term laboratory calcinations (60, 120, 180 and 

300 seconds as well as 5 hours). All calcinations were performed in preheated furnaces 

under normal atmospheric conditions (pressure and vapour content). A small amount (1-2 

grams) of the precursor gibbsite or boehmite was placed in a ceramic crucible which was 

then quickly inserted into the furnace and left there for the desired time. Using a small 

amount of gibbsite ensured a relatively uniform and rapid heating rate. The temperature 

was monitored at several times during the heat treatment using a thermocouple. The 

temperature, as measured using the thermocouple was within +/-2°C of the target 

temperature. 

 

Industrial Aluminas 

 

The industrially produced alumina samples were sourced from a number of different 

alumina refineries and smelters and reflect typical MGAs in terms of their chemical and 

physical properties. Two samples from each of the main calciner technologies (i.e. 

Circulating Fluidised Bed, Gas Suspension or Fluid Flash and Rotary Kiln calciners) were 

obtained and analysed. Although not experimentally verified, it is likely that the samples 

would display minor differences in the morphology and impurity content as they stem 

from different Bayer plants utilising different bauxites as well as digestion and 

precipitation technologies and strategies. 
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4.1. DEVELOPMENT OF POROSITY AND MICROSTRUCTURE 

 

In figure 4.1. A, an electron micrograph of a ‘typical’ Bayer gibbsite particle can be seen. 

The aggregated particle morphology and texture reflect the precipitation conditions 

typical for a Bayer plant and have an impact on the behaviour of the particles during 

further treatment (e.g. calcination). Particle morphology can be classified into three main 

categories, mosaic, pseudoradial and radial [64, 65]. The mosaic structure is 

characterised by fine agglomerated crystallites; a pseudoradial gibbsite has a mosaic 

centre with a radial type outer layer and the radial structure has crystallites that seem to 

have grown from a common centre. The gibbsite in the figure below is an example of the 

radial type structure. Particle morphology is likely to influence the calcination behaviour, 

by affecting gas transportation and heat transfer mechanisms. A correlation between 

attrition index and particle morphology has also been observed [64]. The attrition index 

has been defined as the change in the amount (by mass) of particles less than 45 μm 

after the bulk sample has been subjected to an attrition test (at pre specified and 

standardised reaction conditions) using a Forsythe technique and apparatus [66]. 

 

 
Figure 4.1. SEM image of an industrial Bayer gibbsite (left) and a calcined alumina (right). 

 

The reaction transforming gibbsite to transition alumina and further into alpha alumina is 

pseudomorphic. This means that the original crystal habits, the external dimensions or 

morphology, remain much the same even though a series of crystallographic phase 

changes occur. This can also be seen from the electron micrographs of an industrial 

Bayer gibbsite and a calcined alumina displayed in figure 4.1. A and B where the external 
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morphology on a macroscopic scale is very similar. As a consequence of the 

pseudomorphic nature of the transformation reactions a large porosity develops during 

the initial heating stages [35]. 

 

To examine these transformations, an industrial Bayer gibbsite was subjected to a series 

of short-term shock, or flash calcinations (i.e. very rapid heating rates) in a vertical tube 

furnace with baffles inserted to control the residence time in the furnace hot zone. The 

gibbsite precursor was inserted though the top of the furnace and collected at the bottom. 

As the residence time in the furnace was approximately 2 seconds, several consecutive 

runs were needed to achieve longer total calcination times.  Using this set-up, samples 

calcined for 2, 10, 20 and 30 seconds at 970°C were produced. The development of 

porosity during the early stages of the calcination reactions was then investigated using 

nitrogen porosimetry. 

 

During the calcination of Bayer gibbsite the porosity grows very rapidly during the initial 

reaction stages, the sample calcined for 2 seconds already exhibits a porosity of 175 m2 

g-1 (see table 4.1.). The large porosity is a result of the fine pore size during the early 

stages of the dehydroxylation reactions. After 10 seconds of heating at 970°C the 

maximum surface area (of 212 m2 g-1) and minimum average pore size (2.05 nm) was 

obtained. It should be noted that other authors report even higher specific surface areas 

for calcined Bayer gibbsites [35]. Differences in the morphology and purity of the starting 

material and the calcination conditions (residence time and temperatures) influence the 

development of porosity [10]. Further heating leads to an expansion of the pore size and 

pore coalescence, which is naturally accompanied by a reduction of the specific surface 

area. 
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Table 4.1. BET nitrogen specific surface area and BJH average pore size for alumina samples 

calcined at 970°C for 0-300 seconds (note that these results are also plotted in figure 4.3.). 

Time 
(seconds) 

Surface Area 
(m2

 g-1) 
Average Pore

Size (nm) 
0 0.08 N/A 
2 175.24 2.75 
10 212.25 2.05 
20 200.97 2.10 
30 187.69 2.20 
60 125.47 3.22 

120 109.04 3.71 
180 106.90 3.77 
300 102.53 3.93 

Note. The precision of the surface area and pore size measurements is taken to be 1.4 standard 

deviations and the total uncertainty 5 % (this accounts for the combined uncertainty in accuracy, 

precision and sampling) [67]. 

 

As the transformation reactions proceed, the density change and the loss of hydroxyls 

that bind the gibbsite layers together, results in a splitting of the gibbsite planes 

perpendicular to the c-axis [35]. The c-axis splitting can be seen from the electron 

micrographs obtained on cross sectioned alumina particles (figure 4.2.). The c-axis 

shrinkage, and the resulting cracking, also connects the pores and provides access to 

internal surfaces and reaction sites and, more importantly for the calcination reactions, 

egress routes for the product gases. From the image it can also be seen that the cracks 

tend to follow the grain boundaries, not a surprising result considering the agglomerated 

nature of the Bayer gibbsites and that the shrinkage in the c-axis direction occurs for 

each of the differently oriented crystallites when the gibbsite layers sinter upon formation 

of transition aluminas. 
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Figure 4.2. ESEM images of a cross sectioned industrially produced metallurgical grade alumina 

grain at increasing magnification levels (from A to D). 

 

Gibbsite morphology is likely to play an important role in the cracking behaviour observed 

during the calcination step as well as in heat and mass transfer mechanisms. Upon 

formation of transition aluminas with longer range order (such as the more crystalline 

kappa or theta alumina) the layers start to sinter in three dimensions allowing these larger 

crystallographic units to form [35]. As the larger units are formed, a significant volume 

and density change is also observed (see figure 3.10. in section 3.3.). Although the 

external dimensions of the particles remains relatively stable the volume change due to 

the formation of the more dense phases is significant; some authors report a 10-18 vol-% 

shrinkage during the thermal treatment of a gibbsite [68]. Prolonged heating, or high 

temperature treatment, ultimately leads to the formation of alpha alumina, which has a 

very low surface area and a relatively high density (3.98 g cm-3) [35]. 

 

A B 

Area enlarged 
in frame D 
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in frame C 

Area enlarged 
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It is interesting to note how quickly the maximum surface area is achieved, and how 

slowly the reactions then proceed; this is also reflected in the evolution of alumina 

phases (figure 4.3.). As can be seen from the figure, once the thermal barriers are 

overcome, gibbsite reacts rapidly to boehmite and transition alumina [69]. To investigate 

the phase changes during the early stages of the dehydroxylation reactions at 

temperatures relevant to Bayer operations, Whittington et al. conducted a study in which 

alumina samples were prepared by one shot calcinations (i.e. directly inserted in a 

preheated furnace) [10]. It should be noted that the reaction conditions were very similar 

as in the short term calcinations carried out in this study. When comparing the evolution 

of alumina phases in the study by Whittington et al. with the changes in pore size and 

surface area as reported here (figure 4.3.) it seems that the initial and rapid development 

of porosity is tied to the formation of boehmite. This is in accordance with the findings by 

Candela et al. who noted that the conversion to boehmite is related to the water vapour 

pressure during the reactions and that this controls the degree to which the gibbsite splits 

along the basal planes [60]. The second, and to some extent overlapping, mechanism is 

the formation and gradual growth of the capillary pores [55]. After the initial pore 

formation and removal of the product water, the growth process requires the migration of 

aluminium cations [70] and is therefore considerably slower, which is also reflected in the 

phase changes and gradual reduction of surface area. Several authors have attributed 

the slow reaction rate to diffusion resistance of the product water [71, 72]. However, 

building on the findings by Ruoquerol et al. [55], Candela and Perlmutter argued that the 

gas phase diffusional resistance is negligible for the decomposition to transition alumina 

and that the chemical kinetics (i.e. desorption of water from the surface and the phase 

transformation reactions) are rate controlling [60]. The findings in this study seem to 

favour the latter view, supported in particular by the good agreement between the 

development of porosity and the evolution of alumina phases. 
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Figure 4.3. Top: Development of surface area and pore size for a gibbsite calcined at 970°C for 2-

300 seconds (this study). Bottom: Compositional changes during calcination of gibbsite at 970°C 

(as determined by X-ray diffraction and reproduced from [10]). 

 

It is evident that the development of porosity is complex and that the simultaneous 

reactions (of gibbsite to boehmite and gibbsite directly to transition alumina) play 

important roles. Considering the complex nature of the calcination reactions and the 

relatively large particle size, it is hardly surprising that a broad distribution of pore sizes is 
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always achieved (see figures 4.4. and 4.5.), even if the residence time and temperature is 

well controlled as in the laboratory calcinations in this study. From the results presented 

in figure 4.4. one of the limitations of the nitrogen adsorption technique for determining 

surface areas and evaluating pore structures also becomes apparent. Due to the size 

limitations imposed by the nitrogen molecule itself, only pores sufficiently large and thus 

accessible by the adsorbent gas are included in the measurement. For these reasons, 

the practical limit for the BET technique, using nitrogen as the adsorbent gas, is around 

0.5-1.0 nm [73]; pores below this size, or any internal (inaccessible porosity) is not 

included in the measurement although they can contribute to the ‘true’ surface area and 

density. For example, as can be seen in figure 4.4. for the samples calcined for 2-30 

seconds it is obvious that a significant fraction of the pores are below the detection limit. 

From the cumulative pore volume plots it can also be deduced that the fine pores make a 

larger contribution to the total pore volume and therefore also the total surface area. It is 

also evident that control of the residence time offers some level of control of the pore size 

for the MGAs. 

 

Considering the use of MGA as a scrubbing medium for the off gases from the 

electrolysis cells the pore size and particularly the pore size distribution may play an 

important role in the effective removal of hydrogen fluoride. Although the size of the 

nitrogen molecule and the HF molecule are of similar magnitude (the van der Waals 

diameter of HF is 0.36 nm compared to 0.16 nm for N2) HF is more reactive and also 

exhibits strong hydrogen bonding. More importantly, when HF reacts with alumina, 

relatively stable oxy-fluorides are formed [13] which may block the pores and thus limit 

the access to internal surfaces, particularly if the pores are narrow. 
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Figure 4.4. Pore volume and cumulative pore volume as a function of pore size for samples 

calcined for 2-30 seconds at 970°C. Note that pore radius (x-axis) is presented on a logarithmic 

scale. 

 

2 seconds 10 seconds

20 seconds 30 seconds



Chapter 4. Calciner Technology and Alumina Microstructure 
 
 

43 

 

Figure 4.5. Pore volume and cumulative pore volume as a function of pore size for samples 

calcined for 60-300 seconds at 970°C. Note that pore radius (x-axis) is presented on a logarithmic 

scale. 

 

A number of industrial alumina samples, reflecting different calciner technologies, were 

also examined using the nitrogen gas adsorption technique; the results are displayed in 

table 4.2. and figure 4.6.. From the porosimetry investigations of the short-term calcined 

samples it is clear that the pore-size and particularly the pore size distribution are 

relatively good measures of the degree of calcination (or extent of the reactions) and 

therefore also reflect the control of the calcination operation. For the industrial aluminas 

examined, a weak correlation between the pore size and surface area was observed 

(lower pore size typically results in higher surface areas). However, the two rotary kiln 

60 seconds 120 seconds

180 seconds 300 seconds
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produced samples (RK1 and RK2) have very different pore size distributions and average 

pore size although the surface areas are of similar magnitude. This reflects the 

differences in the operation and control of the calciners (and perhaps also differences in 

the feed material). Both circulating fluid bed calcined samples showed similar pore size 

distributions and surface areas; however, CFB 1 had a slightly broader distribution and 

slightly more pores under 2 nm. Again, this reflects operational differences, and possibly 

differences in the starting material, as the samples were sourced from two different 

alumina refineries utilising the same calciner technology. 

 
Table 4.2. Surface area and pore size for industrial aluminas representing different calciner 

technologies (GS: Gas Suspension Calcination, RK: Rotary Kiln Calcination, CFB: Circulating 

Fluidized Bed Calcination). 

 GS 1 GS 2 RK 1 RK 2 CFB 1 CFB 2 

BET Surface Area (m2 g-1) 79.9 68.1 72.9 75.5 79.7 77.2 

BJH Pore Size (nm) 4.60 5.78 7.67 4.79 4.62 5.07 

Note. The precision of the surface area and pore size measurements is taken to be 1.4 standard 

deviations and the total uncertainty 5 % (this accounts for the combined uncertainty in accuracy, 

precision and sampling) [67]. 

 

The gas suspension calcined samples on the other hand showed a markedly different 

pore size distribution when compared to the rotary kiln and circulating fluid bed samples 

and also between the two samples. The sample, GS 2, is the only sample that showed a 

distinctly bi-modal pore size distribution. One of the main differences between the 

circulating fluid bed and gas suspension technology is in the treatment of the 

Electrostatic Precipitator (ESP) dust. As could be seen from the process diagrams in the 

introduction (section 3.2.) for the CFB technology almost all material (except some minor 

fugitive emissions) is recirculated, whereas for the GS technology the ESP dust is not 

part of the process loop. 
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Figure 4.6. Pore volume and cumulative pore volume as a function of pore size for industrial 

metallurgical grade alumina representing different calciner technologies (GS: Gas Suspension 

Calcination, CFB: Circulating Fluidized Bed Calcination, RK: Rotary Kiln Calcination). Note that 

the pore radius (X-axis) is on a logarithmic scale. 

RK 1 RK 2 

GS 1 GS 2 

CFB 1 CFB 2 
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Due to the high gas velocities in the gas suspension process, some feed material (and 

particularly fine particles) may go through the hot zones too quickly for the 

dehydroxylation reactions to occur. This can require separate treatment of the ESP dust 

to remove, or reduce, the amount of under calcined material or the gibbsite content of the 

final product [23]. Low temperature heat treatment of the ESP dust may result in a 

material with a lower degree of calcination (more of the gamma and delta transition 

aluminas and less theta and alpha alumina) which would explain the bi-modal pore size 

distribution. The alumina phase distribution of the same samples is discussed further in 

section 5.1.. 

 

It is interesting to note that some recent studies using positron annihilation spectroscopy 

(PALS) show that, for aluminas prepared by soak calcining gibbsite, all the pores are 

connected to the surface in a complex sintered network of interconnected pores and 

channels [74]. These results are somewhat contradictory to the findings by Paglia et al 

who argued for the presence of a closed porosity and further postulated that the water 

that remains in the sample is trapped inside pores and within amorphous regions. In the 

work by Paglia et al. the authors used a number of techniques (such as Small Angle X-

ray Scattering, Prompt-Gamma Activation Analysis, Infrared Spectroscopy and Inelastic 

Neutron Scattering) to investigate the porosity, surface structure and presence of residual 

hydrogen. It should be noted that in the work by Paglia et al. a well crystalline boehmite 

precursor was used to prepare the sample, whereas Hill et al. [74] used a gibbsite 

precursor. Both studies used soak calcination under normal atmospheric conditions to 

prepare the samples. 

 

It is likely that the rapid heating rates and short calcination times employed in this study, 

and also observed in the industrial CFB and GS calcination, results in a less ordered bulk 

structure. As could be seen from the SEM micrographs on the cross sectioned MGA 

(figure 4.2.) a lamellar structure is observed as a result of the splitting of the gibbsite 

planes. The TEM micrographs below also show the lamellae (figure 4.7. A) and a closer 

magnification (figure 4.7. B) reveals a porous, almost sponge like texture, with relatively 

uniform voids (or pores) connected by thin walls (comprised of transition alumina). 
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Figure 4.7. TEM micrographs of a MGA sample. 

 

Monitoring microstructural and morphological changes during the production stages of 

alumina has until recently mostly relied on external particle measurements, solution 

analysis or computer modelling. Charge contrast in the Environmental Scanning Electron 

Microscope (ESEM), or variable pressure SEM, has been demonstrated to be a useful 

tool in studying gibbsite microstructure [75]. Previously the technique has been used to 

study gibbsite growth, as slight variations in structure due to defects and impurities result 

in a contrast difference [75]. More recent approaches have revealed further internal and 

structural features which can be related to crystal growth mechanisms. These methods 

include Atomic Force Microscopy (AFM) [38], as well as Energy or Wavelength dispersive 

X-ray spectroscopy, X-ray mapping (EDS/WDS) [76]. 

 

In the work of Roach et al. [75], later continued by other researchers [76-79], so called 

gibbsite growth rings have been observed in cross sectioned, non coated, particles 

through a phenomenon termed charge contrast imaging (CCI). In figure 4.8. an example 

of gibbsite growth rings as revealed by charge contrast imaging in a cross sectioned 

gibbsite sample are presented. It has been shown that the charge build-up in, and 

emission from, the cross-sectioned uncoated gibbsite particles (and a number of other 

insulators) is related to defects and impurities within the material and/or structural 

differences, however the processes behind this phenomena are not completely 

understood [78, 79]. 

 

A B 
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Careful study of these growth rings and the impurity distribution can reveal information on 

the crystal growth rate and precipitation mechanisms (e.g. secondary nucleation and 

agglomeration) [75]. Charge Contrast Imaging using the Environmental Scanning 

Electron Microscope for examining calcined alumina is discussed further in section 5.3.. 

 

 
Figure 4.8. ESEM image of a cross sectioned gibbsite particle illustrating the growth rings 

revealed by the so called Charge Contrast phenomenon 

 

The short-term calcined alumina samples were also examined in the ESEM. The samples 

were mounted in epoxy resin, cross sectioned and polished. Based on the visible gibbsite 

growth rings in the alumina sample calcined for 10 seconds at 970°C (depicted in figure 

4.9.) it is clear that part of the original gibbsite structure remains within the centre/core of 

the particles. The presence of residual hydroxyl species in the structure could also be 

confirmed by thermal analysis of the same sample, which showed a 12 wt-% weight loss 

between 50 and 300°C and a further 3 wt-% between 300 and 1000°C (see figure 4.10.).  

 

This indicates that for rapid calcination of gibbsite, boehmite (or transition alumina) 

formation occurs first at the surface of the particle, and then gradually further inside the 

particles. This is somewhat contradictory to the findings by Rouquerol et al. who 

proposed that a gibbsite shell around the crystal is responsible for internal hydrothermal 

conditions, which would favour the formation of boehmite within the particles [56]. Mehta 

et al. on the other hand proposed that, for large crystallites, chi alumina formation at the 

surface of the particle would result in internal hydrothermal conditions and boehmite 

formation [80]. 
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Considering the rapid growth of porosity accompanied with the formation of transition 

alumina, it seems unlikely that this would result in internal hydrothermal conditions; on 

the contrary, one could argue that this would favour the diffusion of product water to the 

surface of the particles. The mechanism proposed here bears some resemblance to a 

shrinking core model proposed for many solid-liquid and solid-gas phase reactions [81], 

and the presence of gibbsite within the centre of the particles might be explained from a 

combined heat transfer and product gas desorption perspective. It is also possible that 

the rapid heating rates achieved in the preparation of the samples examined in this study 

result in different reaction mechanisms compared to studies where much slower heating 

rates are employed. 

 

 
Figure 4.9. ESEM image of a flash calcined alumina particle (10 seconds at 970°C), showing 

gibbsite growth rings in the centre/core of the particle. 
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Figure 4.10. Thermogram, short-term calcined alumina (10 seconds at 970°C). Regions for 

Moisture on Ignition, MOI (50-300°C) and Loss on Ignition, LOI (300-1000°C) indicated in the 

diagram. 

 

A software routine to analyse changes in particle morphology with sample preparation 

conditions (calcination time) was also developed. Two different gibbsite samples were 

calcined in a laboratory furnace (as described earlier). To investigate any morphological 

changes during various stages of the calcination process two sets of samples were 

prepared and examined for each gibbsite: I) short-term calcined samples (2, 10 and 60 

seconds) and II) long-term calcined samples (1, 2 and 5 hours). 

 

The samples were mounted in epoxy resin, cross sectioned and polished. Although not 

empirically confirmed, a random distribution of particles was assumed. Due to the 

relatively spherical nature of the grains, preferred orientation effects are thought to be 

limited during the gravitational settling of the alumina particles in the epoxy resin. Even if 

some preferred orientation effects may occur, the effect on the results should be minimal 

as the main objective was to investigate morphological changes for samples produced 

from the same starting material, but with different processing conditions. During the 

collection of the SEM images special care was taken to optimise the brightness/contrast 

settings to resolve the particles better from the background. 
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Using the programme ImageJ [82] a software routine was then developed to analyze the 

images. The main steps in this semi-automated routine included: 

 

1) Filtering and further adjustments of the brightness/contrast (removing noise), 

2) Rendering the image binary (identifying the particles), 

3) Separating touching particles, removing edge particles (i.e. particles that are 

not completely included in the frame) as well as artefacts (selecting the particles) 

4) And finally analysing the particles 

 

The images were analyzed for: particle area, perimeter, circularity and best fit ellipse 

parameters (it should be noted that particles below 500 μm2 were excluded in the 

analysis). Based on these descriptors the following factors describing the particle 

shape/morphology could be calculated or directly obtained from the output file: 

 

1) Circularity/Roundness 

A circularity value of 1.0 indicates a perfect circle. As the value approaches 0, 

it indicates an increasingly elongated polygon. 

2) Minor to Major Ellipse Axis Ratio (also called elongation) 

3) Ellipse Eccentricity 

This is the ratio of the distance between the foci to the length of the major axis 

and is a measure of how much the ellipse deviates from a circle. A value of 1 

indicates a perfect circle. 

4) Circumference of the Best Fit Ellipse to Particle Perimeter 

This is a measurement of the surface roughness of the particles. A lower 

number indicates more surface roughness. 

5) Area Fraction Inside the Best Fit Ellipse 

This is used as another measurement of how smooth the particles are. 

 

In total, 94 separate images were analysed amounting to 4608 individual particles, see 

table 4.3. This highlights the benefits of using a software routine for morphological 

characterisation as a relatively large number of samples can be analysed in a relatively 

short amount of time. Describing particle morphology mathematically also eliminates or 

reduces operator bias [83]. 
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Table 4.3. Sample matrix for the image analysis performed to examine changes in particle 

morphology with processing conditions. 

  Temperature (°C) Time Number of 
Images Analysed

Number of 
Particles Analyzed 

Alumina A 970 2 sec 14 671 

Alumina A 970 10 sec 13 457 

Alumina A 970 60 sec 15 985 

Sh
or

t-t
er

m
 

Alumina B 970 60 sec 11 772 

Alumina A 1000 1 h 9 602 

Alumina A 1000 2 h 12 302 

Alumina A 1000 5 h 11 328 

Lo
ng

-te
rm

 

Alumina B 1000 5 h 9 491 

   Total 94 4608 

 

 

As an example of the image analysis process, figures 4.11. and 4.12. show the results for 

alumina A and B calcined for 5 hours at 1000°C. The results of the circularity for alumina 

A and B, calcined for 5 hours at 1000°C and for 60 seconds at 970°C, can be found in 

figure 4.13.. From the results it is clear that both the average circularity and the 

distribution of circularity (i.e. the number of particles with circularity in a certain range) are 

very different for the two aluminas. It is also interesting to note that alumina B undergoes 

a larger change in the distribution of the circularity between 60 seconds and 5 hours 

calcination time. This may be due to the more agglomerated nature of gibbsite B which 

results in easier fragmentation into smaller and less circular particles when the crystallites 

shrink in the c-axis direction [84]. The other morphological descriptors also showed 

significant differences for the two different alumina samples. Graphs containing the 

complete set of results can be found in the appendices. These initial trials demonstrated 

that the method could readily distinguish between samples prepared from different 

precursors (in terms of their morphology). 
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Figure 4.11. Example of image analysis, alumina A (5 hours at 1000°C). Frame A is the original 

image, B is the binary image, C is the particle outline/results from the image analysis and D is a 

composite image where the best fit ellipse and particle perimeter have been merged onto the 

original image. 

A B 

D C 
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Figure 4.12. Example of image analysis, alumina B (5 hours at 1000°C). Frame A is the original 

image, B is the binary image, C is the particle outline/results from the image analysis and D is a 

composite image where the best fit ellipse and particle perimeter have been merged onto the 

original image. 
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Figure 4.13. Circularity of alumina A and B calcined for 60 seconds at 970°C (top) and 5 hours at 

1000°C (bottom). In both graphs, the left y-axis (corresponding to the solid lines) is the relative 

frequency, i.e. number of particles with a given circularity normalized to 1, of the circularity for the 

different aluminas. The right y-axis corresponds to the bar graphs and shows the average 

circularity. 

 

Applying the same methodology, the samples representing different calcination times 

were then investigated for any morphological changes with increased heating time. Only 

gibbsite A was used in these experiments. Although less conclusive than the differences 

between the different aluminas some minor changes with calcination time could be 

observed. As can be seen from figures 4.14. the particles seem to gradually become 

more elliptical (increased eccentricity) and also less smooth (less area inside the best fit 

ellipse) during the initial calcination reactions (2-60 seconds). This is likely due to 
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cracking and particle breakage as a result of thermal stress and particle shrinkage. For 

the short-term calcinations a vertical furnace with insets to increase the residence time 

was used; the mechanical attrition (due to particle-particle or particle-furnace interactions) 

is expected to be minimal compared to the industrial scale CFB or GS calciners where 

the gas and solids velocities are significantly higher. For the long term calcinations (1 – 

5h) the particles become less elliptical (lower eccentricity) and also less angular (higher 

area fraction inside the best fit ellipse) with increasing time, figure 4.15.. Only minor 

changes were observed for the other morphological descriptors. 
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Figure 4.14. Change in particle morphology with calcination time for the short term calcinations 

(top: eccentricity and bottom: area fraction inside the best fit ellipse). In both graphs, the left y-axis 

(corresponding to the solid lines) is the distribution and the right y-axis (bars) the average value for 

the morphological descriptors. 
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Figure 4.15. Change in particle morphology with calcination time for the long term calcinations 

(top: eccentricity and bottom: area fraction inside the best fit ellipse). In both graphs, the left y-axis 

(corresponding to the solid lines) is the distribution and the right y-axis (bars) the average value for 

the morphological descriptors. 

 

Section Summary 
 

The porosimetry results, when compared to quantitative XRD data sourced from the 

literature, indicate that the initial formation of narrow, slit shaped pores is tied to the 

decomposition of the layered gibbsite structure and the formation of boehmite. The 

subsequent increase in pore size is due to the growth of capillary pores and is related to 

the formation and evolution of the transition alumina phases. The second process is 
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significantly slower as a rearrangement of the crystallographic lattice and migration, 

particularly of cations, is needed for the transformation reactions. 

 

The electron microscopy results presented here reveal a lamellar and sponge like texture 

for the MGAs. The lamellar structure forms due to the c-axis shrinkage, during the early 

stages of the calcination reactions, which disconnects the gibbsite/boehmite slabs. The 

growth of the structural channels (or capillary pores) interconnects the voids in a complex 

network of pores and channels, which has consequences for the performance of the 

material as a scrubbing medium. 

 

A software routine was also developed that allowed the investigation of morphological 

changes at different stages of the transformation reactions. The results from the image 

analysis indicated that during the initial stages (2-60 seconds) the particles become more 

eccentric, likely due to the fragmentation of the particles due to thermal shock and stress 

induced by the c-axis shrinkage. The particles also become less smooth in the initial 

stages. However, the results from the long term calcined samples indicate that if the 

reactions are allowed to proceed the particles become smoother and less eccentric. 

 

Nitrogen porosimetry results obtained on industrial aluminas showed that the pore size 

distribution is influenced by the calciner technology and in particular the treatment of 

electrostatic precipitator (ESP) dust. It was also demonstrated that pore size distribution 

plots can reveal if MGAs contain under-calcined components. 
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5. PHASE TRANSFORMATION PATHWAYS AND PHASE 
DISTRIBUTION IN METALLURGICAL GRADE ALUMINA 

 

Chapter Overview 

 

In the last few decades significant progress in the understanding of the complex structure 

and phase evolution of MGA has been made possible by advances in the fields of solid-

state NMR and improvements in structural modelling of diffraction data (see [85] and 

references therein). However, quantitative measurements are still especially challenging 

since the transformation reactions are continuous with several phases co-existing during 

the rapid heating encountered in the modern calciners. Determining the precise 

sequence of the phase transformations in the industrial process is further complicated by 

difficulties in obtaining samples from the various production stages/vessels under 

operation and also because of the broad distribution of residence time and other 

inhomogenities in the process. Time resolved studies in the laboratory are challenging 

due to the rapid heating rates needed to accurately mimic the industrial processes and 

the fast reaction rates in the early stages of the process. Analyses of MGA show that the 

material is dominated by the poorly defined gamma and theta aluminas, therefore a 

detailed understanding of these structures is critical in understanding the properties of 

the material. 

 

Previous research has showed that the reaction pathway during the thermal treatment of 

gibbsite is influenced by factors such as: calcination temperature, heating rate, residence 

time, particle size and morphology, crystallinity, impurities and the presence of 

mineralisers as well as the atmospheric conditions (such as total pressure and vapour 

pressure) [35, 47]. From a Bayer perspective not all of these are controllable process 

variables, and have therefore not been systematically investigated in this work. In this 

research the main focus is on understanding the interactions in the calcination process 

that dictate the development of alumina microstructure. 

 

In this chapter it is shown that the temperature history (i.e. heating rate, calcination 

temperature and residence time), along with the impurity distribution, play major roles in 

the transition alumina phase evolution and also in the distribution of phases between and 

within the particles. The different dielectric properties of alpha alumina and the transition 
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aluminas result in a charge contrast difference in the Environmental SEM which enables 

the phase distribution to be directly observed in cross sectioned alumina particles for the 

first time. This provides a unique way to explore these mixed phase aluminas to better 

understand the mechanisms of the phase transformation reactions. 

 

Examinations of industrial aluminas using quantitative XRD and ESEM on cross 

sectioned particles show marked differences in their phase content and distribution 

depending on the calciner technology and operation. The results support the view of a 

core-shell type mechanism for rapid heating rates (such as those encountered during 

Gas Suspension or Circulating Fluid Bed operations) where the surface of the particle 

possibly reacts via chi alumina and then to gamma alumina. The rapid evolution of water 

during the early stages of the calcination reactions prevents water from the bulk (formed 

inside the particles) diffusing and desorbing at the surface of the particles; this leads to 

internal hydrothermal conditions which promote the core of the particles to react through 

boehmite and then to gamma alumina. 

 

Methodology and Materials 

 

Rietveld refinement on XRD data was used to investigate the phase composition of a 

range of industrial aluminas, reflecting different calciner technologies, as well as for a 

number of laboratory and pilot-plant prepared aluminas where controlled residence times 

and temperatures were used in their preparation. For the Rietveld refinement the 

structural models for the different alumina phases were sourced from the following 

references: gamma-prime alumina [86], theta alumina [49], kappa alumina [87] and alpha 

alumina [88]. Additionally, gibbsite and boehmite were included in the refinements for 

those samples where these phases were thought to be present. The well known 

structures of gibbsite and boehmite were obtained from references [62] and [89], 

respectively. The structural parameters along with the detailed refinement results 

(including quality assessments of the fits; including χ2 and Rwp and Rbragg values) are 

included in the appendices. 

 

A hydrogenated structural model for gamma alumina was chosen based on the 

recommendations by Ashida et al. [90]. Ashida et al. assumed an overall stoichiometry of 

H2Al10O16 (based on thermogravimetric experiments) with hydrogen randomly distributed 

in the structure, and then refined the structure using the Rietveld refinement approach. 
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The authors evaluated several different gamma alumina structures with different 

interstitial populations. The gamma alumina structure that was found to best describe the 

line broadening had a fcc lattice of oxygen, with 30 % Al in the 4-fold sites of a perfect 

spinel structure (filling 5 % of the 4-fold sites), 45 % Al in the 6-fold sites of a perfect 

spinel structure (filling 56 % of the 6-fold sites), 10 % Al in a 4-fold interstitial site, 15 % Al 

in 6- fold interstitial sites, and 20 % hydrogen substituted for Al. It should be noted that 

the inclusion of hydrogen in the gamma alumina lattice significantly improved the quality 

of the fits; although, the presence of residual hydroxyl in the structure of gamma alumina 

is highly ambiguous and widely debated in the literature [49, 52, 63, 91]. 

 

TEM, ESEM and ToF-SIMS were used to monitor structural and chemical differences in 

particle cross sections. Standard thermogravimetric analysis was used to investigate the 

dehydroxylation/dehydration behaviour and to verify the presence of residual gibbsite 

and/or boehmite. Particle size distribution measurements were conducted using laser 

diffraction techniques on selected samples. To study the difference in properties between 

specific size classes, the samples were size fractionated using standard laboratory 

sieves. The experimental techniques and sample preparation details are described in 

chapter 8. 

 

Industrial Aluminas 

 

The industrially produced alumina samples were sourced from a number of different 

alumina refineries and smelters and reflect typical MGAs in terms of their chemical and 

physical properties. Two samples from each of the main calciner technologies (i.e. 

Circulating Fluidised Bed, Gas Suspension or Fluid Flash and Rotary Kiln calciners) were 

obtained and analysed. Although not experimentally verified, it is likely that the samples 

would display minor differences in the morphology and impurity content as they stem 

from different Bayer plants utilising different bauxites as well as digestion and 

precipitation technologies and strategies. 

 

Laboratory and Pilot-plant Calcinations 

 

For the pilot-plant and laboratory calcinations a ‘typical’ (in terms of impurity content, 

particle size distribution and crystallinity) Bayer gibbsite was used. To investigate the 

effect of gibbsite pre-heating on the calcination pathway, a set-up with three different 

muffle furnaces (at different temperatures) was used. The furnace temperatures were 
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monitored using a thermocouple and maintained within 2°C of the target temperatures. 

For the slow heating rate experiments the temperature controller on the furnace was 

used to maintain the heating rate at the desired value of 1°C min-1. For these 

experiments a crystalline boehmite precursor was used (see X-ray diffractogram in figure 

5.7.). The boehmite used was a standard analytical grade sample, as supplied by Alcoa 

Industrial Chemicals. 

 

The pilot-plant calcinations were performed in a fluid bed type reactor, with electrically 

controlled heating to ensure a uniform temperature distribution. XRD analyses (presented 

in sections 5.2. and 6.1.) reveal that the aluminas are comparable to industrial fluid bed 

calcined aluminas in terms of crystallinity and phase composition. 
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5.1. PHASE ANALYSIS OF METALLURGICAL GRADE ALUMINA 

 

Rietveld refinement of diffraction data has extensively been used to investigate the 

transition aluminas (see for example [49, 92]); however, surprisingly few studies use the 

method to characterise the complex mixed phase metallurgical grade aluminas. Typical 

industrial analyses or specification sheets for MGA report the alpha alumina content and 

more rarely the gibbsite content. These analyses are usually not based on Rietveld 

refinements, but compare XRD peak intensities or use alternative measurement 

techniques to obtain quantitative information [93, 94]. 

 

It should be considered that the distinction between the transition alumina forms 

(particularly gamma, gamma’ and delta alumina) is not always clear, and is mostly 

decided by the occupancy of tetrahedral and octahedral sites (in NMR) and the intensity 

differences of minor features in X-ray diffraction. The transformation reactions can 

therefore also be viewed as the gradual transformation into a more ordered state 

(represented by the thermodynamically stable alpha alumina) in which case quantitative 

analysis becomes somewhat arbitrary as it is mostly decided by how the phases are 

described (or in other words where the line between two phases is drawn). Nevertheless, 

some significant advances in structural modelling of diffraction data obtained on single or 

mixed phase aluminas have been made in recent years, and include the works by Ashida 

et al., Feret et al., Whittington et al., and Paglia et al. [10, 86, 88, 90]. Ashida et al. 

developed a model for fitting diffraction data on MGA to better accommodate the degree 

of structural disorder by including the contribution of theta alumina to the background 

[90]. A new phase, described as gamma-prime alumina (γ'-Al2O3) was introduced by 

Paglia et al. [86] which significantly improved the fitting of diffraction data on MGAs, 

particularly on samples from fluid bed or gas suspension calciners. The work by 

Whittington et al. indicated that the phase composition (but not necessarily the disorder) 

of typical MGA can be reproduced under laboratory conditions by careful control of the 

calcination time [10]. However, an ongoing challenge is the broad and diffuse diffraction 

patterns of amorphous transition alumina phases, making quantitative or structural 

determinations difficult. 

 

Figure 5.1. shows the X-ray diffractogram and Rietveld refinement results for a rotary kiln 

produced MGA sample (RK2). The red line is the experimental spectrum and the black 

line the calculated spectrum; the blue line is the difference between the observed and 
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calculated spectra and is often used as a visual tool for assessing the progress and the 

quality of the Rietveld refinement [95]. The green vertical bars indicate the Bragg 

positions for the 5 major phases that were included in the fit (from the top down these 

are: gibbsite, gamma alumina, gamma’ alumina, alpha alumina and theta alumina). The 

χ2 (or GoF) for the refinement was 0.49 and the Rwp was 5.16, considering the complex 

and disordered nature of the sample this indicates a reasonable confidence in the results.  

 

 
Figure 5.1. X-ray diffractogram and Rietveld refinement results for a rotary kiln produced MGA 

(RK 2), bulk sample. Refinement details can be found in the appendices. 

 

The main discrepancies are in how the alpha alumina is fitted, and the fit of the broad 

peak at approximately 67° 2θ. The intensities of the main peaks in the calculated alpha 

alumina spectrum are consistently lower than the measured intensity, particularly at lower 

angles, highlighting the difficulties in accurately accounting for peak anisotropy. The 

broad peak at approximately 67° 2θ (~1.4 Å in d-spacing) also shows some mismatch 

between the modelled and experimental spectra. This peak stems from the relatively well 

ordered oxygen sublattice and has been ascribed to the 4 4 0 reflection in gamma and 
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eta alumina and the 5 1 2 and 7 1 2 reflections in theta alumina and is also present in 

other transition alumina forms. The persistence of this peak throughout the 

transformation reactions has led several authors to conclude that the oxygen sublattice 

remains relatively stable and that the aluminium cations migrate to accommodate for the 

structural changes [96, 97]. This view is however being challenged and more recent 

research indicates that the structural changes are mainly due to the migration of 

aluminium and hydrogen atoms [98] although a reordering of the oxygen lattice may also 

be involved [99]. 

 

Considering the short heating times and heterogeneous nature of the industrial 

calcination process it is not unlikely that different models are needed than those 

describing the soak calcined, equilibrated and crystallographically ‘pure’ transition 

aluminas examined in most other studies. It should also be noted that in most studies on 

single phase transition aluminas the samples have been prepared from highly crystalline 

boehmite precursors, whereas the MGAs examined here are derived from gibbsite. It is 

possible that the starting material affects the ion migration and lattice reordering during 

the thermal treatment, thus influencing the transition alumina structures and 

location/distribution of residual hydrogen species. 

 

To investigate how calciner technology influences the alumina phase composition the 

method described above was applied to 6 samples representing 3 different calciner 

technologies (namely, GS: Gas Suspension or Flash Calcination, RK: Rotary Kiln and 

CFB: Circulating Fluid Bed). The quantitative results can be found in table 5.1. and the 

Rietveld refinement details and diffractograms in the appendices. 

 

A few trends can be seen from the quantitative results: the Gas Suspension or Fluid 

Flash calcined alumina samples (GS 1 and 2) seem to be more calcined than the 

Circulating Fluidised Bed samples (CFB 1 and 2), as indicated by the lower gamma 

alumina content and higher gamma’, theta and alpha alumina contents. Considering the 

firing temperatures and residence times (presented in table 1.1. in chapter 1) for these 

technologies this highlights the temperature sensitivity of the transformation reactions. 

Not surprisingly, the Rotary Kiln prepared aluminas (RK 1 and 2) have higher alpha 

alumina contents than the other samples; however, the theta alumina content is relatively 

low and both samples have relatively low gamma-prime contents but high gamma 

alumina. This is likely due to the complex residence time in rotary kilns [41]. Only two 
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samples (GS 2 and RK 2) were found to contain gibbsite in detectable amounts in the 

bulk fraction. 

 

Table 5.1. Alumina phase composition (in wt-%) of industrial alumina samples representing 

different calciner technologies (GS: Gas Suspension, RK: Rotary Kiln and CFB: Circulating Fluid 

Bed Calcination) 

 GS 1 GS 2 RK 1 RK 2 CFB 1 CFB 2

Gamma 17.1 10.8 27.2 21.7 22.6 31.5 

Gamma’ 48.4 45.3 38.0 33.1 42.7 43.8 

Theta 30.6 35.0 20.7 24.3 33.4 22.4 

Alpha 3.9 8.1 14.1 19.8 1.3 2.4 

Gibbsite N/A 0.9 N/A 1.2 N/A N/A 

Boehmite N/A N/A N/A N/A N/A N/A 
Notes. 1) See appendix for Rietveld refinement details 

 2) N/A: Not present or below the detection limit for XRD 

 

However, phase analysis of the bulk MGA samples provides a limited picture of the 

material as the phases can be highly segregated between different size fractions. Minor 

phases are averaged out and barely noticed in x-ray diffraction (XRD) based analysis of 

the bulk material. Depending on the calciner technology, the fine particles can be 

enriched in either un-calcined (gibbsite), under-calcined, or over-calcined (alpha alumina) 

material, in each case resulting in a characteristic set of process challenges when used in 

the dry scrubber or fed to the reduction cell [100]. 

 

Table 5.2. Alumina phase composition (in wt-%) of industrial alumina samples (fine, <40 μm, size 

fraction) representing different calciner technologies (GS: Gas Suspension, RK: Rotary Kiln and 

CFB: Circulating Fluid Bed Calcination) 

 GS 1 GS 2 RK 1 RK 2 CFB 1 CFB 2

Gamma 0.3 11.7 6.7 2.9 31.8 25.0 

Gamma’ 25.6 34.4 27.8 32.7 40.7 40.0 

Theta 20.9 30.3 15.0 20.4 21.9 25.6 

Alpha 41.7 20.0 50.5 17.0 5.7 9.4 

Gibbsite 10.9 3.70 N/A 22.0 N/A N/A 

Boehmite 0.6 N/A N/A 4.9 N/A N/A 
Notes. 1) See appendix for Rietveld refinement details 

 2) N/A: Not present or below the detection limit for XRD 
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Quantitative Rietveld refinement results for the fine size fraction (sub 40 μm) of the same 

industrial aluminas discussed above can be found in table 5.2.. A very different alumina 

phase distribution is observed for the fines compared to the bulk samples. Generally, the 

alpha alumina content tends to be higher for the fine size fraction, for all calcination 

technologies. This is also accompanied by lower gamma alumina contents and higher 

gamma’ and theta alumina content, thus indicating a higher degree of calcination. For 

some calcination technologies, finer particles are retained longer in the calciner due to 

internal recirculation or the flow characteristics of the fine versus the coarse particles. 

Even if the phase transformation reactions from transition alumina to thermodynamically 

stable alpha alumina are relatively slow, longer heating times or higher temperatures 

(globally or local hot spots) will inevitably result in a higher content of alpha alumina in the 

smaller size fractions. It is also possible that the increased area for heat transfer in small 

particles may affect the phase transformation reaction and hence the conversion to alpha 

alumina. 

 

Ingram-Jones et al. examined the calcination pathway for coarse (≈14 μm) and fine 

gibbsite (<0.5 μm) during soak and flash calcination and observed that fine particles 

predominantly react from gibbsite to chi alumina and then to gamma alumina [9]. 

However, typical MGA has an almost negligible fraction in the <0.5 μm size region and 

therefore the extent of this reaction for Bayer aluminas is uncertain. The reaction pathway 

during CFB calcination is discussed further in section 5.2.. In the aluminium smelter, the 

presence of large amounts of alpha alumina in the fine particles can be problematic for a 

number of reasons, such as [100]: 

 

• Dispersion, dissolution and sludge formation due to the slower dissolution of 

alpha alumina and the tendency for fine particles to stick together. 

• Crust formation and crust evolution as the compositional variations in the alumina 

is likely to influence the strength of the crust and the reactions in the crust as it 

picks up HF and bath vapours. 

• Alumina flowability and handling, since the flow characteristics for alpha alumina 

fines (or material with large amounts of fines mixed into it) are very different, 

transportation and handling becomes more difficult. Segregation effects during 
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storage and handling can also occur, which further amplifies the detrimental 

effects of the alpha alumina laden fines. 

• Feed control may also be compromised (especially for volumetric point fed cells) 

due to segregation and density differences for material with large amounts of 

alpha alumina in the fines. 

 

For the Gas Suspension or Fluid Flash calcined samples and one of the Rotary Kiln 

samples, gibbsite and/or boehmite was also found to be present in the fine size fraction. 

As the size and energy efficiency of calciners increases, under- (boehmite, chi alumina, 

gamma alumina) or un-calcined (gibbsite) particles might be anticipated to be more 

prevalent in some technologies [23]. In most technologies, the gibbsite is expected to 

stem predominantly from the electrostatic precipitator (ESP) filters and may include 

material that has bypassed the calcination stage altogether. 

 

As the gibbsite structure is well ordered, even low levels give rise to sharp and intense 

peaks in the X-ray diffractograms. Figure 5.2. shows the Rietveld refinement of the X-ray 

diffractogram for the fine size fraction of the same Rotary Kiln produced alumina sample 

(RK 2) for which the results on the bulk fraction were presented and discussed above 

(figure 5.1.). The Bragg positions for the phases included in the refinement are indicated 

by the green vertical bars, from the top down these are: gibbsite, boehmite, gamma 

alumina, gamma’ alumina, alpha alumina and theta alumina. The residual, or difference 

curve between the observed and calculated spectra, shows good agreement and 

indicates a relatively good quality of the fit using these 6 phases and structural models. 
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Figure 5.2. X-ray diffractogram and Rietveld refinement results for a rotary kiln produced MGA 

(RK 2), fine (<40μm) size fraction. Refinement details can be found in the appendices. 

 

In the aluminum smelter, gibbsite containing alumina is considered highly detrimental and 

has been observed to cause [23, 100]: 

 

• Increased dusting, through the blow back of fines by the rapidly evolved gases 

formed when the gibbsite is contacted with the bath and reacts to alumina and 

water vapor. Also termed a “volcano effect”. 

• A direct decrease in the alumina content available for reduction. 

• Additional HF formation when the OH in the gibbsite reacts with the bath. 

• Loss of bath, through the formation of additional HF lost to the environment. 

• Possibly also an increased energy demand and cell instability. 
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The effect of gibbsite in the MGA is that a large amount of hydrogen enters the cell with 

the material in the form of hydroxyls in the gibbsite. By weight approximately 35 % of the 

gibbsite will react to form H2O (which also means there is less alumina available for metal 

production). Once the material is heated, this water loss will occur rapidly when such 

particles come in contact with the bath, and the hydroxide reacts to form H2O and Al2O3. 

The near explosive formation of large amounts of water vapour may carry fine particles 

back up the feeder hole (volcano effect) thus increasing the dusting [23]. 

 

The presence of gibbsite in the alumina will also have a small impact on the energy 

consumption and thermal balance of the cell. Compared to the dissolution of alumina, 

which requires 106–130 kJ per mole of Al2O3 at cell operating temperature [25], the 

reaction of gibbsite to form transition aluminas (reaction 5.1.): 

 

2Al(OH)3(s) → Al2O3(s) +3H2O(g)      /5.1./ 

 

requires about 260 kJ of energy per mole of gibbsite [60]. In both cases, another 90–112 

kJ of energy per mole of Al2O3 is needed to lift the temperature of the alumina to a 

temperature at which it dissolves [25]. 

 

Another consequence of gibbsite in the fines (or bulk) is the loss of bath (or electrolyte) 

through the formation of HF. Water (or hydroxyls or hydrogen) introduced to the bath (in 

any form) has the potential to react to form HF, according to reactions 5.2. and 5.3. [28]: 

 

2AlF3(s or diss) + 3H2O(g)  → 6HF(g) + Al2O3(s or diss)   /5.2./ 

3H2O(g) + 3NaAlF4(g) → 6HF(g) + Al2O3(s) + Na3AlF6(s)   /5.3./ 

 

Compared to weakly chemisorbed surface water, much of which is lost before dissolution, 

the hydroxyl is a much more potent HF source [101]. Therefore, even small amounts of 

gibbsite will add significantly to the total HF burden, as although the capture efficiency of 

the fluoride containing duct gases/particles is high, this circuit fails to capture all the 

volatiles and particulates. These fluoride losses into the potroom can become significant 

and are also problematic for the quality of the working environment. The lost electrolyte 
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will have to be supplemented by additional AlF3 which is another direct financial loss. The 

increased HF generation from the OH in gibbsite introduces a further challenge in 

meeting increasingly stringent emission limits. 

 

Section Summary 

 

The results presented above shows that quantitative analysis using the Rietveld method 

is a useful technique to examine the phase composition of the MGAs. Even if there are 

differences in the relative amounts of the alumina phases for different calciner 

technologies the average or typical composition of the MGAs ranges from gamma 

alumina though gamma’ and theta alumina and into the alpha alumina region (as 

indicated in the diagram in figure 5.3.). 

 

 
Figure 5.3. Thermal decomposition pathways of gibbsite, adapted from Wefers et al. [35]. The 

oval indicates the approximate composition of ‘typical’ Metallurgical Grade Alumina. 

 

As revealed by XRD, the main differences between different calciner technologies are in 

the relative amount of alpha alumina, with higher degrees of calcination typically 

observed for Rotary Kilns and Gas Suspension calciners, in the relative amount of 

gamma to theta alumina and in the composition of the fines. The composition of the fines 

is very much a result of the extended residence times for fine particles and the treatment 

of the ESP dust. As will be discussed later, there are however limitations to the XRD 
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approach, or indeed any diffraction based technique, in examining inherently disordered 

materials. 

 

The two questions pertinent to this investigation that arise from the discussion above are: 

1) what is the reaction pathway in the industrial calcination process and 2) what is the 

distribution of these phases between particles and within individual grains. In the 

following sections these questions will be addressed in the light of additional experiments 

using electron microscopy and further X-ray diffraction investigations on industrial and 

pilot plant aluminas. 
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5.2. GIBBSITE CALCINATION PATHWAYS 

 

Several researchers observed that the heating rate has an effect on the gibbsite 

calcinations pathway, and the general consensus is that high heating rates promote a 

reaction sequence via chi alumina and then to gamma alumina over the boehmite 

transformation sequence [9, 10, 12, 35]. This led Ingram-Jones et al. [9] and Whittington 

et al. [10] to propose that the main route during flash calcination of Bayer gibbsite is 

along the gibbsite-chi-gamma route, and that only a minor part of the material would react 

through boehmite to gamma alumina. Whittington et al. also provided strong experimental 

support for the possibility of chi alumina reacting directly to gamma alumina, also at slow 

heating rates. Figure 5.4. summarises the proposed calcination pathways for gibbsite 

under different reaction conditions or starting material properties. 

 

 
Figure 5.4. Summary of calcination pathways from the literature [9, 10, 12, 35] and a possible new 

pathway (red arrows) proposed in this study. 

 

Quantitative analyses of XRD data obtained on a pilot-plant circulating fluidised bed 

calcined Bayer gibbsite as a function of calcination temperature indicate a continuous 

transformation: gamma to gamma-prime alumina, which then undergoes further 

transformation to theta alumina and then transforms into alpha alumina (figure 5.5.). The 

decrease in gamma alumina corresponds to the increase in alpha alumina. No 

experimental evidence exists in the literature of a direct transformation of gamma (or 

gamma-prime) to alpha alumina during calcination of Bayer gibbsite in air at normal 
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pressures [46]. Note however, that some authors report that very fine sol-gel derived 

boehmite may transform directly from gamma to alpha alumina when heated [102]. As 

discussed previously, it should also be noted that delta alumina is regarded as a trebled 

block of gamma alumina unit cells, and is not distinguished as a separate phase in the 

Rietveld refinements. The X-ray analysis revealed no traces of kappa alumina, supporting 

the view that the transformation reactions proceeds along the gamma-gamma’-theta 

pathway. It is however possible that during the early stages of the dehydroxylation 

alternative reaction pathways are followed as well. 
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Figure 5.5. Alumina phase composition of CFB pilot plant calcined aluminas as a function of 

calcination temperature (all samples were calcined for 20 minutes). Rietveld analysis was 

performed to evaluate the phase composition, refinement details can be found in the appendices. 

 

Before the reaction pathway during the initial stages of the calcination is discussed, the 

solids flow and process dynamics in the modern calciner need to be considered. 

Common to both the Gas Suspension and Circulating Fluid Bed calciner technologies is 

a pre-calcination step. This step serves several purposes [7]: 

 

• Drying of the wet gibbsite 
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• Heat recovery 

• Minimising the thermal shock 

 

As outlined in the introduction (section 3.2.), this pre-calcination is typically done in 2 

consecutive stages, with slight differences depending on the calciner design/technology. 

For the modern Gas Suspension calciners the hot gases from the furnace are used to 

pick up and transport the feed gibbsite to the first pre-heating stage. The gases lose a 

significant part of their latent heat (or energy) but are still hot enough to avoid 

condensation in the filters, which is important from an operational point of view. The 

heated gibbsite/alumina is separated from the gases in the first pre-heating cyclone and 

is then transported to the second pre-heating stage, in which the air used as a primary 

cooling medium in the holding vessel is used to further pre-heat the gibbsite/alumina. The 

temperature is typically raised to around 320-380°C in these two stages [103]. 

 

The Circulating Fluid Bed calciner on the other hand uses the heat from gases from the 

second pre-heating stage to pre-heat the feed gibbsite in the first pre-heater. In the 

second preheating stage the hot gases from the furnace recycling cyclone are used to 

further heat the gibbsite/alumina. One of the main differences between the two 

technologies is that the GS process is a “one pass” process, i.e. all the solid material 

passes through the furnace only once. A holding vessel is then used to increase the 

residence time allowing lower calcination temperatures to be used. In the CFB process a 

more complex residence time distribution in the furnace is expected as a cyclone is used 

to return/recirculate the material back to the furnace. 

 

As heat transfer is proportional to the temperature difference between an object and its 

surroundings, this low temperature preheating of the feed gibbsite could then possibly 

influence the dehydroxylation and transformation reactions. Firstly, a number of 

laboratory calcinations were performed to investigate what effect this preheating may 

have on the calcination pathway. Using a set-up were three muffle furnaces were used in 

sequence, a Bayer gibbsite was calcined as follows: first pre-heated for 10 minutes at 

150°C, then quickly transferred (taking approximately 10 seconds) to the second furnace 

where it was heated for another 10 minutes at 300°C before calcination at 1000°C for 10 

minutes (also in a preheated furnace). Reference samples were also produced where: i) 

no second preheating stage was used ii) no preheating was used and iii) no calcination 

was used. The samples were investigated by XRD with Rietveld refinement; table 5.3. 
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summarises the pre-heating/calcination temperatures and also contains the results from 

the quantitative analyses. 

 
Table 5.3. Preheating and calcination temperatures used to investigate the effect of 

preheating/precalcination on the reaction pathway and the resulting phase composition in wt-% 

(as determined by XRD with Rietveld refinement, see appendices for details). 
Preheating 
Stage1 (°C) 

Preheating 
Stage 2(°C) 

Calcination
Stage (°C) 

Gamma
(wt-%) 

Gamma’
wt-%) 

Theta 
(wt-%) 

Kappa 
(wt-%) 

Gibbsite 
(wt-%) 

Boehmite 
(wt-%) 

150 300 - N/A N/A N/A N/A 60.9 30.1 

150 300 1000 29.8 37.3 19.7 13.3 N/A N/A 

150 - 1000 27.4 46.2 26.4 N/A N/A N/A 

- - 1000 29.3 46.5 24.2 N/A N/A N/A 

Note. The calcination time was 10 minutes at each temperature indicated in the table. 

 

Preheating the sample at 150°C has little effect on the resulting alumina phase 

composition compared to the sample with no preheating. However, introducing a second 

preheating stage at 300°C resulted in 13.3 wt-% kappa alumina formation in the sample. 

One possible reason is that the low temperature preheating results in a splitting of the 

calcination pathways, where part of the sample follows the chi-kappa alumina pathway 

and another part the boehmite-gamma route. 

 

No well defined crystallographic structure for chi alumina exists and therefore the phase 

cannot be included in the standardless Rietveld refinements performed in this study. 

However, tentative evidence to the presence of chi alumina can be seen from the figure 

below (figure 5.6.) where most of the mismatch in the refinement for gibbsite and 

Boehmite, the two main phases in the sample preheated for 10 minutes at 150°C and 

300°C, is where the chi alumina peaks are expected. These results indicate that gibbsite 

may react to chi alumina when preheated, however as no kappa alumina is found in the 

industrial alumina examined here (discussed above), the contribution of this route in the 

industrial processes is uncertain. It is possible that the chi alumina that is formed in the 

pre-heating stages in the industrial process reverts back to the gamma alumina pathway 

in the calcination stage. This would explain the observations by Ingram-Jones et al. and 

Whittington et al. who noted that chi alumina may react to gamma alumina when rapidly 

heated [9, 10], as well as the absence of kappa alumina in the MGAs. 



Chapter 5. Phase Transformation Pathways and Phase Distribution in MGA 
 
 

77 

 
Figure 5.6. X-ray diffraction pattern and Rietveld refinement of a gibbsite sample heated for 10 

minutes at 150 and 300°C. Notice the areas circled in brown where the presence of chi alumina 

(or other transition alumina forms) results in mismatch between the modelled and observed 

spectra. 

 

A surprising, and somewhat unexpected, observation was made when a crystalline 

boehmite was subjected to slow heating rate calcinations. It seems that boehmite may 

form significant amounts of kappa alumina when subjected to slow heating rate 

calcinations under normal atmospheric conditions. A crystalline boehmite precursor 

(showing no crystallographic impurities) was heated at 1°C min-1 from room temperature 

to 1000°C; and as estimated by Rietveld refinement approximately 23.8 wt-% kappa 

alumina was observed to have formed (refinement results shown in figure 5.7.). The 

gibbsite transformation pathways (according to the literature reviewed by Wefers and 

Misra and compiled in their landmark technical report [35]) do not include any 

transformations between the two main pathways although Whittington et al. and Ingram-

Jones et al. demonstrated that chi alumina may react directly to gamma alumina when 

subjected to rapid heating rates, and possibly also at lower heating rates [9, 10]. Yamada 

et al. proposed that gibbsite reacts to rho alumina and then to chi alumina during flash 

calcination [12]. 

 

The results obtained here suggests that another possible and previously unreported, 

cross-over exists, where boehmite transforms to chi- and then to kappa alumina and that 
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slow heating rates (or possibly pre-heating) would promote this reaction. Based on the 

Rietveld refinement, in addition to the 23.8 wt-% kappa alumina, the other 

crystallographic phases observed to be present were: gamma alumina (10.1 wt-%), 

gamma’ alumina (29.0 wt-%), theta alumina (31.7 wt-%) and alpha alumina (5.5 wt-%). 

This new pathway is also indicated in the diagram in figure 5.4.. It is difficult to speculate 

on the extent, if at all, to which this pathway operates under the conditions in an industrial 

calciner, however, as no kappa alumina is typically observed for the MGAs it seems 

unlikely that this is a major reaction sequence. 

 

 
Figure 5.7. XRD and Rietveld refinement for a slowly calcined (1°C min-1) pure crystalline 

boehmite sample. The diffraction pattern for the precursor boehmite is included for reference. 

 

A sample was sourced directly from the second preheating stage in a Circulating Fluid 

Bed calciner using a specially designed suction probe. The X-ray diffractogram along with 

Rietveld refinement results on the sample can be seen in figure 5.8., and the quantitative 

results are included in table 5.4.. Based on the results it is clear that both gibbsite and 

boehmite are present at this stage in the calcination process, as indicated by the sharp 

reflections where these peaks are expected in the X-ray diffractograms (figure 5.8.) and 

based on thermal analysis presented in figure 5.9.. The thermal analysis showed a 

significant weight loss (more than 15 wt-%), when the sample was heated from room 

temperature to 1100°C. Furthermore, the thermogram showed characteristic peaks at the 

temperatures where gibbsite (250-350°C) and boehmite (500-550°C) are expected to 
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react. These findings are in accordance with the more tentative observations reported by 

Shmorgunenko et al. who also noted the presence of boehmite and gibbsite in samples 

from the second preheating stage of a fluidised bed calciner [104]. 

 

 
Figure 5.8. X-ray diffractogram and Rietveld refinement results on the sample obtained from the 

second pre-heating stage in a CFB calciner. From the top down the Bragg positions for the phases 

included in the refinement are (vertical green bars): gibbsite, boehmite, gamma, gamma’, alpha 

and theta alumina. 

 

Table 5.4. Quantitative results (in wt-%) from Rietveld refinement on the bulk, <40 μm and >40 μm 

size fractions of a sample obtained from the second pre-heating stage in a CFB calciner. 

 bulk <40 μm >40 μm 
Gibbsite 4.7 - 5.7 
Boehmite 11.4 - 16.0 
Gamma 30.3 17.5 35.6 
Gamma' 26.8 19.4 27.6 
Alpha 11.6 49.2 0.7 
Theta 15.3 13.9 14.5 
 

The quantitative analysis indicated the presence of large amounts of alpha alumina (11.6 

wt-%) in the bulk fraction. As the hot gases from the furnace recycling cyclone are used 

to heat the material in the second preheating stage it is not surprising that some highly 

calcined particles are present. Particularly fine particles could be expected to be retained 

longer in the re-circulation and are also more easily carried with the gases and to the 
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preheating stage. Indeed, particle size distribution measurements indicated a distinctly bi-

modal distribution (figure 5.10.), with a primary peak centred at around 12 μm and a 

second peak at around 90-100 μm (in line with the particle size of the feed material). To 

remove any additional uncertainties due to the presence of highly calcined, alpha 

alumina rich, fines the sample was also size fractionated and the size fractions analysed 

separately by XRD. As can be seen from table 5.4. the fines (<40 μm) are highly enriched 

in alpha alumina (close to 50 wt-%) whereas no alpha alumina was detected in the >40 

μm (see figure 5.11. and table 5.4.) fraction. Both the gibbsite and the boehmite content 

was higher in the >40 μm fraction compared to the bulk. 

 

 
Figure 5.9. Thermogram of the sample sourced from the second pre-heating stage, indicating the 

presence of gibbsite and boehmite. 
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Figure 5.10. Particle size distribution of the sample obtained from the second pre-heating stage. 

 

 
Figure 5.11. X-ray diffractogram and Rietveld refinement of >40 μm fraction.  

 

The most intense peak for chi alumina is the 4 4 0 peak (at 1.39 Å in d-space) [35], this 

peak however stems from the relatively well ordered oxygen sub lattice [46] and overlaps 

with the other alumina phases expected to be present in the MGAs. Similarly, the 3 1 1 

(at d = 2.40 Å), 2 2 2 (2.27 Å), 4 0 0 (1.98 Å), 3 1 1 / 3 3 3 (1.53 Å) and 4 4 0 (Å) peaks 

are either of too low intensity, or overlap with peaks for gamma and/or theta alumina to 

be very useful for diagnostic purposes. The peak that shows the least amount of overlap 

is the 3 2 1 peak, at d = 2.11 Å; therefore if chi alumina is present in significant amounts 
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in a mixed phase alumina sample, this peak is expected to be more prominent. However, 

as can be seen from figure 5.12. there is only a slight broadening of the peaks in this 

region. Furthermore, the low intensity of the peaks at d = 2.27 Å and d = 1.98 Å is also 

indicative of low concentrations of chi alumina. Note, that there is some peak broadening 

in these regions. These results indicate that chi alumina is present only as a minor 

constituent at this stage of the process. It is, however, possible that chi alumina is formed 

at a later stage in the process, and then reacts to gamma alumina. 

 

 
Figure 5.12. X-ray diffractograms for the >40 μm fraction of the sample sourced from the second 

preheating stage in a CFB calciner and a chi alumina rich reference sample obtained by slowly 

(0.5°C min-1) heating a Bayer gibbsite to 700°C. 

 

Section Summary 
 

One of the conclusions of this work is that although alternative calcination routes are 

possible, the preheating stage(s) employed in most static calciners promotes the reaction 

along the gibbsite-boehmite-gamma-theta alumina route, possibly by allowing a chi 

alumina shell to form resulting in a diffusion/desorption resistance of internally formed 

water which would promote the reaction sequence through boehmite. Only a minor part 

of the material would react to chi alumina. It is also likely that any chi alumina that is 

formed reacts to gamma alumina (as also suggested by Whittington et al. and Ingram-

Chi alumina 
d = 2.11 Å 
hkl = 321 
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Jones et al. [9, 10]). This explains the absence of kappa alumina in all MGAs examined in 

this study. Further support to this is given by the presence of boehmite in the second 

preheating stage in a commercial CFB calciner. Also, as will be discussed later (in 

section 6.1.), solid state NMR data shows relatively low quantities of 5-coordinated 

aluminium in the MGAs; 5-coordinated (pentahedral) components in alumina is a sign of 

extreme disorder and indicative of the presence of ‘amorphous’ phases, such as rho- or 

chi alumina [9]. 
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5.3. EFFECT OF HEATING RATE AND IMPURITIES ON ALUMINA PHASE 

DISTRIBUTION 

 

The charge contrast phenomenon, introduced in section 4.1. where it was used to 

confirm the presence of gibbsite growth rings within short term calcined samples, is 

thought to arise from impurities, defects or structural variations in insulating materials 

[105]. It is therefore not surprising that for MGA samples the denser, structurally more 

ordered, alpha alumina phase also results in a difference in the observed charge contrast 

as compared to the intermediate and more amorphous transition aluminas. To the 

author’s knowledge there is no prior account in the literature of the direct observation of 

alpha alumina distribution in cross sectioned MGA particles by charge contrast in the 

ESEM. 

 

 
Figure 5.13. ESEM image of a Gas Suspension calcined alumina. The white features, observed in 

the charge contrast mode, are thought to arise from alpha alumina. 

 

In the charge contrast mode in the ESEM alpha alumina (depending on the settings) can 

be observed as the white features seen in figure 5.13.. Tentative evidence of this is 
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provided by the strong correlation between quantitative XRD analyses of alumina 

samples with different alpha alumina content and area fraction with charge contrast. TEM 

(Transmission Electron Diffraction) investigations provide strong support that the 

relatively large alpha alumina grains are likely to be responsible for the observed effect in 

the ESEM. As will be demonstrated, the study of alpha alumina distribution in alumina 

samples produced under different calcination conditions can reveal information on how 

calcination parameters and technologies influence the transformation reactions and the 

development of microstructure. 

 

When theta alumina transforms into alpha alumina the crystallite or grain size increases 

rapidly (from a few nm to tens or even hundreds of nm’s). The alpha alumina grain 

growth has even been described as ‘explosive’, and no experimental observations have 

been made of the initial nucleation stage of the theta to alpha alumina transformation 

reaction [46]. Therefore, the TEM results in figure 5.14., where a relatively large alpha 

alumina grain grows in a partially sintered network of transition aluminas are not very 

surprising. 

 

 
Figure 5.14. A: TEM micrograph of an alpha alumina grain growing in a transition alumina matrix. 

B: Electron diffraction pattern from the alpha alumina grain. 

 

The crystalline alpha alumina grain produces a relatively clear selected area electron 

diffraction pattern (SAED, inserted in the right-hand figure) compared to the transition 

alumina phases. The presence of alpha alumina was confirmed by comparison to 

published SAED on alpha alumina [106]. The lamellar structure (that originates from the 

layered gibbsite structure) of the transition alumina matrix can also be seen in the figure. 

A B 

Alpha alumina 
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It should also be noted that the TEM specimen was obtained by microtoming a thin sliver 

from one of the epoxy mounted and cross sectioned samples. The sliver was obtained 

from the surface of an alumina grain (see figure 5.15.), from an area where significant 

charge contrast was typically observed. 

 

 
Figure 5.15. TEM specimen obtained from the surface of a cross sectioned MGA grain. 

 

It is well established that aluminium oxide (corundum) has a significantly higher dielectric 

constant, (in the range 9.3-11.5 [107]), than the transition aluminas [80], reflecting the 

higher degree of crystallinity for alpha alumina. It has also been suggested that porosity 

[108], impurities [109] and crystal orientation [110] may affect the dielectric properties of 

alumina. The dielectric constant (or relative static permittivity) reflects the amount of 

stored electrical energy when an electrical potential is applied and has been linked to 

cathodoluminescence and charge contrasting [79, 111]. 

 

Mehta et al. investigated the change in electrical properties during the heating of gibbsite 

pellets in-situ [80]. The results presented in figure 5.16. indicate a gradual increase in the 

dielectric constant during the early stages of the dehydroxylation reactions (attributed to a 

re-orientation of the water molecules), followed by an abrupt drop as the water is 

expelled. For the well crystalline gibbsite precursor a second increase was attributed to 

the decomposition of boehmite, which was not observed to form for the poorly crystalline 

sample, leading the author to propose that the crystallinity affects the calcination 

pathway. Although not explicitly stated, the increase in the dielectric constant (and also 

Part of the 
MGA grain 

Epoxy resin 
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electrical conductivity) at higher temperatures (850-900°C) could be due to the formation 

of transition aluminas with long range order (such as theta or kappa alumina) or even 

alpha alumina. Note that there is also a temperature correlation for the electrical 

properties for aluminium oxide [112], although for the system investigated here the 

variations due to structural differences are thought to be larger. In any case, Charge 

Contrast Imaging (CCI) has been shown to be very sensitive to variations in sample 

conductivity, even at the micro or even ‘nano’ scale [75]. 

 

 
Figure 5.16. Plot of the dielectric constant with temperature for a) a well crystalline gibbsite 

sample and b) poorly crystalline gibbsite sample, reproduced from Mehta et al. [80]. 

 

Roach et al. reported on observing alpha alumina formation on alumina particle surfaces, 

in-situ, through charge contrasting in the ESEM [113] and Toth et al. observed charge 

contrasting effects in sapphire (a form of corundum or alpha alumina) [114]. No prior 

account could be found in the literature where alpha alumina, or corundum, has been 

observed in similar cross sections. The difference in dielectric properties, the strong 

correlation between the amount of alpha alumina (measured by XRD) and the supporting 

TEM studies strongly indicate that alpha alumina can be observed in cross sectioned 

alumina particles through charge contrasting and that the white features observed in the 

ESEM are directly linked to the presence of alpha alumina.  
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Based on the premise that alpha alumina gives rise to the contrast difference observed in 

the ESEM, a number of cross sectioned industrial and pilot plant aluminas reflecting 

differences in the calciner technology, or preparation conditions, were examined for any 

compositional differences within the particles. The ESEM images of Gas Suspension and 

Circulating Fluid Bed calcined alumina grains typically showed a difference in 

composition between the core and the shell of the particles. As can be seen from figure 

5.17. charge contrast occurs predominantly at the outer rim of the particles, indicating a 

higher alpha alumina concentration in this region. 

 

 
Figure 5.17. ESEM image of a Gas Suspension calcined alumina (left) and a Circulating Fluid Bed 

calcined alumina (right) showing a preferential formation of alpha alumina at the particle surface 

and around crystallites. 

 

In the study by Mehta et al. it was proposed that for highly crystalline (and large) gibbsite 

crystals, such as those produced in the Bayer process, the core and the shell of the 

particles follow different calcination pathways [80]. The authors suggested that the outer 

periphery would react via the gibbsite-chi-kappa-alpha pathway (observed to be the 

predominant calcination pathway in soak calcination of gibbsite) forming a shell, and that 

the shell formation would build up a local hydrothermal atmosphere within the particle 

(acting as an autoclave) which would cause the core to react along the boehmite route 

(i.e. gibbsite-boehmite-gamma-theta-alpha alumina). High vapour pressure has 

previously been observed to promote the boehmite pathway [35]. 

 

The results from reported here suggest a mechanism similar to that proposed by Mehta 

et al., however, X-ray analyses reveal no traces of kappa alumina for these samples. 

A B 
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Following the observations by Whittington et al. and Ingram-Jones et al. [9, 10], that chi 

alumina can transform to gamma alumina during flash calcination, it is also possible that 

the outer periphery reacts along the gibbsite–chi–gamma–theta–alpha pathway. 

 

Gibbsite crystallinity and defects/impurities play important roles for the calcination 

reactions [47, 80]. Generally, defect density tends to be higher where the crystal planes 

are terminated, which may offer an explanation for the difference in calcination pathway 

between the core and the shell of the particles. This would also support the observation 

by Ingram-Jones et al. that fine gibbsite particles (<0.5 μm) transform along the gibbsite–

chi–gamma pathway under flash calcination conditions [9]. The fine particles are too 

small for the shell to form, or the gases produced in the calcination reactions can be 

easier removed out of the particles, and therefore the internal hydrothermal conditions 

needed for the boehmite reaction route never arise. 

 

The cross sectioned alumina shown in figure 5.18. was produced in a pilot-scale 

Circulating Fluid Bed calciner, and displays similar properties to industrial fluid bed 

calcined aluminas in terms surface area, pore size and alumina phase distribution. From 

the ESEM image it can be seen that the charge contrast occurs predominantly at the 

particle surface and along cracks and grain boundaries. This supports the view that the 

transformation reactions are influenced by heat- and mass transfer mechanisms such as 

the ease of egress of the produced vapour. However, as mentioned earlier the formation 

of boehmite or transition alumina is accompanied by a rapid increase in pore size which 

would facilitate, not hinder, migration of product gases. Following the observations by 

Candela et al. [60], it seems more likely that it is the desorption resistance from the 

surface (i.e. openings of channels or pores and edges of planes) in combination with heat 

transfer into the particle, and not diffusion resistance in the particles, that controls the 

dehydroxylation reactions. 
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Figure 5.18. Electron micrograph of a cross sectioned CFB pilot-plant calcined alumina particle. 

The white features as revealed by Charge Contrast Imaging in the ESEM are thought to arise from 

alpha alumina, and show segregation to the surface and along the crystallite/grain boundaries. 

 

Although not investigated in this study, it is also interesting to speculate what this core-

shell mechanism means for alumina properties and quality, and for the energy 

requirement in the calcination step. It is likely that the dissolution properties and the HF-

scrubbing properties are also influenced by the compositional variation. The amount of 

water formed in the early stages of the dehydroxylation reactions is significant (~35 wt-% 

of the initial gibbsite is lost as water). The large amount of water formed coupled with the 

desorption resistance (reflected in the relative high apparent activation energy ~342 kJ 

mol-1 [60]) from the surface could possibly build-up a relatively high internal vapour 

pressure which may contribute to particle breakage resulting in an increased amount of 

fines after the calcination. The additional stress on the gibbsite particles from the complex 

and continuously changing transition alumina phase composition is likely to contribute to 

this effect. As discussed in section 5.1. the particle size distribution of the gibbsite going 

into the calciner and the final product coming out is not the same. Despite the best efforts 

in design and operation, some of the fines are generated in the calciner which also 

increases the alpha content of the alumina. 
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This particle breakage is influenced by both the calciner technology, particularly particle 

velocities, and the strength of agglomeration of the original gibbsite [84]. Agglomerates 

break up into smaller fragments due to mechanical forces or thermal shock when 

contacting hot gases or solids. Furthermore, during the phase transformation of the 

gibbsite into alumina, the crystallites shrink (largely along the c-axis direction in the 

gibbsite lattice) which can cause further mechanical stress in the particles and 

fragmentation. The alumina particles will also break up due to mechanical forces from 

collisions between the particles themselves or between particles and other surfaces. 

However, even when the impact of the mechanical contribution to particle breakage is 

removed (for example in laboratory calcinations) a notable change in particle morphology 

is observed (as discussed in section 4.1.). It should however be noted that the precursor 

material properties play important roles for the particle breakage and is currently 

receiving significant attention in the literature [103, 115]. 

 

 
Figure 5.19. ESEM images of fine over calcined alumina particles (pilot-plant CFB alumina).  

 

CCI in the ESEM can also be used to detect and study the over-calcined fine alumina 

particles (with high alpha alumina content). An example of this can be seen in figure 

5.19., where two high-alpha alumina particles are easily discerned. The right-hand image 

in figure 5.19. shows the same particles at higher magnification. This observation also 

provides further support to the hypothesis that alpha alumina is responsible for the 

charge contrasting in the ESEM, as the fine particles typically are enriched in this phase 

(as discussed in section 5.1.). 
 

A B 

Area enlarged 
in frame B 
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An alumina with high alpha alumina content was produced by long term laboratory 

calcination, (5 hours at 1000°C), and examined in the ESEM to study the alpha alumina 

formation and distribution. X-ray analysis indicated that the alpha alumina content was 

approximately 21 wt-% and that gamma, gamma’ and theta alumina were the only other 

phases present (see appendices). An ESEM image of the alumina sample is shown in 

figure 5.20. B. 

 

 
Figure 5.20. A) Growth rings in a cross sectioned gibbsite grain, B) alpha alumina revealed as a 

charge contrast difference in the ESEM and following the same pattern as the gibbsite growth 

rings seen in figure 5.20. A) (note that the sample was sample prepared by heating the same 

gibbsite for 5 hours at 1000°C), C) and D) alpha alumina formation as observed by CCI in the 

ESEM on cross sections of two different rotary kiln calcined metallurgical grade aluminas and 

showing a similar banded pattern. 

 

B A 

C D 
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What can be discerned is that for the long term calcined alumina the charge contrast in 

the ESEM seems to follow the same pattern as the gibbsite growth rings shown in figure 

5.20. A.. Similarly, for 2 Rotary Kiln calcined MGA samples, the alpha alumina formation 

seems to follow a pattern resembling the growth rings (figure 5.20. C and D). In the 

literature it has been suggested that the transformation reactions may be nucleated or 

catalysed by impurities or defects [35, 47], and as mentioned earlier the work by Baroni 

et al. clearly showed a relationship between charge contrast and certain impurity species 

(co-deposited in the precipitation step) [76]. 

 

Baroni et al. argued that the impurity species (atomic, ionic or molecular) would form 

nonstoichiometric point defects, possibly due to local concentration gradients in the liquor 

circuits in the precipitation stage, and that such defects influence the local electrical 

properties thereby resulting in a variation in secondary electron emission [76]. Using X-

ray mapping in the electron microscope the authors were able to show a correlation 

between charge contrast (the growth rings) and some trace element distribution. The 

results indicated that Ca and Fe and Na follow the growth ring morphology, whereas Si 

shows no preferential distribution; see figure 5.21.. These results can be explained from 

co-precipitation model. Each gibbsite growth ring corresponds to one circuit/cycle in the 

precipitation tanks [75]. As the crystal grows the liquor saturation level is locally and 

gradually reduced resulting in a concentration gradient [76]. For the main trace elements 

present (Fe, Ca, Si, Ga…) a reduction is observed in the liquor before and after the 

precipitation (or crystal growth phase) [76]. Another possible cause for the formation of 

the striations could be macroscopic growth rate fluctuations of the crystal face, which are 

caused by fluctuation in supersaturation as well as differences in impurity segregation 

[38]]. 
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Figure 5.21. X-ray maps of a cross sectioned gibbsite particle for: a) Ca, b) Fe and c) Si. 

Reproduced from [76]. Note that there is a spot where significant charging seemed to occur, 

possibly an artefact and unrelated to the impurity distribution within the gibbsite. 

 

Sodium is well known to be highly mobile under electron beam irradiation [116]. In the 

study by Baroni et al. Na could not be mapped due to significant migration under the 

electron beam [76]. The migration of sodium into the bulk during electron beam irradiation 

has been ascribed to electric field assisted diffusion as well as thermal effects [116]. 

Conversely, it has also been reported that Na (as well as Mg and Si) are segregated to 

the surface during thermal treatment [117]. In the review by Bennett et al. the authors 

concluded that soda promotes crystal growth during thermal treatment and also that this 

would lead to inferior electrical and mechanical properties in the calcined product [47]. 

 

Using ToF-SIMS an attempt at investigating the sodium distribution was also made in this 

study. The results (presented in figure 5.22.), although highly tentative, provide further 

support that sodium is co-precipitated and follows the gibbsite growth pattern. It is 

therefore likely that sodium (and other impurities) is linked to alpha alumina and charge 

contrasting as observed in the cross sectioned MGA samples. 

 

 
Figure 5.22. Na distribution as observed by ToF-SIMS (right) and gibbsite growth rings observed 

by Charge Contrast Imaging in the ESEM (left and middle). 

Approximate area enlarged 
in the figures to the right 



Chapter 5. Phase Transformation Pathways and Phase Distribution in MGA 
 
 

95 

The ESEM and TEM results presented here and the work on impurity distribution and 

effects on crystal growth during thermal treatment of alumina suggest that impurities and 

local structure influences the calcination reactions and alpha alumina formation, possibly 

by nucleating the transformation reactions. The transition from theta to alpha alumina is 

considered a nucleation and grain growth process [46]; therefore, further ESEM and TEM 

studies may provide useful information on the mechanisms for the critical nucleation 

stage. 

 

Section Summary 

 

Charge Contrast Imaging (CCI) in the Environmental-SEM allows alpha alumina 

distribution to be observed in cross sectioned alumina particles. The results show that the 

aluminas are not uniform in composition or properties, and that variations occur even 

within single particles. The results also suggest a new possible mechanism for the 

transformation reactions during CFB and GS calcination. The higher sodium content and 

defect density at the particle surface and/or the preheating/pre-reacting of the gibbsite 

causes the outer periphery to transform along the following pathway: 

 

Gibbsite → Chi → Gamma → Theta → Alpha 

 

This rapid and local formation of vapour during the calcination stage forms a barrier for 

further desorption that causes internal hydrothermal conditions which promote the core of 

the particles to follow the reaction pathway: 

 

Gibbsite → Boehmite → Gamma → Theta → Alpha 

 

This leads to compositional variations in the aluminas, which may influence important 

properties as well as the energy requirement for the calcination step. 

 

In long-term laboratory calcined alumina samples a correlation between alpha alumina 

formation (as revealed by charge contrast in the ESEM) and the gibbsite growth pattern 

was observed. Tentative evidence, obtained using ToF-SIMS and charge contrast 

imaging in the ESEM, that the growth rings and alpha alumina formation are linked to 

impurity distribution was also presented. This indicates that impurities and local structure 

play important roles in the transformation reactions. 
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6. BEYOND THE MICROSTRUCTURE – EVALUATIONS OF 
NANOSCALE ORDERING IN METALLURGICAL GRADE 
ALUMINA 

 

Chapter Overview 

 

X-ray and Neutron diffraction analysis have played a central role in elucidating the 

structure of the transition aluminas, as well as in determining the sequence of the 

structural changes and how these are influenced by differences in starting material or 

preparation conditions. In case of the Metallurgical Grade Aluminas, X-ray analysis 

remains the main tool for examining the phase composition and in particular for 

determining the alpha alumina content [93]. In the early X-ray investigations on the 

dehydroxylation of gibbsite several authors noted that some of the diffraction lines 

remained throughout the heat treatment, leading them to propose that the oxygen 

sublattice remains relatively intact and that the structural changes are mainly due to the 

migration of aluminium and hydrogen ions [96, 97]; as shorter scales are probed this view 

is now being challenged [99]. This is also part of the problem for any structural analysis 

based on these diffraction patterns; the very similar d-spacings cause significant peak 

overlapping making quantitative and structural analysis difficult. For the MGAs further 

complications arise from the coexistence of the transition aluminas in the sample [90]. 

The complexity involved in analysing the crystallographically challenged transition 

aluminas is reflected in the fact that even the structures of most transition aluminas are 

not fully understood [35, 46, 52]. 

 

This chapter examines the use of multiple-field 27Al Solid-state Magic Angle Spinning 

NMR and X-ray absorption spectroscopy on samples formed from reaction of model 

hydroxides and on industrial MGAs, with the results compared to XRD data. It is shown 

that 27Al MAS-NMR spectroscopy can be used to quantify the distribution of aluminium 

between different sites in the component phases of MGA. The use of multiple applied 

magnetic fields, and especially the availability of higher magnetic fields, is crucial to 

constraining the simulations and to improve the resolution. The results also clearly 

demonstrate that the complementary information obtained by XRD significantly aids the 

quantification. Amorphous aluminas, if present in significant quantities, can however limit 

the accuracy of XRD methods for quantitative phase measurements of mixed phase 

aluminas. 
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In the NMR analysis several unusual coordination geometries were observed. An NMR 

peak at 23 ppm was detected and could be due to aluminium in a quasi-octahedral 

coordination, related to a distorted gamma alumina form. Evidence of pentrahedral (5-

coordinated) aluminium in the MGAs is also presented, indicating the presence of highly 

distorted or ‘amorphous’ components. However, the quantitative results show that these 

components are only minor constituents in the MGAs, providing further support for a 

reaction through boehmite to gamma alumina as the main route in the modern industrial 

calcination process. 

 

It is also shown that X-ray Absorption Near Edge Spectroscopy (XANES) can be used to 

obtain information about the tetrahedral to octahedral ratio in the transition aluminas and 

to some extent in the MGAs. However, structural analysis is complicated by the complex 

and overlapping resonances arising from multiple scattering interactions in the samples. 

Some structural information may be obtained by examining features at higher energies 

(5-15 eV above the absorption edge) for the transition aluminas. This allowed some new 

insights into the structures of chi and kappa alumina. XANES is shown to be an excellent 

fingerprinting technique for the MGAs. The results presented here indicate that changes 

in the intermediate range ordering occur with increasing calcination temperature. Even in 

the complex mixed phase MGAs some long range order is observed, which is likely to 

relate to the formation of alpha alumina in the samples. XANES seems to be very 

sensitive to these long range structures, as less than 1 wt-% of alpha alumina gave rise 

to very characteristic resonances. 

 

Methodology and Materials 

 

Information on the relative occupancy of tetrahedral and octahedral aluminium sites in 

industrially prepared aluminas was obtained using 27Al Solid-state MAS NMR. By 

performing experiments at multiple magnetic field strengths spectral deconvolution was 

possible and quantitative information on the alumina phase distribution could be 

obtained. A number of laboratory and pilot-plant samples, prepared under controlled 

residence times and temperatures, were also investigated to obtain complementary 

information on the distribution of aluminium ions between tetrahedral and octahedral sites 

in the different transition alumina phases as a function of calcination conditions. 
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To investigate the development of short and intermediate range order during the 

calcination process, X-ray absorption spectroscopy experiments were carried out on 

laboratory samples as well as industrial Bayer aluminas representing different calciner 

technologies. 

 

Additional characterisation of the samples was performed using X-ray diffraction. XRD 

spectra were obtained using both laboratory and synchrotron based energy sources. 

Subsequent Rietveld refinement was performed to obtain quantitative and structural 

information. Detailed experimental descriptions can be found in chapter 8. 

 

Industrial Aluminas 

 

The industrial aluminas used in this study represent three different calciner technologies 

(namely: Circulating Fluidised Bed, Gas Suspension or Fluid Flash and Rotary Kiln 

calciners). These samples were sourced from different alumina refineries and smelters 

and reflect typical MGAs in terms of their chemical and physical properties. Although not 

experimentally verified, it is likely that the samples would display minor differences in the 

morphology and impurity content as they stem from different Bayer plants utilising 

different bauxites as well as digestion and precipitation technologies and strategies. 

 

Laboratory and Pilot-plant Calcined Samples 

 

Preparation of the laboratory and pilot plant aluminas used in the NMR study has been 

described in chapters 4 and 5. For these samples a ‘typical’ Bayer gibbsite was used as 

the precursor. For the XANES study additional laboratory calcinations were performed. 

The same Bayer gibbsite (described in chapters 4 and 5) was used to prepare the chi 

and kappa alumina samples. These samples were prepared by slowly (0.5°C min-1) 

heating the Bayer gibbsite from room temperature to 700°C and 1000°C in open 

crucibles in air. The reference samples (boehmite, pseudo boehmite and alpha alumina) 

were standard analytical grade materials. The boehmite derived transition alumina 

samples were obtained by calcining a small amount (1-2 grams) of the crystalline 

boehmite precursor in a preheated furnace (at 600, 700, 750, 800, 850, 900, 950 and 

1000°C) in an open crucible in air for 8 hours. An additional sample was prepared by 

heating the boehmite sample for 48 hours at 1070°C. XRD spectra for all samples are 

included in the main text. 
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6.1. SITE OCCUPANCY AND SHORT RANGE ORDER IN ALUMINA 
 

High intensity, high resolution synchrotron (or neutron) diffraction data has been shown 

to be extremely useful in terms of monitoring gibbsite crystal growth mechanisms from 

Bayer liquors in-situ [118], for identifying minor crystallographic impurities [119] as well as 

for examining the transition aluminas and their transformation reactions [49, 86, 120, 

121]. However, for deducing information on the structures of the poorly crystalline 

transition alumina phases even these techniques face some limitations [122], particularly 

in complex mixed phase environments such as the MGAs. Due to the short residence 

times in modern calciners, deviations from the average transition alumina structures are 

observed. This is caused by local disorder, which results in significant peak broadening 

which combined with the overlapping peaks for the transition aluminas complicates 

structural analysis using traditional diffraction methods. Despite, the improvements in 

fitting diffraction data on MGA, made possible through the works by Ashida et al. [90] and 

Paglia et al. [86] and discussed in sections 5.1. and 5.2., conventional diffraction 

techniques are limited by the need for crystallographic long range order. 

 

This is exemplified in the Rietveld refinement in figure 6.1. for which the diffraction data 

was obtained at a synchrotron source. Apart from the obvious overlap of several peaks in 

the diffraction pattern, the broad and diffuse peaks from the transition aluminas, the 

presence of additional X-ray amorphous components and maybe also the use of 

incomplete structural models, results in the discrepancies between the fitted (black) and 

observed (red) spectra. 

 

Another important consideration is the distinction between the transition alumina phases, 

or forms. It is generally agreed that theta alumina is more ordered than delta alumina 

which again is more ordered than the gamma alumina phase [72, 123, 124], however, 

exactly how the transformation into the more ordered forms proceeds is still debated [35, 

46, 52]. The formation of gamma – gamma’ – delta and theta alumina can also be seen 

as waypoints on the gradual transformation into a fully ordered state (represented by the 

thermodynamically stable alpha alumina). 
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Figure 6.1. Synchrotron X-ray powder diffraction pattern of a CFB calcined MGA sample and 

resulting Rietveld refinement results (refinement details included in the appendices). Note that the 

shape of the background is a result of the amorphous nature of the quartz capillary used for 

mounting the sample. 

 

As will be discussed in this chapter, the supplemental information that may be obtained 

by techniques which can overcome the problems associated with the length scale of 

ordering, such as solid-state NMR, X-ray Absorption Spectroscopy (XAS) or Atomic Pair 

Distribution Functions (PDF), can provide much needed new information on the structural 

relationships within these materials [85, 99, 125]. 
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6.1.1. Site Occupancy and Disorder in MGA 

 
27Al Solid-state Magic Angle Spinning NMR studies can provide significant insight into the 

occupancy of octahedral and tetrahedral sites (the chemical shifts being characteristic of 

the oxide (or hydroxide) coordination (AlOn/Al(OH)n) [126], which is key to understanding 

the phases or forms of alumina in the samples investigated. 27Al MAS NMR chemical shift 

ranges for aluminium in different coordinations with oxygen (or hydroxyls) are typically 

−10 to 25 ppm for octahedrally coordinated aluminium (AlO6), 30 to 40 ppm for 

pentahedrally coordinated aluminium (AlO5) and 50 to 80 ppm for tetrahedrally 

coordinated aluminium (AlO4) [127]. The variation in the reported ranges for the chemical 

shift reflects the range of possible Al-O bond lengths and angles, and next-nearest-

neighbour species. Several 27Al NMR studies have made use of the high sensitivity and 

the relatively minor contribution of particle and crystallite size effects of this technique to 

explore the transition aluminas [50, 51, 127-132]. Furthermore, Al SS-MAS-NMR has 

also been beneficial in resolving some of the ambiguity concerning the onset 

temperatures of the transition reactions; since XRD relies on the development of nuclei of 

sufficient size or long-range order for the detection of the phase the technique does not 

always give reliable onset temperature data. It should also be noted that a recently 

published 27Al NMR study of a sol-gel manufactured theta alumina reported the NMR 

parameters of the two aluminium sites found to be present in the samples [130]. 

However, NMR has not been frequently applied to MGAs, due to the low spectral 

resolution caused by the co-existence of different transition aluminas and the influence of 

the second-order quadrupolar interaction causing significant spectral broadening [133]. 

With higher magnetic fields now becoming available some of these problems are 

progressively being overcome [26]. 

 
27Al MAS NMR spectra obtained at 18.8 T for the CFB pilot plant calcined alumina 

samples are displayed in figure 6.2.. Approximate regions for tetra-, penta- and 

octahedral aluminium coordination are included for clarity. What can be observed is that 

with increasing processing temperatures there is a narrowing of the peaks, with distinct 

features and complex peak shapes appearing at higher temperatures. In the tetrahedral 

region, the peak almost splits into two peaks; with the peak height at higher shift 

positions (~77 ppm) increasing in intensity with temperature, while the peak at lower 

chemical shift (~71 ppm) seems to decrease with temperature. The peak in the 

octahedral region shows a more complex behaviour with increased calcination 
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temperature. The peak becomes narrower, and two distinct shoulders appear at ~23 ppm 

and ~15 ppm, respectively. There is also a small peak at ~38 ppm, indicative of 5-

coordinated aluminium, which not surprisingly diminishes with higher processing 

temperatures. 

 

 
Figure 6.2. NMR spectra (collected at 800MHz, 18.8T) for the CFB pilot plant calcined alumina 

sample. All samples were calcined for 20 minutes; the green line represents the sample prepared 

at 920°C, the red line at 970°C and the blue one at 1020°C. 

 

Solid-state MAS NMR spectra of quadrupolar nuclei, such as 27Al (nuclear spin I = 5/2), 

are broadened by the second-order quadrupolar interaction, a mechanism characterized 

by the quadrupolar coupling constant CQ [134]. This second-order quadrupole interaction 

dominates the usually observed central transition [134] and has an angular dependence 

that is only partially averaged by conventional Magic Angle Spinning (MAS). The 

interaction scales inversely with the applied magnetic field, so that high magnetic fields 

are normally advantageous and the magnetic field dependence can also be used to 

constrain the fits. In disordered solids, a distribution in bond lengths and angles for a 

particular site leads to a distribution in CQ, resulting in asymmetric, rather featureless 

spectral lineshapes with a tail on the low frequency side. Recording the spectra from 

samples at multiple magnetic fields can greatly constrain the fitting even of featureless 

and overlapping lines. The distributions in CQ in such materials can be simulated as a 

Gaussian around a central (mean) value, and the FWHM of this distribution can be used 

as a quantitative measure of the amount of disorder for a particular atomic site [135]. 

Tetrahedral 
region 
Al[O]4 

Pentahedral 
region 
Al[O]5

Octahedral region 
Al[O]6 
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Figure 6.3. Fitted 27Al MAS-NMR spectra of a CFB pilot plant calcined alumina (calcined for 20 

minutes at 1020°C). The black line is the experimental spectrum and the red line is the sum of the 

individual fitted curves. 
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The 27Al MAS NMR spectra obtained from the CFB pilot plant calcined alumina heated for 

20 minutes at 1020°C, at three fields are shown in figure 6.3., along with the individual 

simulated peaks for each aluminium environment. The NMR parameters and relative 

intensities of each site for the sample are displayed in table 6.1.. The key to the 

robustness and uniqueness of these fits, despite significant spectral overlap, is that the 

same parameters are used to fit the spectra at all three fields. The ability to fit the 

spectrum all three fields accurately with spurious parameters would be highly coincidental 

and is hence unlikely. Also the positions (and parameters) of several of the peaks are not 

arbitrary as they are largely determined by the known phases that are present in this 

sample (i.e. gamma-, theta- and alpha alumina). 

 
Table 6.1. Peak parameters used in the curve fitting of the NMR data, collected at 18.8 T, for the 

pilot plant calcined alumina sample (heated for 20 minutes at 1020°C) and the resulting peak 

intensities. 
27Al NMR Peak Chemical Shift Mean CQ ΔCQ Intensity*** Alumina Phase

 (± 2 ppm) (± 1 MHz) (± 1 MHz) (%)  

Tetrahedral 1 77 5.5 3 20 Theta 

Tetrahedral 2 71 8 6 12 Gamma 

Pentahedral 1 38 8 7 2 ** 

Octahedral * 23 5 4 3 Gamma 

Octahedral 1 16 7 9.5 37 Gamma 

Octahedral 2 14 3.5 3 5 Alpha 

Octahedral 3 10 3 3.5 22 Theta 
Notes 

*) Possibly a quasi-octahedral peak (see discussion) 

**) A small quantity of AlO5 from some amorphous component of gamma- or other transition alumina (such as 

the X-ray amorphous chi- or rho alumina). 

***) The relative abundances are approximate since the spinning sideband intensities were not included in 

the integration. 

 

This assignment of the peaks was made by comparison to the chemical shift positions 

and NMR parameters previously reported for a sol-gel theta alumina and corundum [130]. 

The chemical shifts and CQ values for the theta phase (see table 6.1.) are in good 

agreement with the published data, although the presence of a distribution in CQ in the 

theta form observed in here suggests it is more disordered than the sol-gel formed 

sample used in reference [130]. This disorder appears to also be present in the 
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corundum phase, which would explain why the CQ value is slightly larger here than the 

often reported value of 2.38 MHz [136]. 

 

The peaks at 71 and 16 ppm have much larger ΔCQ, corresponding to a broader 

distribution of aluminium environments as would be expected for a more disordered 

alumina phase. Hence, these peaks probably belong to the more disordered gamma 

alumina. Wefers et al. considered theta alumina to be an intermediate between the low-

temperature transition aluminas and the thermodynamically favoured alpha alumina [35]. 

Levin et al. showed that a disordering of the gamma phase is required to obtain the 

lattice parameters for theta alumina [98]. Furthermore, numerous XRD studies show that 

theta alumina has narrower and more developed peaks than gamma alumina, also 

indicating a more crystalline, or ordered structure (e.g. Stumpf et al. [97]). It is therefore 

assumed that gamma alumina is more disordered than theta alumina, and consequently 

that gamma alumina has more asymmetric peaks (i.e. a broader distribution of CQ) and 

larger mean CQ. 

 

The peak centred at a chemical shift of approximately 38 ppm, indicates the presence of 

pentahedrally coordinated aluminium (AlO5) in accordance with previously reported 

values for the chemical shift [127, 129, 133]. The presence of penta-coordinated 

aluminium is consistent with the disordered nature of the MGAs and is thought to 

originate from more highly distorted/disordered sites/components in an X-ray amorphous 

part of the material. More disordered or amorphous aluminas, if present in significant 

quantities, limit the accuracy of XRD methods for quantitative phase measurements of 

MGAs. In gamma alumina, penta-coordinated aluminium has also been speculated to be 

present and would originate from aluminium at the external surface and be associated 

with the Lewis acidity and catalytic activity of the materials [131]. 

 

A remaining question in the spectrum is the small peak at 23 ppm where ΔCQ is only 4 

MHz. This feature has not been observed in previous NMR studies on aluminas and 

could be associated with a more ‘ordered’ site within the disordered gamma phase, or a 

small amount of penta-coordinated aluminium perhaps associated with the theta phase. 

 

To investigate the alumina phases and the distribution of aluminium cations between 

octahedral and tetrahedral aluminium sites the same methodology was applied to a 

number of industrial MGA samples representing different calciner technologies as well as 

two laboratory prepared samples. The laboratory samples were prepared by calcination 
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of a Bayer gibbsite at 1000°C in a preheated muffle furnace in open crucibles in air for 10 

minutes and 5 hours, respectively. The results from the peak analysis can be found in 

table 6.2. and the peak associated peak parameters are included in the appendices. 

 
Table 6.2. Total intensities and fractions of octahedrally coordinated aluminium for the transition 

alumina phases, for the pilot plant calcined alumina, 2 laboratory prepared samples and three 

MGAs representing different calciner technologies (RK = Rotary Kiln, GS/FF = Gas 

Suspension/Fluid Flash, CFB = Circulating Fluid Bed). 

Notes 

*) The quasi-octahedral peak (at a chemical shift of 23 ppm) is included in the gamma alumina. 

 

The distribution of aluminium cations between octahedral and tetrahedral sites for the 

transition aluminas has been investigated in several studies. Considering the ideal spinel 

structure as a basis for the gamma alumina structure the fraction of octahedral to 

tetrahedral aluminiums is 0.67. The deformed spinel structures (usually represented as 

Al8□O12, where □ represents a vacant Al site), either with octahedral or tetrahedral cation 

vacancies, gives a theoretical fraction of octahedral aluminium of 0.63 and 0.75, for 

octahedral or tetrahedral vacancies, respectively. Based on the results obtained in this 

study it can not be unambiguously deduced as to whether octahedral or tetrahedral 

vacancies are favoured. It is generally considered, and also experimentally supported, 

that aluminium would favour octahedral coordination in gamma alumina under normal 

conditions (usually meaning that no hydrogen is included in the structure), leaving 

tetrahedral vacancies in the spinel based framework [49, 131]. A recent study however 

suggests a preferential distribution of aluminium over tetrahedral sites for gamma 

 Total 
gamma- 
Al2O3 * 
(± 2 %) 

Total 
theta- 
Al2O3 

(± 2 %) 

Total 
alpha 
Al2O3 

(± 2 %) 

Amorphous
(± 2 %) 

Fraction of 
octahedral Al 
in gamma-
Al2O3* 

Fraction of 
octahedral Al 
in theta-Al2O3 

Laboratory 
10min at 1000°C 

69 25 N/A 4 0.74 0.50 

Laboratory 
5h at 1000°C 

53 39 5 3 0.78 0.51 

Pilot plant 
20min at 1020°C 

51 42 5 2 0.67 0.52 

Rotary Kiln 
Calcined MGA 

64 25 6 4 0.72 0.58 

Gas Suspension 
Calcined MGA 

57 31 8 4 0.75 0.52 

Circulating 
Fluidised Bed 
Calcined MGA 

66 28 3 4 0.82 0.61 



Chapter 6. Beyond the Microstructure – Nanoscale Ordering in MGA 
 
 

107 

alumina [137]. In another study, conducted by Lee et al., the distribution of octahedral 

and tetrahedral aluminium in gamma and alpha alumina was examined using MAS NMR, 

as well as quantum mechanical calculations, and a ratio of 0.7 ± 0.02 was reported for 

gamma alumina [51]. It should be noted that in some of the earlier work, the lower 

magnetic field strengths and lower MAS frequencies employed result in significant 

interference of the octahedral spinning side bands with the peaks stemming from 

tetrahedrally and pentahedrally coordinated aluminium. This makes accurate 

quantification of the spectra very difficult. Another possible reason for the significant 

variation in the observed distribution of aluminium between different sites is the influence 

of different preparation techniques and precursor materials in the various studies. 

 

Zhou et al. examined eta-, gamma- and theta aluminas using profile refinement of 

neutron diffraction data [49]. They suggested that in gamma alumina a fraction of the 

aluminium cations would also occupy non-spinel sites, aptly labelled as quasi-octahedral 

as they lie so close to the octahedral aluminium sites; the distance being only 0.373 Å. 

These sites were ascribed mainly on the surface of the gamma alumina where they also 

would contribute to the catalytic activity of the material. The occupation of non-spinel 

sites in gamma alumina is supported in the study by Wolverton et al., who propose that 

not only surface sites would show this abnormal coordination but also atoms in the bulk 

[52]. One possible explanation of the small 23 ppm peak observed here is that it is a 

quasi-octahedral aluminium resulting from a distorted gamma alumina framework; a 

consequence of the incomplete transformation or complex phase composition which puts 

further stress on the structure. If the peak at 23 ppm is a quasi-octahedral site belonging 

to the gamma alumina this would correspond to approximately 8 % of the octahedrally 

coordinated aluminium atoms for the pilot-plant calcined sample and slightly more for the 

industrial alumina samples (9-10 %). The deformed spinel-based crystal structure for 

gamma alumina derived by Zhou et al. however suggests that 25 % of the aluminium 

atoms would be in quasi-octahedral coordination. 

 

Theoretical and computational studies strongly indicate that cation vacancies in 

octahedral sites would be energetically favourable in gamma alumina [52, 138]. Krokidis 

et al. propose an equilibrium structure for gamma alumina in which 69-75 % of the 

aluminium ions occupy octahedral positions. For the pilot-plant and industrial aluminas 

the fraction of octahedrally coordinated aluminium (table 6.2.) shows some agreement 

with this structure. However, the complex residence time distribution results in a broad 

distribution of phases and the presence of theta- and alpha alumina could distort the 
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gamma alumina structure, resulting in an incomplete lattice framework, and perhaps 

account for the five coordinated aluminium observed. Data obtained on 

crystallographically pure, single phase systems can not be directly compared to the data 

obtained for the structurally disordered systems represented by the samples used for the 

experiments reported on here. Nevertheless, important information on the coordination 

environment can be deduced from these results.  

 

For the gamma alumina component in the laboratory calcined samples the NMR results 

suggest that tetrahedral vacancies are preferred in the lattice, which would agree with 

previous experimental studies [25, 30]. Based on the deformed spinel structure for 

gamma alumina the theoretical fraction of octahedral aluminium is either 0.63 or 0.75, for 

octahedral or tetrahedral cation vacancies, respectively. Theoretical and computational 

studies however indicate that cation vacancies in octahedral sites would be energetically 

favourable [19, 31] and a recent experimental study also suggests a preferential 

distribution of aluminium over tetrahedral sites for gamma alumina [32]. 

 

For theta alumina, the ideal structure would give a 50-50 distribution of aluminium over 

tetrahedral and octahedral sites [52]. Again, the experimental results for the pilot-plant 

and industrial aluminas show some agreement with the ideal structure. The theta alumina 

in the pilot-plant alumina appears to be very close to the ideal structure. In the MGAs, the 

complex phase mixture and severe disorder in the material results in the lineshapes of 

the associated resonances showing much more disorder than in a crystalline alumina. 

The “theta” phase present in these samples may actually be closer to the more 

disordered gamma’ or delta alumina phase, which would explain the lower tetrahedral to 

octahedral ratio. 

 

For the laboratory prepared samples the calculated fraction of octa- to tetrahedrally 

coordinated aluminium for theta alumina (0.50 and 0.51 for the samples calcined for 10 

minutes and 5 hours, respectively) agrees very well with the theoretical structure model 

for the phase [46, 49]. It seems that the complex residence time distribution in industrial 

calcination (and also for the CFB pilot plant experiments) results in deviations from the 

‘normal’ transition alumina structures. 

 

The 27Al MAS NMR spectra for the MGA samples representing different calciner 

technologies are shown in figure 6.4.. The GS calcined sample shows the most 

developed peak shapes, consistent with the XRD results (table 6.3.) which indicate the 
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presence of more theta and alpha alumina indicating a higher degree of calcination. The 

CFB and RK calcined samples have broader peaks, perhaps as a result of the complex 

residence time distribution in the calcination process resulting in a wider phase 

distribution. This is also supported by the deviation from the 50-50 ratio of octa- and 

tetrahedral aluminium in the theta alumina phase in these samples. All MGA samples 

also show a small pentahedral feature at a chemical shift of approximately 38 ppm. Even 

if the peak height is relatively small, the significant broadening, as reflected in the large 

CQ values of the highly distorted coordination environment, results in an integrated peak 

intensity of approximately 4 % for all three MGA samples. 

 

 
Figure 6.4. 27Al Solid-state MAS-NMR spectra (obtained at 18.8 T) for three Metallurgical Grade 

Alumina samples representing different calciner technologies, as follows: green = CFB, red = RK 

and blue = GS 

 

It is interesting to note that for the laboratory calcined samples the pentahedral feature 

persists even after 5 hours heat treatment at 1000°C (see figure 6.5.). This may be 

explained if the 5-coordinated aluminium is thought to mainly belong to aluminium at the 

external surface, as suggested by Pechoraman et al. [131]. For the laboratory 

calcinations, the pentahedral peak does diminish slightly with increased heating time, 

which supports the view that the disorder is also part of an intermediate stage in the 

transformation reactions. Based on electron diffraction evidence, Jayaram et al. 

considered the transformation from gamma to delta alumina to be continuous and 
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proceed via a poorly diffracting intermediate [123]. Levin et al. provided further support to 

the fact that a disordering of the gamma alumina phase is required to obtain the more 

ordered structures (such as theta alumina) [46]. 

 

 
Figure 6.5. 27Al SS MAS NMR spectra (collected at 18.8 T) obtained from the laboratory prepared 

aluminas calcined at 10 minutes (top) and 5 hours (bottom) at 1000°C. In both figures the 

uppermost lines (A) show the experimental spectra, the middle lines (B) are the fitted spectra and 

the lower lines (C) show the individual fitted peaks. The pentahedral (possibly X-ray amourphous 

chi- or rho alumina) and quasi-octahedral peaks, at 38 and 23 ppm chemical shifts, are marked 

with (*) and (**), respectively. 

10 minutes at 1000°C

5 hours at 1000°C
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Table 6.3. Quantitative results (in wt-%) from Rietveld refinement on XRD data from two 

laboratory prepared aluminas (10 minutes and 5 hours at 1000°C), three pilot plant CFB calcined 

aluminas (920, 970 and 1020°C for 20 minutes) and the three industrial aluminas representing 

different calciner technologies. 

 Gamma Gamma' Total 
Gamma

Theta Alpha

Laboratory 
10 min at 1000°C 

29 46 75 25 N/A 

Laboratory 
5h at 1000°C 

20 48 68 26 5.8 

Pilot-plant 
20 min at 920°C 

28 44 72 27 0.7 

Pilot-plant 
20 min at 970°C 

26 43 69 30 1.5 

Pilot-plant 
20 min at 1020°C 

22 42 64 32 4.0 

Rotary Kiln 
Calcined MGA 

31 39 70 23 5.8 

Gas Suspension 
Calcined MGA 

24 41 65 26 8.7 

Circulating Fluidised 
Bed Calcined MGA 

31 44 75 22 2.4 

 

From the quantitative XRD and NMR data (presented in tables 6.2. and 6.3.) it can be 

seen that the alpha alumina content can be accurately determined (within experimental 

uncertainties). For the pilot-plant calcined sample the gamma and theta alumina content 

also compare relatively well, and the differences can partly be accounted for by the 

penta-coordinated component (believed to be associated with an amorphous alumina, 

such as chi- or rho alumina). 

 

For the industrial samples there is however some discrepancy between XRD and NMR 

results, particularly for the gamma and theta alumina content. One explanation for this 

might lie in the ability to detect order on different length scales. XRD relies on the 

development of nuclei of sufficient size or long-range order for the detection of a 

diffraction pattern; NMR registers atomic ordering and has in fact been used to resolve 

some of the ambiguity concerning the onset temperatures of the transition reactions [74]. 

Furthermore, when theta alumina transforms into corundum, significant (‘explosive’) grain 

growth occurs [46]; the theta alumina crystallites may lie in a size range not easily 

detected by XRD [130]. The residence time distribution is also thought to be complex in 

the industrial process and the sample is therefore expected to have a broader distribution 

of alumina phases and show more structural disorder than the soak calcined model 
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compounds used in other studies and the laboratory and pilot-plant samples examined 

here (where the residence time and temperature distribution is controlled). 

 

The quasi-octahedral and pentahedral aluminium peaks, observed at approximately 23 

and 38 ppm chemical shift, respectively, may have some interesting implications for the 

material and its properties. In NMR studies of gamma alumina, penta-coordinated 

aluminium has previously been observed and has been considered to originate from 

aluminium at the external surface and to be associated with the Lewis acidity and 

catalytic activity of the materials [131]. It is therefore possible that the presence of these 

components in the MGAs promotes their reactivity, with for example HF in the dry-

scrubbing process. These components likely stem from the poorly crystalline chi- or rho 

alumina forms, which have previously been thought to be present in the MGAs [10, 12, 

133]. In the study by Whittington et al. the amount of chi alumina, as measured by an 

internal standard XRD method, was however significantly larger than the results here 

would indicate. It may be possible that some of the observed tetrahedral and octahedral 

aluminium components, thought to belong to gamma- or theta alumina, are in fact part of 

an X-ray amorphous component (such as chi alumina). However, the study by Slade et 

al. indicated that the chemical shift position for the tetrahedral aluminium site in chi 

alumina would be significantly lower (at around 64 ppm for the tetrahedral site [127]) than 

those observed in this study, i.e. 71 and 77 ppm, for the tetrahedral sites in gamma- and 

theta alumina, respectively. 

 

The short term calcined samples were also examined by solid-state NMR. The results are 

displayed in figure 6.6. along with X-ray diffractograms for the same samples. The 

experiments were conducted at a magnetic field strength of 14.1 T using a Varian Inova 

spectrometer. Data was only collected at one magnetic field strength as the complex 

nature of the sample due to the presence of gibbsite and/or boehmite prohibited the 

deconvolution of the spectra to resolve all the features. Nevertheless, qualitative 

information about the aluminium coordination environment during the early stages of the 

calcination reactions may be obtained. What can be observed is a relatively narrow 

octahedral environment for the sample calcined for 2 seconds, perhaps resulting from a 

strong contribution from un-calcined gibbsite or partly reacted boehmite. The octahedral 

contributions from the transition aluminas may simply be overshadowed by the strong 

signal for gibbsite and/or boehmite, which have only octahedral aluminium-oxygen 

coordination. It should also be noted that for illustrative purposes the spectral intensities 
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were scaled to match the intensities of the octahedral peaks; therefore, the relative 

intensities should only be compared within each sample, not between the samples. 

 
Figure 6.6. Solid state NMR spectra for short term calcined alumina samples: 2 seconds (green), 

10 seconds (red) and 60 seconds (blue) at 970°C. 

 

The tetrahedral feature for the sample calcined for 2 seconds is of a relatively low 

intensity, and shows significant broadening attributed to the formation of a disordered 

gamma alumina phase. A very broad pentahedral aluminium feature is also apparent for 

the sample, indicative of a highly disordered component (possibly chi or rho alumina). 

After 10 seconds of calcination at 970°C the pentahedral feature diminishes, and is 

hardly noticeable. The spectral overlap at the lower magnetic field makes it difficult to 

distinguish these minor features; particularly, broad and weak features, such as the 5-

coordinates component, are hard to assess even qualitatively. It should be noted that at 

higher magnetic field strengths 5-coordinated Al was observed and could also be 
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quantified for the MGA samples. For the samples calcined at 10 and 60 seconds the 

main differences are in the sharpening and intensifying of the tetrahedral feature and a 

broadening of the octahedral peak. The broadening may be attributed to the formation of 

additional alumina phases (such as theta alumina) and the disappearance of gibbsite and 

boehmite. 

 

Section Summary 
 

In this section it has been demonstrated that 27Al SS-MAS-NMR spectroscopy can be 

used to quantitatively assess the phase composition and to investigate the distribution of 

aluminium between tetrahedral and octahedral sites in the alumina phases in MGAs and 

in mixed phase laboratory prepared samples. To constrain the simulations the use of 

multiple magnetic fields, and especially the availability of higher magnetic fields, is 

critical. When compared to quantitative XRD results there is some discrepancy, 

particularly for the gamma and theta alumina content in MGAs. This is partly accounted 

for by the amorphous phases present in the MGAs but may also relate to the fact that 

NMR registers atomic order whereas XRD relies on nuclei of a sufficient size for 

detection. 

 

The NMR analyses also revealed several unusual aluminium coordination environments 

in the samples. Minor amounts of pentahedral aluminium could be detected; these 

components are likely to stem from highly disordered or amorphous alumina forms 

(possibly chi or rho alumina). However, pentahedral aluminium is only a minor constituent 

in the MGAs which supports the view that the main reaction in the modern industrial 

calcination process is through boehmite to gamma alumina. A 27Al NMR peak at a 

chemical shift of 23 ppm was also observed which was thought to be due to aluminium in 

a quasi-octahedral coordination, suggested to be related to a distorted gamma alumina 

form. 
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6.1.2. Short and Intermediate Range Order in MGA 

 

A number of authors report on the use of various synchrotron radiation sources to 

investigate the transition aluminas and their transformation reactions [119, 125, 139-141] 

as well as some aluminium-containing minerals and zeolites [142, 143]. By examining the 

Al K-edge XANES (X-ray Absorption Near Edge Spectroscopy) or NEXAFS (Near-edge 

X-ray Absorption Fine Structure) features, information on the chemical and coordination 

environment can be obtained. These methods have not previously been applied to the 

complex and disordered systems that the MGAs represent. 

 

Firstly, as a starting point for understanding the expected features in the XANES spectra 

of MGA, a number of reference compounds were prepared by laboratory calcination of a 

crystalline boehmite precursor and a Bayer gibbsite. X-ray diffractograms of the aluminas 

obtained, along with the boehmite precursor, a Bayer gibbsite and an alpha alumina 

(analytical grade) are shown in figure 6.7.. The continuous nature of the transition 

alumina transformation reactions is evident in the gradual splitting and narrowing of the 

peaks and is in line with previous observations [74, 86]. 

 

The samples were then analysed by X-ray Absorption Spectroscopy, along with a 

number of metallurgical and pilot-plant aluminas. The experiments were carried out at the 

Australian Synchrotron on the soft X-ray beamline. The spectra were collected in the 

Total Electron Yield (TEY) mode by measuring the sample current as a function of photon 

energy. The spectra were normalized to a simultaneous photo-diode current 

measurement in order to cancel any contributions originating from carbon impurities 

present in the beam line (for example on the mirrors or monochromators), which may 

contribute to changes in the photon intensity. The energies, for the Al K-edge and O K-

edge spectra that were collected during the experiments, were calibrated against the 4f7/2 

lines of a gold standard. 
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Figure 6.7. X-ray diffractograms for a Bayer gibbsite, a crystalline boehmite, an analytical grade 

alpha alumina and the alumina samples obtained by calcination of the boehmite precursor at the 

temperatures indicated in the figure. 
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The features in the Al K-edge spectrum are thought to result from X-ray induced 

excitations of Al 1s electrons into unoccupied Al 2p, Al 3p, Al 3d and Al 4p orbitals (as 

well as Al 3s like states in case of the weak pre-edge feature observed in the Al K-edge 

spectra) [144-147]. The features at the absorption edge give direct information about the 

local aluminium coordination environment and thus the relative site occupancy, whereas 

the features above the edge (at higher photon energies) are typically due to next nearest 

neighbour effects and hence carry information on longer range order [148]. The Al K-

edge XANES spectra of the reference compounds are presented in figure 6.8. 

 

The XANES spectrum for gibbsite agrees well with previously published data [142, 149] 

and shows only aluminium in octahedral oxygen coordination. Two distinct peaks can be 

observed (at 1567 and 1571 eV) relating to the 2 different occupied octahedral sites in 

the structure [62]. There are also two less prominent features at higher energies (1578 

and 1589 eV), that are probably related to the two distorted Al sites in the octahedron 

[142]. Both the amorphous (pseudo boehmite) and the crystalline boehmite reference 

samples show three main features at 1568, 1570 and 1572 eV, also in good agreement 

with literature data [142]. These resonances are thought to correspond to the three Al-O 

groups in the boehmite octahedron [150]. 

 

The boehmite spectra also have a small pre-edge feature at ~1565 eV; this feature is 

more prominent in the crystalline boehmite sample. The alpha alumina XANES spectrum 

also displays a small pre-edge shoulder, although at slightly higher energies. Cabaret et 

al. presented evidence of a relationship between cluster size and intensity of the pre-

edge feature in corundum, and saw this as further argument for the sensitivity of the 

technique to medium range order [148]. For alpha alumina, cluster sizes above 12 Å, 

gave rise to a distinct feature prior to the absorption edge. For the crystalline boehmite 

sample, the third main peak (at 1572 eV) is also more intense than for the pseudo-

boehmite sample, consistent with the findings by Cabaret et al. who noticed similar 

changes in the corresponding peak for corundum with increased cluster size [148] 

although more recent publications indicate that atomic vibrations may contribute to the Al 

K-edge pre-edge feature [147]. In addition, the shoulder at ~1577 eV is also more 

pronounced for the crystalline boehmite sample compared to the pseudo-boehmite. 
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Figure 6.8. Al K-edge XANES spectra for the reference compounds and the transition alumina 

samples prepared from a crystalline boehmite precursor. The main phase in each sample is listed 

in the legend and the calcination conditions in brackets. 
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In general, the alpha alumina spectrum showed good agreement with previous reports 

[146]. The two main features in the alpha alumina spectrum, at 1568 and 1572 eV, are 

separated by a small plateau and are then followed by three smaller resonances at 

higher energies, before a broad feature at ~1588 eV. It should be noted that the broad 

feature, at approximately 1583-1593 eV, is present in all samples examined here 

(although the shape is different for different samples) and, as will be discussed later, 

seems to show some correlation with the calcination temperature for the transition 

alumina samples. The two main features in the alpha alumina spectrum have been 

related to the nearest oxygen neighbours in the octahedral corundum structure [142], 

whereas the minor features (at 1576, 1579 and 1581.5 eV) have been thought to stem 

from either shape resonances due to single and multiple scattering effects extending 

beyond the primary octahedron [151] or due to the electronic structure of the phase [148]. 

Either way, these resonances provide evidence of a longer, or more aptly, medium range 

order, and may be attributed to the four next-nearest oxygen neighbours in the alpha 

alumina phase [142]. In alpha alumina the aluminium atoms are surrounded by six 

oxygen atoms in octahedral coordination (at a distance of 1.85-1.98 Å), and four next 

nearest neighbour oxygen atoms at 2.65-2.79 Å [152]. 

 

The aluminium to oxygen coordination in the transition aluminas has previously been 

investigated using X-ray absorption spectroscopy by a number of authors [125, 139-141]. 

Although Larue et al. did not observe any change in the ratio of tetra to octahedral 

coordination (or Al-O bond length) between gamma and delta alumina the authors 

noticed that larger micro-domains formed following the chi-kappa alumina pathway 

compared to the boehmite-gamma alumina branch [140]. They proposed that this would 

explain the typically observed lower transformation temperature to alpha alumina from 

kappa alumina than from theta alumina. 

 

Chester et al. noticed that the intensity of the tetrahedral feature in Al K-edge XANES 

spectra of transition aluminas (prepared by heat treatment of a pseudo-boehmite) 

increased with calcination temperature [139]. However, the authors conclude that the 

peak indicative of tetrahedral oxygen coordination includes intensity from the octahedral 

structures and may therefore not be used for quantitative analysis (by simple spectral 

deconvolution). These findings are supported by the computational study by Ching et al., 

which demonstrates the complex (and often overlapping) nature of the features in the 

XANES spectra on gamma alumina [144]. Conversely, Shimizu et al. [141] and Kato et al. 
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[125] reported that the tetrahedral fraction of aluminium can be determined by curve 

fitting of Al K-edge spectra with great precision (± 2% of the fraction of tetrahedral Al). 

The fraction of tetra- and octahedral aluminium with increasing calcination temperature, 

as reported by Kato et al. [125], can be seen in figure 6.9., the deconvoluted Al K-edge 

XANES spectrum for the theta alumina sample is also included in the figure. 

 

 
Figure 6.9. Left figure: Fraction of Al in tetrahedral (a) and octahedral (b) oxygen coordination in 

alumina as a function of calcination temperature (soak calcination for 2 hours in air). Right figure: 

Experimental and simulated Al K-edge XANES spectrum of theta alumina. Both figures were 

reproduced from Kato et al. [125]. 

 

The Al K-edge spectra for the boehmite derived transition aluminas examined in this 

study (figure 6.8.) showed similar trends in the aluminium to oxygen coordination 

environment with the calcination temperature as reported in previous studies and 

discussed above [125, 139-141]. The feature at ~1565.5 eV is ascribed to the formation 

of aluminium compounds with tetrahedral oxygen coordination, and increases in intensity 

with the calcination temperature. The feature at ~1568 eV, identified to stem from 

aluminium in octahedral oxygen configuration, also appears to become sharper and more 

intense with calcination temperature. The sharpening is more apparent for the third main 

peak (at approximately 1572 eV); which, along with the fourth peak at ~1575 eV, have 

been attributed to medium range multiple scattering interactions [148]. It is therefore 

hardly surprising that both these features intensify and sharpen as the crystallographic 

ordering in the sample increases. These changes are also reflected in the X-ray 

diffraction patterns, as seen in figure 6.10. 
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Following the boehmite transformation pathway, the crystallographic reordering is based 

on a tetragonal lattice (for gamma and gamma’ alumina) followed by a change to a 

monoclinic crystal system for theta alumina and a hexagonal structure for the final 

conversion to alpha alumina. The oxygen packing for the gamma and gamma’ phases is 

thought to be face centre cubic (fcc), with both octahedral and tetrahedral sites occupied. 

As the NMR investigations showed, (discussed earlier in section 6.1.) the ratio of tetra to 

octahedral aluminium, for the laboratory prepared samples was approximately 1:3 for 

gamma alumina and 1:1 for theta alumina. However, for the MGAs deviations from these 

structures were observed. With higher calcination temperatures the broad feature centred 

at approximately 1588 eV also seems to intensify and sharpen. Through molecular 

dynamics simulations this feature has been related to atoms in the first coordination 

sphere [148], in contrast to the resonances at 1571, 1575 and 1580 eV which are though 

to stem from longer range multiple scattering interactions [142]. It is interesting to note 

that for the gibbsite sample the shape of the same feature resembles either a plateau or 

two overlapping peaks, whereas for alpha alumina only one peak centred at 1586.5 eV, 

with what looks like an asymmetry or tail at the high energy side, is observed. On the 

other hand, for the boehmite samples the tail is at the low energy side and the peak 

centred at 1589.5 eV (which corresponds to the end of the plateau for the same feature 

for the gibbsite sample). 

 

The position of the octahedral feature for the chi and kappa alumina samples (which 

were prepared from a Bayer gibbsite precursor) is about 0.7 eV lower than for the 

transition aluminas derived from the boehmite precursor. The ratio of tetrahedral to 

octahedral aluminium also seems to be significantly lower for the chi and kappa alumina 

samples. For both the chi and the kappa alumina samples, the relative intensities for the 

tetra and octahedral features remains relatively similar; although, the octahedral peak for 

kappa alumina (at ~1565.8 eV) is visibly more narrow. Most likely, this reflects the higher 

degree of crystallographic ordering in the kappa alumina sample, which is also evident by 

the sharper and more intense peaks in the X-ray diffractograms in figure 6.10.. 

 

Another difference between the two sets of samples is the significantly lower intensity of 

the fourth main feature, observed at ~1575 eV for the boehmite derived samples. The 

nearly complete absence of this feature for chi and kappa alumina may relate to the 

structure of these forms. For the chi-kappa alumina branch, the basis for the unit cell has 

been proposed to be based on the hexagonal crystal system [35, 46, 97, 153]; it should 

however be noted that some authors argue for a cubic basis for chi alumina [97] and an 
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orthorhombic basis for kappa alumina [154]. The oxygen packing is thought to be 

hexagonal close packed (hcp) for both chi and kappa alumina [46]. 

 

 
Figure 6.10. XRD (top) and Al K-edge XANES spectra (bottom) for selected transition aluminas 

(prepared from a crystalline boehmite precursor) and a chi and kappa alumina sample (prepared 

from a Bayer gibbsite). 
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The structural relationship between chi and kappa alumina is reflected in the persistence 

of some features in the XRD patterns during the thermal transformations, such as the      

2 1 1 (hkl) peak at 2.11 Å (in d-space), or ~42° 2θ in the diffractograms in figure 6.10.. 

More recent results on the structure of kappa alumina, obtained using X-ray diffraction 

with Rietveld refinement and supported by solid state NMR and transmission electron 

microscopy experiments, support the view that kappa alumina may in fact belong to the 

orthorhombic crystal system [87]. Further support for this is provided by the 

computational study by Langer et al., who tested the structural models obtained against 

X-ray diffraction data using Rietveld refinement [92]. Early studies indicated that only 

octahedral aluminium sites would be occupied in the proposed hexagonal layered 

structure of chi alumina, and both tetra and octahedral sites for kappa alumina [35]. More 

recent work indicates that the ratio of tetra to octahedral aluminium is close to 1 to 3 for 

kappa alumina [87]. However Langer et al., argue that the sample used in the study by 

Ollivier et al. (ref. [87]) was contaminated by crystallographic impurities (such as theta 

and alpha alumina) and that the true ratio of tetra to octahedral aluminium in kappa 

alumina is 1 to 4 [92]. As can be seen from the XANES spectra in figure 6.10. the ratio of 

tetra to octahedral aluminium is significantly lower for the chi and kappa alumina samples 

compared to the boehmite derived transition aluminas. 

 

The shift in the octahedral peak position for the chi and kappa alumina samples 

compared to the gamma-theta alumina samples is significant and warrants further 

consideration. Assuming that the main octahedral feature stems from the nearest Al-O 

coordination sphere, the difference in bond length observed for kappa alumina (and 

possible also chi alumina) compared to gamma and theta alumina may result in the 

observed shift (see table 6.4.). Another possibility is that there is a particle size effect that 

results in a more distorted octahedron (and longer Al-O distances) for the boehmite 

derived transition aluminas. This would also be supported by the fact that the laboratory 

samples derived from a Bayer gibbsite, and the MGA samples, also shows a similar shift 

in the octahedral peak position. Typical Bayer gibbsites have a mean particle size in the 

100-150 μm size range, and although not experimentally verified in this work the 

boehmite precursor had a much finer particle size (<10 μm). More likely, however, is that 

the position of the octahedral peak is related to the precursor material. 

 

It has previously been observed that boehmite crystallinity results in differences in the X-

ray diffractograms for gamma alumina [155]. Based on electron diffraction studies, 

several authors showed that there is an orientational relationship between the boehmite 
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lattice and the transition aluminas that are derived from this precursor [48, 72]. 

Furthermore, it has been experimentally observed that gamma alumina obtained from the 

melt has a significantly different crystal structure compared to samples obtained by 

calcination of boehmite [46, 156]. Similarly, both a tetragonal and an orthorhombic unit 

cell have been suggested for delta alumina, depending on the preparation conditions and 

the starting material [46, 123]. Although there seems to be a consensus that the 

precursor material can influence the crystal structure of the transition alumina structures 

obtained, few studies address the differences between gamma alumina obtained from 

boehmite with gibbsite derived gamma alumina. 

 
Table 6.4. Average bond lengths in transition aluminas (in Å), references included in the table. 

Alumina Phase Tetrahedron Octahedron Reference
Gamma 1.76 1.93-2.03 [157] 
Theta 1.71-1.81 1.94-1.95 [49] 
Kappa 1.77-1.80 1.85-1.98 [92] 
Alpha N/A 1.85-1.97 [158] 
 

There have also been reports on differences in the nano-structure (or the microdomains 

that form during the thermal transformations) depending on the precursor material [159]. 

In the study by Tsybulya et al. experimentally observed features in the X-ray diffraction 

patterns of gamma, eta and chi alumina could be computationally reproduced/simulated 

by considering differences in orientation of the nanodomains that make up the alumina 

forms. 

 

The structural hierarchy in the alumina polymorphs as suggested by Tsybulya et al. can 

be seen in figure 6.11.. The authors were able to reproduce features in the simulated X-

ray patterns, which have previously been thought to stem from distortions (such as the 

peak at ~42° 2θ, Cu Kα, in chi alumina) by using similar spinel based building blocks and 

introducing planar defects (such as a twinning on the 1 1 1 axis for chi alumina). 

According to the authors, the structure and orientation of these nanodomains would 

explain the broadening effects observed in the diffractograms as well as several of the 

reported features in the microstructure [159]. The lack of the development of the features 

relating to longer range ordering in the Al K-edge XANES results (i.e. the peaks at 1571, 

1575 and 1580 eV as demonstrated by Cabaret et al. [148]) on chi and kappa alumina 

supports the view of a different nano- or short-range structure for these forms. This is an 

interesting notion as it implies that chi and kappa alumina are in fact relatively well 
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ordered on the short range and that the disorder in fact arises from the arrangement of 

the nanodomains, as suggested by Tsybulya et al. [159]. 

 

 
Figure 6.11. The structural hierarchy in the alumina polymorphs according to Tsybulya et al. 

(reproduced from [159]). I) The two basic shapes of the primary nanodomains. II) Different ways of 

stacking the nanodomains along the 110-plane. III) The resulting microstructure. 

 

It has been proposed that quantitative information on the ratio of tetrahedral to octahedral 

aluminium may be extracted by curve fitting of XANES data [125]. The analysis 

performed by Kato et al. was made by comparing the relative intensities of the main tetra- 

and octahedral peaks. In the spectral deconvolution, two step edges were used for each 

of the main peaks, and represented by arctangent functions with height ratios related to 

the peak areas. No justification or scientific basis for the choice of step edges, peak 

shapes, baseline, normalisation criteria or the exclusion of the features at higher energies 

in the curve analysis was made nor was there any quality assessment of the fits 

presented. For gamma alumina their analysis gave ratios of tetrahedral to octahedral 

aluminium close to unity, which does not agree with previous observations (see for 

example [51, 74, 128, 129]) or the solid state NMR data presented in this work. Other 

authors report on difficulties in obtaining meaningful information by curve fitting Al K-edge 



Chapter 6. Beyond the Microstructure – Nanoscale Ordering in MGA 
 
 

126 

XANES data, obtained on corundum in solid state and in the melt, due to the complex 

and overlapping nature of the features that make up the XANES spectrum [146]. These 

authors speculate that the second main feature (at 1568 eV) may contain contributions 

from outside the immediate coordination sphere (i.e. second nearest neighbours or 

longer range structures). Chester et al. concluded that the peak ratio cannot be used to 

quantitatively assess the tetrahedral coordination [139]. 

 

To assess the relative contributions of the XANES features to the spectra an attempt at 

curve fitting the data was conducted. Bearing in mind the difficulties experienced by 

previous researchers, the approach used was to simplify some of the assumptions and to 

avoid restricting the fits. The energies were calibrated against a gold standard and the 

intensities normalised to match the intensity before the absorption edge and after the 

broad feature at 1583-1593 eV. For all the fits a flat baseline was selected. The peaks 

were first modelled with a Voight function (i.e. a Gaussian-Lorentzian peak shape) 

however, based on the shape factor it was evident that some peaks exhibited only a 

minor Lorentzian contribution and these were therefore modelled as either Gaussian 

peaks or distorted Gaussian peaks in a second attempt. A further background 

contribution was modelled as a step edge based on an arctangent function. The main 

uncertainty with this approach seems to be with the step edge and peak shapes, as 

several different solutions may be found with significantly different step edge profiles and 

positions. As an example of the results from the curve fitting, the sample calcined for 8 

hours at 950°C is displayed in figure 6.12., peak parameters and goodness of fit 

assessments for all fits can be found in the table 6.5.. 
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Figure 6.12. Example of results from the curve fitting of the XANES data on the transition alumina 

sample calcined for 8 hours at 950°C. The peak numbers correspond to the labels used in figure 

6.13., the peak parameters are listed in table 6.5. 

 

The peak heights and integrated peak areas for the first 4 peaks are plotted in figure 

6.13. against the calcination temperature. The ratio of the peak intensity or peak area for 

peaks 1 and 2 (suggested to belong mainly to tetrahedral and octahedral aluminium, 

respectively) did not show any distinct trend with the calcination temperature. Therefore, 

the results presented here support the suggestions by Neuville et al. that the second 

main peak contains contributions from longer range structures [146]. Furthermore, it may 

be concluded that uncertainties with fitting a baseline and the shape and position of the 

step edge make quantitative assessments difficult.  
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Figure 6.13. Peak heights and peak areas (for the first four main features) used for curve fitting of 

the transition alumina samples. 

 

Although not attempted in this study, ab-initio calculations where multiple scattering 

contributions are taken into account have recently been used to obtain quantitative 

information; albeit, on relatively simple model systems [160, 161]. However, at present 

these approaches are better suited for less complex systems where the scattering effects 

in relatively small clusters of atoms or molecules are modelled. The complexity arising 

from the co-existence of several of the transition alumina forms, and the likely structural 

distortions present in these, pose a significant challenge for any structural modelling 

technique. 
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Table 6.5. Peak parameters used for curve fitting of the XANES data and the resulting Goodness 

of the Fits. 

Peak Height 
Calcination 
Temp °C / Main 
Alumina Phase 

Chi Kappa 600 / 
Gamma

700 / 
Gamma

750 / 
Gamma

800 / 
Gamma’

850 / 
Gamma’ 

900 / 
Delta 

950 / 
Theta 

1000 / 
Theta 

Peak 1 (1565 eV) 0.087 0.171 0.208 0.221 0.223 0.240 0.233 0.272 0.255 0.302 
Peak 2 (1567 eV) 0.248 0.207 0.174 0.161 0.174 0.166 0.200 0.238 0.213 0.269 
Peak 3 (1571 eV) 0.256 0.250 0.229 0.250 0.258 0.282 0.281 0.335 0.313 0.393 
Peak 4 (1575 eV) 0.021 0.016 0.058 0.059 0.065 0.066 0.072 0.071 0.066 0.089 
Peak 5 (1587 eV) 0.037 0.043 0.046 0.050 0.057 0.059 0.057 0.061 0.075 0.072 
Peak 6 (1591 eV) 0.022 0.033 0.024 0.025 0.028 0.031 0.035 0.038 0.036 0.035 
Peak 7 (1565 eV) 0.164 0.167 0.162 0.161 0.162 0.161 0.163 0.162 0.163 0.162 
Peak 8 (1581 eV) - - 0.012 0.010 0.011 0.011 0.016 0.010 0.020 0.016 

Peak Area 
Calcination 
Temp °C / Main 
Alumina Phase 

Chi Kappa 600 / 
Gamma

700 / 
Gamma

750 / 
Gamma

800 / 
Gamma’

850 / 
Gamma’ 

900 / 
Delta 

950 / 
Theta 

1000 / 
Theta 

Peak 1 (1565 eV) 0.097 0.290 0.300 0.284 0.298 0.327 0.229 0.322 0.369 0.395 
Peak 2 (1567 eV) 0.807 0.470 0.463 0.376 0.419 0.386 0.500 0.604 0.511 0.678 
Peak 3 (1571 eV) 1.302 1.445 1.301 1.504 1.470 1.706 1.567 1.795 1.741 1.882 
Peak 4 (1575 eV) 0.040 0.022 0.145 0.139 0.158 0.157 0.178 0.162 0.152 0.228 
Peak 5 (1587 eV) 0.248 0.285 0.291 0.321 0.402 0.388 0.385 0.408 0.484 0.458 
Peak 6 (1591 eV) 0.101 0.172 0.100 0.105 0.134 0.136 0.165 0.179 0.160 0.141 
Peak 7 (1565 eV) 0.716 0.693 0.857 0.880 0.822 0.708 0.878 0.910 0.758 0.581 
Peak 8 (1581 eV) - - 0.093 0.051 0.051 0.056 0.083 0.034 0.106 0.062 

Peak FWHM 
Calcination 
Temp °C / Main 
Alumina Phase 

Chi Kappa 600 / 
Gamma

700 / 
Gamma

750 / 
Gamma

800 / 
Gamma’

850 / 
Gamma’ 

900 / 
Delta 

950 / 
Theta 

1000 / 
Theta 

Peak 1 (1565 eV) 1.053 1.589 1.358 1.204 1.257 1.281 0.922 1.115 1.357 1.230 
Peak 2 (1567 eV) 3.055 2.132 2.498 2.195 2.265 2.180 2.349 2.379 2.255 2.372 
Peak 3 (1571 eV) 4.773 5.436 5.335 5.660 5.348 5.688 5.229 5.041 5.219 4.499 
Peak 4 (1575 eV) 1.775 1.270 2.326 2.199 2.274 2.247 2.333 2.131 2.165 2.403 
Peak 5 (1587 eV) 6.295 6.155 5.940 6.035 6.659 6.159 6.304 6.311 6.060 5.950 
Peak 6 (1591 eV) 4.376 4.932 3.936 3.887 4.449 4.158 4.475 4.404 4.199 3.780 
Peak 7 (1565 eV) 4.091 3.901 4.959 5.119 4.769 4.132 5.060 5.282 4.360 3.379 
Peak 8 (1581 eV) - - 7.031 5.023 4.353 4.845 4.797 3.366 5.095 3.536 

GOODNESS OF FIT (Chi2) 
Calcination 
Temp °C / Main 
Alumina Phase 

Chi Kappa 600 / 
Gamma

700 / 
Gamma

750 / 
Gamma

800 / 
Gamma’

850 / 
Gamma’ 

900 / 
Delta 

950 / 
Theta 

1000 / 
Theta 

Chi2 0.015 0.010 0.012 0.016 0.013 0.018 0.016 0.020 0.025 0.026 
Notes 

Peak 7 represents the step edge, modelled as an arc tangent function. 
 

Peak analysis was also performed for the chi and kappa alumina samples; curve fitting 

was carried out in a similar manner as described above. However, due to uncertainties 
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with the purity of the sample (contamination from gamma and theta alumina is likely to be 

present) any quantitative assessment is highly speculative. The graphical results are 

presented in figure 6.14. and the peak parameters are listed in the table 6.5.. One 

notable difference between the boehmite and gibbsite derived samples is that the 

contribution from the fourth main peak (at 1575 eV) is significantly smaller for the chi and 

kappa alumina samples. This peak is however present in the gibbsite derived MGAs and 

pilot plant samples (comprised of gamma, theta and alpha alumina), which would indicate 

that this feature relates to the structure of the transition alumina phases present in these 

samples. One explanation might lie in the different oxygen packing, hcp for chi and kappa 

alumina and fcc for gamma and theta alumina. 

 

 
Figure 6.14. Results from the curve fitting of XANES spectrum for: chi alumina (left) and kappa 

alumina (right). The peak numbers correspond to the peak parameters listed in the table 6.5. 

 

The peak observed at 1581 eV (peak number 8) was not included in the curve fitting for 

the chi and kappa alumina samples as there was little or no indication of the presence of 

this feature in the XANES spectra on these samples (perhaps indicative of further 

structural differences). The intensity for the broad feature at 1583-1593 eV (modelled as 

a double peak, peaks 5 and 6 in figure 6.12.) is higher for the kappa alumina sample, 

which analogous with the boehmite derived samples indicates an increased structural 

ordering in the sample prepared at higher firing temperatures. The XANES data for the 

chi and kappa alumina samples indicated that tetrahedral aluminium sites are also 

occupied. Due to uncertainties with the sample purity, it cannot unambiguously be 

determined if the tetrahedral aluminium peak stems from the kappa alumina (as 

suggested by Ollivier et al. and Langer et al. [87, 92]) or if it relates to the gamma or theta 

alumina phases (likely to be present in the sample as impurities). Based on the peak 
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heights and areas, it is however clear that the relative contribution of the tetrahedral 

aluminium components is smaller than for the boehmite derived transition aluminas 

indicating a lower ratio of tetrahedral to octahedral aluminium in chi and kappa alumina. 

 

The pilot plant and MGA samples discussed previously were also analysed using X-ray 

absorption spectroscopy. The resulting spectra are presented in figure 6.15.. The pilot 

plant CFB calcined aluminas shows a decrease in the tetrahedral peak intensity with 

higher calcination temperature, indicative of the formation of higher order transition 

alumina (theta) and alpha alumina, and in line with the observations based on solid state 

NMR and XRD results and discussed earlier in this section. The feature at ~1568 eV, 

thought to relate mainly to aluminium in octahedral oxygen coordination, increases with 

the calcination temperature. It should be noted that this feature is very sharp and intense 

for alpha alumina (see figure 6.9.), and it is therefore hardly surprising to see a sharp 

increase in the intensity of this feature as the XRD and SS-NMR data confirms an 

increased alpha alumina content with higher calcination temperatures. However, the 

peak is superimposed on the octahedral contribution from the transition aluminas, which 

makes quantitative analysis by curve fitting difficult, if not impossible. 

 

Another observation for the samples prepared at higher calcination temperatures, 

testifying to the presence of, and sensitivity to, alpha alumina is the gradual narrowing of 

the third main peak (at 1571 eV) and the appearance of smaller resonances at higher 

energies (1576, 1579 and 1581.5 eV). As discussed earlier, these features have been 

thought to relate to multiple scattering contributions stemming from intermediate range 

order. Closer examination of the XANES spectra (see the inset in figure 6.15.) reveals 

that these features are present for all three pilot plant samples. This indicates that 

XANES is highly sensitive to alpha alumina, and that as little as 0.7 wt-% (as measured 

by both XRD with Rietveld refinement and SS-NMR) can be detected. 
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Figure 6.15. Al K-edge XANES on pilot plant and industrial aluminas representing different 

calciner technologies. 

 

Generally, the MGA samples showed broader features compared to the soak calcined 

transition alumina samples, which is to be expected considering the complex residence 

time and phase distribution for these samples. In particular, the third main peak (at 1571 

eV) for the Gas Suspension calcined sample is notably broader than the corresponding 

peak for the Rotary Kiln and Circulating Fluidised Bed calcined samples. This indicates a 

wider distribution of Al-O bond lengths for the octahedrally coordinated Al components 

which suggests the presence of disordered structures. The SS-NMR results presented in 

figure 6.4. also indicated a complex aluminium distribution in the octahedral environment 

for the GS calcined sample. As discussed in the introduction (chapter 1), the residence 

time in Gas Suspension calcination is significantly shorter than for Circulating Fluid Bed 
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or Rotary Kiln operations, and in the order of seconds for part of the material, which may 

explain the disorder in this sample. 

 

All MGA alumina samples were observed to display resonances characteristic of alpha 

alumina (i.e. a narrow, well defined, peak at 1575 eV and characteristic resonances at 

1579.5 and 1581.5 eV). The quantitative analysis by XRD and SS-NMR confirmed that 

alpha alumina is present in all MGA samples examined here (ranging from 2 – 9 wt-%) 

providing further evidence of the sensitivity of the XANES technique to detect the phase. 

For the MGAs the features at 1571, 1575  and 1580 eV, relating to intermediate range 

order, seem to be less developed (compared to the boehmite derived transition 

aluminas). Analogous with the low intensity of these features for the chi and kappa 

alumina samples, a different nanostructure is likely present for the MGAs. The rapid 

heating rates, encountered in industrial scale calciners, disconnect the boehmite slabs 

that are formed (due to the internal hydrothermal conditions), which then sinter in a more 

random and network like arrangement upon the formation of transition alumina. The TEM 

micrographs obtained of MGA, presented in sections 4 and 5, showed a sponge-like 

texture with relatively large voids (or pores) <10 nm in size interconnected by thin walls, 

only a few nm thick (and comprised of transition alumina) which further supports this 

view. 

 

As can be seen from figure 6.16. the short-term calcined samples have very broad 

features, compared to the transition alumina samples, and with lower intensities observed 

for the samples prepared at shorter calcination times. The peak broadening is likely to 

arise from a wider distribution of bond lengths, a result of the disordered nature of the 

samples. Particularly noteworthy is the lack of development of the features corresponding 

with longer range structures, such as the broad feature at 1583-1593 eV (which is hardly 

noticeable for the sample heated for 2 seconds). The third main peak (at ~1571 eV) is 

also significantly less intense for the sample calcined for 2 seconds, providing further 

support for the rapid loss of long range crystallographic order in the initial heating stages. 

The shoulder at 1575 eV is less developed at shorter calcination times; which supports 

the view that a chi alumina like form is present during the early stages of the calcination 

reactions (as this feature was less developed for the chi and kappa alumina samples 

discussed above). Furthermore, the peak position for the tetrahedral feature is at slightly 

higher energies for the short term calcined sample which may be indicative of the 

presence of five coordinated aluminium components. 
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As the SS-NMR results showed (figure 6.6.), for the short term calcined samples 

prepared in the vertical tube furnace, the pentahedral feature is the most intense for the 

sample heated for 2 seconds at 970°C. However, in a study conducted by Ildefonse et 

al., on well known reference compounds with different aluminium to oxygen coordination, 

four and five coordinated Al could not be distinguished based on the peak position [142]. 

 

 
Figure 6.16. Al K-edge XANES spectra on short term calcined samples. 

 

In this study, oxygen K-edge XANES spectra were also collected for some of the 

reference compounds and for the three MGA samples representing different calciner 

technologies (presented in figure 6.17.). The features in the O K-edge spectra arise from 

transition from O 1s to O 2p* hybrid states (with Al s, p, sp and d orbitals) [162, 163], and 

therefore carry complementary information to the Al K-edge spectra regarding the 

aluminium and oxygen bonding environment in the samples. Interpretation of the O K-

edge features for the transition aluminas is however challenging, owing to the complex 

sample nature, and the precedence in the scientific literature is sparse [164, 165]. 

Although some recent computational studies have attempted to model the oxygen K-

edge XANES spectra in germanates [166] and gamma alumina [144], using first principle 

calcinations with reasonable success, a comprehensive explanation is still needed. Some 

of the most extensive works on the O K-edge in transition metal oxide systems are the 

studies by de Groot et al [167] and Wang et al. [168], albeit these studies focus on 

alternative metal oxide systems, such as germanates and glasses. 
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Figure 6.17. O K-edge XANES spectra for: transition alumina samples prepared from a crystalline 

boehmite precursor, reference compounds (gibbsite, boehmite, pseudoboehmite and alpha 

alumina) and three MGAs representing different calciner technologies as well as a blank strip of 

carbon tape used for mounting the samples. 
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In the oxygen K-edge spectra (in figure 6.17.) three distinct pre edge features can be 

seen (at ~531, 533.8 and 535 eV). The strongest pre-edge feature, observed at ~531 eV 

and present in all samples examined here, has been the source of considerable 

controversy in the scientific literature [169]. Explanations for the feature such as valence 

states emptied by charge transfer processes due to the breaking of oxygen bonds by the 

electron beam [170], excitons [171], structural features [172] or from the carbon tape 

(often used for mounting samples) or adsorbed oxygen [163] have been presented. More 

recent studies present compelling arguments that beam induced radiation damage is the 

most likely source [164, 169, 173]. Nonetheless, it is generally agreed that the pre edge 

feature at ~531 eV arises from the O 1s transitions to π* states and is therefore observed 

for multiply bonded carbon species (such as C=O) and for oxygen [163]. It is therefore 

likely that similar π* transitions occur for the oxygen species present in, and on, the 

carbon tape used for mounting the samples or from surface adsorbed oxygen and/or 

carbon species in the sample. 

 

In this study a strong correlation between the thickness and density of the layer of the 

powder samples mounted on to the carbon tape and the intensity of the pre-edge peak 

was also observed, indicating that the feature would stem (at least partly) from the tape. 

Although, it should be noted that in some of the studies discussed above crystals or foils 

were used, which would effectively rule out the possibility that the pre-edge peak in those 

studies stem directly from the carbon tape. Buckley et al. also investigated different 

mounting techniques and used data collected at two different beamlines, and thus found 

it unlikely that the pre-edge feature they observed in the O K-edge would be caused by 

an artefact (such as the carbon tape) [172]. Nevertheless, the overlap of the pre-edge 

features observed for the carbon tape with those observed for the samples makes any 

discussion on the nature of these highly speculative and the focus of the discussions in 

this work is therefore on the features at higher energies. 

 

The O K-edge spectra for gibbsite and boehmite are consistent with those reported by Hu 

et al. [174], apart from the pre-edge feature at 531 eV, which was not observed in the 

aforementioned study. The gibbsite sample shows three distinct features (at 534, 539.5 

and 562 eV) and a shoulder at both the high and low energy side of the strongest peak 

(at 539.5 eV). In accordance with the literature, the peaks may be assigned to σ* 

transitions of O-Al (534 eV) and O-H (539.5 eV) [166, 173, 174] as well as longer range 

multiple scattering contributions (562 eV). 
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The boehmite samples show resonances at 547, 552 and 558 eV and a distinct shoulder 

at the high energy side of the main peak at 539 eV. Analogous with the gibbsite sample 

the main resonances are likely to stem from O-Al and O-H hybrid orbitals. Additionally, 

the boehmite samples show a difference in the intensity of the pre-edge feature (at ~ 

534.3 eV); the reason for this difference is uncertain but may relate to the cluster size or 

atomic vibrations [166]. 

 

The O K-edge XANES spectrum on the alpha alumina sample showed excellent 

agreement with previously published data [164, 165, 173] and several distinct features 

could be observed. In line with the observations by Henderson et al. [164], the 

resonances at 537.4, 538.7 and 540.3 eV are assigned to O 2p orbitals mixing with Al 3s, 

3p and 3sp states. Similarly, the two small features at 549.0 and 551 eV and the broad 

peak at 557 eV are assigned to mixing with Al 3sp hybrid orbitals. 

 

Only a limited number of studies on the oxygen K-edge XANES of the transition aluminas 

are available [144, 165]. Levin et al. presented O K-edge ELNES (Energy-loss Near 

Edge Structure, a technique closely related to XANES) results on a single gamma 

alumina sample, which was observed to be different from that obtained for an alpha 

alumina sample [165]. The authors interpreted these results to relate to the structural 

differences between the materials. Ching et al. conducted a very comprehensive ab initio 

computational study on gamma alumina, which included the O K-edge XANES spectrum 

[144]. A view of gamma alumina where it is described as an amorphous random 

networklike structure and where the ratio of tetra to octahedrally coordinated aluminium 

would be 0.6 and the oxygen atoms distributed in equal proportion between three- and 

fourfold sites was presented. The calculations were based on the recently developed 

structural models where gamma alumina has been found to better be represented by a 

low-symmetry crystal structure in the I41/amd space group [157, 175] instead of the 

traditional spinel based structure (with tetra- or octahedral cation vacancies). In this view 

the aluminium cations are also distributed between tetrahedral and octahedral sites; 

however, the traditional notion of cation vacancies becomes arbitrary [144]. 

 

The calculated oxygen K-edge XANES spectra that Ching et al. presented can be found 

in figure 6.18. along with a comparison between the calculated spectrum and the one 

measured by Levin et al. [165]. From the figures it can be seen that three- and fourfold 

oxygen give rise to quite distinct features in the resulting total spectrum. Although several 

of the features overlap, three fold oxygen gives rise to a relatively isolated contribution at 
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~541 eV and a broader feature at 545 eV, whereas fourfold oxygen would result in the 

features observed at ~544 and 546 eV as well as a less intense feature at 548.5 eV.  

 

The O K-edge XANES data obtained in this study on the transition alumina samples 

prepared from the crystalline boehmite precursor agree fairly well with the measurements 

by Levin et al. (see figures 6.17. and 6.18.). It should be noted that the spectra presented 

here are superior in both resolution and signal to noise and therefore show more detail. 

Apart from the pre-edge feature at 531 eV (thought to stem from the carbon tape or 

oxygen species on the surface of the samples, as discussed above), a broad peak 

ranging from the start of the absorption edge up to approximately 545 eV, followed by 

two less intense and broader features centred around 548 and 557 eV can be seen for all 

the transition alumina samples. 

 

The main feature (at 535-545 eV) shows some similarity to the calculated O K-edge 

spectra by Ching et al. [144], although the energy range is shifted by about 5 eV in this 

study and some of the detailed structure is not observed. Nevertheless, the two 

shoulders observed for the main feature, at 535.5 eV and 540.5 eV, correspond well with 

the calculated features for three and fourfold oxygen (at 541 and 546 eV). Similarly, the 

broad feature centred at 547-549 eV in this study shows some agreement with the 

contribution from three (at~554 eV) and fourfold oxygen (at ~556 eV) in the calculated 

spectrum. Further agreement between the calculated and measured spectra can be 

found in the correlation of the peak at 557 eV in this study with the feature at 562 eV in 

the computational XANES spectrum. Interestingly, the O K-edge spectra shows no 

distinct changes with increasing calcination temperature up to 950°C, after which the 

presence of alpha alumina is likely to contribute to the spectrum. The MGA samples 

show features in the O K-edge XANES spectra that clearly relate to alpha alumina, 

particularly for the Gas Suspension calcined sample, where a distinct plateau can be 

observed at around 537-540 eV. 
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Figure 6.18. Calculated and measured O K-edge XANES spectra for gamma alumina reproduced 

from Ching et al. [144]. The top figure shows the calculated spectrum and the spectrum measured 

by Levin et al. [165]. The second figure from the top shows the sum of the spectrum from three 

and four-fold oxygen. The bottom figures show the contribution from oxygen in four- and three-fold 

geometries. 

 

The close resemblance between the measured and calculated O K-edge XANES spectra 

indicates that oxygen is distributed between three- and fourfold sites. The relative 

proportion is difficult to assess without conducting a full scale study, which also takes the 
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multiple scattering contributions into account. Nevertheless, the results presented here 

shows that the distribution of oxygen between three- and fourfold sites for the transition 

alumina samples is relatively uniform, regardless of calcination temperature. This is 

somewhat contradictory to the findings by Ching et al., who argued for a higher ratio of 

threefold oxygen for theta alumina (namely 2:1 for three to fourfold oxygen) [144]. For the 

MGAs the more complex O K-edge features indicates a wider bond length distribution, a 

result of the short and variable residence times in the calcination stage and the presence 

of multiple transition alumina phases and alpha alumina. The deviations from ‘normal’ 

transition alumina structures is supported by the XRD and Solid-state NMR results and 

explain why the structural models used for the Rietveld refinement shows some disparity. 

 

Section Summary 

 

To summarise the main observations from the X-ray Absorption measurements on 

Metallurgical Grade Aluminas; it has been shown that Al K-edge XANES is very sensitive 

to the Al-O bonding and coordination environment. Alpha alumina is readily observed in 

the MGA and pilot-plant prepared aluminas, even in relatively low quantities. These 

findings should however be taken with some caution. The information depth in 

measurements conducted in the Total Electron Yield mode has been considered to be in 

the order of 10-20 nm [163]. As the cross sectional ESEM work (discussed in section 

5.3.) demonstrated, alpha alumina shows a preferential distribution/formation at the outer 

periphery of the particles (for some calciner technologies). Similarly, the defect density 

and disorder may be higher at the surface where the crystal planes are terminated. 

Therefore the surface sensitivity of the technique may place some bias on the signal 

obtained in these types of measurements. Nevertheless, the correlation with the 

information obtained by SS-NMR provides confidence in the technique as a structural 

probe for complex, crystallographically challenged systems, such as the mixed phase 

MGAs and the transition aluminas. 

 

The development of intermediate range order in the transition aluminas with increased 

calcination temperature could be seen in the evolution of features at higher energies (10-

20 eV above the absorption edge) in the Al K-edge spectra. Interestingly, the O K-edge 

spectra did not show a distinct trend in the ratio of three- and fourfold oxygen. The 

development of intermediate range order in alumina with increasing calcination 

temperature is consistent with the XRD and SS-NMR results discussed earlier. XANES 
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spectroscopy offers a new way to assess this order; however quantitative analysis was 

shown to be difficult due to the complex nature of the samples resulting in broad and 

overlapping features and uncertainties describing peak shapes and background factors. 

 

A particularly interesting observation is that the octahedral peak position seems to 

depend on the precursor material. All the boehmite derived transition alumina samples 

showed a distinctive feature, at 1568 eV, thought to predominantly arise from aluminium 

in octahedral oxygen coordination, whereas for the Bayer gibbsite derived samples 

(including chi and kappa alumina) the peak attributed to octahedral coordination was 

observed at approximately 0.8 eV lower energies. This suggests that the transition 

aluminas derived from gibbsite are structurally different from the boehmite derived forms 

and demonstrates the influence of precursor material on the transformation reactions. 

This helps to explain some of the discrepancy in the literature regarding the structures 

and the reaction sequences. Furthermore, this highlights the need for better structural 

models to describe the transition alumina forms and influence of starting material on the 

structural reordering. 

 

For the chi and kappa alumina samples, new supporting evidence of the aluminium and 

oxygen coordination environment has been presented. The results support a lower ratio 

of tetrahedral to octahedral aluminium in these phases (in agreement with recent 

computational and experimental studies [87, 92]). 

 

XANES is shown to be a very sensitive structural probe for the highly disordered systems 

that the MGAs represent as well as for the transition aluminas. With advancement in the 

understanding of the underlying theories and improvements in the computational 

approaches that simulate full multiple scattering contributions, the gap between theory 

and experiment is closing. For the aluminas, this also requires the development of more 

accurate structural models. 
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7. CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE 
WORK 

 

In this thesis an integrated approach to evaluate alumina micro- and nanostructure has 

been presented. The methodologies that were developed have been applied to samples 

representing a range of alumina calciner technologies as well as laboratory and pilot-

plant samples prepared under more controlled conditions. Using a wide range of 

techniques that allow both short and long range order to be monitored, the structures that 

make up the MGAs have been probed and insights into the development of structural 

features and the transformation reactions during the calcination process have been 

gained. 

 

To examine the development of microstructure during the calcination process, a range of 

laboratory prepared samples, as well as industrial samples representing different calciner 

technologies were investigated using nitrogen porosimetry and electron microscopy 

aided by XRD analysis. It was found that the initial formation of narrow, slit shaped pores 

is tied to the decomposition of the layered gibbsite structure and the formation of 

boehmite. The subsequent increase in pore size is due to the growth of capillary pores, 

which also connect the voids in a complex network of pores and channels, and is related 

to the formation and evolution of the transition alumina phases. The second process is 

significantly slower as a rearrangement of the crystallographic lattice and migration, 

particularly of cations (as indicated by the XANES results), is needed for the 

transformation reactions. 

 

It was also shown that Environmental SEM can be used to observe alpha alumina directly 

in cross sectioned alumina grains through the Charge Contrast phenomenon. It was 

suggested that the different dielectric properties of the structurally more ordered alpha 

alumina results in the observed contrast difference. This allowed for new insights into the 

alumina phase distribution and phase transformation mechanisms within single particles. 

Alpha alumina formation is closely tied to growth morphology, and seems to follow the 

same pattern as the growth rings revealed in gibbsite cross sections. This suggests that 

local structure and impurities are important in the nucleation and transformation reactions 

and ultimately the formation and location of alpha alumina within particles. 
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Using XRD with Rietveld refinement, the reaction pathway was determined to proceed 

mainly through boehmite in the modern industrial calcination processes. However, 

experiments on laboratory calcined samples clearly demonstrated that preheating 

gibbsite can promote the reaction through chi alumina. It was proposed that the pre-

heating stages in the modern calciners results in a minor part of the material reacting to 

chi alumina. The absence of kappa alumina in all MGA samples examined here, supports 

the view that chi alumina reacts to gamma alumina when subjected to rapid heating 

rates. A new possible reaction pathway was also observed, where boehmite may react to 

chi, and then to kappa alumina, when subjected to very slow heating rates. 

 

The results from the microstructural characterisation and the alumina phase analysis, 

suggest that modern calcination operations, with 2 to 3 preheating stages followed by a 

calcination stage with high heating rates and short residence times, lead to large 

structural variations not only between particles, but also within them. It is proposed that 

preheating the gibbsite cause the formation of a shell (which could possibly comprise of 

amorphous-like alumina, such as the chi alumina form) which results in a slight variation 

in calcination pathway between the core and the shell of the particle. The rapid heating 

rates in the calcination stage cause a highly disordered boehmite-like structure to form 

within the particles. The internal boehmite formation may be promoted by desorption 

resistance of the product water, from surfaces and pore openings, due to the rapid 

decomposition rates and possibly the compositional differences between the core and 

the shell. The resulting high internal vapour pressures may also lead to an explosive 

shattering of the particles, thus contributing to the generation of fines and changes in 

morphology in the early stages of calcination, as observed by image analysis of cross-

sectioned alumina particles. 

 

The results on MGA samples representing different calciner technologies indicated that 

the properties also vary with particle size. Separating the fines from the bulk material and 

characterizing these using existing techniques (such as X-ray diffraction and specific 

surface area and pore size distribution measurements) is a useful way to observe if the 

fines contain over- or under-calcined material. From a smelter or alumina refinery 

perspective, this requires little investment and has the potential return of better prediction 

of the behaviour of a specific MGA and required operational response. In the calcination 

process the treatment of the calciner Electrostatic Precipitator (ESP) dust in particular 

has consequences for the properties of the fines. The nature of these fines has impacts 

on the performance of the material in the aluminium production process. 
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It was also demonstrated that high field solid-state NMR and X-ray absorption 

spectroscopy are useful probes for the structures that make up the aluminas. The results 

obtained in this study indicated that the short range order is influenced by the precursor 

material as well as the calcination conditions. Furthermore, it was demonstrated that the 

structures that evolve show an increasingly ordered intermediate range order with the 

processing conditions (time and temperature). Alpha alumina can be readily 

distinguished, even at relatively low quantities, through the appearance of characteristic 

resonances indicative of the long range order present in this phase. For the complex 

systems that the MGAs represent, XANES spectroscopy has been demonstrated to be a 

useful fingerprinting technique. In combination with other analytical techniques, such as 

X-ray and neutron diffraction as well as solid-state NMR, detailed structural information 

may be deduced. Quantitative analysis from the XANES data is, however, challenging 

without taking multiple scattering contributions into account. 

 

It was demonstrated that 27Al SS-MAS-NMR spectroscopy can be used to quantitatively 

assess the phase composition and to investigate the distribution of aluminium between 

different sites in the component phases of MGA. The use of multiple magnetic fields, and 

especially the availability of higher magnetic fields, is important to constrain the 

simulations and to improve the resolution. The NMR analysis revealed several unusual 

aluminium coordination environments to be present in the MGAs. An NMR peak at 23 

ppm was observed and was thought to be due to aluminium in a quasi-octahedral 

coordination, suggested to be related to a distorted gamma alumina form. There was also 

evidence of pentrahedral (5-coordinated) aluminium in the MGAs, testament of highly 

distorted or ‘amorphous’ components. However, the quantitative results showed that 

these components were only minor constituents in the MGAs, which provides further 

support for the view that the main reaction in the modern industrial calcination process is 

through boehmite to gamma alumina. 

 

In the light of the results presented here, the MGA aluminas can be viewed as a porous 

and partially sintered random-like transition alumina network in which some of the layered 

gibbsite structure is preserved throughout the transformation reactions. The transition 

aluminas form and evolve in the thin walls between the relatively large pores; this 

restricts their growth in one direction until the sudden formation of relatively large alpha 

alumina crystallites which span several of the layers or lamellae. This alpha alumina 

formation is closely tied to the location and distribution of impurities and defects. The 

MGAs must be viewed as a kinetically ‘frozen’ material in which the different transition 
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alumina phases exist not in simple binary mixtures, but in a continuum of evolving and 

disappearing phases. The transition aluminas have relatively well defined short range 

ordering, but also contain longer range structures. There is a structural relationship 

between the precursor material and the transition aluminas derived thereof that persists 

even at elevated temperatures; which explains some of the discrepancy for boehmite and 

gibbsite derived transition aluminas. There are also local variations between particles, 

and even within particles, that further contribute to difficulties and uncertainties in 

structural studies on these materials. Therefore a combination of techniques, such as 

MAS-NMR, XAS with XRD, that allow for a wide range of structural ordering to be 

evaluated, is necessary for a more complete understanding of these important materials. 

 

 

Suggestions for Future Work 
 

Residual Hydrogen and the Structure of MGA 
 

It is clear that there still exists considerable ambiguity over several issues relating to the 

transition aluminas, the variations in structure that occur and the accurate 

characterization of these structures. For example, the true structure and the distribution 

of aluminium cations and vacancies for some of the transition aluminas remain to be 

satisfactorily resolved [35, 46]. Another outstanding question is the location of the 

residual hydroxyl groups, initially thought to be located on the exterior of the alumina 

structure and at grain boundaries. In the modern Gas Suspension or Circulating Fluidised 

Bed processes the very high heating rates could be expected to result in a far more 

random distribution. Computational studies indicate, that for the formation of cubic spinel-

based transition alumina forms, protons may have a stabilizing effect on the structure 

[63], but contradictory results are obtained in neutron diffraction studies [49, 52]. It has 

also been suggested that hydrogen would be present as water from the decomposition 

reactions of gibbsite and boehmite and located within the amorphous structures [35, 99]. 

 

It is suggested that an extensive study is undertaken to investigate the role and effects of 

hydrogen species in the MGAs. This study would need to incorporate advanced solid 

state characterisation techniques with more practical measurements such as HF 

evolution and dissolution studies in the laboratory. 
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1H and 2D SS-MAS-NMR has been demonstrated to be very useful for characterisation of 

hydrogen sites and species on and in the transition aluminas but has not been used for 

understanding the role of the residual hydroxyls in the MGAs. By either partial 

deuteration of the samples, or by preparing samples from deuterated precursors, the 

ability to distinguish between surface and structural hydrogen species could be improved. 

By exchanging hydrogens with deuterium the second order quadrupolar interactions 

(causing line broadening and spectral overlapping) are reduced which also improves the 

resolution. Performing multiple quantum NMR experiments in combination with FT-IR 

studies would be an ideal way to investigate the hydrogen species and their sites in the 

aluminas. 

 

The Atomic Pair Distribution Function (PDF) describes the density of interatomic 

distances in a material and considers the total scattering which includes the ‘diffuse’ 

components. The technique has been instrumental in studies on amorphous materials 

and liquids and a recent study demonstrated the usefulness of the technique for 

examining the transition aluminas [99]. However, as a technique PDF has not yet been 

widely applied to the transition aluminas [176] nor the more complex mixed phase or 

MGAs. Investigating the residual hydroxyl as a function of calcination parameters and 

alumina structure would present an ideal challenge for the PDF technique. Experiments 

could be performed on aluminas prepared from deuterated precursors by controlled 

calcinations in the laboratory. X-ray PDF data or EXAFS measurements (Extended X-ray 

absorption Fine Structure) could also be analysed in parallel for a more complete 

understanding of the structures. Data analysis could be carried out by reverse Monte 

Carlo simulations to evaluate a vast number of structural modifications or by full profile 

structural least square refinements (an approach similar to Rietveld refinement on 

diffraction data). 

 

HF Formation and Alumina Dissolution 
 

There is an abundance of anecdotal and tentative evidence of structural effects on 

alumina dissolution and on HF formation. For example, fine particles in the MGAs are a 

widely recognized process problem in aluminum smelting; however, the understanding of 

the nature of the fine material, how it is influenced by the various stages in the Bayer 

process and how it impacts on the reduction process, are far less clearly understood. The 

results presented in this work also indicated a spatial distribution of the alumina phases 
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within MGA particles which may have consequences for example on the dissolution and 

HF adsorption characteristics. 

 

The set of tools used and presented in this work for characterising the alumina 

microstructure could be used to design a set of laboratory experiments to assess the HF 

formation capacity, kinetics and mechanisms as influenced by structural differences in 

the feed material. This could be done on a small laboratory scale electrolysis furnace, 

where the cell gases are collected and the HF content measured continuously (using an 

HF specific laser). The results could then be directly correlated to the alumina being fed 

and dissolved, as well as to various operational parameters (such as the current density, 

voltage, humidity, draught etc…). This study could also possibly be combined with 

alumina dissolution studies by incorporating video recording equipment and temperature 

and resistance probes. 

 

Porosity, Microstructure and HF Adsorption 
 

A critical performance factor of MGA is the ability to capture HF from the cell off-gas 

stream in order to minimise harmful emissions and also to return evaporated bath 

chemicals to the electrolysis cell. This is commonly performed in so called dry-scrubbers, 

an integral part of the aluminium smelter, where cell gases are contacted with the 

incoming alumina and acid gases (particularly HF) are adsorbed on the alumina. The dry 

scrubber performance is not only influenced by the available surface area of the alumina; 

the pore size, microstructure and surface reactivity of the material are also expected to 

play important roles. 

 

A study that investigates the fluoride loading capacity and kinetics and correlates the 

findings to the pore size distribution and microstructure could be highly beneficial for 

understanding the HF adsorption mechanisms in the dry scrubbers. Maximum fluoride 

loading capacity could be tested in the laboratory; but it would also be desirable to 

correlate these findings to plant measurements. 19F SS-MAS-NMR could be used to 

study HF adsorption and dry scrubber chemistry in detail. This could provide new and 

important insight into the surface chemistry of the aluminas and help to optimise the 

environmental performance of aluminium smelters. 
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Influence of Precursor Material on Calcination Behaviour and Attrition 
 

Based on the findings in this study and previously published work by other authors it is 

recognised that the precursor material (as influenced by the precipitation stage in the 

Bayer process) plays important roles for the development of structure during the 

calcination stage and also for the particle morphology and strength. The role of sodium in 

catalysing the transformation to alpha alumina was briefly discussed in this work. It is, 

however, evident that further studies need to be carried out to understand the 

mechanisms, both in terms of the co-precipitation of impurities (for example, some 

impurities, e.g. Si, do not follow the gibbsite growth pattern whereas others clearly do) 

and influence on the transformation reactions. It would also be interesting to investigate 

the role of impurities and particle morphology on the particle strength and attrition 

behaviour in the calcination stage. Preparing samples in the laboratory with controlled 

impurity distribution and content, as well as particle morphology, would be the first step in 

this investigation. Methods to analyse the spatial distribution of low quantities of impurity 

elements (with high resolution) would need to be developed. The ToF-SIMS approach, 

used in this study, is one such method, but aluminas are particularly challenging samples 

and measures to mitigate and control sample charging would need to be further 

investigated. 

 

There is also evidence that the crystallinity (for example, boehmite vs. pseudoboehmite) 

influences the phase changes during the thermal treatment, but exactly how is not 

understood. The view presented by Tsybulya et al. [159], and discussed in terms of the 

results obtained in this work, where the nanostructure, or the ordering of nano-domains, 

was used to explain observed differences in X-ray patterns could be pursued further. This 

approach could possibly also be extended to include the cross-over of gibbsite to 

boehmite (and perhaps even the boehmite to chi alumina and chi- to gamma alumina 

routes). High resolution TEM experiments combined with diffraction analysis would be 

useful techniques for investigations into the ordering of nano-domains. 
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8. DETERMINISTIC METHODS 

 

 

Equipment for Short-term Calcinations 

 

For the microstructural investigations (reported on in chapter 4) as well as for the NMR 

and XANES studies a set of samples were prepared with short residence times (2, 10, 20 

and 30 seconds) at a fixed temperature of 970°C +/-2°C. To mimic the rapid heating rates 

encountered in the modern industrial processes these short term calcinations were 

performed in a vertical tube furnace. A furnace insert with baffles within the hot zone was 

used to control the residence time, see figure 8.1.. The feed material (an industrial Bayer 

gibbsite) was fed through the top of the vertical furnace and the sample was collected 

from the bottom of the furnace through a funnel and into a container. The average hot 

zone residence time was measured to be 2 seconds for each cycle; the material that was 

collected from the bottom of the furnace was recycled several times to achieve the longer 

calcination times (5 times for 10 seconds, 10 times for 20 seconds and 15 times for 30 

seconds). The temperature in the furnace was calibrated using an inorganic salt with a 

well known melting point as a reference. 
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Figure 8.1. Furnace inset used in the short-term calcinations. Not to scale, dimensions 

approximate. 

 

 

Nitrogen Porosimetry 

 

Nitrogen porosimetry experiments were conducted to evaluate the specific surface area, 

pore volume as well as pore size and pore size distribution. The measurements were 

performed on a TriStar 3000 apparatus. The BET method [177] was used to evaluate 

~1200 mm 

~120 mm 
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surface area and the BJH method [178] was used for the pore volume and pore size and 

pore size distribution evaluations. The BJH model (which is based on the Kelvin 

equation) is corrected for multilayer adsorption and considers the adsorption isotherm as 

this has been considered to be preferred in combined micro to meso porous material in 

order to avoid Tensile Strength Effects [73] which may influence the results obtained, 

particularly from the desorption branch. The measurements were conducted under liquid 

nitrogen temperatures and using nitrogen as the adsorbed gas. Between 0.5 and 1.0 

gram of sample was used for the analysis. In the measurement procedure the sample 

were first degassed (under a dry nitrogen purge) at 120°C for 12 hours. The temperature 

of 120°C was chosen to avoid the reaction of any gibbsite or boehmite present in the 

sample. 

 

 

Electron Microscopy 

 

SEM and ESEM 

 

In the Environmental SEM (ESEM) the sample chamber and the electron column are 

separated by a number of pressure limiting apertures which allows the electron column to 

be at high vacuum while the sample chamber can tolerate high pressures (up to 50 Torr) 

and temperatures (up to 1500°C). In the ESEM, the primary electron beam, 

backscattered and secondary electrons interact with the chamber gas. This results in 

positively charged gaseous ions and an amplified cascade of secondary electrons that 

are accelerated towards a positive biased gaseous secondary electron detector [179]. 

The ionised chamber gas will migrate towards the sample surface in order to neutralise 

any charge build-up on the surface. In normal operation, enough ionised gas molecules 

are formed to neutralise the charge build-up (and no charge contrast is observed). 

However, by carefully adjusting the operating conditions (pressure, working distance and 

tilt angle, bias, scan rate, and beam current [78]) a charge build-up may occur if the 

positively charged gaseous ions are insufficient in neutralising the charge build up at the 

surface [180]. As a result a contrast difference may be observed in different areas of the 

sample surface due to chemical or structural differences in the sample. This is referred to 

as charge contrast imaging (CCI). 
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The ESEM experiments were carried out on cross sectioned alumina particles. Particle 

cross sections were prepared by mounting a small amount of sample in an epoxy resin. 

Once the resin had hardened (24-48 hours) the samples were carefully ground (using 

abrasive paper with gradually decreasing grain size) and finally polished using a micron 

sized diamond paste to achieve a smooth surface. The ESEM images were collected 

using a FEI Quanta200F microscope with an Everhart Thornley secondary electron 

detector. For the charge contrast work, water vapour was used as the chamber 

pressurising gas. A chamber pressure between 0.4-1.0 Torr was typically required to get 

optimum contrast difference during the imaging. The beam voltage was set at either 20kV 

or 25 kV. The SEM images presented in this study were collected using the same 

instrument in the ‘normal’ operating mode. 

 

TEM 

 

The TEM images were collected using a Philips CM200 field emission gun transmission 

electron microscope. The sample specimen was prepared by microtoming a thin sliver 

from the resin mounted aluminas using a diamond knife. It should be noted that the TEM 

sample was obtained from the edge of an alumina particle (in a region where charge 

contrast occurred in the ESEM) by cutting a thin sliver off the resin mounted material. 

 

 

Time of Flight SIMS 

 

The Time of Flight static SIMS (Secondary Ion Mass Spectroscopy) measurements were 

carried out at La Trobe University in Melbourne, Australia, using an Ion-TOF SIMS IV 

instrument. For the data collection, an area of 300 × 300 μm was firstly sputtered using 

Cs+ ions (at an accelerating voltage of 25 keV). For analysis a 100 × 100 μm area 

(matched to 128 × 128 pixels) was then bombarded in a random order over each pixel. 

The incident ions were Bi3+ for the spectral collection used for the imaging. Although a 

Flood Gun was used to neutralise charge build-up, there were still significant charging 

problems during the data collection. 
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Thermal Analysis 

 

Thermo gravimetric measurements were performed on a Shimadzu TGA-50 apparatus. 

Approximately 35 mg of sample was heated, in an open platinum crucible in air, with a 

constant heating rate of 20 °C min-1 from ambient temperature to 1100°C. A baseline 

curve was also produced, and subtracted from each sample curve, by recording the 

weight change when an empty platinum crucible was subjected to the same heating 

conditions as above. 

 

 

X-Ray Diffraction 

 

Two X-ray powder diffractometers were used in this study. The experiments were either 

performed on a Bruker D8 apparatus (using Cu Kα X-rays, a 2θ range of 10-80°, a step-

width of 0.02° and a counting time of 10 seconds) or on a Rigaku MiniFlex II (using Cu 

Kα X-rays, a 2θ range of 10-75° or 10-80°, a step-width of 0.02° and a counting time of 4 

seconds). In both cases a rotating sample holder was used. 

 

The synchrotron X-ray diffraction data was collected on the Powder Diffraction beamline 

at the Australian Synchrotron [181]. The samples were loaded in thin walled glass 

capillaries that were rotated during the measurements. Data were recorded at room 

temperature from 5-80° 2θ, with a step size of 0.0039°, using X-rays with a wavelength of 

1.000734 Å (as estimated using NIST LaB6 as a standard and refining the wavelength). 

 

In order to obtain quantitative information about the phase composition of the samples 

subsequent Rietveld refinement of the X-ray diffractograms was performed using the 

FullProf software package [182-184]. The structural models for the alumina phases were 

sourced from the literature and are included in the appendices. 
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Rietveld Refinement Details 

 

For the Rietveld refinements the background was manually selected and a pseudo-Voigt 

function was chosen, as it was found to best describe the peak shapes. The following 

parameters were typically refined: scale factor (S), cell parameters (a, b, c α, β and γ) 

and shape factors (U, V and W). The thermal displacement parameter (B) and peak 

asymmetry were modelled when it was thought to be required to improve the fits. The 

structures of the alumina phases used in the refinements and the literature sources for 

their respective initial structural parameters, and the rationale for including the phases in 

the refinements, are discussed in the relevant sections of the text. The atomic 

coordinates and cell parameters for the phases included in the refinements are included 

in the appendices. It should be noted that delta alumina was not modelled as a separate 

phase although some authors have argued for the uniqueness of this crystallographic 

modification [123, 185]. In contrast, some authors even report that the phase is not 

observed at all during the thermal transformation of gamma to theta alumina [186] and 

other authors conclude that there is no distinct difference between gamma and delta 

alumina [131]. In this study the latter viewpoint is followed, and any contribution from 

delta alumina to the diffraction pattern is considered to be included in the gamma alumina 

phases. This assumption is also supported by the results from solid-state NMR 

investigations reported in this study. 

 

In the Rietveld refinement, a calculated X-ray diffraction profile is fitted to the 

experimental intensities of the X-ray diffraction peaks for the phases included in the input 

file. The quantitative phase analysis was performed using the formalism described by Hill 

and Howard [187] according to which the weight fraction of a phase can be derived from 

the following equation (equation I): 

 

 ∑=
i

iippp )ZMV(S/)ZMV(SW       /I/ 

 

where S, Z, M and V are: the Rietveld scale factor, the number of formula units per unit 

cell, the mass of the formula unit and the unit-cell volume, respectively. 

 

Weighted-profile, Rwp, and chi2 (GoF, or Rexpected / Rwp) values as well as individual RBragg 

values were used to assess the progress and quality of the refinements and are listed in 
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the appendices. For X-ray powder diffraction profiles with a high count number (>2000), a 

reasonably good fit gives GoF value less than 1.5, which allows reliable quantitative and 

structural information to be extracted. (Note that, for the alumina samples investigated in 

this study, few chi2 values were higher than 1.5, indicating a reasonable confidence in the 

quantitative and structural data). Rwp is defined as follows (equation II) [95]: 
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where yi(obs) is the observed intensity at step i, yi(calc) the calculated intensity, and wi 

the weight. The expression in the numerator is also the value that is minimized during the 

Rietveld refinement calculations. The Bragg-intensity, RBragg, value is defined as 

(equation III) [95]: 

 

 ∑ ∑−=
hkl hkl

hklhklhklBragg )obs(I/)calc(I)obs(IR     /III/ 

 

where Ihkl = mF(hkl)2 (m is the multiplicity), or its weighted equivalent and is used to 

monitor the improvement in the structural model for the individual phases [95]. 

 

 

Particle Size Distribution Measurements 

 

Particle size distribution measurements were conducted using standard laser diffraction 

techniques. A Malvern Mastersizer 2000 apparatus was used for the experiments. Water 

was used as the dispersant medium and no dispersion assisting agents were needed. 

The following refractive indices were used: water = 1.330, alumina = 1.780. In 

measurement, the dispersed particles are passed through a focused laser beam. The 

particles will scatter light at an angle that is inversely proportional to their size. The 

angular intensity of the scattered light is then measured by a series of photosensitive 

detectors and converted to a particle size. 
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27Al SS MAS NMR 

 

27Al experiments were carried out using Varian Chemagnetics Infinity (8.45 T), Bruker 

Avance II (14.1 T), Varian (14.1 T) and Varian Infinity Plus (18.8 T) spectrometers. The 

spectra at 8.45 T (27Al Larmor frequency 93.81 MHz) were obtained with a 3.2 mm probe 

at 10 kHz spinning frequency. The pulse width used was 1 µs. 27Al spectra at 14.1 T (27Al 

Larmor frequency 156.37 MHz) were obtained with a 3.2 mm probe at 15 kHz spinning 

frequency. The pulse width was 2 µs. 27Al spectra at 18.8 T (27Al Larmor frequency 

208.24 MHz) were recorded with a 2.5 mm probe at 25 kHz spinning frequency. The 

pulse width was 1 µs. These pulse lengths meant that the tip angle was in the linear 

response regime [134]. The repetition delay for all experiments was 5 s which was 

sufficient to produce relaxed spectra. The spectra were referenced against YAG (Yttrium 

Aluminium Garnet) with the signal corresponding to the octahedrally coordinated 

aluminium site set to 0.7 ppm, so that chemical shifts reported are relative to the primary 

shift reference of 1M [Al(H2O)6]3+ at 0 ppm. The QuadFit program was used to simulate 

the spectra and fit the peaks [188]; the parameters used for the fits are listed in the main 

text and in the appendices. 

 

 

X-ray Absorption Spectroscopy (XAS) 

 

The X-ray Absorption Near-edge Structure (XANES) experiments were performed on the 

soft X-ray beamline at the Australian Synchrotron. The beamline uses an elliptically 

polarized undulator coupled with a monochromator capable of providing photons in the 

energy range between 90-2500 eV. The experiments were conducted using a vacuum 

system consisting of four interconnected chambers consisting of: 1) a load lock with 

heating facilities, 2) a preparation chamber, 3) a chamber dedicated to the 

measurements and connected to the beam line equipped with an hemispherical analyzer, 

retarding field analyzer, fluorescence yield device (etc) and 4) a central chamber used for 

sample transfer, equipped with a sample cassette which could be loaded with several 

sample holders. The base pressure of the vacuum chamber where the measurements 

were conducted was better than 2*10-9 Torr throughout the experiments. The powder 

samples were mounted on double sided carbon tape on to the sample holders. All 



Chapter 8. Deterministic Methods 
 
 

157 

spectra were collected in the Total Electron Yield mode and the energy referenced 

against the 4f lines of a gold standard. XPS measurements on the Au 4f7/2 peak were 

conducted for each energy range measured (i.e. 1540 and 1590 eV for the Al K-edge 

measurements and 525 and 565 eV for the O K-edge measurements, respectively); the 

shift in the Au reference peak between the high and low end of the energy ranges used 

was minimal and no linear correction was applied for the data analysis. In the TEY mode, 

the sample current is measured as a function of photon energy. The spectra were 

normalized to a simultaneous photo-diode current measurement to cancel any 

contributions originating from carbon impurities present in the beam line which may 

contribute to changes in the photon intensity. All the measurements were carried out in a 

high resolution (HR) mode by increasing the photon energies in steps of 0.1 eV and 

using a dwell time of 1 second and an acquisition time of 1 second. 
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APPENDICES 
 

Results from the image analysis of the particles shapes of the short term calcined 
samples (2-60 seconds) 
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CIRCUMFERENCE OF BEST FIT ELLIPSE TO PARTICLE 
PERIMETER (Alumina A)
Short-term Calcinations (970°C)
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Results from the image analysis of the particles shapes of the long term calcined 
samples (1-5 hours). 
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AREA FRACTION INSIDE A BEST FIT ELLIPSE (Alumina A)
Long-term Calcinations (1000°C)
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CIRCUMFERENCE OF BEST FIT ELLIPSE TO PARTICLE 
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ECCENTRICITY (Alumina A)
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XRD AND RIETVELD REFINEMENT DETAILS 
 

 

Crystallographic Structures Used in the Rietveld Refinements  
 
 
Gibbsite, Al(OH)3 (Refined in the P21/n space group) 
 
 
Atomic coordinates and occupancies 
 

Atom X Y Z Occ 
Al1 0.16878 0.52657 0.9965 0.7465 
Al2 0.33922 0.03063 0.99571 0.78409 
O1 0.17726 0.21777 0.88668 0.81424 
O2 0.668 0.65956 0.89265 0.93551 
O3 0.49598 0.14502 0.88759 0.87289 
O4 0.9751 0.63382 0.88964 0.81527 
O5 0.30081 0.71054 0.89296 0.81165 
O6 0.82315 0.16225 0.89385 1 
H1 0.099 0.171 0.887 1 
H2 0.588 0.559 0.9 1 
H3 0.479 0.093 0.805 1 
H4 0.948 0.806 0.868 1 
H5 0.278 0.736 0.808 1 
H6 0.813 0.121 0.808 1 

 
 
Cell parameters 
 

a b c alpha beta gamma 
8.655371 5.062065 9.710032 90 94.53989 90 

 
 
Boehmite, AlOOH (Refined in the CmCm space group) 
 
 
Atomic coordinates and occupancies 
 
Atom X Y Z Occ 
Al1 0 -0.32209 0.25 1 
O1 0 0.29562 0.25 1 
O2 0 0.07813 0.25 1 
H1 0 0.29562 0.25 1 
H2 0 0.07813 0.25 1 

 
 
Cell parameters 
 

a b c alpha beta gamma 
2.859983 12.23159 3.690012 90 90 90 
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Gamma alumina, γ-Al2O3 (Refined in the I41/amd space group) 
 
Atomic coordinates and occupancies 
 

Atom X Y Z Occ 
Al1 0 0.75 0.125 0.78 
Al1 0 0 0.5 0.58 
Al3 0 0 0 0.36 
O1 0 0.0076 0.25169 1 
H1 0 0.006 0.24169 1 

 
 
Cell parameters 
 

a b c alpha beta gamma 
5.51694 5.51694 7.45666 90 90 90 

 
 
Gamma-prime alumina, γ‘-Al2O3 (Refined in the P-4m2 space group) 
 
Atomic coordinates and occupancies 
 
Atom X Y Z Occ 
Al1 0 0 0.33 0.51549 
Al2 0.5 0.5 0.09427 0.5 
Al3 0.5 0.5 0.17754 1 
Al4 0.5 0.5 0.42629 1 
Al5 0.2518 0.2518 0.5 0.03114 
Al6 0.35885 0.27411 0.1504 0.75345 
Al7 0.249 0 0.19901 0.52309 
Al8 0.2457 0 0.37743 1 
Al9 0.2457 0 0.881 0.57822 
Al10 0.259 0.5 0.2108 0.36204 
Al11 0.2506 0.5 0.3759 1 
Al12 0.2562 0.5 0.7106 1 
AL13 0.1353 0.5 0.0013 -0.03553 
O1 0.2394 0 0.1223 1 
O2 0.2708 0 0.2922 1 
O3 0.243 0 0.4565 1 
O4 0.2302 0 0.6214 1 
O5 0.2298 0 0.7975 1 
O6 0.2444 0 0.9575 1 
O7 0.2394 0.5 0.1191 1 
O8 0.2708 0.5 0.2951 1 
O9 0.243 0.5 0.4566 1 
O10 0.2302 0.5 0.6214 1 
O11 0.2298 0.5 0.7897 1 
O12 0.2444 0.5 0.9575 1 

 
 
Cell parameters 
 

a b c alpha beta gamma 
5.585947 5.585947 23.41707 90 90 90 
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Alpha alumina, α-Al2O3 (Refined in the R-3c space group) 
 
Atomic coordinates and occupancies 
 

Atom X Y Z Occ 
Al 0 0 0.34937 0.3333 
O 0.3065 0 0.25 0.5 

 
 
Cell parameters 
 

a b c alpha beta gamma 
4.749222 4.749222 12.97689 90 90 120 

 
 
Theta alumina, θ-Al2O3 (Refined in the C2/m space group) 
 
Atomic coordinates and occupancies 
 

Atom X Y Z Occ 
Al1 0.6595 0 0.3165 0.9 
Al2 0.9166 0 0.2073 0.92 
O1 0.1674 0 0.1011 0.8 
O2 0.495 0 0.2553 0.93 
O3 0.8279 0 0.4365 1 

 
 
Cell parameters 
 

a b c alpha beta gamma 
11.87939 2.884902 5.494107 90 102.4799 90 

 
 
Kappa alumina, κ-Al2O3 (Refined in the Pna21 space group) 
 
Atomic coordinates and occupancies 
 

Atom X Y Z Occ 
Al1 0.3333 0.6666 0.056 0.51 
Al2 0.8333 0.166 0.061 0.08 
Al3 0.6666 0.333 0.148 0.98 
Al4 0.156 0.844 0.118 0.34 
Al5 0.169 0.831 0.363 0.67 
Al6 0.884 0.116 0.448 0.12 
O1 0 0 0 1 
O2 0.5 0.5 0.006 1 
O3 0.832 0.168 0.256 1 
O4 0.333 0.666 0.254 1 

 
Cell parameters 
 

a b c alpha beta gamma 
4.828455 8.299866 8.934843 90 90 90 
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QUANTITATIVE RIETVELD REFINEMENT RESULTS AND UNCERTAINTIES 
 

Industrial Gas Suspension (GS) Rotary Kiln (RK) and Circulating Fluidised Bed (CFB) Calcined Alumina Samples 

Sample Size 
Fraction Chi2 Rwp Gibbsite Bragg R Boehmite Bragg R Gamma Bragg R Gamma 

prime Bragg R Alpha Bragg R Theta Bragg R 

GS1 bulk 0.77 4.15     17.1 0.32 48.4 0.15 3.9 0.81 30.6 0.16 
GS1 <40 3.65 8.70 10.9 23.7 0.6 39.1 0.3 2.18 25.6 0.60 41.7 1.58 20.9 0.53 
GS2 bulk 0.52 5.33 0.9 6.81   10.8 0.49 45.3 0.28 8.1 0.66 35.0 0.16 
GS2 <40 0.41 4.80 3.7 9.27   11.7 0.22 34.4 0.21 20.0 0.23 30.3 0.12 
RK1 bulk 1.19 5.11     27.2 0.67 38.0 0.42 14.1 1.18 20.7 0.53 
RK1 <40 3.43 9.15     6.7 0.48 27.8 0.24 50.5 1.24 15.0 0.17 
RK2 bulk 0.49 5.16 1.2 14.6   21.7 0.15 33.2 0.26 19.8 0.46 24.1 0.46 
RK2 <40 0.72 6.15 22.0 7.7 4.9 8.50 2.9 0.59 32.7 0.20 17.0 0.36 20.4 0.36 
CFB1 bulk 0.41 2.90     22.6 0.32 42.7 0.27 1.3 0.53 33.4 0.18 
CFB1 <40 0.66 3.88     31.8 0.18 40.7 0.20 5.7 1.13 21.9 0.23 
CFB2 bulk 0.20 4.47     31.5 0.22 43.8 0.23 2.4 1.31 22.4 0.33 
CFB2 <40 0.99 4.81     25.0 0.17 40.0 0.21 9.4 1.32 25.6 0.19 
Synchrotron Data 
CFB calcined MGA 3.33 0.75     13.5 1.21 59.5 0.47 3.0 0.71 24.0 0.41 

 

Samples sourced from the second pre-heating stage in a Circulating Fluid Bed Calciner 

 Size 
Fraction Chi2 Rwp Gibbsite Bragg R Boehmite Bragg R Gamma Bragg R Gamma 

prime Bragg R Alpha Bragg R Theta Bragg R 

CFB 
Pre-heat 2 Bulk 1.16 4.85 4.7 16.2 11.4 8.52 30.3 0.33 26.8 0.44 11.6 1.26 15.3 0.33 

CFB 
Pre-heat 2 <40 μm 3.92 9.80     17.5 0.50 19.4 0.82 49.2 1.03 13.9 0.49 

CFB 
Pre-heat 2 >40 μm 0.78 3.89 5.7 11.9 16.0 7.12 35.6 0.22 27.63 0.35 0.7 1.33 14.5 0.43 
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Laboratory Prepared Alumina Samples (All samples prepared from gibbsite precursors unless otherwise stated) 

 Chi2 Rwp Gibbsite Bragg R Boehmite Bragg R Gamma Bragg R Gamma 
prime Bragg R Kappa Bragg R Alpha Bragg R Theta Bragg R 

Boehmite heated at 
1°Cmin-1 to 1000°C 1.05 4.73     10.1 0.13 29.0 0.42 23.8 0.45 5.5 0.64 31.7 0.17 

10 minutes at 
150 and 300°C 1.65 15.2 60.9 19.3 39.1 6.76           

10 minutes at 
150, 300 and 1000°C 0.13 4.75     29.5 0.31 37.5 0.23 13.3 0.38   19.7 0.18 

10 minutes at 
150 and 1000°C 0.18 5.33     26.5 0.26 45.4 0.29     28.1 0.35 

10 minutes at 
1000°C 0.17 5.01     28.5 0.24 46.4 0.27     25.1 0.28 

5 hours at 
1000°C ESEM study 0.21 12.9     20.2 1.02 38.0 0.77   21.5 0.79 20.4 0.69 

5 hours at 
1000°C NMR study 0.43 8.95     19.9 0.44 48.2 0.34   5.8 0.80 26.1 0.31 

 

Pilot Plant Alumina Samples (including BET nitrogen specific surface area and BJH pore size results) 

 Chi2 Rwp Gamma Bragg R Gamma 
prime Bragg R Alpha Bragg R Theta Bragg R 

BET 
Surface Area 
(m2g-1) 

BJH 
Pore Size 
(nm) 

20 minutes 
at 920°C 0.16 6.40 33.1 0.14 43.8 0.19 0.7 1.16 22.4 0.21 73.16 4.90 

20 minutes 
at 970° 0.19 4.25 29.1 0.37 45.7 0.27 1.3 1.58 24.0 0.29 64.67 5.66 

20 minutes 
at 1020°C 0.39 6.13 26.1 0.33 45.1 0.32 4.1 0.53 24.8 0.25 51.70 6.98 

 
Notes 

Chi2 is the overall goodness (or quality) of the fit (= Rexpected / Rwp) 

Rwp is the agreement between the modelled and the measured spectrum (also used as a measurement of the quality of the fits, see for example [95]) 

Bragg R is the individual uncertainties in the Rietveld refinement for each phase. 

All quantities in wt-% (normalised to 100%, if X-ray amorphous components, such as Chi alumina, are present in significant quantities it may influence the quantitative 

results). 
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X-RAY DIFFRACTOGRAMS AND RIETVELD REFINEMENT RESULTS FOR INDUSTRIAL GAS 

SUSPENSION (GS) ROTARY KILN (RK) AND CIRCULATING FLUIDISED BED (CFB) 
CALCINED ALUMINA SAMPLES 

 

 

GS 1 (bulk) 

GS 1 (< 40 μm) 
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GS 2 (bulk) 

GS 2 (< 40 μm) 
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RK 1 (bulk) 

RK 1 (< 40 μm) 
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RK 2 (bulk) 

RK 2 (< 40 μm) 
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CFB 1 (bulk) 

CFB 1 (< 40 μm) 
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CFB 2 (bulk) 

CFB 2 (< 40 μm) 
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X-RAY DIFFRACTOGRAMS AND RIETVELD REFINEMENT RESULTS ON THE SAMPLES FROM 

PRE-HEATING STAGE 2 IN AN INDUSTRIAL CIRCULATING FLUIDISED BED CALCINER (FOR 

BULK AND SIZE FRACTIONED SAMPLES) 

 

 

CFB Pre heat 2 
(bulk) 

CFB Pre heat 2 
(< 40 μm) 
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CFB Pre heat 2
(> 40 μm)

Synchrotron XRD results on a 
CFB calcined MGA sample 
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X-RAY DIFFRACTOGRAMS AND RIETVELD REFINEMENT RESULTS ON PILOT-PLANT CFB 

CALCINED SAMPLES (20 MINUTES AT 920, 970 AND 1020°C) 

 

 
 

CFB Pilot-plant 
20 min at 920°C 

CFB Pilot-plant 
20 min at 970°C 
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X-RAY DIFFRACTOGRAMS AND RIETVELD REFINEMENT RESULTS ON LABORATORY 

PREPARED SAMPLES 

 

CFB Pilot-plant 
20 min at 1020°C 

Crystalline Boehmite heated 
at 1°Cmin-1 from room 
temperature to 1000°C 
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10 min at 150°C and 
10 min at 300°C 

10 min at 150°C and 
10 min at 300°C and 
10 min at 1000°C
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10 min at 150°C and 
10 min at 1000°C 

10 min at 1000°C 
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5 h at 1000°C 
NMR Sample 

5 h at 1000°C ESEM Sample 
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PEAK PARAMETERS USED FOR DECONVOLUTION OF SS-NMR DATA 
 

Rotary Kiln (RK) calcined industrial alumina sample. 

27Al NMR peak 
Chemical Shift 
ppm (+/- 2ppm) 

Mean CQ 
(+/- 1MHz)

∆CQ 
MHz (+/- 1MHz)

Area***
 % 

Alumina Phase 

Tetrahedral 1 77.5 6 3 12 Theta 

Tetrahedral 2 71 8 5 18 Gamma 

Pentahedral1 38 8 7 4 ** 

*Quasi octahedral 22 5 4 4 Gamma 

Octahedral 1 15 6 6 42 Gamma 

Octahedral 2 13 3.5 3 6 Alpha 

Octahedral 3 9.5 3 3 13 Theta 

 

 

Gas Suspension (GS) calcined industrial alumina sample. 

27Al NMR peak 
Chemical Shift 
ppm (+/- 2ppm) 

Mean CQ 
(+/- 1MHz)

∆CQ 
MHz (+/- 1MHz)

Area***
 % 

Alumina Phase 

Tetrahedral 1 78 6 3 13 Theta 

Tetrahedral 2 71.5 8 5 14 Gamma 

Pentahedral1 38 8 7 4 ** 

*Quasi octahedral 23 5 4 4 Gamma 

Octahedral 1 16 5.5 6 38 Gamma 

Octahedral 2 13.5 3.5 3 8 Alpha 

Octahedral 3 10 3.5 6 18 Theta 
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Circulating Fluidized Bed (CFB) calcined industrial alumina sample. 

27Al NMR peak 
Chemical Shift 
ppm (+/- 2ppm) 

Mean CQ 
(+/- 1MHz)

∆CQ 
MHz (+/- 1MHz)

Area***
 % 

Alumina Phase 

Tetrahedral 1 77 6 3 10 Theta 

Tetrahedral 2 70 8 7 19 Gamma 

Pentahedral1 38 8 7 4 ** 

*Quasi octahedral 23 7 4 4 Gamma 

Octahedral 1 16 3.5 10 42 Gamma 

Octahedral 2 14 3.5 3 3 Alpha 

Octahedral 3 10 3 3 18 Theta 

 
Notes 

The same parameters as the CFB pilot plant calcined sample were used to deconvolute the NMR spectra for 

the two laboratory prepared alumina samples (prepared by calcining an industrial Bayer gibbsite at 1000°C 

for 10 minutes and 5 hours, respectively); these parameters can be found in table 6.1. in the main text 

 

*) Possibly a quasi-octahedral peak (see discussion in chapter 6.) 

**) A small quantity of AlO5 from some amorphous component of gamma- or other transition alumina (such as 

the X-ray amorphous chi- or rho alumina). 

***) The relative abundances are approximate since the spinning sideband intensities were not included in 

the integration. 
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