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Cover illustration: Part of reconstructed 3D volume of iron ore green pellet imaged 

by X-ray microtomography (XMT) (upper left), cryo-SEM image of high pressure 

frozen and freeze-fractured bentonite suspension in distilled water at 5% (wt/wt) solid 

content (upper right), cryo-SEM image of iron ore green pellet revealing entrapped 

air bubbles (lower left), and cumulative size distribution of the bubbles determined by 

image analysis of SEM and XMT data (lower right). The scale bars correspond to 1 

mm (upper left), 300 nm (upper right) and 100 μm (lower left). 
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Abstract 
The aim of this thesis work was to develop new methodologies to characterize iron ore 

green pellets, in wet and dry state. The new characterization methods applied and 

developed in this work were mainly based on scanning electron microscopy (SEM) to 

gather both qualitative and quantitative data on different components of the pellets, i.e. 

mineral particles, water, bentonite and entrapped bubbles. 

In a first attempt to preserve the structure of wet iron ore green pellets by freezing 

before investigation by cryogenic SEM, wet pellets were frozen in liquid nitrogen by 

direct plunging or a new method developed in the present work denoted unidirectional 

freezing. The former method was found useful to study the degree of water filling at 

the outer surface of the pellet but led to artifacts in the interior of the pellet. The latter 

method was developed to confirm that the spherical cavities observed in dry pellets 

were related to entrapped bubbles in wet pellets. Capillaries were observed at the outer 

surface of the pellets and fine particles were lacking within a layer of approximately 

100 μm from the outer surface and also in the direct vicinity of the air bubbles in the 

interior of the pellets. 

More advanced freezing methods were subsequently employed to reveal the artifact 

free microstructure of bentonite in wet pellets. In order to verify the observations made 

on a slice of a wet pellet frozen by plunging in liquid ethane, SEM investigations were 

also carried out on a bentonite suspension and a bentonite-iron ore slurry, which could 

be cryo-fixed by the most reliable freezing method, i.e. high pressure freezing. All 

microstructures were comparable and consisted in a voluminous network of well-

dispersed clay platelets. This network was found to collapse upon drying. Bentonite 

was drawn to the contact points between the particles and formed what appeared as 

bridges, which may impart strength to the dry pellets. A combination of energy 

dispersive spectroscopy (EDS) and imaging by low-loss backscattered electrons at low 

voltage evidenced the presence of very finely divided silicate species on the magnetite 

particles. In order to visualize the three dimensional structure of dispersed bentonite 

clay with unprecedented resolution, a method based on SEM imaging with a 

monochromatic and decelerated beam was used for the first time. The recorded images 
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showed very well-dispersed clay platelets forming a fine network of Y shaped 

contacts, which is quite different from earlier reports of much coarser structures 

formed as a result of poor sample preparation.  

Finally, in order to gain quantitative data about the porosity due to bubble entrapment 

in dry pellets, the entire cross-section of dry epoxy embedded and polished pellets 

were recorded by SEM. The three-dimensional bubble size distribution was unfolded 

from 2D SEM data using image processing, image analysis and stereological 

principles. The same type of pellets was also investigated by X-ray micro-tomography 

(XMT). The resulting three-dimensional dataset allowed the validation of the 

unfolding procedure based on stereology. However, the lack of resolution obtained by 

XMT was shown to lead to slight discrepancies with the SEM data for small bubble 

sizes. Entrapped air bubbles due to the addition of extra flotation reagent in pellets 

were shown to be responsible for additional porosity observed by mercury intrusion 

porosimetry (MIP).  

In summary, useful characterization methods for iron ore pellets based on SEM have 

been developed in this work, which opens up new possibilities to for instance study 

agglomeration processes in more detail. 

 

Keywords: SEM; Cryo-SEM; High-pressure freezing; Plunge freezing; Stereology; 

Iron ore; Green pellets; Agglomeration; Image analysis; Porosity; Air bubbles; 

Mercury porosimetry; X-ray microtomography. 

  



 iii 

Acknowledgements 
First of all, I would like to express my utmost gratitude to my principal supervisor 

Prof. Jonas Hedlund and assistant supervisor Dr. Johanne Mouzon for their 

continuous guidance, advices, encouragement, support and valuable discussions 

throughout the work. 

I am grateful to my industrial contact, Dr. Seija Forsmo for organizing sample 

preparation at LKAB and for her valuable advice from an industrial perspective. I 

would like to thank Dr. Fredrik Forsberg (LTU & LKAB) for a fruitful collaboration 

with X-ray microtomography. Special thanks also go to the co-authors of the appended 

papers, Dr. Birgit Schröppel (Germany), Dr. Andres Kaech (Switzerland), Lic. Eng. 

Illia Dobryden (LTU) and Prof. Mikael Sjödahl (LTU). 

Thanks to Prof. Oleg Antzutkin and all the research fellows at the Agricola Research 

Center Multi-component Mineral System (ARC-MMS) for the discussion in the 

regular meetings. The Swedish Governmental Agency for Innovation Systems 

(VINNOVA) and the mining companies LKAB and New Boliden are acknowledged 

for the economic funding through ARC-MMS. 

I express my gratitude to LKAB’s personnel for their assistance during micro-balling, 

and epoxy impregnation and polishing of pellets for SEM studies. I thank Johnny 

Grahn from Engineering Materials division for his assistance with cryo-SEM (JSM-

6460lv, JEOL), Ulf Nordström from the division of mineral processing for his 

assistance in particle size distribution measurement by laser diffraction, Sven Karlsson 

(Swerea, Sweden) for his help in mercury porosimetry, and Adriaan van Aelst for his 

assistance with high pressure freezing and cryo-SEM (Magellan 400) at the 

Wageningen Electron Microscopy Center (WEMC). 

I would like to thank all of my colleagues at the division of Sustainable Process 

Engineering, specially the members of chemical technology research subject for 

making the time enjoyable and for creating a co-operative atmosphere.  



 iv 

At last, but not least, I would like to give my special thanks to my parents, and 

brothers (Mofakker and Mahtab) for their inspiration and love from thousands of miles 

away. 

  



 v 

List of Papers 
The thesis is based on the following papers: 

I. Cryo-SEM method for the observation of entrapped bubbles and 

degree of water filling in large wet powder compacts 

J. Mouzon, I. U. Bhuiyan, S. P. E. Forsmo, and J. Hedlund 

Journal of Microscopy, 242 (2) (2011) 189-196 

Reprinted with permission from John Wiley and Sons 

 

II. Microstructure of bentonite in iron ore green pellets 

I. U. Bhuiyan, J. Mouzon, B. Schröppel,  A. Kaech, I. Dobryden, S.P.E. 

Forsmo, and J. Hedlund 

Submitted to Journal of Microscopy and Microanalysis 

 

III. Electron microscopy of smectite hydrated structures: historical review 

and renewed potential 

Johanne Mouzon, Iftekhar Uddin Bhuiyan, and Jonas Hedlund 

To be submitted 

 

IV. Quantitative image analysis of bubble cavities in iron ore green pellets 

I. U. Bhuiyan, J. Mouzon, S. P. E. Forsmo, and J. Hedlund 

Powder Technology 214 (3) (2011) 306-312 

Reprinted with permission from Elsevier 

 

V. Consideration of X-ray microtomography to quantitatively determine 

the size distribution of bubble cavities in iron ore pellets 

I. U. Bhuiyan, J. Mouzon, F. Forsberg, S. P. E. Forsmo, M. Sjödahl, and J. 

Hedlund 

Powder Technology 233 (2013) 312-318 

Reprinted with permission from Elsevier 
  



 vi 

Author’s contribution to the papers 
 

I. Contributed to all experimental work and participated in planning and 

evaluation. 

II. Contributed to planning, almost all experimental work, evaluation and 

almost all writing. 

III. Contributed to planning, all experimental work, evaluation, literature review 

and participated in writing. 

IV. Almost all experiments, planning, evaluation and writing. 

V. Almost all experiments (except X-ray microtomography data acquisition), 

planning, evaluation and writing. 

 

 

  



 vii

Table of contents 
Abstract ...................................................................................................................................... i 
Acknowledgements .................................................................................................................. iii 
List of Papers ............................................................................................................................ v 
Author’s contribution to the papers ...................................................................................... vi 
1. Introduction .......................................................................................................................... 1 

1.1. Iron ore pelletization and importance of the pellet’s microstructure .............................. 1 

1.2. Components of the microstructure of green pellets ........................................................ 2 

1.2.1. Magnetite concentrate .............................................................................................. 3 
1.2.2. Water and porosity ................................................................................................... 4 
1.2.3. Bentonite ................................................................................................................... 7 

1.3. Scanning Electron Microscopy (SEM) ......................................................................... 10 

1.3.1. Signal generation ................................................................................................... 11 
1.3.2. Image formation ..................................................................................................... 12 
1.3.3. Latest improvements in modern SEM ..................................................................... 13 
1.3.4. Preservation of hydrated samples .......................................................................... 14 

1.4. Scope of the present work ............................................................................................. 15 

2. Experimental ....................................................................................................................... 16 
2.1. Materials and sample preparation ................................................................................. 16 

2.1.1. Materials ................................................................................................................ 16 
2.1.2. Preparation of green pellets ................................................................................... 16 
2.1.3. Preparation of bentonite suspension and iron ore-bentonite slurry (Paper II) ..... 17 
2.1.4. Ion exchange of bentonite (Paper III) .................................................................... 18 
2.1.5. Epoxy embedding and polishing (Paper IV & V) ................................................... 18 

2.2. Cryo-preparation ........................................................................................................... 18 

2.2.1. Plunge freezing in liquid nitrogen (Paper I) .......................................................... 20 
2.2.2. Unidirectional freezing in liquid nitrogen (Paper I) .............................................. 20 
2.2.3. Plunge freezing in liquid ethane (Paper II) ........................................................... 21 
2.2.4. High pressure freezing (Paper II and III) .............................................................. 21 

2.3. SEM and AFM imaging ................................................................................................ 22 

2.3.1. SEM imaging of cryo-samples at high voltage (Paper I) ....................................... 22 
2.3.2. SEM imaging of cryo-samples at low voltage (Paper II and III) ........................... 22 
2.3.3. SEM imaging of dry samples at low voltage, AFM and EDS (Paper II and III) ... 24 
2.3.4. SEM imaging of epoxy-embedded samples at high accelerating voltage (Paper IV 
and V) ............................................................................................................................... 24 

2.4. Image analysis of SEM micrographs ............................................................................ 25 

2.5. Stereological unfolding ................................................................................................. 28 

2.6. X-ray microtomography (XMT) ................................................................................... 31 

2.7. Mercury intrusion porosimetry (MIP) ........................................................................... 33 

3. Results and Discussion ....................................................................................................... 35 
3.1. Preliminary cryo-SEM observation of full-sized wet pellets ........................................ 35 

3.1.1. Air bubbles observed in samples frozen by plunge freezing .................................. 35 
3.1.2. Air bubbles observed in samples frozen by unidirectional freezing ....................... 35 



 viii 

3.1.3. Microstructure at the outer surface of the wet pellets ........................................... 37 
3.1.4. Microstructure of the matrix of wet pellets ............................................................ 39 

3.2. Bentonite structure revealed by advanced freezing and imaging methods ................... 40 

3.2.1. Structure of as-received bentonite .......................................................................... 41 
3.2.2. Finely divided silicate species on magnetite particles ........................................... 42 
3.2.3. Structure of bentonite in wet iron ore green pellets ............................................... 44 
3.2.4. Structure of bentonite in dry iron ore green pellets ............................................... 47 
3.2.5. Structure of homoionic bentonite in suspensions ................................................... 49 
3.2.6. Methods of visualizing the three-dimensional structure of bentonite .................... 52 
(a) FIB Cryo-SEM imaging .............................................................................................. 52 
(b) Controlled sublimation and sequential imaging ........................................................ 53 

3.3. Quantitative size distribution of air bubbles in iron ore green pellets........................... 54 

3.3.1. Pore size distribution by mercury intrusion porosimetry ....................................... 55 
3.3.2. Image analysis of SEM micrographs ..................................................................... 56 
3.3.3. X-ray microtomography ......................................................................................... 57 
3.3.4. Discussion .............................................................................................................. 63 

4. Conclusions ......................................................................................................................... 65 
5. Future work ........................................................................................................................ 67 
References ............................................................................................................................... 68 
 

 

 

 

 

 



 1 

1. Introduction 

1.1. Iron ore pelletization and importance of the pellet’s microstructure 
Iron ore pellets are one of the main feeds for blast furnaces and direct reduction 

processes in the steel and iron making industries. The most convenient way of 

producing blast furnace feed is by agglomeration of iron ore concentrate. The Swedish 

iron ore manufacturer LKAB (Luossavaara-Kiirunavaara AB, Sweden) uses the 

technique known as balling or pelletization to provide customers with iron ore pellets. 

Prior to agglomeration, iron ore is ground and enriched to iron ore concentrate in order 

to achieve the required chemical composition and particle size distribution. 

Subsequently, a slurry of magnetite concentrate and additives is prepared prior to 

formation of the green pellets by balling. Balling is carried out in large balling drums 

or disks using water and bentonite as a binder. The green pellets are screened to a size 

fraction of 9 to 12.5 mm in diameter [1] and the under-size fraction is returned to the 

balling drums as seeds. The over-size fraction is usually crushed and returned to the 

balling drums. The agglomerates formed by this way are known as green pellets, as 

those shown in Figure 1.1. 

 

Figure 1.1. Image of an iron ore green pellet. 

Finally, the wet iron ore green pellets are dried, oxidized (in case magnetite is used as 

raw material) and sintered in an induration machine [2]. In order to obtain iron ore 

pellets of high quality, the produced green pellets should have suitable properties. The 

production of green pellets with sufficient strength and plasticity is essential so that the 

pellets do not deform extensively or break down in the pellet bed during transportation 
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and post-processing, i.e. drying, oxidation and sintering. Also, internal porosity is an 

important feature of green pellets that affects permeability and diffusivity in the final 

pellets. Low porosity provides better packing by better particle-particle contact, but at 

the same time, reduces diffusion of gases during oxidation of green pellets or reduction 

of sintered pellets in the blast furnace [3]. Thermal conductivity increases with 

porosity up to a certain level, but beyond this level, conductivity decreases [4]. All 

these properties are governed by the pellet microstructure. Therefore, understanding 

the microstructure of iron ore green pellets is of primary importance, since the 

evolving microstructure of pellets during the different processing steps is inherited 

from its initial state after pelletization.   

Microstructural characterization of dry green pellets is routinely performed on a daily 

basis by iron ore producers using optical light microscopy (OLM) or scanning electron 

microscopy (SEM). This is currently carried out at LKAB by drying and embedding 

the pellets in epoxy resin prior to polishing in order to produce a flat surface suitable 

for light reflection. The inspection is mostly qualitative, performed on random 

locations and is based on the experience of the operator. Also, the drying and 

embedding steps might cause irreversible changes to the microstructure of the pellets. 

Thus, microstructural features present in the wet state or after drying might be lost. In 

fact, no microstructural data of iron ore pellets in the wet state after pelletization has 

been reported in the literature. Hence, novel characterization methods are required to 

observe the microstructure of wet green pellets and to gain quantitative data on 

specific microstructural features for quality control.    

1.2. Components of the microstructure of green pellets 
A typical SEM image recorded at LKAB on a polished cross-section of a dry pellet is 

shown in Figure 1.2. The microstructure consists of mineral particles, mostly 

magnetite (bright gray) but a silicate particle is also present (dark gray). All porosity 

left after drying is filled by epoxy (black). Part of this porosity must have contained 

the water present in the wet green pellets, whereas the circular profiles most probably 

correspond to entrapped gas bubbles as suggested earlier [5].  Therefore, the exact 

extent to which water fills the microstructure is unknown, and methods are required to 
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preserve the hydrated structure of wet green pellets prior to SEM observations. 

Moreover, in this type of samples, it has never been possible to resolve bentonite, 

which is an important component of the microstructure. This issue precludes 

understanding of the influence of bentonite structure on the pellet properties. 

In the following, each part of the pellet microstructure is presented and corresponding 

relevant information are introduced.      

                                  

Figure 1.2. Typical SEM image of a polished cross-section of a dry pellet recorded at 

LKAB [5]. 

1.2.1. Magnetite concentrate 

Iron ore deposits in northern Sweden are abundant and consist mostly of magnetite. 

LKAB exploits iron ore from two major sites in Malmberget (MPC) and Kiruna 

(KPC). The rock is crushed and ground to powder to extract valuable minerals. The 

MPC concentrating plant uses ball milling in open grinding circuits to grind the MPC 

ore, whereas the KPC concentrating plant uses closed circuits with hydro cyclones to 

grind KPC ore. The typical size distribution obtained by two methods (cyclosizer and 

screening) for magnetite concentrate powders from both ore deposits is given in Table 

1.1. The particle size distribution of the KPC concentrate is narrower than that of the 

MPC concentrate. 
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Table 1.1. Typical particle size distribution of magnetite concentrate [6]. 

 Cyclosizer Screening 

 -7 μm 
 % 

-13 μm 
 % 

-26 μm 
 % 

-45 μm 
 % 

-63 μm
 % 

- 90 μm
 % 

MPC 17.2 31.3 52.2 68.8 80.3 90.5 
KPC 17.4 34.2 60.9 84.4 94.0 98.5 
 
The ore body in the Kiruna mine comprises phosphorus containing apatite minerals, 

which need to be removed to a tolerable limit since phosphorus would be detrimental 

in the final steel products. Therefore, the iron ore is subjected to a flotation treatment 

with a flotation reagent in the KPC concentrating plant to separate apatite and other 

gangue minerals from magnetite. A certain amount of this flotation reagent remains in 

the final KPC concentrate, which results in adverse effects on the final pellet quality 

[7].  

Both concentrates contain large silicate particles in small amounts. In addition, water 

glass is added to the Kiruna ore to aid flotation, and consequently, finely divided 

silicate species can be expected in the corresponding final concentrate.  

1.2.2. Water and porosity 

The second major constituent of wet iron ore green pellets is water. The extent to 

which water fills the gaps between mineral particles inside wet iron ore green pellets is 

called degree of liquid filling or liquid saturation ( ). It is an important parameter for 

agglomeration, because the wet compression strength of pellets is directly related to 

liquid saturation. Newitt and Conway-Jones [8] have described different states of wet 

agglomerates depending on the liquid saturation states. These states are illustrated in 

Figure 1.3.  

 

(b) (a) (c) (d) (e) 
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Figure 1.3. Schematic drawing illustrating different states of liquid saturation in wet 

agglomerates: (a) pendular, (b) funicular, (c) capillary, (d) droplet, and (e) pseudo-

droplet [8, 9].  

The pendular state (Figure 1.3(a)) occurs at low saturations where the particles are 

held together by liquid bridges and the funicular state (Figure 1.3(b)) when both liquid 

filled capillaries and liquid bridges co-exist. With increasing liquid saturation up to the 

capillary state (Figure 1.3(c)), all the pores inside the agglomerate are filled with liquid 

and concave menisci form at the pore opening of the agglomerate surface. It is at this 

liquid saturation state (S=90%) that the compressive strength is supposed to be 

maximum. As the liquid filling degree increases beyond 100% to the droplet state 

(Figure 1.3(d)), flooding during which agglomerates deforms under their own weight 

is expected to take place [10].  In the pseudo-droplet state (Figure 1.3(e)), unfilled 

voids remain trapped inside the droplet. However, a pseudo-capillary with unfilled 

voids can also be envisaged, especially if air bubbles become entrapped. In other 

words, water and porosity may coexist in the interior of wet pellets. Removal of water 

during drying of course results in porosity between the mineral particles, this porosity 

is referred to as packing porosity in the present work. The term bubble porosity is used 

for the pores in the entrapped air bubbles and capillaries. 

The degree of liquid filling is essential for the evaluation of the properties of iron ore 

green pellets. At LKAB, the degree of liquid filling (S) is calculated from equation 

(1.1): =                           (1.1) 

In equation (1.1): 

  is the final moisture (water) content of the pellets expressed with respect to 

wet weight and determined by gravimetric method. 

  is the fraction of total free space available between solid particles within the 

external envelop of a wet pellet. It can be estimated from the volume of solids 

in the pellet ( ) and the envelop volume of the wet pellet ( ) according to 

equation (1.2):  
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= = 1 = 1                        (1.2) 

In practice, the fractional porosity in dry pellets is used for , since  is 

determined on dry pellets by an envelope density analyzer using sand [11]. As 

indicated in Eq. (1.2),  can be calculated from the mass ( ) and density ( ) 

of dry solid.  

  is the dry solid mass density and is measured using gas displacement 

pycnometry [44].  

  is the density of water. 

Forsmo et al. [10] studied the effect of varying moisture content ( ) on the dry 

porosity ( ) and liquid saturation ( ) of iron ore green pellets. As shown in Figure 

1.4(a), for moisture contents above 8.2%, porosity in dry pellets increases linearly with 

increasing moisture content in the corresponding wet pellets. The degree of liquid 

filling was calculated from these data and plotted as a function of  as in Figure 

1.4(b). From these results, it was concluded that: 

 as the 100% liquid saturation is passed, the balling process becomes self-

regulating and strives to keep the liquid saturation constant. This over-

saturation was proposed to cause the formation of a supporting “network” of 

viscous liquid (water and bentonite) on the green pellet surface. 

 increasing moisture content is compensated by increasing porosity. As a result, 

the particles in green pellets are further “diluted” in water, the pores become 

larger and porosity increases, as the filling degree remains constant. 
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Figure 1.4. Porosity (a) and liquid filling degree (b) as a function of moisture content 

[10]. 

These results and interpretations raise two interesting questions with regard to the 

microstructure of wet iron ore green pellets:  

1. Can the presence of a supporting “network” of viscous liquid on the pellet’s 

external surface be ascertained? 

2. A puzzling question concerns the arrangement of solid particles in the 

microstructure of wet pellets. How can the particles in water be separated by 

larger distances on average  as moisture content increases (i.e. “dilution”) and 

still produce a considerable spread in porosity after drying as if no shrinkage 

and particle rearrangment had occurred? 

The latter question is fundamental, since the plasticity of wet pellets was undoubtly 

demonstrated by Forsmo and colleagues to be controlled by the moisture content, in 

other words, by the porosity after drying [10]. Regarding mechanical properties, the 

presence of entrapped air bubbles has been shown to decrease the compressive 

strength of wet and dry green pellets [5, 10]. Since the amount of bubbles varies with 

the concentration of flotation reagent in the concentrate, a method to quantify the 

number and size of bubbles is desirable.  

1.2.3. Bentonite 

Bentonite is introduced in the step of slurry preparation and used as a binder for 

pelletization by LKAB in order to ensure sufficient strength in the pellets during 

(a) (b) 



 8 

transportation and drying. In fact, earlier studies have shown that bentonite increases 

the strength of iron ore green pellets both in the wet and dry states [12, 13]. However, 

exactly how bentonite binds iron ore particles and increases strength is still under 

discussion, at least partially because of the lack of reliable microstructural studies of 

bentonite in wet and dry pellets. In the wet state, Forsmo et al. [10] suggested that 

bentonite and water forms a supporting network of viscous liquid on the green pellet 

surface and half or more of the total binding forces is probably due to the cohesive 

force of the network and the other half or less is due to the capillary force. As for dry 

pellets, Kawatra et al. [14, 15] summarized the classically accepted view that 

dispersed bentonite dries into a bonding film that holds the iron ore particles together. 

However, the authors failed to observe bentonite films onto iron ore particles by SEM, 

since it was found difficult to clearly distinguish between both minerals based solely 

on topographic information in the SEM images.  

Bentonite is indeed a very versatile natural clay, which formed as a result of 

weathering of volcanic glass. The major constituent of bentonite is montmorillonite, a 

smectite clay. It can also contain quartz, kaolin, feldspar, calcite, gypsum, etc. 

Hofmann et al. [16] resolved the crystal structure of montmorillonite, which is 

illustrated in Figure 1.5. It consists of two tetrahedral silica sheets with an octahedral 

alumina sheet sandwiched between the two silica sheets. Tetravalent silicon (Si4+) and 

especially trivalent aluminium (Al3+) are often replaced by other elements of lower 

valence leading to isomorphous substitution and the establishment of a net negative 

charge, which is compensated by the adsorption of cations (for instance monovalent 

Na+ or divalent Ca2+) [17]. When only Na+ cations or Ca2+ cations are present, the clay 

is known as Na- montmorillonite or Ca- montmorillonite, respectively. The assembly 

of the octahedral alumiuna sheet and the two silica sheets results in a platelet structure 

with a thickness of 1 nm.  

When montmorillonite clay is contacted with water or with water vapor, water 

molecules penetrate between the platelet layers and increase the basal spacing of the 

clay at specific intervals. This is known as interlayer swelling, or crystalline swelling. 

Swelling can also proceed further when the clay is contacted with larger amounts of 
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water, depending on the type of clay and cation. This is known as osmotic swelling 

[18]. 

 

Figure 1.5. Structure of montmorillonite [16]. 

Bentonite is usually used at a content of 0.5-0.7% (wt/wt) by weight of concentrate in 

iron ore pelletization [10, 14, 15]. Considering the final porosity of the pellets after 

pelletization, the bentonite content with respect to water should be close to 5% 

(wt/wt). This type of clay at this concentration forms a viscous liquid, which might be 

classified as a gel depending on which rheological parameters are used to define the 

latter [19, 20]. Such soft matter forming from bentonite at low solid content requires 

considerable osmotic swelling.  

However, the arrangement of smectite clay particles has been debated over the past 

century and many structures have been proposed [21-40], e.g. absence of physical 

contacts, house-of-cards, honeycomb, band structures and so forth. In these model 

structures, platelet associations are usually described according to the nomenclature 

introduced by van Olphen [17]: edge-to-edge (EE), edge-to-face (EF) and face-to-face 

(FF). Many of these models were based on observations made by microscopy, e.g. 

ultramicroscopy [24-26, 41], transmission electron microscopy [27, 30, 34, 36, 38, 39, 

42] or scanning electron microscopy [31, 40, 43]. However, these methods either did 

not provide sufficient resolution level to image individual clay platelets or structural 

reorganization is strongly suspected to have occurred during sample preparation as 
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noted by several authors [36, 44, 45]. Therefore, reliable reports on bentonite, smectite 

or montmorillonite microstructures are scarce in the literature.  

In the case of Na-bentonite, it was recently and unambiguously demonstrated by a 

combination of cryogenic transmission electron microscopy (cryo-TEM) and small 

angle X-ray scattering (SAXS) that dispersion of Na-montmorillonite leads to 

complete delamination of the 1-nm primary platelets, while Ca-montmorillonite 

contains flakes consisting of stacks of primary platelets sometimes referred to as 

tactoids or quasi-crystals [46]. Despite the high resolution that can be achieved by 

cryo-TEM, this method does not allow to visualize the three-dimensional structure of 

montmorillonite clay, since observation is based on a two-dimensional projection of 

the structure and limited to sample thickness smaller than the largest dimension of the 

clay platelets.   

Therefore, observing the structure of bentonite requires sufficient resolution to resolve 

the 1-nm thick individual platelets, but also a contrast mechanism which makes it 

possible to distinguish bentonite from iron ore. At last but not least, the observation 

method must allow a clear visualization of at least a part of the three-dimensional 

structure to some depth and any existing contacts between the platelets. 

1.3. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique that employs an electron beam 

and its interaction with a sample in order to image the latter [47].  SEM provides 

several advantages over optical light microsopy (OLM). It offers a greater resolving 

power and a larger depth-of-focus, thus smaller details can be imaged even on 

irregular samples. In addition, it offers different types of contrasts. 

Indeed, SEM is a very versatile technique, which might be used to investigate the 

issues raised above regarding the microstructure of iron green pellets. Especially, 

methods exist to image wet samples by SEM. Although the resolution achieved by 

SEM has been limited by the use of metallic coating to avoid charging effects on non-

conductive samples, coating is no longer required on modern SEM instruments and the 

latest developments in the fields make it possible to image most samples with a 
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resolution down to 1 nm or lower. Before presenting these developments, a brief 

summary on the principles of SEM is given. 

1.3.1. Signal generation  

In a SEM instrument, a very fine probe of electrons is produced by a vertical column 

that contains electromagnetic or electrostatic lenses in order to focus the electron beam 

on the sample surface. These primary electrons have a certain energy depending on the 

accelerating voltage that is used. Because of this energy, the primary electrons 

penetrate into the sample and secondary electrons (SE) are emanating from the surface 

of the sample. After numerous collisions with the sample atoms in the sample, a 

primary electron might emerge from the sample and become a so-called backscattered 

electron (BSE) or lose all its energy inside the sample. This is illustrated in Figure 1.6, 

in which the trajectories of the primary electrons are represented. The red trajectories 

correspond to primary electrons escaping the material as BSEs. SEs are only emitted 

from a shallow region from the surface. In addition, if the electrons possess sufficient 

energy, characteristic X-rays might be emitted from the sample and used to establish 

the elements contained in the sample by energy-dispersive X-ray spectroscopy (EDS). 

In terms of energy, SEs are low energy electrons (<50 eV), while BSEs have energies 

ranging from 0 up to the accelerating voltage  e. Figure 1.7 illustrates the energy 

distribution of SEs and BSEs emitted from a hypothetical sample for primary electrons 

with an energy E. BSEs with an energy just below E are referred to as elastically 

reflected electrons or low-loss backscattered electrons (low-loss BSEs). 

 

Figure 1.6. Monte Carlo simulations of electron scattering in the interaction volume as 

a function of accelerating voltage: (a) 1 kV, (b) 5 kV, and (c) 30 kV. The primary 

electrons are shown in blue and the backscattered electrons are in red [48].  

 (b)  (a)  (c) 
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Figure 1.7. Energy distribution in number of electron emission, showing secondary 

(SE), backscatter (BSE) and elastically reflected electrons [49].  

These different electrons provide characteristic types of contrast: 

 SEs: topographical contrast, i.e. surface irregularity  

 BSEs: atomic number contrast, i.e. heavier elements appear generally brighter 

than lighter elements in the sample 

 low-loss BSEs: a new type of contrast not yet widely explored, which depends 

on the type of elements and chemical bonds involved in the material 

1.3.2. Image formation 

In a SEM instrument, the electron beam is scanned over the sample surface and the 

SE, BSE or low-loss BSE signal is recorded at different beam locations with a specific 

detector. A complete image is formed by scanning the sample with the beam point-by-

point (one beam location at a time), the point pattern corresponding to the pixels of the 

final image. The information within an image is carried by the intensity of the detected 

signal (number of electrons), which varies depending on the variation in contrast due 

to the heterogeneity of the sample.  The intensity at each beam location is stored in the 

image at each corresponding pixel and encoded as a gray level. In a typical image 

acquisition system, each pixel can have one of 28 = 256 discrete values or gray levels, 

from 0 to 255.  
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1.3.3. Latest improvements in modern SEM 

As mentioned earlier, modern SEM instruments do not require the deposition of 

metallic coating onto nonconductive samples in order to avoid charging effects during 

imaging. The advent of semi-immersion SEM microscopes has improved the 

collection efficiency of SEs and BSEs, thus beam current can be reduced to a level 

which contributes to limit charging effects to an acceptable level. Semi-immersion 

microscopes are characterized by an immersion field (magnetic or electrostatic) and in-

lens detectors located at the bottom and inside the column. 

In order to achieve high resolution in SEM imaging or EDS mapping, the detected 

electrons or characteristic X-rays must be emitted from a volume as small as possible 

inside the sample. A small interaction volume can be minimized by: 

1. reducing probe size, i.e. focusing the beam as much as possible onto the sample 

surface before penetration   

2. reducing accelerating voltage in order to limit beam penetration as illustrated in 

Figure 1.6. 

However, low voltage imaging is adversely affected by chromatic aberration, i.e. an 

imperfection of lenses, which causes electrons with different energies/wavelengths to 

be focused at different focal lengths. As a consequence, chromatic aberration limits the 

minimum achievable probe size. In modern SEM instruments, chromatic aberration 

can be reduced at low voltage by using one or a combination of the following devices: 

1. immersion lens, which immerse a magnetic field onto the sample and reduce 

focal length and thus chromatic aberration [48] 

2. a negative bias voltage on the sample causes deceleration of the primary 

electrons and limits beam penetration. Interestingly, the resulting cathode lens 

further reduces the aberration of the electron column, which is proportional to 

the accelerating voltage-landing energy ratio [50] 

3. the latest and most efficient in reducing chromatic aberration is the 

introduction of a monochromator-like device which reduces the energy spread 

of the primary electrons to less than 0.2 eV [51]. 
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Another noteworthy development of SEM in the recent years is low-loss BSE imaging 

at low landing energy [52]. Detection is effected by an on-axis in-lens BSE detector, in 

front of which is placed a grid with a negative bias potential that can be varied 

between 0 and 1500 V. This grid allows only BSEs with energies greater than the grid 

potential to reach the BSE detector. For instance, low-loss BSEs with energy between 

1450 and 1500 V can be detected if primary electrons are accelerated to 1500 V and 

the grid biased at 1450 V. This technology has the potential to allow compositional 

contrast at low voltage, i.e. high spatial resolution. 

1.3.4. Preservation of hydrated samples 

Different methods can be envisaged in order to preserve the structure of hydrated 

samples before introduction in the vacuum chamber of SEM microscopes. 

Environmental scanning electron microscopy (ESEM) enables imaging of fully 

hydrated samples through a residual gas pressure maintained in the specimen chamber. 

However, resolution is limited and not sufficient to resolve nanometer details of 

microstructure, especially when the material is completely immersed in water [53].  

Supercritical drying is used to remove water from hydrated samples by avoiding 

formation of artifacts due to surface tension during conventional drying. This 

technique requires substitution of water with acetone and high pressure liquid carbon 

dioxide before the latter is allowed to escape as a gas. However, structure 

rearrangement can be introduced by the substitution steps [54], in addition to the 

obvious fact that loosely bound particles initially present in water must be displaced, 

since they cannot hang free in air after drying. 

Several methods are based on freezing and known as cryo-fixation. However, the 

freezing step is of crucial importance in order to obtain reliable results, as discussed in 

Section 2.2. These methods include: 

 freeze drying: ice is removed by sublimation prior to introduction in the SEM. 

However, this method presents the same disadvantage as supercritical drying, 

namely loosely bound particles in water cannot hang free in air or vacuum after 

drying [55]. 
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 freeze-substitution: ice is replaced gradually by organic solvents and finally by 

a resin that is hardened. Here again, the substitution steps might cause structure 

reorganization. 

 cryogenic SEM (cryo-SEM): frozen samples are freeze-fractured and transferred 

to a SEM instrument equipped with a cooling stage. This technique has no 

restriction on resolution and prevents particle reorganization as long as the 

sample is frozen sufficiently fast. 

1.4. Scope of the present work 

The aim of this work was to develop new methodologies to characterize iron ore green 

pellets in order to gain valuable information about microstructure. The new 

characterization methods applied and developed in this work are mainly based on 

scanning electron microscopy (SEM). Using cryogenic techniques, SEM has the 

potential to bring insight on the microstructure of wet pellets (Paper I) and in 

particular on the dispersion of bentonite thanks to the latest development in this field 

(Paper II and III). Finally, SEM might also provide quantitative data on bubble 

porosity by processing and analysis of the different gray levels obtained for different 

phases in SEM images (Paper IV and V).  
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2. Experimental 

2.1. Materials and sample preparation 

2.1.1. Materials 
The magnetite concentrates was provided by Luossavaara-Kiirunavaara AB (LKAB). 

The mean particle size of the concentrate measured by laser diffraction was about 30 

μm. The surface area of the iron ore concentrate determined from nitrogen adsorption 

data using the BET method (ASAP2010, Micromeritics) was 0.43 m2g-1.  

Sodium activated calcium bentonite (Milos, Greece) with a particle fineness of 94% 

less than 75 μm was obtained from S&B Industrial Minerals GmbH, Germany and was 

used as a binder for preparation of pellets (Paper I, II, IV, and V). The Enslin swelling 

value of bentonite was measured to be 580% (after 2 hours). The BET surface area of 

the bentonite particles was 40 m2g-1. The bentonite was dried overnight at 105°C and 

stored in a desiccator before balling. The elemental composition of bentonite, 

measured by Energy Dispersive Spectroscopy (EDS), was 20.60% Si, 7.41% Al, 

58.71% O, 2.63% Na, 2.36% Mg, 4.15% Ca, 2.51% Fe, 0.36% Ti, 0.79% S and 0.41% 

K by weight. SWy-2 Wyoming bentonite from Clay Society containing >90% 

montmorillonite was also studied in the cryo-SEM investigation of ion-exchanged 

montmorillonites (Paper III). Analytical grade sodium chloride (purity 99.5%, 

MERCK) and calcium chloride (purity 98%, MERCK) were used to ion exchange the 

Milos and SWy-2 Wyoming bentonites. 

The flotation collector reagent (Paper IV and V) was an anionic collector consisting of 

a main collector, a co-collector and a foam regulator where 95-98% was surface active 

compounds and 2-5% was organic compounds i.e. maleic acid and glycol derivates. 

2.1.2. Preparation of green pellets 
The iron ore green pellets were prepared following the micro-balling procedure [20] 

using concentrate from the concentrating plants in Malmberget (MPC) and Kiruna 

(KPC). Pellet feed was prepared by mixing 7 kg of the magnetite concentrate with 

0.5% Milos bentonite with water in a laboratory mixer (Eirich R02, Germany). Seeds 

were prepared first by spreading feed from the mixture in a 0.8 m drum rotating at a 
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speed of 37 rpm, while water was sprayed to initiate the growth of agglomerates. In 

the next step, seeds with a size of 3.5 to 5 mm were screened and 150 g of seeds were 

returned to the drum rotating at a speed of 47 rpm. The seeds were grown to green 

pellets by adding feed and spraying water in the drum. The green pellets formed by 

this micro-balling procedure were screened to a size of 10 to 12.5 mm. Several batches 

of green pellets were prepared. The final moisture content was about 8.2% and 9.2% 

for batches prepared from the MPC and KPC concentrates, respectively.  

The wet pellets made from MPC concentrate were used for investigating the 

microstructure of wet iron ore green pellets by cryo-SEM (Paper I and II). The pellets 

were dried at 105°C for 24 hours for characterization of the dry pellets. 

In one batch of KPC pellets, 60 gram flotation collector reagent per ton of magnetite 

concentrate was added to the feed prior to balling. In another batch, pellets were 

prepared without addition of flotation collector reagent. The pellet batch made with the 

additional flotation collector reagent is denoted ‘‘FLOT’’ and the other batch is 

denoted ‘‘REF’’, respectively. These pellets were used for the quantitative studies on 

bubble porosity (Paper IV and V). 

2.1.3. Preparation of bentonite suspension and iron ore-bentonite slurry (Paper 
II) 
Sodium activated dry Milos bentonite powder was dispersed in distilled water by ball 

milling and a 5% (wt/wt) suspension was prepared. This concentration was selected 

because the bentonite to water ratio in the iron ore green pellet is about 5% (wt/wt). 

The ball milling was used to achieve good dispersion and was carried out using ZrO2 

balls for 24 hours in a plastic container rotating at about 300 rpm. Then the suspension 

was shaken for 6 hours in a shaker after removing the balls. In the next step, magnetite 

particles with a size less than 36 μm were screened. A slurry was formed by 

thoroughly mixing 74 wt.% magnetite particles with the bentonite suspension. This 

concentration was selected, since the viscosity was low enough so that the slurry could 

still flow through the ultrafine tip of a micropipette.  
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2.1.4. Ion exchange of bentonite (Paper III) 
SWy-2 bentonite samples were ion exchanged to Na+ and Ca2+ form. In the Na-ion 

exchange procedure [56], about 1g of bentonite was mixed with 200 ml of 0.6 M NaCl 

solution in a beaker. The suspension was stirred for about 3 hours. The suspension was 

centrifuged for 30 minutes at 38500g (Avanti J-30I, Beckman Coulter, USA) and the 

supernatant was substituted by another 200 ml of 0.6 M NaCl solution. The procedure 

was repeated 3 times. The ion-exchanged products were re-dispersed in 250 ml of 

distilled water under stirring for 8 hours.  Then the suspension was centrifuged at 

38500g for 30 minutes and the procedure was repeated until the water contained no 

chloride ions according to the AgNO3 test. Similarly, Ca-ion exchanged bentonite was 

prepared using 0.6 M CaCl2 solution instead of NaCl solution. The obtained ion-

exchanged products were dried at 105°C overnight and were again dispersed in 

distilled water at a solid content of 5% (wt/wt)  using ultrasonication for 5 minutes and 

shaking for 24 hours. It is noteworthy that the re-dispersion of Na-SWy-2 bentonite in 

distilled water immediately resulted in a stiff gel, but the re-dispersed Ca-SWy-2 

bentonite did not form such a gel.  

2.1.5. Epoxy embedding and polishing (Paper IV & V) 
Three dried pellets from the FLOT and REF batches, respectively, were mounted in 

epoxy resin (Struers EpoFix) using vacuum impregnation. The epoxy impregnation 

was improved by removing a few millimeters of the pellets by grinding one side prior 

to embedding. Metallographic polishing was performed in a semi-automated Struers 

polishing machine using 9 μm, 3 μm and 1 μm diamond suspensions with 

corresponding polishing plates consecutively until the cross section propagated close 

to the center of the pellets. The polished samples were coated with conductive carbon.  

2.2. Cryo-preparation 
Rapid freezing is a requirement in cryo-SEM sample preparation to avoid formation of 

ice crystals which leads to artifacts: the solvent/solute segregation by the exclusion of 

dissolved and/or dispersed substances by the formation of ice crystals. When the 

sample is frozen very quickly, no growth of ice crystals occurs and the liquid is 

converted to an amorphous solid without changing the ultrastructure, a process 

denoted as vitrification [57]. Rapid freezing may be accomplished by plunge freezing 
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[45], jet freezing [58], spray freezing [59-61] or metal block freezing [59-63] in liquid 

cryogen at normal atmospheric pressure or high-pressure [64, 65].  

The choice of cryogen is important in cryo-SEM sample preparation and it should 

have a low melting point and high boiling point, high thermal conductivity, low 

viscosity at melting point, and be inexpensive and safe to use [62]. Liquefied gases 

with a low boiling point (He, N2) are suitable for use as primary cryogens to cool 

secondary cryogens such as propane, ethane, Freon, isopentane, etc. Liquid nitrogen is 

not appropriate for direct use as a cryogen because it immediately envelopes a warmer 

object with an insulating layer of gas. Liquid propane and ethane provide the best 

results compared to other cryogens. Liquid ethane is perhaps the best cryogen since it 

has a large difference between boiling (184 K) and melting points (90 K) [66], and 

consequently, it provides superior cooling rate (1.2x104 K/s) [67].  

However, attempts to freeze wet samples for cryo-SEM revealed that, at atmospheric 

pressure, and under the most favorable conditions, only an approx. 30 μm border zone 

can be satisfactorily frozen [68, 69]. At greater depths, the growth of ice crystals 

within the specimen increases rapidly because of insufficient cooling rate. At a depth 

of 0.1 μm, a cooling rate of 109 K/s may be achieved, while at 10 μm only 105 K/s and 

at a distance of 1 mm from the cooled surface, not more than 10 K/s can be attained 

[67]. Pure water needs more than 106 K/s to vitrify in a layer with a thickness of 100 

nm [70]. Depending on the heat flow achieved at the sample surface, ice may form as 

microcrystals with a diameter of about 20 nm and macrocrystals with a diameter of 

about 100 nm or more. It is quite often difficult to distinguish between the 

microcrystalline and amorphous state while macrocrystals impose severe damage to 

the sample.  

Thicker samples can be vitrified to a depth of 200 μm [71, 72] or even 600 μm [65] by 

applying high pressures of about 2100 bar. Freezing increases the volume of water and 

high pressure obstructs such expansion and in turn, hinders crystallization. This effect 

is evident by lowering the freezing point of water and by a reduction in the rates of 

nucleation and growth of ice crystals. At 2100 bar, water is 1500 times more viscous 
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than at atmospheric pressure, which drastically reduces the nucleation and the crystal 

growth rate. In other words, the cooling rate necessary for vitrification is reduced. 

In the present work, freezing was performed at high or atmospheric pressure in liquid 

nitrogen or liquid ethane. The freezing methods were chosen according to the 

objectives of the individual studies considering sample size limitation issues; e.g. 

samples for high pressure freezing must fit in small sample carriers with one 

dimension less than 600 μm.  

2.2.1. Plunge freezing in liquid nitrogen (Paper I) 
Immediately after micro-balling, wet pellets (full size) were directly plunge frozen and 

stored in liquid nitrogen. The frozen pellets were polished in liquid nitrogen by 

grinding on a SiC paper using a laboratory grinding machine (Labopol-5, Struers A/S, 

Ballerup, Denmark). The size of the spherical pellets was reduced to a thickness of 3 

mm along the diameter of the nearly spherical pellets, and preliminarily fractured in 

liquid nitrogen by hammer and knife and stored in liquid nitrogen.  

2.2.2. Unidirectional freezing in liquid nitrogen (Paper I) 
Liquid nitrogen was fed continuously to one end of a wet pellet (full size) immediately 

after micro-balling. After a couple of minutes, complete freezing was indicated by the 

rise of condensing liquid oxygen to the top of the pellet along its surface. As described 

in the previous section, 3 mm thick sections were prepared by polishing. The slice was 

further reduced in size by hitting it with a knife along its symmetry axis. In this way, 

the upper and lower part of the unidirectional frozen pellets were obtained and stored 

in liquid nitrogen.  

A low-cost device shown in Figure 2.1 was designed to carry out fracturing and 

transferring of the plunge and unidirectional frozen samples in liquid nitrogen without 

deposition of frost on the fractured surface. The sample (1) was first mounted in the 

sample holder (2) by clamping it by vice jaws of copper (3), which were tightened 

using a screw (4). The device is also comprised of a steel gate (5) and a movable 

aluminum barrier (6). The sample was mounted under continuous immersion in liquid 

nitrogen.  The final fracturing of the sample was performed in the cryo-SEM 
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instrument in vacuum. The method is cheap, fast, and efficient and the whole 

procedure is completed within one and a half minute.  

 

Figure 2.1. Schematic drawing of the fracturing and transfer device: (1) sample; (2) 

sample holder; (3) vice jaws; (4) vice screw; (5) gate; (6) movable barrier. 

2.2.3. Plunge freezing in liquid ethane (Paper II) 
A 3 mm thick slice was cut from the middle of a wet iron ore green pellet using a 

scalpel. The sample was immediately plunged into liquid ethane in a liquid nitrogen 

cooled dewar. Dry butane gas was blown continuously to protect the liquid ethane 

surface in the dewar from atmospheric contamination. After freezing in liquid ethane, 

the sample was fractured in liquid nitrogen in a Leica EM VCT100 loading box using 

a knife and a hammer. The knife was cooled in liquid nitrogen prior to fracturing. The 

sample was mounted onto the specimen holder and the fracture surface was shielded 

by a pre-cooled cover made of a folded copper foil to avoid contamination during 

transfer to a vacuum chamber (Coater SCD500, Leica Microsystems, Vienna, Austria), 

in which the foil was removed by rotating the sample. Finally, the sample was loaded 

in the cryo-SEM chamber using a vacuum cryo-transfer shuttle (VCT 100, Leica 

Microsystems). 

2.2.4. High pressure freezing (Paper II and III) 
Since large sample like iron ore green pellets cannot be accommodated in a sample 

holder for high pressure freezing (HPF), an iron ore-bentonite slurry and a bentonite 

suspension were frozen using a HPF instrument in order to study the structure of 

bentonite in the wet state. The bentonite suspension or the iron ore-bentonite slurry 
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was filled in the 100 μm cavity of an aluminum specimen carrier of type A (Leica 

Microsystems) and  sandwiched with a flat carrier of type B (Leica Microsystems) 

using a micropipette. Alternatively, bentonite suspensions were sandwiched between 

two 3 mm specimen carriers type A with the 100 μm cavities facing each other (total 

Leica Microsystems). The Na-SWy-2 gel sample could not be pipetted 

due to the high viscosity and this sample was placed in between the carriers using the 

pipette tip as a spoon. Then high pressure freezing was performed using a HPM 100 

instrument (Leica Microsystems) for the AB-sandwiched carriers, and an HPM 010 

(ABRA Fluid AG, Widnau, Switzerland) apparatus for the AA- sandwiched carriers, 

respectively. The high pressure frozen samples were kept in liquid nitrogen prior to 

observation by cryo-SEM. The flat aluminum specimen carrier was removed in liquid 

nitrogen. The AA-sandwiched carriers were fractured in a freeze fracturing machine 

(MED020, Leica Microsystems). The fractured samples produced from AA and AB-

sandwiched carriers were transferred to Magellan 400 (FEI Company, Eindhoven, the 

Netherlands) and 1540XB (Zeiss, Oberkochen, Germany) cryo-SEMs, respectively, 

using a vacuum cryo-transfer shuttle (VCT 100, Leica Microsystems). 

2.3. SEM and AFM imaging 

2.3.1. SEM imaging of cryo-samples at high voltage (Paper I) 

The microstructure of the fracture surfaces of frozen wet pellets (plunge frozen and 

unidirectional frozen in liquid nitrogen) was recorded using a low vacuum scanning 

electron microscope (JSM-6460lv, Japanese Electron Optics Limited (JEOL), Tokyo, 

Japan) equipped with a W filament and a cold-stage (C1003, Gatan, Inc.). During 

investigation, the temperature of the cold-stage was kept below –170°C. The 

microscope was operated at 15 kV in low vacuum mode (37 Pa) and back-scattered 

electrons (BSE) were used for imaging.  

2.3.2. SEM imaging of cryo-samples at low voltage (Paper II and III) 
The use of a strong magnetic immersion field as in the Elstar column of the Magellan 

SEM instrument is not particularly suited for the observation of magnetic samples, 

which might be attracted by the column. Hence, observation of the magnetite 
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containing samples was conducted on Zeiss instruments equipped with a Gemini 

column, which utilizes an electrostatic immersion lens [73, 74].  

Cryo-SEM investigation of the high pressure frozen iron ore-bentonite slurry and 

plunge frozen iron ore green pellet in liquid ethane was performed on a 1540XB 

CrossBeam cryo-SEM (Zeiss, Oberkochen, Germany) which was equipped with a 

Leica cryo-stage. A small amount of ice was sublimed by rising the stage temperature 

to approximately -110°C and imaging was carried out at 3 kV at that temperature 

(Paper II). The 1540XB CrossBeam cryo-SEM was also equipped with a focused ion 

beam (FIB) milling system using gallium as ion source. It was used in a preliminary 

study to reveal the three-dimensional structure of bentonite in wet iron ore green 

pellets. 

High pressure frozen bentonite suspensions were observed in a Magellan 400 XHR-

SEM (FEI Company, Eindhoven, the Netherlands) equipped with an Elstar electron 

column and a Leica cryo-stage (Paper II and III). In this instrument, high 

topographical contrast and high resolution imaging by the through-the-lens detector 

(TLD) was partly achieved by the application of a strong magnetic field onto the 

sample to reduce focal length and thus chromatic aberration [48]. In addition, 

chromatic aberration was further reducing using a monochromator-like device which 

reduces the energy spread of the electrons emitted by the Schottky source to less than 

0.2 eV [51]. In addition to the magnetic field and monochromatic beam, deceleration 

was used to reduce the landing energy of the electrons onto the samples by applying a 

bias voltage to the sample holder [50]. Samples were typically imaged at 500 eV 

landing energy using a stage bias of 2500 V and a probe current of 1.6 pA. In order to 

compare the images obtained with the Gemini and Elstar columns, a bentonite 

suspension was also imaged in the 1540XB CrossBeam cryo-SEM.  

Observation of the freshly fractured surface in the Magellan SEM instrument was 

carried out at -130°C. This temperature was found to be the best compromise to 

prevent ice recrystallization and deposition of contamination. The three dimensional 

structure of bentonite was gradually revealed by alternating short temperature cycles 

up to -110°C to cause sublimation of ice and back to -130°C for imaging.  
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2.3.3. SEM imaging of dry samples at low voltage, AFM and EDS (Paper II 
and III) 
Samples of sodium activated Milos bentonite and ion exchanged SWy-2 dry bentonite 

samples were also observed in a Magellan 400 XHR-SEM. The as-received sodium 

activated Milos bentonite powder was imaged at 250 eV landing energy using a stage 

bias of 2750 V and a probe current of 13 pA (Paper II).  

For the sake of comparison, the as-received sodium activated Milos bentonite powder 

was also imaged using Atomic Force Microscopy (AFM). The sample was scanned 

with an NTEGRA AFM (NT-MDT) using 10 μm sample scanner (SC210NTF, NT-

MDT) with equivalent close-loop. The surface imaging was performed in Tapping 

Mode with the use of NSG-01 probe (NT-MDT, Moscow) of tetrahedral total tip shape 

with curvature radius less than 10 nm and nominal spring constant 5.1 N/m. The scan 

velocity was usually in the range of 4 to 5 μm/s (Paper II). 

The fracture surface of dry iron ore green pellets was observed using an enhanced 

GEMINI II column on a Merlin SEM (Zeiss, Oberkochen, Germany) (Paper II).  This 

sample was first imaged at 1.50 kV with the Energy selective Backscatter electron 

(EsB) detector (an annular in-lens detector). Low-loss electrons were detected using a 

negatively biased filtering grid at 1.45 kV in order to gain high compositional and 

elemental contrast [75]. Images with high resolution topographical contrast were 

recorded with the annular in-lens SE detector. EDS analysis on dry iron ore green 

pellets was carried out using an X-Max 50mm2 X-ray detector using an accelerating 

voltage of 3 kV and a probe current of 1 nA.  

2.3.4. SEM imaging of epoxy-embedded samples at high accelerating voltage 
(Paper IV and V) 
Epoxy embedded and polished dry FLOT and REF batches of pellets were also imaged 

in JSM-6460lv (JEOL) instrument. Images were recorded using the BSE 

compositional signal with an accelerating voltage of 15 kV. Each image was recorded 

with a resolution of 960 pixels by 1280 pixels resulting in 1.0 pixel per 1.0 μm. Images 

were acquired manually in a sequential order without overlapping and the entire cross-

section of each pellet from the three FLOT and REF batches was captured.  
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All SEM imaging in the present work was performed without conductive coating 

except for the epoxy-mounted FLOT and REF samples, which were coated with 

carbon. 

2.4. Image analysis of SEM micrographs 

In order to reconstruct the entire cross-section of a pellet, the sequentially acquired 

SEM images, about 120 images in total for each sample, were assembled together into 

a single image using the montage function in the image processing toolbox in Matlab. 

Figure 2.2(a) and (b) shows the assembled cross-sections of one pellet in the FLOT 

and REF series, respectively. Although this figure illustrates results obtained in the 

present work, the figure is shown in this section of the thesis to be able to visualize 

how the image analysis was performed. 

 

Figure 2.2. Iron ore green pellet cross-sections of (a) FLOT as assembled, and (b) 

REF as assembled. Scale bar corresponds to 1 mm.  

Figure 2.3 shows an enlargement of the delimited area in Figure 2.2(a) to illustrate the 

different steps of segmenting microstructural constituent (mineral and different pore 

regions) from the image and the steps are described below.  
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As a first step, the image shown in Figure 2.3(a) was subjected to median filtering to 

remove noise (i.e. noise from microscope detector) and extreme pixel values from the 

image [76]. Then a histogram of the image is constructed in order to determine 

threshold for image binarization and is presented in Figure 2.4. The first peak at low 

gray scale values is due to the dark epoxy, which fills the pores, and the second, at 

high gray scale values, corresponds to magnetite. Silicates result in gray levels located 

in between both peaks. The threshold value was determined by trial and error until all 

pore regions were converted to black and the mineral regions to white, as shown in 

Figure 2.3(b). The optimum threshold value is indicated by a dashed line in Figure 2.4. 

The binary image contains floating grains inside the pores (Figure 2.3(b)). The floating 

grains were removed using Matlab function imfill and the result is illustrated in Figure 

2.3(c).  

In the next step, morphological opening [77], i.e. an erosion step followed by dilation 

with disk-shaped structuring element of 10 pixels (10 μm) in radius was performed, 

and the final binary image is shown Figure 2.3(d). The corresponding opening top hat 

(i.e. porosity removed by the opening operation) and the boundaries of the remaining 

pore profiles are shown in Figure 2.3(e) and (f), respectively. By examining both 

figures, it is clear that the choice of threshold for binarization and morphological 

operation is quite effective to isolate the bubble profiles.  

Thanks to the previous image processing step, the two kinds of pore structure present 

in dry pellets can be emphasized. On the one hand, bubble porosity appears as features 

nearly spherical in shape, relatively large in size and isolated as shown in Figure 

2.3(d). On the other hand, packing porosity is relatively small, narrow, elongated and 

mostly connected as shown in Figure 2.3(e). The air bubble profiles obtained in this 

way from the entire cross-sections of the pellets are shown in Figure 2.5(a) and (b) for 

FLOT and REF series, respectively. A Matlab code was developed to measure a 

number of parameters of these profiles. The individual 2D bubble profiles were 

counted and labeled with corresponding area and equivalent diameter using Matlab 

function regionprops. Thereafter, the size distribution of the bubble profiles expressed 
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in area density was established and subsequently unfolded by following stereological 

rules as described below. 

 

Fig.2.3. Image processing sequence: (a) original image (enlargement of the rectangle 

in Figure 2.2(a)), (b) binary image after thresholding, (c) complemented image after 

filling, (d) final image after morphological opening with disk-shape structuring 
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element of 10, (e) opening top hat of (d), and (f) boundaries of the profiles obtained in 

(d) superimposed on (a). 

 

Figure 2.4. Image histogram of the rectangle shown in Figure 2.2(a). 

 

Figure 2.5. Iron ore pellet cross-sections reveal air bubble profiles after image 

processing: (a) FLOT, and (b) REF. The scale bar in each image corresponds to 1 mm. 

2.5. Stereological unfolding 

Stereology is the science of the geometrical relationships between a real 3D structure 

and the corresponding 2D images of that structure [78]. The most intensive use of 

stereology has been in conjunction with microscope images, which includes light 

microscopy (conventional and confocal), electron microscopy and other types. The 
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basic methods are well accepted in biological, medical, materials and mathematical 

sciences [79, 80]. The procedure is an extrapolation from 2D to 3D data and allows 

estimation of parameters such as volume density, surface density, volume to surface 

ratio, number of object per unit volume (for instance, particles or voids of materials), 

etc. and is based on geometric probabilities and statistics.  

When an object is randomly sectioned, the resulting cross-section is termed as the 

profile of the object. The method of reconstructing a size distribution of objects from 

an observed distribution of profiles is referred to as unfolding.   

The method used in the present work to unfold the size distribution of entrapped air 

bubbles in iron ore pellets (Paper IV and V) is based on the following stereological 

principles and assumptions:  

1. all objects are spherical in shape throughout the volume 

2. the generation of a cross-sectional area from this volume results in a flat plane, 

in which the spheres are present as circular profiles 

3. each size class of spheres contributes to all size classes of profiles smaller or 

equal to this sphere size class 

4. the largest profile size class consists exclusively of profiles due to the largest 

sphere size class 

5. the area numerical density (number of profiles per unit area) is proportional to 

volume numerical density (number of spherical objects per unit volume)  and 

mean tangent diameter of the objects (for a spherical objects, the tangent 

diameter corresponds to its diameter).  

If j is the sphere size classes and i is the profile size classes, the volume numerical 

density of size classes j may be written using following equation [81, 82]. 

n

ji
AijV iNMjN 1 ,                  (2.1) 
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where NA is area numerical density, is size class interval, and Mij is a matrix of 

coefficients obtained by inversion of either the Saltykov or Wicksell or Cruz-Orive 

coefficients, Pij, as given below: 

2222 1 ijijSaltykovPij ,                (2.2) 
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The Saltykov unfolding method considers the upper limit of each size class as 

corresponding to the object and profile size measure, whereas in the Wicksell [83] 

approach, the median of each class is taken as the measure for object and profile size. 

Cruz-Orive evaluated the performance of Saltykov and Wicksell procedures and 

observed better results with latter, the class mid-point as a measure of size class. 

Weibel advised to use Wicksell or Cruz-Orive method and the corresponding matrix of 

coefficients rather than the Saltykov method [82]. 

Practically, to allow size distribution of the bubble profiles expressed in area density, a 

=Dmax/n, where Dmax is the largest equivalent diameter and n is the number of size 

classes). The size distribution of the bubble profiles expressed in area density was 

modeled with a log normal function in order to work with a smooth distribution and 

was necessary to compensate for the absence of bubble profiles of that were 

removed by morphological operation.  

The new distribution of the area density of the bubble profiles was converted to area 

numerical density by dividing each value with the equivalent area of a circle 

corresponding to the average equivalent diameter of each size class midpoint. 
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Subsequently, the area numerical density was multiplied by the inverse Goldsmith–

Cruz–Orive matrix of coefficients [82] to calculate the volume numerical density. 

Finally, this set of data was converted to the volume density of bubbles by multiplying 

the volume numerical density by the volume of a sphere derived from the equivalent 

diameter of each size class midpoint and cumulative curves were plotted. 

2.6. X-ray microtomography (XMT) 
X-ray microtomography (XMT) is a non-destructive technique that provides 3D 

internal structural information. The use of XMT is especially appropriate for the 

characterization of porous materials, due to the distinct difference in the attenuation 

coefficient between the solid and gaseous (pore) phases. For example, pore structure 

[84], pore network [85, 86], crack [87], foam [88], sintering [89, 90], air-water 

interfaces [91], air voids [92], etc. have widely been studied in research fields such as 

materials science, environmental science and bioscience, although reports on such 

studies of iron ore pellets are scarce in literature. 

In XMT, X-rays pass through and around the sample and strike a scintillation type 

detector; which records an image of the X-ray attenuation map. The X-ray intensity is 

determined continuously as the sample is rotated by small angular increments and at 

each incremental step, a 2D image (a radiograph) is recorded, and the data are stored 

as a stack of individual slices of the reconstructed 3D volume. The data from these 

transmitted X-rays are utilized to determine the X-ray attenuation coefficient through 

the material by applying the Beer–Lambert law using a filtered back projection 

algorithm [93]. When a beam with energy E0 and intensity I0 passes through a 

heterogeneous absorber of thickness L, the intensity between successive regions of 

different materials can be shown by simple integration:  

dLEZ
eII 0,,

0                                                                                                                   (2.5) 

The linear attenuation coefficient ( ) is a space-variant function and depends on the 

energy of the photon, and the density ( ) and atomic number of the material (Z) 

located between the source and the detector [94]. Several projections can be generated 

in different directions for digital reconstruction, where each projection is created by a 
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set of line integrals of the attenuation coefficients of the material. Each beam needs to 

be back projected with a form of spatial-frequency domain filtering to reconstruct the 

sample from such projections. Radon developed a mathematical solution to the 

problem of reconstructing a function from its projections in 1917. The mathematical 

transformations involved are described by Kak and Slaney [95] in detail. 

There are three major types of beam configurations for the XMT instrumental set-up. 

In fan beam configuration (Figure 2.6(a)), the X-rays are collimated to reduce the 

scatter of the X-ray beam and its negative effects, but data emanating from only single 

slice of the sample are recorded at a time. The cone beam arrangement is the 3D 

analogue of the 2D fan beam geometry. In this configuration (Figure 2.6(b)), an area 

detector records data for an entire object during each scan in rotational increments. 

This corresponds to several hundreds or thousands of images acquired. However, cone 

beam acquisition is subjected to some blurring and distortion, and is also more 

sensitive to ring artifacts stemming from scattering if high-energy X-rays are utilized. 

A parallel beam (Figure 2.6(c)) allows very rapid data acquisition for multiple slices 

and such beams are available at a synchrotron source. The X-ray intensity of a 

synchrotron source is very high and this allows data acquisition with no or little 

distortion, and high spatial resolution. The monochromatic beam achieved in this 

system reduces the occurrence of beam hardening artifacts which are encountered in 

laboratory polychromatic XMT system (fan and cone beam) [96]. Commercial 

laboratory XMT systems produce resolutions with voxels between 1 and 10 μm in size 

with specimens of diameters of about 10 mm, whereas third generation synchrotron 

facilities allows voxels sizes below 0.5 μm [97, 98]. 

 

(a) (b) (c) 

P P 
P C R R R 

S S S D
D D 
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Figure 2.6. Illustration of the instrument set-up for the (a) fan beam, (b) cone beam, 

and (c) parallel beam XMT configurations. P is X-ray source, S is specimen, C is 

collimator, R is specimen rotation stage, and D is detector. 

In this work, the iron ore pellets (REF and FLOT) were imaged using a commercial 

Nanotom (GE Sensing & Inspection Technologies, GmbH) X-ray microtomograph 

with cone beam configuration as illustrated in Figure 2.6(b). The X-ray tube voltage 

and current were 110 kV and 110 μA, respectively. The source to object and source to 

detector distances was 25.00 mm and 200.00 mm, respectively, resulting in a 

magnification factor of eight. During each scan, a total number of 1440 X-ray 

projections, 2240×2304 pixels in size and 16 bit dynamic range, were captured at 

equal angles increment, as the sample made one full rotation (Paper V).  

The tomographic reconstruction was carried out using a cone beam filtered back 

projection algorithm [93]. The reconstructed volume data was imported as an image 

stack containing 1030 slices (8-bit tif-files), each with the dimension of 995 x 984 

pixels for the FLOT and 1060 slices (8-bit tif-files), each with the dimension of 1036 × 

1052 pixels for the REF sample. The isotropic voxel size was 11.74 μm and 12.50 μm 

for FLOT and REF, respectively. The reconstructed data was filtered using a 3×3×3 

Gaussian filter. 

Image processing and analysis of the reconstructed volume were carried out similar to 

that as adopted for SEM micrographs. The only exception was the binarization of the 

reconstructed volume, which was carried out by comparing the SEM data. The 

tomography data were binarized to convert all pore regions to black and the mineral 

regions to white by thresholding using either the Otsu’s method [99] (Matlab function 

graythresh) or different threshold values ranging from 44% to 58% of the gray levels 

and the result was compared with SEM data after stereological unfolding. 

2.7. Mercury intrusion porosimetry (MIP) 
Mercury intrusion porosimetry (MIP) was once recognized as one of the most 

important methods available for the characterization of the pore structure of a variety 

of porous materials with pore sizes ranging from 0.003 to 360 μm. However, of 
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environmental reasons, the technique is seldom used nowadays. The method relays on 

using mercury as a non-wetting fluid with an applied pressure to measure the pore size 

distribution of a porous solid. In MIP, mercury is continuously forced into an 

evacuated sample of the porous medium. A plot of the amount of the intruded mercury 

versus the applied pressure provides the so called intrusion curve [100, 101].  

The classical interpretation method of the data is based on the assumption that the pore 

space can be represented as a bundle of parallel, non-intersecting cylindrical pores of 

equal length but of different radii [102]. During intrusion, the proceeding mercury 

front in one pore chamber would invade and occupy an adjacent empty pore if the 

applied pressure Pa is greater than the capillary pressure of the pore in between, Pc, 

which is obtained with the Washburn equation: 

r
PcPa cos2                                                                                                                (2.6) 

Where  is the interfacial tension,  is the contact angle between mercury and the solid 

phase and r is the equivalent radius of the intruded cylindrical pore, respectively. 

The total porosity and the pore size distribution were measured using MIP 

(Micromeritics AutoPore III 9410) in this work. The measurement was performed 

surface tension and the contact angle of mercury were set to 485 mN/m and 130°, 

respectively. 
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3. Results and Discussion 

3.1. Preliminary cryo-SEM observation of full-sized wet pellets 

The microstructure of full-sized pellets was investigated by two different freezing 

methods using liquid nitrogen, namely plunge and unidirectional freezing in liquid 

nitrogen, prior to cryo-SEM observations. The aim was to ascertain whether the 

circular holes observed in epoxy-impregnated samples was due to the presence of 

entrapped bubbles and to gain insight about the state of liquid saturation close to the 

growth interface, i.e. the outer surface of the pellet. 

3.1.1. Air bubbles observed in samples frozen by plunge freezing 
Three different regions were identified in the wet and frozen pellet sections prepared 

by plunge freezing in liquid nitrogen. Figure 3.1(a) reveals the location of the three 

regions (1, 2 and 3) in the pellets. Entrapped air bubbles as that shown in Figure 3.1(b) 

were observed close to the outer surface of the pellet (region 1). This was confirmed 

by the fact that the bubbles were not filled with frozen water. Region 1 reached a depth 

of about 2 mm. However, the bubbles were completely filled with frozen water (Figure 

3.1(d)) in the core of the pellet (region 3). In between, a transition region (region 2) 

was found, where the air bubbles were partially filled with water as shown in Figure 

3.1(c). In this region, the water content of the bubbles gradually increased as region 3 

was approached. It demonstrates that plunge freezing is not appropriate to study air 

bubbles in frozen wet pellets. The ice that first crystallizes all around the sample builds 

a solid shell and the water remaining in the interior of the pellet is likely forced into 

the bubbles because of the larger volume occupied by ice than liquid water [103]. The 

hydrostatic pressure building up probably results in penetration of water into the air 

bubbles and forces gas entrapped in the bubbles to escape through cracks or grain 

boundaries. 

3.1.2. Air bubbles observed in samples frozen by unidirectional freezing 
All bubbles were empty of frozen water and appeared similar throughout the entire 

sample that had been frozen by unidirectional freezing, as shown in Figure 3.2(a) and 

(b). In contrast to plunge freezing, unidirectional freezing did not cause any filling of 

the bubbles with water, likely because no shell of ice is formed initially around the 
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sample, which shows the potential of this method for studying entrapped air bubbles in 

wet and frozen pellets. It is also observed that the bubbles are surrounded by large iron 

ore particles oriented with a flat surface parallel to the air/ice interface. A layer of fine 

particles was also present at the air/ice interface in all bubbles and interestingly, 

throughout all samples, the space between the large iron ore particles in the direct 

vicinity of the bubbles was not filled with finer particles as in the remaining matrix, as 

observed in Figure 3.1(b) (see the dashed line) and Figure 3.2. 

 

Figure 3.1. Schematic drawing illustrating the different regions observed in samples 

prepared by plunge freezing (a), and images of typical air bubbles observed in: region 

1 (b), region 2 (c) and region 3 (d). The dashed line in (b) indicates the border between 

the area lacking finer particles and the remaining matrix. 

25 μm 
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Figure 3.2. Images of typical air bubbles in samples frozen by unidirectional freezing: 

(a) bottom, and (b) upper part. 

3.1.3. Microstructure at the outer surface of the wet pellets 
The microstructures at the outer surface of the pellets frozen by the two methods are 

shown in Figure 3.3. A distinct level of frozen water, i.e. ice crystals, is observed in all 

samples. In the case of plunge freezing (Figure 3.3(a)), the ice does not reach the outer 

surface of the pellet. This indicates the presence of capillary forces holding the water 

inside the pellets. Similar observations were also made for pellets frozen by 

unidirectional freezing but only at the bottom of the pellet where the freezing started 

(Figure 3.3(b)). At the top of the pellet, the ice reached closer to the surface (Figure 

3.3(c)). Also here, discrete ice crystals were observed on the top surface (Figure 

3.3(d)). In contrast to unidirectional freezing, plunge freezing seems more appropriate 

to use for studies of the degree of water filling at the outer surface of wet pellets, since 

this technique seems to not influence the water level at the outer surface. The water 

first exposed to liquid nitrogen all around the samples probably freezes instantly. 

Besides, the frozen water close to the surface is probably not affected by the 

hydrostatic pressure building up in the interior, because remaining liquid water can 

penetrate into entrapped bubbles and push air outside the frozen body through the 

formation of cracks. 

Interestingly, a distinct layer of about 100 μm at the outer surface of the pellet 

microstructure could be distinguished. In Figure 3.4, this layer is located on the right 

hand side of the dashed line. The layer seems to consist of coarser particles embedded 

25 μm (a) 20 μm (b) 
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in the ice matrix, whereas finer particles are almost lacking, see Figure 3.4(a). In 

contrast, a very dense structure comprised of finer iron ore particles filling the gaps 

between the coarser particles is clearly observed on the left hand side of the dashed 

line in Figure 3.4(a). This observation is further evidenced by imaging the same region 

after drying as in Figure 3.4(b).  It seems as the small particles are held in the liquid 

phase, and that this phase is pulled from the outer surface of the pellet and from the air 

bubbles, by capillary forces.    

 

Figure 3.3. Cross-sections at the outer surface of the pellets frozen by: (a) plunge 

freezing, (b) unidirectional freezing (bottom part), (c) unidirectional freezing (upper 

part), and (d) enlargement of (c). 

(a) 25 μm 25 μm (b) 

(c) (d) 25 μm 10 μm 
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Figure 3.4. Cross-sections at the outer surface of the pellets: (a) cryo-SEM image, and 

(b) after sublimation of ice. 

3.1.4. Microstructure of the matrix of wet pellets 
Figure 3.5 shows typical images of the matrix between entrapped air bubbles. The 

morphology of the matrix is independent of freezing method. The matrix is very dense 

and the main fraction is not surprisingly comprised of iron ore grains with finer 

material mixed with the coarser, see Figure 3.5(a)). The size of the water domains in 

the matrix is quite small, i.e. < 2 m. Eventually these water domains result in packing 

porosity when the pellets are dried, and the entrapped air bubbles result in bubble 

porosity. Occasionally, columnar structures of iron ore grains and ice were observed in 

regions of low packing density (Figure 3.5(b)). The columnar structure of ice 

encountered in the matrix may be an artifact caused by slow freezing and due to 

segregation of the iron ore grains to the grain boundaries of the growing ice crystals in 

low density regions.  

100 μm 

 (a)  

100 μm 

 (b)  
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Figure 3.5. (a) Typical images of the matrix between the air bubbles independent of 

freezing method, and (b) columnar structure in a low density region.  

In summary, wet iron ore green pellets are saturated with water in their interior apart 

from entrapped bubbles and capillaries are present at the outer surface. Therefore, 

water saturation can be said to be in the capillary state as depicted in Figure 1.3(c). 

However, it was not possible to reveal bentonite with these techniques. This can be 

explained by the low level of resolution achieved by the employed operating 

conditions of the microscope (i.e. 15 kV accelerating voltage) and/or by the slow 

freezing rate that was unsuitable to preserve the true structure of bentonite in the wet 

pellets. Therefore, more advanced freezing and imaging techniques were used to 

reveal bentonite dispersed in water as well as in the dry state, as presented below. 

3.2. Bentonite structure revealed by advanced freezing and imaging 
methods 
As pointed out in the introduction, montmorillonite platelets are about 1 nm thick 

[104], and consequently difficult to resolve by SEM, especially among magnetite 

particles in iron ore pellets. When imaged at high accelerating voltage, the signal from 

the magnetite particles being transmitted through the clay platelets makes the finer 

montmorillonite platelets of bentonite nearly invisible. Therefore, special contrast and 

high resolution imaging techniques are required in order to clearly identify bentonite in 

iron ore pellets. Recent innovations in electron microscopy presented in the 

experimental part were employed to resolve bentonite in wet and dry iron ore green 

pellets, as well as in aqueous suspensions, in the present work. 

25 μm(b) 50 μm (a) 
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3.2.1. Structure of as-received bentonite 
Sodium activated Milos bentonite was received as a powder consisting of aggregated 

particles. Figure 3.6(a) shows a low magnification micrograph of such aggregates. It 

consists mainly of stacks of aggregated flakes. Such flakes can be distinguished at high 

magnification as illustrated in Figure 3.6(b). These flakes are certainly composed of 

stacks of primary parallel montmorillonite platelets which are known as tactoids. This 

exceptional level of resolution was achieved by the combination of immersion field, 

monochromator, and low landing energy (250 eV) of the electron beam. The 

monochromator greatly reduces chromatic aberration at low accelerating voltages (<5 

kV) [105], and the low landing energy (250 eV) assist to limit penetration of the beam 

through the samples and maximized topographical contrast from the surface [106]. 

In addition to smectite clay, aggregates of rounded fine particles (<100 nm) can be 

observed in Figure 3.6(b). These were found to be calcium-rich by EDS and are most 

probably precipitated calcium carbonate, which was formed during the activation of 

the calcium bentonite with soda (sodium carbonate) [107]. These particles were 

present everywhere in the sample, mostly intercalated between clay tactoids.  

AFM was also used to image the surface of the as-received Milos bentonite.  Figure 

3.6(c) shows an AFM inverse phase image under ambient condition at identical 

magnification as in Figure 3.6(b). As indicated by the arrows, the edges of a few clay 

platelets can perhaps be distinguished in Figure 3.6(c) as well as the presence of the 

rounded fine particles in between smectite layers. Edges of clay platelets could be 

observed much more clearly by SEM as shown in Figure 3.6(d). This image shows 

sodium activated Milos bentonite after dispersion in distilled water and drying. The 

image was acquired using 500 eV landing energy with a stage bias of 2000 V and a 

probe current of 13 pA.  
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Figure 3.6. Microstructure of dry Na-activated Milos bentonite: (a) SEM image at low 

magnification, (b) SEM image at high magnification, (c) AFM inverse phase image at 

identical magnification as in (b), and (d) SEM image from a fragment of dried cake 

after dispersion. Arrows indicate edges of smectite clay platelets. 

3.2.2. Finely divided silicate species on magnetite particles 
Dry iron ore green pellets were observed by low-loss backscattered electron imaging. 

Two clearly different gray levels were obtained as shown in Figure 3.7(a). EDS 

analysis of the area shown in Figure 3.7(b) confirmed that the bright gray phase 

corresponded to magnetite (Fe-rich, Figure 3.7(c)), while the dark gray phase could be 

attributed to a thin layer of aluminosilicates (Si, Al and Mg-rich, Figure 3.7(d)-(f)). 

This example illustrates how low-loss electron imaging allows compositional contrast 

with high spatial resolution. 
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Figure 3.7. (a) Low-loss BSE image of iron ore green pellet fracture surface revealing 

magnetite (light gray) and aluminosilicates (dark gray), (b) high magnification image 

of (a), and (c), (d), (e) and (f) compositional maps of (b) for Fe, Si, Al and Mg, 

respectively. 

3.2.3. Structure of bentonite in wet iron ore green pellets 

A wet iron ore green pellet was sliced according to the sketch of Figure 3.8(a) to study 

the bentonite structure in the pellet. When this slice of iron ore green pellet was plunge 

frozen in liquid ethane and freeze fractured, two regions with distinctively different 

smectite microstructures were observed. The distinguished regions in the section of the 

pellet are indicated by regions (1) and (2) in Figure 3.8(a). In region (1), close to the 

outer surface of the sample, after sublimation of a small amount of ice (Figure 3.8(b)), 

well dispersed smectite tactoids that filled the gaps between the iron ore particles were 

observed. There are no clay-free spaces larger than 500 nm in the arrangement of 

tactoids. Large (> 500 nm) clay free spaces are typical of clay microstructures affected 

by slow freezing and ice crystallization [61], which will be discussed further below. 

Therefore, the structure of bentonite close to the outer surface of the pellet slice 

seemed to be well persevered after plunge freezing in liquid ethane and can be 

considered to be close to that in the wet pellets. 

In contrast, Figure 3.8(c) shows a cryo-SEM image recorded at low magnification in 

region (2) located in the interior of the slice. After sublimation of a small amount of 

ice, a much coarser honeycomb-like microstructure comprised of thicker tactoids was 

observed as shown in Figure 3.8(d). This coarse honeycomb-like microstructure is an 

artifact due to the insufficient cooling rate in the interior of the sample extending 

beyond about one hundred microns from the outer surface. Crystallization of ice 

probably segregated the initially well dispersed clay tactoids, which became stacked at 

the grain boundaries of the ice crystals, resulting in the coarse honeycomb-like 

structure indicated by the arrows in Figure 3.8(d). It is noteworthy that such kind of 

coarse honeycomb-like microstructures for clays has been reported in several previous 

works on clays and soils [31, 108, 109]. Unfortunately, these reports have probably 

hampered the progress of the clay research area for many years. 



 45 

 

Figure 3.8. (a) Schematic drawing illustrating the location of regions (1) and (2) with 

different microstructural properties after plunge freezing a section of iron ore green 

pellet in liquid ethane, (b) cryo-SEM image of the pellet in region (1) after sublimation 

of a small amount of ice, and (c) cryo-SEM image of the pellet in region (2), and (d) 

cryo-SEM image of the delineated rectangle after sublimation of a small amount of 

ice. 

In order to confirm the validity of the results obtained on a slice of iron ore green 

pellet close to the outer surface by plunge freezing in liquid ethane, an iron ore-

bentonite slurry, suitable for high pressure freezing, was investigated. Comparison of 

Figure 3.9(a) and Figure 3.8(b) indicates that the structure of bentonite was very 

similar in both cases.  

The micrographs in Figure 3.8 and Figure 3.9(a) were recorded with a Gemini column, 

since magnetite is magnetic.  In addition, an accelerating voltage of 3 kV was used. 

The resulting resolution of these images is limited by the deep penetration of the beam. 

In fact, the images also provide information from layers located behind the first clay 

tactoids. The large faces of the tactoids cannot be resolved well and instead the densest 
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regions encountered by the incident electron beam give rise to more signal and appear 

brighter. It corresponds to regions where the tactoids are approximately oriented 

parallel to the beam. In order to visualize the structure of bentonite with higher 

resolution, a bentonite suspension with similar bentonite to water ratio as in the iron 

ore pellet and the iron ore-bentonite slurry was prepared, high pressure frozen and 

imaged both by a Gemini and an Elstar column for the sake of comparison. Again the 

bentonite structure observed using the Gemini column on the bentonite suspension in 

Figure 3.9(b) compares favorably with that observed in the iron ore green pellet 

(Figure 3.8(b)) and the iron ore-bentonite slurry (Figure 3.9(a)). Nonetheless, the true 

microstructure of dispersed bentonite can be better visualized using the exceptional 

resolution obtained using the monochromatic and decelerated beam of the Elstar 

column and Magellan SEM instrument, see Figure 3.9(c).  

 

Figure 3.9. Cryo-SEM images after partial sublimation of high pressure frozen and 

freeze-fractured: (a) iron ore-bentonite slurry; (b) Na-activated Milos bentonite 
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suspension in distilled water (5% (wt/wt)). (a) and (b) were imaged using 3 keV 

landing energy, and (c) was imaged using 500 eV landing energy.  

To sum up, it is evidenced for the first time that Na-activated Milos bentonite forms a 

voluminous network of smectite tactoids in the interior of wet iron ore green pellets. 

Subsequently, the microstructure of dry iron ore green pellets was also investigated in 

an attempt to unveil how bentonite is redistributed during drying.  

3.2.4. Structure of bentonite in dry iron ore green pellets 
Figure 3.10(a) shows a region with several magnetite grains imaged using low-loss 

backscattered electrons. Dark gray regions comprised of bentonite could be identified 

between the brighter magnetite particles, as indicated by the arrows. Subsequent 

imaging using the in-lens secondary electron detector shows that the bentonite 

between the magnetite grains had a flake-like morphology (Figure 3.10(b)).  Thus 

Figure 3.10 illustrates that bentonite is accumulated at the contact points between iron 

ore particles during drying, forming what appears as bridges, which most probably 

improve the cohesiveness between iron ore grains in the pellet. Figure 3.11 shows such 

a bridge at higher magnification. 
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Figure 3.10. SEM images of dry iron ore pellet fracture surface: (a) Low-loss BSE 

compositional image reveals bentonite as a dark gray phase (indicated by arrows), and 

(b) the SE topographical image illustrates bentonite flakes accumulated at contact 

points of magnetite particles. 

1 μm 

 (b)  

1 μm 

 (a)  
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Figure 3.11. SEM image of dry iron ore pellet fracture surface reveals bentonite flakes 

forming what appears as a bridge between two large magnetite particles. 

3.2.5. Structure of homoionic bentonite in suspensions 
In order to take benefit of the unprecedented resolution offered by the Elstar column 

and the Magellan instrument for resolving the long time debated structure of smectite 

gels, SEM imaging with a monochromated and decelerated beam was applied on 

cross-sections of 5% (wt/wt) Na and Ca-montmorillonite samples, which had been 

cryo-fixed by high pressure freezing.  

Figure 3.12 shows the results obtained for Wyoming benonite (SWy-2). The Na-

sample (Figure 3.12(a) and (b)) consisted of bent platelets arranged in a relatively well 

dispersed manner, which was characterized by a homogeneous inter-platelet distance 

in the 100 nm-range and rarely reaching 500 nm. This arrangement was consistent 

with a repulsive system except for Y-connections occurring through FF-associations as 

that indicated by the delineated square area in Figure 3.12(b) and enlarged in Figure 

3.13(a). The origin of such connections might be: 

1. incomplete separation of dried fragments 

2. non-attractive contacts either due to the osmotic pressure induced by jamming 

or by Brownian motion, or a combination of both  

3. attractive contacts perhaps due to uneven charge distribution [27]  and assisted 

by polyvalent cations released during the different dispersion steps in distilled 

water  [110] 

  

200 nm 
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Figure 3.12. Cryo-SEM image of high-pressure frozen and freeze-fractured Wyoming 

bentonite in distilled water with 5% (wt/wt) solid content: (a-b) Na-ion exchanged gel, 

and (c-d) Ca-ion exchanged suspension. The micrographs were recorded after 

sublimation of approximately 100 nm of ice. 

The Y-connections with FF-contacts formed voluminous substructures as those 

indicated by the rectangular area in Figure 3.12(a) (enlarged in Figure 3.13(b)) and 

elliptical area in Figure 3.12(b). These substructures might be responsible for the 

occurrence of the sol-gel transition and permanent birefringence at higher solid 

contents for larger size fractions of Wyoming montmorillonite as observed by Paineau 

et al. [111].  
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 (b) 

1μm 
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1μm 

 (c) 
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In the Ca-sample (Figure 3.12(c)), cornflake-like aggregates of parallel platelets 

(Figure 3.12(d)) were found to be separated by distances in the micron range, which 

precludes gel formation at such a low solid content as 5% (wt/wt) and results in 

sedimentation.  

 

Figure 3.13. Cryo-SEM image of: (a) the dashed square area in Figure 3.12(b), and (b) 

the dashed rectangular area in Figure 3.12(a). 

The same experiments were conducted on 5% (wt/wt) suspensions of Milos bentonite. 

As shown in Figure 3.14(a), the suspension of as-received Na-activated Milos 

bentonite consisted of platelets that also appeared well exfoliated but smaller and more 

irregular than in the Na-exchanged Wyoming bentonite. In addition, the platelets were 

more interconnected and slightly larger spaces were present between platelets. This 

 (a)  

 (b)  



 52 

can explain why this suspension was not as stiff as the Na-exchanged Wyoming 

suspension, although it did not sediment over a period of several months and also 

occupied the entire volume of water. In contrast, the Ca-exchanged Milos bentonite 

behaved in a similar manner as its Wyoming counterpart. Aggregates of parallel 

platelets were also present in this sample, as illustrated in Figure 3.14(b).  

 

Figure 3.14. Cryo-SEM image of high-pressure frozen and freeze-fractured Milos 

bentonite in distilled water with 5% (wt/wt) solid content: (a) as received, Na 

activated, and (b) Ca-exchanged. The micrographs were recorded after sublimation of 

approximately 100 nm of ice. 

3.2.6. Methods of visualizing the three-dimensional structure of bentonite 

(a) FIB Cryo-SEM imaging  

In order to reveal the three-dimensional structure of bentonite in wet pellets, it was 

originally envisaged to run cryogenic focused ion beam (cryo-FIB) tomography, which 

consists in serial sectioning with FIB combined with SEM imaging of a small volume 

of sample.  The 1540XB CrossBeam cryo-SEM was equipped with a focused ion beam 

(FIB) milling system using gallium as ion source. It was used in a preliminary study in 

an attempt to reveal the three-dimensional structure of bentonite in wet iron ore green 

pellets.  As a first trial, a cavity was produced by FIB in a high pressure frozen iron 

ore-bentonite slurry in order to reveal the internal structure of the sample by cryo-SEM 

(Figure 3.15(a)). Figure 3.15(b) shows a closer look at a region between two magnetite 

300 nm 

 (a)   (b)  

300 nm 
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particles. It was anticipated that the network-type features in between the magnetite 

particles would be smectite clay in ice. However, EDS analysis only indicated the 

presence of Ga and Fe in these features rather than Si and Al. Similar result was 

obtained for the iron ore pellet frozen in liquid ethane as well. Therefore, it can be 

concluded that cryo-FIB is not suited for the investigation of bentonite in iron ore 

pellets, since it leads to artifacts.  

Figure 3.15. FIB cryo-SEM image of a high pressure frozen iron ore-bentonite slurry 

at increasing magnification (a-b). 

(b) Controlled sublimation and sequential imaging  

A new method was developed in order to reveal some of the three-dimensional 

structure of bentonite in a frozen dispersion. It consists in acquiring sequentially 

micrographs of the same area during sublimation of a properly cryo-fixed sample. 

Finally, all micrographs can be assembled as a movie. This method allows to rewind 

and to relate the instantaneous configuration between several particles during the 

course of sublimation to their original position in the hydrated state.  

Figure 3.16 shows four micrographs taken during the course of sublimation of water 

from a dispersion of Ca-SWy-2 bentonite. The entire movie reveals what appears as a 

random arrangement between flakes dominated by EE and EF contacts, although a few 

flakes still seems dispersed in ice without contacts. Interestingly, dense regions where 

flakes are likely to share several contacts with surrounding neighbors do not seem to 

suffer rearrangement even after almost complete removal of ice. In contrast, flakes 

sharing a few or no contacts are clearly attracted by the larger parts, presumably by 

10 μm 

 (a)  

500 nm 

 (b)  
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electrostatic attraction. Therefore, it seems that a continuous network was formed 

during the course of sublimation in this sample. 

 

Figure 3.16. (a-d) Micrographs of a same area of interest in the Ca-SWy-2 bentonite 

sample for different amounts of sublimation. These and additional micrographs were 

assembled in a movie having (a) and (d) as initial and final images, respectively. The 

scale bar corresponds to 5 μm in each micrograph.   

3.3. Quantitative size distribution of air bubbles in iron ore green pellets 

Three different methods were investigated in order to determine whether or not these 

methods could be of any help to gain quantitative data about entrapped air bubbles in 

iron ore green pellets: mercury intrusion porosimetry (MIP), image analysis of SEM 

micrographs and X-ray tomography (XMT).  

 (a)   (b)  

 (c)   (d)  
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3.3.1. Pore size distribution by mercury intrusion porosimetry 
The pore size distribution measured by MIP is presented by differential pore volume 

and cumulative pore volume as a function of capillary diameter in Figure 3.17(a) and 

(b), respectively. The cumulative distribution curve indicates the presence of a pore 

throat population by the steep increase in cumulative pore volume. The narrow pore 

size distribution as shown in Figure 3.17(a) indicates that the throat diameters are well-

defined and range between 1 and 2 μm.  

 

Figure 3.17. Pore size distribution from mercury intrusion porosimetry: (a) differential 

pore volume, and (b) cumulative pore volume. 

The SEM image analysis to segment different porosity (Figure 2.3(d) and (e)) shows 

that the porosity due to bubbles consists of relatively large isolated pores. It is obvious 

that most of the pellet region is not intruded by mercury before the pressure has 

become sufficient to overcome the capillary forces in the first narrowest passages (i.e. 

throats) close to the outer surface of the pellet. Beyond this pressure, the remaining 

unfilled pores located inside the pellets is directly filled by the mercury front without 

further increase in pressure, since it has only equivalent or larger capillary diameters. 

For these reasons, MIP cannot be used for the characterization of the bubble porosity. 

Nevertheless, this technique provides measurements of the total porosity of the pellets. 

The total porosity was found to be 36.3% and 33.7% for the FLOT and REF samples, 

respectively. Similar results were measured by pycnometry where the total porosity 

was found to be 36.2% and 33.3% for the FLOT and REF samples as reported earlier 

[5].  

(a) (b) 
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3.3.2. Image analysis of SEM micrographs 
In Figure 3.18(a) and (b), the bubble profile area density is shown for the REF and 

FLOT series, respectively, after averaging of the three pellets in each series. The data 

labeled as original after the morphological opening operation indicate a single 

population in both cases, which corresponds to the bubble porosity. The log normal 

functions, represented with a red curve, fit the original data very well. In order to 

compensate for the absence of bubble profiles < 20 μm, the values below 30 μm of the 

log normal curves were distributed by following the cubic extrapolation to zero 

(indicated by blue curve). This extrapolation was necessary to compensate for the 

absence of bubble profiles of <20 m because all profiles smaller than the size of the 

structuring element (20 m) were removed by the morphological operation. 

 

Figure 3.18. Comparison of bubble profile area density distribution of the original 

histogram (original) with, lognormal fitting of the histogram (lognormal) and 

lognormal fitting followed by extrapolation (lognormal+extrapol) towards zero: For 

(a) REF, and (b) FLOT samples.  

The size distribution of the bubble profiles expressed in area density as shown in 

Figure 3.18, was unfolded to volume density by stereology. Figure 3.19 (a) and (b) 

shows the cumulative distribution of the bubble volume density obtained from the 

original 2D SEM dataset of the REF and FLOT series respectively, after log normal 

fitting and after log normal fitting followed by extrapolating data to zero. The 

excellent agreement between the three curves clearly shows that there is barely any 
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difference between the final unfolded size distributions independently of which dataset 

was used. Hence, the distribution can be said to follow a lognormal function and the 

extrapolated part has relatively negligible influence on the final unfolded 2D SEM 

data. Thus the bubble porosity for the REF sample was found to be 2.90%, whereas it 

was 6.65% for the FLOT type sample. The median bubble diameter, d50  

for the REF sample, whereas it was 8  for the FLOT sample. These measurements 

emphasize to which extent the addition of extra flotation reagent prior to balling 

increases the bubble porosity.  

  

Figure 3.19. Comparison of cumulative bubble volume density distribution of the 

original histogram (original) with lognormal fitting of the histogram (lognormal) and 

lognormal fitting followed by extrapolation (lognormal+extrapol) towards zero: For 

(a) REF, and (b) FLOT samples. 

3.3.3. X-ray microtomography 
Figure 3.20 shows the reconstructed 3D volume of the FLOT and REF samples that 

were obtained by XMT. In order to verify the validity of the stereological unfolding 

method used for SEM image analysis, the same procedure was applied to 2D cross-

sectional images generated from the 3D reconstructed volume of the REF pellet. 

Figure 3.21 shows the cumulative size distributions of the bubbles expressed in 

volume density obtained from the 3D XMT data and the unfolded 2D XMT data. The 

curves are identical regardless of which threshold was used. This demonstrates the 
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appropriateness of this stereological unfolding method for estimating the size 

distribution of bubbles from SEM cross-sectional images of iron ore pellets. 

 

Figure 3.20. Parts of the reconstructed 3D volume of iron ore green pellets revealing 

internal structures: (a) FLOT, and (b) REF. 

 

Figure 3.21. Comparison of the cumulative air bubble volume density distribution 

obtained by X-ray microtomography (3D XMT) and by unfolding of the X-ray 

microtomography 2D cross-sections (unfolded 2D XMT) at different threshold values: 

46%, 51%, 56% of the 256 gray level values. 

The entire cross-sections of two different pellets of the same REF batch, imaged by 

SEM and X-ray microtomography are shown in Figure 3.22(a) and (b), respectively. 

At this level of magnification, very few differences can be observed and the dark 
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circular profiles corresponding to air bubbles are the main observable features. 

However, by examining enlargement of these images for a horizontal field of view of 

573 m, the difference in resolution between the two methods is evident. The SEM 

image in Figure 3.22(c) has a pixel size of 1 m, while it is 12.5 m in the image 

obtained by X-ray microtomography as shown in Figure 3.22(d). The gray level 

histogram of a SEM image similar to that Figure 3.22(c) is shown in Figure 2.4. The 

histogram corresponding to the interior of the pellet in Figure 3.22(b) is shown in 

Figure 3.23. Due to the atomic contrast provided by the back-scattered electron 

detector used for SEM imaging, the resulting histogram shows clear peaks for 

foreground (minerals) and background (pores) features and thresholding is 

straightforward (Figure 2.4). However, the histogram of the X-ray microtomography 

data (Figure 3.23) only exhibits one peak and it corresponds to magnetite. The values 

corresponding to the fraction of porosity which can be resolved (the largest pores, i.e. 

the largest bubble cavities) continuously decay towards lower gray scale values. This 

results in difficulties to determine a suitable threshold for binarization and 

identification of porosity.  
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Figure 3.22. Iron ore pellet cross-section (REF): (a) by assembling of SEM images, 

(b) X-ray microtomography, (c) enlargement of a region of (a), and (d) enlargement of 

(b) with a horizontal field of view of 573 m. The scale bar in each image corresponds 

to 1 mm. 
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Figure 3.23. Image histogram of the interior of the pellet imaged by X-ray 

microtomography in Figure 3.22(b). 

Considering that thresholding of the SEM images is accurate because of the clear 

contrast difference of the two main phases (magnetite and epoxy resin) and that the 

stereological unfolding method could be validated on XMT data, it seems logical to 

calibrate thresholding of the XMT data by the unfolded 2D SEM results. The 

calibration of the 3D XMT data was done by varying the threshold value for 

binarization and comparing the resulting size distribution of the bubbles to that 

obtained by unfolding the 2D SEM results. Practically, good agreement was sought for 

the largest diameters, since discrepancies due to resolution difference between the two 

methods are likely to be minimal for the largest objects. As shown in Figure 3.24(a) 

and Figure 3.24(c), the best fit between the 3D XMT and unfolded 2D SEM for the 

largest diameters was obtained for threshold values of 49% and 51% for the REF and 

FLOT samples, respectively. However, misfit between both methods occurs for 

diameters smaller than 100 μm, which leads to discrepancies between the cumulative 

curves for both samples (Figure 3.24(b) and Figure 3.24(d)).  
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Figure 3.24. Comparison of the X-ray microtomography (3D XMT) data and unfolded 

SEM cross section (unfolded 2D SEM) data: (a) bubble volume density for the REF 

samples, (b) cumulative bubble volume density for the REF samples, (c) bubble 

volume density for the FLOT samples, and (d) cumulative bubble volume density for 

the FLOT samples. The 3D XMT data for the REF and FLOT samples were obtained 

by using threshold values of 49% and 51% of the gray level, respectively. 

This can be understood in terms of the insufficient resolution achieved by XMT in this 

work in comparison to SEM, which is clearly illustrated in Figure 3.22(d). Therefore, 

the smaller bubbles, whose size was beyond the resolution limit, were not detected by 

XMT. This eventually leads to underestimation of the total bubble volume density by 

XMT. As a matter of fact, resizing the original SEM images by reducing pixel size 10 

times produced the same effect on the cumulative bubble volume density. Although 

the results in the present work indicate that XMT is not really appropriate for 

quantitative measurements on the entrapped bubbles contained in iron ore pellets, it 
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must be noted that the resolution of computed tomography systems is still increasing 

today and might become soon suitable for this purpose. Furthermore, a much higher 

resolution can be obtained for a smaller sample.  

3.3.4. Discussion 

In unpublished work, high magnification SEM images of several areas free of bubbles 

were recorded of the REF and FLOT samples. In the micrographs, packing porosity 

was simply estimated by using the Delesse principle [82], in other words by taking the 

area fraction equal to the volume fraction. The results are given in Table 3.1 together 

with the bubble porosity obtained by image analysis and the total porosity measured 

by pycnometry.  

Table 3.1. Porosity by image analysis and pycnometry.  

Method Sample Packing porosity (%) Bubble porosity (%) Total (%) 

Image analysis 
REF 36.7 2.9 39.6 

FLOT 38.6 6.7 45.3 

Pycnometry 
REF 31.5 2.5 34.0 

FLOT 31.5 5.4 36.9 
All bold values were measured. The values in italic for packing and bubble porosity were extrapolated 

by assuming proportionality from the ratios between the total values obtained by image analysis and 

pycnometry for each sample type. 

Adding bubble to packing porosity clearly gives an overestimation of total porosity 

when quantitative analysis of SEM images is used in comparison to the values 

obtained by pycnometry. Interestingly, if the image analysis values are rescaled to 

match the total porosity values obtained by pycnometry (i.e. the italic values in Table 

3.1), identical values are obtained for packing density in the REF and FLOT samples. 

This is of course what is to be expected if the increase in total porosity between the 

two batches of samples is only due to additional entrapped bubbles. 

Several factors were considered in order to explain the clear overestimation produced 

by quantitative analysis of SEM images: 

 One entire pellet cross-section was rerecorded at higher magnification (250 X) 

and on another SEM instrument (Magellan). After stitching and image analysis, 
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results identical to those obtained at 100 X magnification and on the JEOL 

instrument were obtained. 

 Magnification was found to be properly calibrated on the JEOL and Magellan 

instruments using a standard. 

 Particles are ripped out during polishing and might be responsible for the 

overestimation. Therefore, several regions where particles were clearly ripped 

out and their influence on the outcome of image processing were investigated. 

It was found that all regions ended as part of the particle fraction after 

thresholding, since the very fine particles covering all micro-sized mineral 

particles remain trapped in the epoxy and thereby contribute to increase the 

gray values inside the holes formed by missing particles. 

 The pellets swelled during impregnation with epoxy resin. 

The most plausible explanation appears to be that the samples swelled during 

impregnation with epoxy resin. 

Finally, it is worth mentioning that the packing porosity value obtained in Table 3.1 

(31.5%) can be considered to be representative of the porosity values obtained on 

pellets balled with 8.5% moisture or lower in Figure 1.4(a). This suggests that the 

increase in porosity after drying observed with increasing moisture content might be 

related to bubble entrapment only. 
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4. Conclusions 
New characterization methods mainly based on scanning electron microscopy (SEM) 

were developed in this work in order to gather both qualitative and quantitative data on 

different components of the pellets, i.e. mineral particles, water, bentonite and 

entrapped bubbles. 

In a first attempt to preserve the structure of wet iron ore green pellets by freezing 

before investigation by cryogenic SEM, wet pellets were frozen in liquid nitrogen by 

direct plunging or a new method developed in the present work called unidirectional 

freezing (Paper I). The former was found useful to study the degree of water filling at 

the outer surface of the pellet but led to artifacts in the interior, thus the latter method 

was developed to confirm that the spherical cavities observed in dry pellets were 

related to entrapped bubbles. The results also indicated that capillaries were formed at 

the outer surface of the pellets and that fine particles were lacking within a layer of 

approximately 100 μm from the outer surface and also in the direct vicinity of the air 

bubbles in the interior. No signs of a supporting “network” of viscous liquid on the 

pellet’s external surface was observed. 

More advanced freezing methods were subsequently employed to reveal the 

microstructure of bentonite in wet pellets. In order to ascertain the observations made 

on a slice of a wet pellet frozen by plunging in liquid ethane, SEM investigations were 

also carried out on a bentonite suspension and a bentonite-iron ore slurry, which could 

be cryo-fixed by high pressure freezing (Paper II). All microstructures were 

comparable and consisted in a voluminous network of well-dispersed clay platelets. 

This network was found to collapse upon drying. Bentonite was drawn to the contact 

points between the particles and formed what appeared as bridges, which eventually 

may impart strength to the dry pellets. A combination of energy dispersive 

spectroscopy (EDS) and imaging by low-loss backscattered electrons at low voltage 

evidenced the presence of very finely divided silicate species on magnetite particles. In 

order to visualize the three dimensional structure of dispersed bentonite clay with 

unprecedented resolution, a method based on SEM imaging with a monochromatic and 

decelerated beam was used for the first time (Paper III). The recorded images on Na-
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bentonite showed well-dispersed clay platelets with Y shaped contacts, which is quite 

different from earlier reports of much coarser structure formed as a result of poor 

sample preparation. Acquiring a sequence of micrographs of the same area during 

sublimation was found to be useful in order to capture a part of the three dimensional 

structure of dispersed bentonite. 

Finally, in order to gain quantitative data about the porosity due to bubble entrapment 

in dry pellets, the entire cross-section of dry epoxy embedded and polished pellets 

were recorded by SEM (Paper IV). The three-dimensional bubble size distribution was 

unfolded from 2D SEM data using image processing, image analysis and stereological 

principles. The same type of pellets was also investigated by X-ray micro-tomography 

(XMT) (Paper V). The resulting three-dimensional dataset allowed the validation of 

the unfolding procedure based on stereology. However, the lack of resolution obtained 

by XMT was shown to lead to discrepancies with the SEM data for small bubble sizes. 

Entrapped air bubbles due to the addition of extra flotation reagent in pellets were 

shown to be responsible for additional porosity observed by mercury intrusion 

porosimetry (MIP).  

In summary, useful characterization methods for iron ore pellets based on SEM have 

been developed in this work, which opens up new possibilities for studying 

agglomerates and agglomeration processes in more detail.    
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5. Future work 
Suggestions for future work are given below: 

 To understand the role of the 100 μm layer at the surface of wet pellets on 

pelletization and especially consolidation appears as a natural follow-up of this 

work. The microstructural features of this layer suggest a consolidation process that 

does not simply occurs by addition of materials from the drum to the growing 

pellet. The role of mechanical shocks and the water phase through the 

microstructure should be considered. 

 The methods developed to reveal the structure of dispersed and dry bentonite could 

be employed to study other binders (e.g. polymers) in the development of 

bentonite-free pellets, since bentonite decreases iron content and increases the cost 

of steel production [112].  

 The source of the overestimation of total porosity observed by quantitative analysis 

of SEM images needs to be confirmed. Applying SEM image analysis, pycnometry 

measurements and XMT with higher resolution on sintered pellets should solve this 

issue, since cavities due to entrapped bubbles should still be present after sintering 

and no swelling should occur during impregnation with epoxy resin.   

 If the results obtained by image analysis were to be confirmed, this would give 

even more credit to the suggestion that the increase in porosity after drying 

observed with increasing moisture content might be related to bubble entrapment 

only. It would motivate further pelletization studies combining qualitative and 

quantitative SEM investigations together with methods that determine the degree of 

filling by considering the envelop of wet pellets rather than that after drying. 
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Summary

There are generally two problems associated with cryogenic
scanning electron microscopy (cryo-SEM) observations of
large wet powder compacts. First, because water cannot be
vitrified in such samples, formation of artefacts is unavoidable.
Second, large frozen samples are difficult to fracture but
also to machine into regular pieces which fit in standard
holders, especially if made of hard materials like ceramics. In
this article, we first describe a simple method for planning
hard cryo-samples and a low-cost technique for cryo-
fracture and transfer of large specimens. Subsequently, after
applying the entire procedure to green pellets of iron ore
produced by balling, we compare the influence of plunge- and
unidirectional freezing on large entrapped bubbles throughout
the samples as well as the degree of water filling at the
outer surface of the pellets. By carefully investigating the
presence of artefacts in large areas of the samples and by
controlling the orientation of the sample during freezing
and preparation, we demonstrate that unidirectional freezing
enables the observation of large entrapped bubbles with
minimum formation of artefacts, whereas plunge freezing is
preferable for the characterization of the degree of water filling
at the outer surface of wet powder compacts. The minimum
formation of artefacts was due to the high packing density of
the iron ore particles in the matrix.

Introduction

Ceramic green bodies produced by casting techniques (Mao
et al., 2008), wet granules formed by high-shear mixing
(Saleh et al., 2005), wet iron ore pellets produced in balling
processes (Forsmo et al., 2006) and hydrated cement formed
by moulding of concrete (Poellmann et al., 2000) are all
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examples of divided solids shaped and compacted in an
aqueous matrix. These techniques require mechanical mixing
of the solids and water, which usually results in entrapment
of air as air bubbles. Upon drying entrapped bubbles result in
large cavities, which seriously reduce the strength of sintered
ceramics (Takao et al., 2000), dried green iron pellets (Forsmo
et al., 2008) or cured concrete (Cross et al., 2001).

Therefore, a reliable method is needed for the
characterization of large bubbles in terms of morphology, size,
number and location in wet compacts in order to understand
and mitigate their formation. The scarcity of bubbles requires
the characterization of regions large enough to be considered
as representative, i.e. in the centimetre range, because bubbles
larger than 100 μm are frequently encountered (Forsmo et al.,
2008).

In the case of wet agglomeration, another microstuctural
parameter of importance is the water level in capillaries at the
surface of the granules. In such process, it is the degree of water
filling that imparts most of the strength to the wet granules
(Iveson et al., 2001). Hence, direct observation of the water
level in capillaries would further improve understanding of
granulation processes.

The objectives stated above imply resolving the interfaces
between water, air and solid. Such information can obviously
not be retrieved on dry samples.

In this respect, cryogenic scanning electron microscopy
and freeze fracturing are attractive techniques because they
allow direct observation of cross-sections of frozen samples.
However, complete vitrification of water during freezing is
necessary to prevent artefacts caused by the crystallization
of ice such as redistribution of fluid or mechanical damage.
Current methods like plunge freezing in a cryogen and
high-pressure freezing only enable to vitrify samples with a
maximum thickness of 20 and 600 μm, respectively (Galway
et al., 1995). Thus, formation of artefacts is inevitable if larger
samples are to be frozen. In addition, slicing of wet compacts
is not realistic and might cause water redistribution. For this
reason, suitable methods for sample preparation to study large

C© 2010 The Authors
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Fig. 1. Schematic drawings of: (a) freezing set-up for unidirectional freezing; (b) cryo-polishing adapter; (c) polishing sequence for size reduction of the
pellets.

bubbles or water level in capillaries must be identified by
carefully assessing the impact of artefacts.

In this study, we present a complete procedure to investigate
the presence of large bubbles and the degree of water filling in
wet iron ore green pellets produced by balling. Two different
freezing techniques were compared, namely plunge freezing
and unidirectional freezing. Low-cost cryogenic methods for
size reduction and fracture of large samples are also reported.

Materials and methods

Preparation of the pellets

Wet iron ore pellets were produced by micro-balling. The
preparation procedure has been reported in detail elsewhere
(Forsmo et al., 2006) and only a brief description is given here.
For this study, magnetite iron ore concentrate from LKAB
was mixed with 0.5% bentonite and the moisture content was
adjusted to 8.2%. Micro-balling was performed in a drum with
a diameter of 0.8 m using a seeding approach. First, seeds
were produced by scattering the pellet feed in small amounts
on the rotating drum. Small amounts of water were sprayed
to initiate growth. After 5 min, the drum was stopped and the
material was screened to obtain 3.5–5 mm seeds. About 150 g
of the seeds was placed in the rotating drum. Finally, the
green pellets were allowed to grow during 4 min by scattering
fresh pellet feed on to the seeds. Water was added by spraying
when needed. Finally, the green pellets were screened and size

fraction 10 to 12.5 mm was used for characterization. The final
pellets showed a degree of water filling around 100vol% and
a moisture content of 8.71wt% corresponding to 32.94vol%
(Forsmo et al., 2006).

Freezing

After completion of balling, pellets were frozen using two
methods:
(1)Plunge freezing: pellets were directly immersed and stored

in liquid nitrogen.
(2)Unidirectional freezing: pellets were first marked with the

symbol ⊥ on two diametrically opposed points. This task
was carried out with scalpel and tweezers taking great
care not to make contacts with the sides of the pellet to
be later investigated. Subsequently, the sample was frozen
as described below. The freezing set-up is illustrated in
Fig. 1(a).

Liquid nitrogen was fed continuously to one end of a U-
shaped plastic tube (1) as indicated with a grey arrow (2). One
pellet (3) at a time was placed on a plastic grid (4) positioned
at the other end of the tube. The pellet was oriented in such
a way that the bottom part (—) of the two symbols ⊥ was
indicating the horizontal direction, and the upper part (ı̈), the
vertical direction. After a couple of minutes, complete freezing
was indicated by the rise of liquid cryogen to the top of the
pellet along its surface. All pellets frozen in this manner were
subsequently stored in liquid nitrogen.

C© 2010 The Authors
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Size reduction

The size of the spherical pellets was reduced as indicated
in Fig. 1(c) of practical reasons before fracturing and
SEM observations. Slices with parallel faces containing an
equatorial plane and with a thickness of 3 mm were prepared.
The samples were too large and too hard for cryo-microtomy,
which is commonly employed with organic materials (De
Carvalho et al., 1999). Two types of techniques have been
reported in the literature for size reduction of cryogenic sample
by machining; trimming with a high-speed circular dental saw
(Wu et al., 1996) and cryo-milling (Nijsse & Van Aelst, 1999).
On one hand, it is difficult to achieve a controlled flat surface on
a sphere in a bath of liquid nitrogen manually with a circular
saw. On the other hand, cryo-milling can be performed using a
commercial ultramilling equipment (e.g. SP2600 Ultramiller,
Leica Microsystems GmbH, Wetzlar, Germany) equipped with
a cryo-stage and a rotating diamond cutting tool. However,
the manufacturer does not recommend this equipment for
ceramic material.

We have therefore developed a cryo-planning technique
based on the most widely spread technique for sample
preparation, namely manual grinding on SiC paper. This
was made possible thanks to the simple adapter shown
schematically in Fig. 1(b). The adapter was made of steel
and therefore could be adapted onto the magnetic plate
of a laboratory grinding machine (Labopol-5, Struers A/S,
Ballerup, Denmark). It is composed of a circular and flat steel
base (1) fitted in the centre of a steel container with tapered
edges (2). The base was 70 mm in diameter. Grit 60 SiC paper
(3) was fixed using a clamping ring (4). The tapered edges
were designed to counterbalance rising of the liquid nitrogen
during rotation. Liquid nitrogen that overflowed the container
was collected in a pan (5), where it could evaporate without
damaging the plastic part of the grinding table. In this way,
flat surfaces on each side of the frozen pellets could be obtained
easily by holding the sample with pliers against the rotating
SiC paper.

The size of the samples prepared by unidirectional freezing
was reduced according to the following sequence, see Fig. 1(c):
(a) The sample was held by pliers on the ⊥ symbols.
(b) Two diametrically opposed flat faces parallel to the vertical

plane virtually crossing the upper parts of the ⊥ symbols
were created by polishing. The flat surfaces provide better
stability when held by pliers. The sample was polished
until a thickness of 6 mm was achieved.

(c) Two new ⊥ symbols were carved on each flat face keeping
the same convention for directions as for the first set of
symbols.

(d) Holding the sample on the flat surfaces marked with the
new ⊥ symbols, grinding was conducted on both sides
parallel to the vertical plane and perpendicularly to the flat
surfaces until a slice of 3 mm in thickness was obtained.
This caused the former set of ⊥ symbols to be removed.

Fig. 2. Schematic drawing of the fracturing and transfer device: (1)
sample; (2) sample holder; (3) vice jaws; (4) vice screw; (5) gate; (6)
movable barrier.

(e) The slice was further reduced in size by hitting it with a
knife along its symmetry axis.

(f) Finally, two pieces ready for fracturing and investigation
were obtained, providing microstructural information
about the lower and upper parts of the pellets prepared
by unidirectional freezing.

The same procedure was applied for plunge freezing without
accounting for orientation, i.e. without ⊥ symbols.

Fracturing and transfer

A low-cost device shown in Fig. 2 was designed to carry out
fracturing and transferring of the thick samples without frost
deposition on the fractured surface. The sample (1) was first
mounted in the sample holder (2) by clamping it by vice jaws
of copper (3), which were tightened using a screw (4). The
sample was oriented with the symmetry plane of the sample
indicated by the dashed lines in Fig. 1c(f) aligned along the top
edges of the jaws. The sample was mounted under continuous
immersion in liquid nitrogen.

The device itself comprised a steel gate (5) and a movable
aluminium barrier (6). The idea behind the fracturing and
transfer device was to use the degrees of mobility of the transfer
rod of a simple airlock (C1010, Gatan, Inc., Pleasanton, CA,
USA), in which movement of the sample holder is limited to
translation along the rod axis and rotation around it. The
device was machined so that the upper face of the movable
barrier was in contact with the bottom part of the sample
holder. The contact areas are indicated by the black arrows in
Fig. 3(a).

The different steps of the procedure for freeze-fracturing and
transfer of the samples are illustrated in Fig. 3:

C© 2010 The Authors
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Fig. 3. Schematic drawing illustrating the fracturing and transfer procedure.

(a) First, the fracturing and transfer device was pre-cooled
in liquid nitrogen. After venting the airlock with dry
nitrogen, it was quickly introduced in the back of the
airlock in front of the ball valve. Directly thereafter, the
transfer rod with the sample was fitted onto the airlock
and vacuum was switched on.

(b) The sample was rotated upside down and pushed towards
the aluminium barrier.

(c) The sample was fractured with a single hit with a hammer
on the knob at the end of the transfer rod.

(d) After pulling out and turning back the sample, the ball
valve was open and the sample pushed into the gate until
the rod made contact with the barrier.

(e) At this stage, the sample was rotated 90◦.
(f) By pulling out the transfer rod, the pivoted sample was

able to open the movable barrier.
(g) Once the barrier opened, the sample was rotated back to

horizontal position.
(h) Finally, the sample was transferred through the gate to

the SEM chamber.
The method presented herein is simple, cheap, fast and

efficient. The pre-cooled device acts as a cold trap and helps to
quickly reach the vacuum required to open the airlock. The
vacuum in the airlock results in low heat transfer and no frost
deposition on the fractured surface. The whole procedure is

completed within one and a half minute. The method facilitates
fracturing of thick brittle samples. In fact, we managed to
fracture 6-mm-thick samples, and only the size of the sample
holder limited the thickness of the sample that could be
handled. Because one of the jaws can rotate freely, completely
parallel flat faces of the samples are not necessary. The jaws
also increase the contact area, which allows for cool thermal
transfer.

Imaging

The microstructure of the fractured surfaces was recorded
using a low vacuum scanning electron microscope (JSM-
6460lv, Japanese Electron Optics Limited, Tokyo, Japan)
equipped with a W filament and a cold-stage (C1003, Gatan,
Inc.). During investigation, the temperature of the cold-stage
was kept below –170◦C. The microscope was operated at
15 kV in low vacuum mode (37 Pa) and back-scattered
electrons were used for imaging.

Results

Spherical cavities in samples prepared by plunge freezing

By careful observation of several thin sections of samples
which were prepared by plunge freezing, three regions

C© 2010 The Authors
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Fig. 4. Schematic drawing illustrating the different regions observed in samples prepared by plunge freezing (a) and images of typical cavities observed
in: region 1 (b), region 2 (c) and region 3(d). The dashed line in (b) indicates the boundary between two regions with different fines concentration.

with different microstructural properties could be identified.
Figure 4(a) indicates the location of the three regions (1, 2 and
3) in the samples. Empty cavities corresponding to entrapped
air bubbles (Fig. 4b) were observed close to the outer surface
of the pellets (region 1). This region reached a depth of about
2 mm. The cavities were completely filled with water (Fig. 4d)
in the core of the pellets (region 3). In between, a transition
region (region 2) was found, where the cavities were partially
filled with water as shown in Fig. 4(c). In this region, the
water content of the cavities gradually increased as region 3
was approached.

It is worth noting that a layer of fine particles is present at
the air/ice interface in the micrographs of Fig. 4. Interestingly,
throughout all samples the space between the large iron ore
particles in the direct vicinity of the cavities was not filled with
finer material as in the rest of the matrix, as clearly observed
on the right-hand side of Fig. 4(b).

Observation of the matrix

Figure 5 shows typical images of the matrix between
the spherical cavities. The morphology of the matrix is

independent of freezing method. The matrix is very dense and
the main fraction is not surprisingly comprised iron ore grains
with finer material mixed with coarser material, see Fig. 5(a).
Unlike in the spherical cavities, the size of the water domains
is quite small, i.e. <2 μm (Fig. 5a). Occasionally, columnar
structures of iron ore grains and water were observed in
regions of low packing density (Fig. 5b).

Spherical cavities in samples prepared by unidirectional freezing

All cavities were empty and appeared similar throughout
the entire sample that had been frozen by unidirectional
freezing, as shown in Fig. 6(a) and (b). Nearly spherical cavities
surrounded by large iron ore particles oriented with a flat
surface parallel to the air/ice interface were the most typical
features observed. As in the sample that had been prepared
by plunge freezing, a layer of fine particles was also present at
the interface air/ice in all cavities and there was a lack of fine
materials in the direct vicinity of the cavities.

In addition, discrete ice crystals inside the cavities were
observed at the surface of the cavity that was at the
lowest temperature, i.e. at the bottom surface of cavities for
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Fig. 5. Typical images of the matrix between the spherical cavities, independent of freezing method (a) and columnar structure in a region of low packing
density (b).

unidirectional freezing (see Fig. 6a) and at the surface closest
to the exterior of the pellet for plunge freezing. However, these
crystals were only encountered in the first two thirds of the
pellets that had been unidirectionally frozen. On average, there
were more crystals in each bubble at the bottom of the pellet,
i.e. the region which was frozen first. The quantity of crystals
decreased gradually from this region up to two thirds of the
diameter where they disappeared. Such crystals were also
found to lie on the top outer surface of the pellet.

Observation of the cross-section close to the outer surface of the
pellet

Figure 7 shows cross-sections at the outer surface of the pellets
frozen by the two methods. A distinct level of frozen water, i.e.
ice crystals, is observed on all samples. In the case of plunge
freezing (Fig. 7a), the ice does not reach the outer surface of the

pellet. This indicates the presence of capillary forces holding
the water inside the pellets. Similar observations were made
also for pellets frozen by unidirectional freezing but only at the
bottom of the pellet (Fig. 7b). At the top of the pellet, the ice
reached closer to the surface (Fig. 7c). Also here, discrete ice
crystals were observed on the top surface (Fig. 7d).

Discussion

Spherical cavities related to entrapped bubbles but completely
filled with water have been already reported for cement in
literature (Mehta et al., 1994; Corr et al., 2002). However, it
could never really be ascertained whether these observations
were artefacts or not.

Our work clearly demonstrates that plunge freezing is not
appropriate to study large cavities in large wet compacts
when water cannot be completely vitrified. The ice that first

Fig. 6. Images of typical cavities in: (a) the bottom part of the sample prepared by unidirectional freezing; (b) the upper part.
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Fig. 7. Cross-sections at the outer surface of the pellets frozen by: (a) plunge freezing; (b) unidirectional freezing, bottom part; (c) unidirectional freezing,
upper part; (d) enlargement of (c).

crystallizes all around the sample builds a solid shell and the
water remaining in the interior of the pellet is forced into
the cavities because of the larger volume occupied by ice
than liquid water (Fletcher, 1970). The hydrostatic pressure
building up results in penetration of water into the spherical
cavities and forces gas entrapped in the bubbles to escape
through cracks or grain boundaries.

By contrast, unidirectional freezing did not cause any filling
of the bubbles with water, likely because no shell of ice is formed
around the sample, which shows the potential of this method
for studying large cavities in wet compacts which cannot be
vitrified because of size requirements.

Nevertheless, plunge freezing may be more appropriate to
study the degree of water filling at the outer surface of wet
compacts, because this method seems not to affect the water
level at the outer surface. This stems from the fact that water
first exposed to liquid nitrogen all around the samples instantly
freezes. Besides it is not affected by the hydrostatic pressure
building up in the interior, because remaining liquid water
can penetrate into entrapped bubbles and push air outside the
frozen body through the formation of cracks.

The columnar structure of ice encountered in the matrix
may be an artefact caused by segregation of the iron ore
grains to the grain boundaries of the growing ice crystals in
regions of low packing density, a well-known phenomenon
occurring in the process of freeze-casting (Deville, 2008).
In the micrographs shown in Figs 4 and 6, the very fine
particles located at the interface between air and ice and
observed in all cavities may also have been moved to the
air/water interface by segregation due to the growth of ice
crystals. However, no fine particles were found to be segregated
at the boundaries between ice grains in the matrix close
to the interface (i.e. no columnar segregation), which was
likely to occur if these particles had been dispersed in water
before freezing. Therefore, these fine particles might have been
floating at the surface of water from the start.

Because they were found to lie on this layer of fine particles
and also on the faces of large iron ore particles inside cavities,
the discrete ice crystals were likely formed after complete
freezing around the cavities and as a result of a critical
temperature gradient. The ice crystals probably grew as a
result of vapour deposition of moisture at the location with
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lowest temperature. This process did probably not occur to the
same extent in the part of the pellets that were cooled more
slowly (the upper part of the unidirectionally frozen pellet
and most of the pellet prepared by plunge freezing), due to
a more homogeneous temperature throughout the cavities
or the formation of cracks, which exposed more surface for
deposition.

Finally, it must be noted that the method presented in
this work should perform satisfactorily for any wet powder
compact exhibiting low columnar segregation during freezing,
which is limited by high packing density of the solid particles
and large particle size.
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Abstract 

Sodium activated calcium bentonite is used as a binder in iron ore pellets and is known to 

increase strength of both wet and dried iron ore green pellets. In this paper, the true 

microstructure of bentonite in magnetite pellets is revealed for the first time using scanning 

electron microscopy (SEM). The microstructure of bentonite in wet and dry iron ore pellets, 

as well as in distilled water, was imaged by various advanced imaging techniques (e.g. 

imaging at low voltage with monochromatic and decelerated beam or low loss backscattered 

electrons) and cryogenic methods (i.e. high pressure freezing and plunge freezing in liquid 

ethane). In wet iron ore green pellets, clay tactoids (stacks of parallel primary clay platelets) 

were very well-dispersed and formed a voluminous network occupying the space available 

between mineral particles. When the pellet was dried, bentonite was drawn to the contact 

points between the particles and formed solid bridges, which eventually impart strength to 

the solid compact.  

Keywords: Microstructure, High pressure freezing; Plunge freezing;  Freeze fracture; Cryo-

SEM; Bentonite; Magnetite; Iron ore; Green pellets;  
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1. Introduction 

Bentonite is an impure mineral containing mostly montmorillonite, a clay of the smectite 

family. Because of its versatile properties, bentonite is used in many industrial applications, 

e.g. in drilling muds, as a foundry bond clay, and as a sealant in irrigation ditches and 

radioactive waste repository (Murray, 1991; Pusch & Yong, 2005). In the iron ore industry, it 

is utilized as a binder to produce iron ore pellets, since it improves ballability (Qiu et al., 

2004) and the strength of as-prepared wet green pellets (Forsmo et al., 2006) and of dried 

pellets (Volzone & Cavalieri, 1996). However, there is no reliable microstructural data in the 

literature, which can explain the role of bentonite in iron ore pellets and similar materials.  

Montmorillonite consists of platelets made of an octahedral alumina sheet sandwiched in 

between two tetrahedral silica sheets. Because of isomorphous substitutions, the platelets 

carry a net negative charge, which causes the platelets to separate to different extents when 

hydrated depending on the counter ions present (Luckham & Rossi, 1999). Sodium activated 

bentonite as that investigated in the present work swells several times its original volume 

when immersed in water (Norrish, 1954). Numerous studies have tried to relate the special 

properties of smectite clays to the arrangement of the platelets and many structures were 

proposed over the past century (Broughton & Squires, 1936; Callaghan & Ottewill, 1974; 

Freundlich, 1928; Goldschmidt, 1926; Goodeve, 1939; Hauser & Reed, 1937; Hofmann & 

Hausdorf, 1945; Keren et al., 1988; Lagaly & Ziesmer, 2003; Lambe, 1953; M'Ewen & Pratt, 

1957; Morris & Zbik, 2009; Norrish & Rausell-Colom, 1963; Rand et al., 1980; Rosenqvist, 

1959; Terzaghi, 1925; Van Olphen, 1956, 1964; Weiss, 1962). Yet reliable observations of 

bentonite, smectite or montmorillonite microstructures are scarce and most reported 

cryogenic SEM works must be viewed with scepticism because of the doubtful freezing 

procedures that were utilized.  

In order to achieve vitrification of wet samples, i.e. to avoid formation of ice crystals in the 

samples, which would lead to the formation of artifacts in the samples, effective freezing 

rates in the range of about 103-105 K.s-1 are required (Moor, 1971). The vast majority of the 

cryo-SEM studies on bentonite and related compounds used plunge freezing at ambient 

pressure of samples larger than 100 μm in liquid cryogens such as chlorofluorocarbons 

(Tessier et al., 1992; Tessier & Pedro, 1982) or propane (McFarlane et al., 2006; Morris & 
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Zbik, 2009; Mpofu et al., 2004; Zbik et al., 2008). However, freezing of liquid water without 

crystallization is difficult to achieve by plunge freezing of hydrated samples having a 

and other factors (Steinbrecht & Zierold, 1987). In the case of smectite clays, Chenu and 

Tessier (Chenu & Tessier, 1995) demonstrated that plunge freezing in liquid nitrogen and 

chlorofluorocarbons undoubtedly altered the microstructure of moderately concentrated 

suspensions of Na-smectite as compared with results obtained by small angle X-ray 

scattering (SAXS) of wet samples. Plunge freezing in liquid nitrogen was also shown to be 

detrimental in highly concentrated suspension of bentonite by Holzer et al. in comparison to 

high pressure freezing (Holzer et al., 2010).  Indeed, high pressure freezing is the only 

technique that enables adequate freezing or even vitrification of samples with thicknesses 

below 200 μm (Hohenberg et al., 1994; Studer et al., 1995) although up to 600 μm is also 

claimed for biological samples (Galway et al., 1995; Moor, 1987). Application of high 

pressure (2100 bar) during the freezing process can preserve the native hydrated 

physiological state of biological specimens without visible ice crystal formation (Studer et al., 

1989).  

The microstructure of bentonite in aqueous suspension has already been reported as a 

dispersed structure of clay platelets as revealed by high pressure freezing and cryo-SEM 

(Holzer et al., 2010). However, the microstructure of bentonite in wet iron ore pellets might 

differ from that observed in pure aqueous suspension of bentonite because of the 

mechanical action during balling and the use of process water.  In addition, machining green 

iron ore pellets to dimension applicable for high pressure freezing (<500 μm) is difficult and 

may change its native hydrated states. Therefore, high pressure freezing cannot realistically 

be applied to green iron ore pellets. Nevertheless, plunge freezing pellets in a satisfactory 

cryogen as liquid ethane might result in cooling rates sufficient to vitrify water close to the 

outer surface of the sample. This can be ascertained by comparing the resulting 

microstructure with that obtained in high pressure frozen model systems.  

In the making of iron ore pellets, the green pellets are dried prior to oxidation and sintering. 

Drying causes a remarkable increase of strength in iron ore pellets in presence of bentonite 

(Forsmo et al., 2006). According to Kawatra and Ripke (Kawatra & Ripke, 2002), bentonite 
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disperses into individual platelets and coat the surfaces of the magnetite particles like a gel. 

However, direct observation of this type of microstructure has never been reported despite 

several attempts (Kawatra & Ripke, 2001, 2002). As a matter of fact, bentonite was found to 

be difficult to resolve among magnetite particles by electron microscopy. These difficulties 

0.5 wt%) and the fineness of the bentonite 

platelets (a few nanometers in thickness), which are nearly invisible at high accelerating 

voltage, the signal from the magnetite particles being transmitted through the clay platelets. 

Therefore, special contrast and high resolution imaging techniques are required in order to 

identify and clearly image dried bentonite in iron ore pellets. Another difficulty associated 

with imaging magnetite ore by SEM is that it is magnetic and therefore final lenses using 

magnetic field for immersion can be ruled out in order to achieve high resolution, since loose 

magnetic particles can be attracted by such lenses. 

In the present study, we reveal for the first time the microstructure of bentonite in wet and 

dry iron ore pellets by advanced sample preparation and imaging techniques. Firstly, the 

microstructure of bentonite in green iron ore pellets frozen by plunge freezing in liquid 

ethane is investigated and compared with that of a high pressure frozen bentonite 

suspension and an iron ore-bentonite slurry, all with comparable bentonite to water ratio. 

The microstructure of bentonite in the aqueous suspension is imaged at very low voltage 

using a monochromatic and decelerated electron beam in combination with an immersion 

magnetic field to achieve maximum resolution. The resulting images serve as a reference for 

comparison with the micrographs obtained with an electrostatic immersion lens on the 

magnetic samples to ease interpretation. Secondly, low loss back-scattered electron imaging 

at low voltage is used to identify bentonite in dry iron ore pellets and in the next step, 

secondary electron imaging is used to gain topographical information.      
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2. Experimental 

2.1. Materials 

The magnetite concentrate (collected from LKABs concentrating plants, in Malmberget 

Sweden) had a particle size of 68% less than 45 μm and the mean particle size measured by 

laser diffraction was 30 μm. The chemical composition of the concentrate was 71% Fe, 0.6% 

SiO2 and 0.018% P. The surface area of the iron ore concentrate determined from nitrogen 

adsorption data using the BET method (ASAP2010, Micromeritics) was 0.43 m2 g-1. Sodium 

activated calcium bentonite clay (Milos, Greece) with a particle fineness of 94% less than 75 

μm was used as a binder. The Enslin swelling value of bentonite was measured to be 580% 

(after 2 hours). The BET surface area of the bentonite particles was 40 m2 g-1. The bentonite 

was dried overnight at 105°C and stored in a desiccator before balling. The chemical 

composition of bentonite was of 52% SiO2, 16% Al2O3, 6% CaO, 4% MgO, 2.5% Na2O, 4% Fe 

and 0.7% K2O.  

2.2. Preparation of iron ore green pellets 

Iron ore green pellets were produced by micro-balling as described earlier (Forsmo, 2007) 

and a brief description is presented here. Firstly, pellet feed was prepared by mixing 7-kg 

moist magnetite concentrate with 0.5% bentonite by weight of concentrate in a laboratory 

mixer and moisture content was adjusted to 8.2% using tap water. It is noteworthy that 

approximately 50% of final moisture was due to process water in the concentrate. Secondly, 

micro-balling was performed in a rotating drum using a seeding approach. Seeds of 3.5 to 5 

mm in diameter were produced by scattering the pellet feed in small amounts on the 

rotating drum and spraying water to initiate growth. Then some of these seeds were 

returned to the drum to grow green pellets by scattering fresh feed and spraying water 

whenever needed. The final moisture content was 8.23 wt% and wet green pellets with a 

size between 10 and 12.5 mm were selected by screening. For future characterization by 

SEM, some of the resulting pellets were immediately placed in an air-tight flask containing a 

sponge impregnated with a saturated KCl solution in order to preserve the hydration state. 

The other pellets were dried at 105°C for 24 hours for characterization of the dry pellets.  

2.3. Preparation of the bentonite suspension and iron ore-bentonite slurry 
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The bentonite to water ratio in the iron ore green pellets is about 5% (wt/wt). Therefore, 

suspensions with this bentonite content were prepared by dispersing bentonite in distilled 

water by ball milling to achieve suitable dispersion.  Milling was carried out using ZrO2 balls 

for 24 hours in a plastic container rotating at about 300 rpm. Then the suspension was 

shaken for 6 hours in a shaker after removing the balls. Magnetite particles with a size less 

than 36 μm were selected by dry screening in order for the slurry to accommodate the 

limited space available in the dedicated high pressure freezing sample carriers. This slurry 

was formed by thoroughly mixing 74 wt% (36 vol%) magnetite particles with the bentonite 

suspension. This concentration was selected, since the viscosity was still sufficiently low to 

allow the slurry to flow through the ultrafine tip of a micropipette.  

2.4. High pressure freezing (HPF)  

For high pressure freezing, the bentonite suspension or the iron ore-bentonite slurry was 

pipetted into the cylindrical 100 m cavity of a 3 mm aluminum specimen carrier type A and 

sandwiched with a flat aluminum specimen carrier type B. Alternatively, samples were 

sandwiched between two 3 mm aluminum specimen carriers type A with the 100 m cavities 

facing each other (total cavity 200 m, Leica Microsystems, Vienna, Austria). In the next 

step, high pressure freezing was performed using either a HPM 100 (Leica Microsystems) or 

a HPM 010 (ABRA Fluid AG, Widnau, Switzerland) apparatus. The high pressure frozen 

samples were kept in liquid nitrogen prior to observation by cryo-SEM. The flat aluminum 

specimen carrier was removed from the sandwich in liquid nitrogen and the sample was 

fractured with a knife. The A type specimen carrier sandwiches were fractured   in the 

freeze-fracturing module of a MED020 machine (Leica Microsystems). Fractured samples 

were transferred to the different cryo-SEMs using a vacuum cryo transfer shuttle (VCT 100, 

Leica Microsystems, Vienna, Austria).  

2.5. Plunge freezing and freeze fracturing 

A 3-mm thick slice was cut from the middle of a wet iron ore green pellet using a scalpel. The 

sample was immediately plunged into liquid ethane in a liquid nitrogen cooled Dewar. It is 

worth mentioning that liquid ethane is the most efficient cryogen because of the high 

cooling rate and of the large difference between boiling (184 K) and melting points (90 K) 
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(Ryan et al., 1990). Dry butane gas was blown continuously to protect the liquid ethane 

surface in the Dewar from atmospheric contamination. After freezing in liquid ethane, the 

sample was fractured in liquid nitrogen in the Leica EM VCT100 loading box using a knife and 

a hammer. The knife was cooled in liquid nitrogen prior to fracturing. The sample was 

mounted onto the specimen holder and the fracture surface was shielded by a pre-cooled 

cover made of a folded copper foil to avoid contamination during transfer to the Leica EM 

SCD500 instrument, in which the foil was removed by rotating the sample. Finally the sample 

was loaded into the cryo-SEM chamber using the shuttle.  

2.6. Sample preparation of the as-received bentonite and dry iron ore pellet 

As-received bentonite powder was deposited on a carbon adhesive disk on the top of a 12.5 

mm aluminum pin stub for SEM imaging. Loose particles were removed by blowing with a 

stream of argon gas. The same preparation procedure was used to prepare samples for AFM 

investigation. A carbon adhesive disk with deposited bentonite powder was placed on a silica 

substrate to perform scanning. To study the distribution of bentonite in dried iron ore pellets 

by SEM, fragments of such samples were glued with silver paint on a 12.5 mm aluminum pin 

stub. 

2.7. SEM and AFM imaging 

A Magellan 400 XHR-SEM (FEI Company, Eindhoven, the Netherlands) equipped with an 

Elstar electron column was used for imaging of the non-magnetic samples at high resolution. 

In this instrument, high resolution imaging by the Through-the-Lens Detector (TLD) is partly 

achieved by the application of a strong immersion magnetic field onto the sample to reduce 

focal length and thus chromatic aberration (Young et al., 2008). In addition, the column is 

provided with a monochromator-like device which reduces the energy spread of the 

electrons emitted by the Schottky source to less than 0.2 eV (Henstra et al., 2009). In 

addition to the magnetic immersion field and monochromatic beam, deceleration was used 

to reduce the landing energy of the electrons onto the samples by applying a bias voltage to 

the sample holder. The resulting cathode lens further reduces the aberration of the electron 

column, which is proportional to the accelerating voltage-landing energy ratio (Müllerová & 

Frank, 1993).  
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The as-received bentonite sample was imaged at 250 eV landing energy using a stage bias of 

2750 V and a probe current of 13 pA. The quality of the images was compared with what 

could be obtained with a state-of-the-art AFM. Bentonite sample was scanned with an 

NTEGRA AFM (NT-MDT) using 10 μm sample scanner (SC210NTF, NT-MDT) with equivalent 

close-loop. The surface imaging was performed in Tapping Mode with the use of NSG-01 

probe (NT-MDT, Moscow) of tetrahedral total tip shape with curvature radius less than 10 

nm and nominal spring constant 5.1 N/m. The scan velocity was usually in the range of 4 to 5 

μm/s. 

The high pressure frozen bentonite suspension was observed in another Magellan 400 

instrument equipped with a Leica cryo-stage. Observation of the freshly fractured surface 

was carried out at -130°C. This temperature was found to be the best compromise to 

prevent ice recrystallization and deposition of contamination. The three dimensional 

structure of bentonite was gradually revealed by alternating  short temperature cycles down 

to -110°C to cause sublimation of water and back to -130°C for imaging. This sample was 

typically imaged at 500 eV landing energy using a stage bias of 2500 V and a probe current of 

1.6 pA. 

Because of the strong magnetic field used for immersion, the Elstar column is not 

particularly suited for the observation of magnetic samples, which might be attracted by the 

column. Hence, observation of the magnetic samples was conducted in instruments 

equipped with a Gemini column, which utilizes an electrostatic lens for immersion (Frosien 

et al., 1989; Jaksch & Martin, 1995).  

Cryo-SEM investigation of the high pressure frozen iron ore-bentonite slurry and plunge 

frozen green iron ore pellet was performed on a 1540XB CrossBeam cryo-SEM (Zeiss, 

Oberkochen, Germany) which was equipped with a Leica cryo-stage. Another sample of the 

high pressure frozen bentonite suspension was also investigated for comparison with what 

was obtained with a monochromatic and decelerated beam to ease interpretation of the 

images. In all cases, a small amount of ice was sublimed carefully by raising the stage 

temperature to approximately -110°C. Imaging was carried out at 3 kV and with a current 

limiting aperture of 20 μm. 
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The fracture surface of dry iron ore green pellets was observed using an enhanced GEMINI II 

column on a Merlin SEM (Zeiss, Oberkochen, Germany).  This sample was first imaged at 

1.50 kV with the Energy selective Backscatter (EsB) detector (an annular in-lens detector) 

and the negatively biased filtering grid at 1.45 kV to gain compositional contrast 

(Steigerwald, 2004). The regions appearing with distinct gray levels were analyzed by Energy 

Dispersive Spectroscopy (EDS) at 3 kV and 1 nA with an X-Max 50mm2 X-ray detector (Oxford 

Instruments, Abingdon, UK) to distinguish and localize silicates. Subsequently, images with 

high resolution topographical contrast were recorded with the annular in-lens SE detector to 

resolve the microstructure of bentonite.  

All SEM imaging in this work was performed without any conductive coating of the samples. 
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3. Results and discussion 

3.1. Microstructure of as-received bentonite 

Bentonite is received as a powder consisting of aggregated particles. Figure 1(a) shows a low 

magnification micrograph of such aggregates. It consists mainly of stacks of aggregated 

flakes. Such flakes can be distinguished at high magnification in Figure 1(b). These flakes are 

certainly composed of tactoids or quasi-crystals (stacks of parallel primary platelets) as 

suggested by the weak patterns distinguished on the “smooth” surfaces of the aggregates. 

This level of resolution was made possible by the immersion field and the monochromator, 

which greatly reduces chromatic aberration at low accelerating voltages (<5 kV) (Michael et 

al., 2009), but also by the low landing energy (250 eV), which limits penetration of the beam 

through the samples and maximized topographical contrast of the surface (Michael, 2010).  

In addition to smectite clay, aggregates of rounded nanoparticles (<100 nm) can be observed 

in Fig. 1(b). These were found to be calcium-rich by EDS and are most probably precipitated 

calcium carbonate, which was formed during the activation of the calcium bentonite with 

soda (sodium carbonate) (Guyonnet et al., 2005). These nanoparticles were present 

everywhere in the sample, mostly intercalated between flakes as revealed at high voltage 

( 1 kV). 

AFM was also used to image the surface of the as-received bentonite.  Fig. 1(c) shows an 

AFM inverse phase image under ambient condition at identical magnification as in Fig. 1(b). 

It was found that phase imaging was the most suitable way to characterize the surface of the 

smectite clay rather than height and amplitude (error signal) imaging.  As indicated by the 

arrows, the edges of a few clay platelets can be distinguished in Fig. 1(c) as well as the 

presence of the nanoparticles in between smectite layers.  Comparison of Fig. 1(b) and Fig. 

1(c) underlines the unprecedented SEM resolution observed in this work on such samples. 

 3.2. Bentonite suspension in water 

Figure 2(a) to (c) show how the microstructure of bentonite dispersed in water by ball milling 

was progressively revealed during sublimation of ice from a high pressure frozen and 

fractured suspension. By comparing these micrographs with those of the as-received dry 
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bentonite (Fig. 1(a) and (b)), it is clear that the aggregated smectite flakes were exfoliated 

into tactoids, which were well dispersed in water. In the fractured surface in Fig. 2(a), only 

little sublimation of ice has yet occurred, and it is possible to appreciate the real thickness of 

the tactoids for which the surface sectioned by the propagating crack is still fully embedded 

in ice. After a small amount of ice has been sublimed as in Fig. 2(b), this type of details is less 

obvious unless the tactoids are perfectly parallel to the direction of observation. However, 

the exact number of platelets involved in each tactoid cannot be resolved by cryo-SEM, but 

it has been recently shown to be close to unity for sodium exchanged montmorillonite by 

cryogenic transmission electron microscopy (cryo-TEM) (Segad et al., 2012). Except in a few 

aggregates, the tactoids appear well dispersed in water and the regions of direct contact 

seem to be limited to a minimum. The space available for free water in between tactoids is 

rarely larger than 500 nm in width. After additional sublimation of ice, the tactoids appear to 

form a voluminous network as shown in Fig. 2(c). However, how continuous this potential 

network is and how far it extends is uncertain, but this suspension showed no sign of 

sedimentation apart from the meniscus after standing several months in a vial.  The 

microstructure of the bentonite suspension after sublimation imaged using an accelerating 

voltage of 3 kV and an electrostatic immersion lens is shown in Fig. 2(d). This image should 

be compared with Fig. 2(c). The deeper penetration of the beam at 3 kV also provides 

information from layers located behind the first tactoids. The large faces of the tactoids 

cannot really be resolved and instead the densest regions encountered by the incident 

electron beam give rise to more signal and appear brighter. It corresponds to regions where 

the tactoids are approximately oriented parallel to the beam. Nonetheless, the true 

microstructure of dispersed bentonite can be recognized from the micrograph shown in Fig. 

2(d) after comparison with Fig. 2(c).  

3.3. Comparison between high pressure frozen iron ore-bentonite slurry and plunge frozen 

iron ore pellet 

A similar microstructure was found for bentonite in the high pressure frozen iron ore-

bentonite slurry, as shown in Fig. 3(a) close to a large magnetite particle corresponding to 

the bright region on the left-hand side of the image. As expected, the microstructure of well 

dispersed smectite tactoids extends throughout the slurry and fills the gaps between the 



12 

 

iron ore particles. However, two regions with distinctively different smectite microstructures 

could be distinguished in the ethane plunge frozen section of the iron pellet in regions (1) 

and (2) indicated in Fig. 3(b).  

In region (1) close to the outer surface of the sample (Fig. 3(c)), the microstructure of well 

dispersed smectite tactoids was again observed. As a matter of fact, there are no clay-free 

spaces larger than 500 nm, which are typical of clay microstructures affected by slow 

freezing and ice crystallization (Vali & Bachmann, 1988). Thus no signs of artifacts can be 

observed in the microstructure in Fig. 3(c) close to the outer surface of the specimen, even 

though the latter had dimension in the mm range and was frozen by plunge freezing at 

ambient pressure.  

However, a much coarser honeycomb-like microstructure comprised of thicker tactoids was 

observed in region (2) as shown in Fig. 3(d). This coarse honeycomb-like microstructure is 

most likely an artifact due to the insufficient cooling rate reached in the interior of the 

sample extending beyond about one hundred microns from the outer surface of the sample 

to the center of the sample. Crystallization probably led to segregation of the initially well 

dispersed tactoids, which became stacked at the grain boundaries of the ice crystals, 

resulting in a coarse honeycomb-like structure, as indicated by the arrows in Fig. 3(d). This 

type of rearrangement is now utilized for preparation of ceramic green-bodies with 

columnar structures in a process denoted freeze-casting (Deville, 2008). It is noteworthy that 

such kind of coarse honeycomb-like microstructures for clays has been reported in 

numerous previous works on clays and soils. Yet, this coarse microstructure was probably an 

artifact due to insufficient cooling rate of the sample.  

The level of resolution achieved by cryo-SEM in this study does not enable to ascertain 

whether or not the use of tap and process water did influence the thickness of the  tactoids, 

as expected with the introduction of polyvalent ions at higher ionic strength (Gu & Doner, 

1993; Vali & Bachmann, 1988). In fact, this must be considered since face to face (FF) 

association of tactoids can be distinguished as indicated by arrows in Fig. 3(c).  

3.4. Dry iron ore green pellets 
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In order to identify bentonite in the dry iron ore pellets, scanning electron micrographs were 

recorded at a landing energy 1.50 keV using backscattered electrons with an energy in the 

range 1.45-1.50 keV. These so-called low-loss backscattered electrons have been shown to 

be useful to distinguish between regions of different compositions in inorganic (Gault et al., 

2010) as well as organic materials (Kim & Jaksch, 2009). Two clearly different gray levels 

were obtained under these conditions as shown in Fig. 4(a). EDS analysis of the area shown 

in Fig. 4(b) confirmed that the bright gray phase corresponded to magnetite (Fe-rich, Fig. 

4(c)), while the dark gray phase could be attributed to a thin layer of aluminosilicates (Si, Al 

and Mg-rich, Fig. 4(d)-(f)). These results illustrate the potential of using low loss back-

scattered electrons to detect the thin smectite  tactoids. Figure 5(a) shows a region with 

several magnetite grains imaged using low-loss backscattered electrons. Dark gray regions 

comprised of bentonite could be identified between the brighter magnetite particles, as 

indicated by the white arrows. Subsequent imaging using the in-lens secondary electron 

detector shows that the bentonite between the magnetite grains has a flake-like 

morphology, most probably inherited from the dispersed clay tactoids (Fig. 5(b)).  Therefore, 

it can be concluded that bentonite accumulates at the contact points between iron ore 

particles during drying, forming solid bridges and improving the cohesiveness between iron 

ore grains in the pellet. Figure 6 shows such a bridge at higher magnification. 

Besides, the darker nuances of gray observed at the surface of magnetite particles in Fig. 

5(a) and the aluminosilicate layer identified in Fig. 4(a) and Fig. 4(b) suggests that very finely 

divided aluminosilicates formed by mechano-chemical action during processing of iron ore 

pellets.  

4. Conclusions 

The microstructure of bentonite in iron ore green pellets was studied using SEM and a 

combination of advanced imaging techniques. As-received bentonite was imaged at very 

high resolution and was found to consist of aggregated smectite flakes and calcium 

carbonate nanoparticles.  The impact of plunge freezing on the microstructure of bentonte 

in wet iron green pellets was investigated and compared with that obtained by high pressure 

freezing. The true microstructure of bentonite was preserved close to the outer surface of 

the section of the iron ore pellet prepared by plunge freezing. In this region, clay tactoids 
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were very well-dispersed and appeared to form a voluminous network occupying the space 

between mineral particles. When the pellet was dried, bentonite was drawn to the surface 

of the iron ore grains and to the contact points between the iron ore particles forming solid 

bridges, which eventually impart strength to the solid compact.   
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 List of figures 

Fig. 1. Microstructure of as received dry bentonite powder: (a) SEM image at low 

magnification, (b) SEM image at high magnification and, (c) AFM inverse phase image at 

identical magnification as in (b). Arrows indicate smectite clay platelets. 

Fig. 2.  Cryo-SEM images of high pressure frozen and freeze-fractured bentonite suspension 

in distilled water (5% (wt/wt)). Magellan 400 XHR cryo-SEM images with progressive 

sublimation reveals bentonite flakes (light gray) in the ice matrix (dark gray): (a) 3 keV 

landing energy, (b-c) 500 eV landing energy, and (d) same as (c) but imaged with an 1540XB 

Crossbeam cryo-SEM at 3 kV for comparison. 

Fig. 3. (a) Cryo-SEM image of the high pressure frozen and freeze-fractured iron ore-

bentonite slurry, (b) schematic drawing illustrating the location of regions (1) and (2) with 

different microstructural properties after plunge freezing a section of iron ore green pellet in 

liquid ethane, (c) cryo-SEM image of the pellet in region (1) (the arrows indicate possible FF 

association of smectite tactoids), and (d) cryo-SEM image of the pellet in region (2) (the 

arrows indicate the probable segregation of initially dispersed tactoids by ice crystallization 

and growth due to insufficient cooling rate in this region). 

Fig. 4. (a) Low-loss BSE image of iron ore green pellet fracture surface revealing magnetite 

(white gray) and aluminosilicates (dark gray), (b) high magnification image of (a), and (c), (d), 

(e) and (f) compositional maps of (b) for Fe, Si, Al and Mg, respectively. 

Fig. 5. SEM images of dry iron ore pellet fracture surface: (a) low-loss BSE compositional 

images revealing bentonite as dark gray phase indicated by arrows, and (b) SE topographical 

image showing bentonite flakes forming bridges between magnetite particles. 

Fig. 6. SEM image of the fracture surface of a dry iron ore pellet showing bentonite platelets 

forming bridges between magnetite particles. 
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historical review and renewed potential 
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Wyoming bentonite clay has been extensively studied because of its peculiar swelling 
behavior and rheological properties, which are harvested in many technological applications. 
In particular, the nature of the sol-gel transition and the resulting gel structure plays an 
important role and has been debated for decades. In this article, a historical literature 
review is presented to discuss the different gel structures proposed for smectite along with 
the development of microscopy, focusing essentially on electron microscopy (EM). The fact 
that reliable microstructural observations are scarce is shown to be related to the 
nanometer thickness of the primary particles, the difficulty to preserve the hydrated gel 
structure for observation in the vacuum of microscopes, and the difficulty to visualize the 
three-dimensional structure on the basis of mostly two-dimensional observations. In the 
experimental section, imaging by scanning electron microscopy (SEM) with a 
monochromated and decelerated beam was applied on cross-sections of 5% (wt/wt) Na and 
Ca-Wyoming montmorillonite samples, which had been cryo-fixed by high pressure freezing 
HPF. The Na-sample consisted of flexible platelets arranged in a relatively well dispersed 
manner, which was characterized by a homogeneous inter-platelet distance in the 100 nm-
range. This arrangement was consistent with a repulsive system except for Y-connections 
present as FF-associations and forming voluminous substructures. The origin of such 
connections and the potential impact of these substructures on the occurrence of sol-gel 
transition and birefringence were discussed. Cornflake aggregates of parallel platelets were 
evidenced in the Ca-sample and the instantaneous structure of these aggregates in the 
course of sedimentation was revealed by recording a sequence of micrographs of the same 
region of interest during controlled sublimation. This simple method allows to rewind and to 
relate the instantaneous configuration between several particles to their original position in 
the hydrated state and should open up for rapid advances in the field of colloids. 

Introduction 

Clays have been used by mankind for ages as attested by the most ancient fired and unfired 
clay figurines ever discovered, which are dated to some 26,000 years ago1. Among clays, 
bentonite discovered near Font Benton in Montana2, attracted of a lot of attention because 
of its swelling properties and the possibility to transform this rock into pastes, gels, 
suspensions or colloidal dispersions. Since its discovery, its use has been expanded to many 
technological applications as drilling fluids, construction material, environmental sealant, 
adsorbent, binder, or gelling agent3. 

                                                           
1 Corresponding author. E-mail: johanne.mouzon@ltu.se 



Clay colloids were first supposed to be amorphous, until X-ray diffraction (XRD) studies in 
1923 revealed that these materials were crystalline4. In the particular case of bentonite, it 
was shown by chemical analyses to mostly consist of montmorillonite5. In 1933, the latter 
was shown by XRD to possess a layer structure composed of two silica tetrahedral sheets 
with a central alumina octahedral sheet6. Due to isomorphic substitution, these layers 
possess a permanent negative charge compensated by counter-ions7. In the meantime, 
scientific work had already started to establish the microstructure of clays in order to 
understand their peculiar properties, for instance plasticity, thixotropy and birefringence 
among others. However, the exact microstructures behind these properties are still a matter 
of dispute today after almost a century of research. Common subjects of discussion through 
the years have been the separation of the primary layers into single platelets or stacks of 
platelets referred to as quasi-crystals or tactoids8, the nature of the forces acting between 
platelets, the presence and nature of contacts, as well as aggregation or coagulation into 
larger units and networks, in which platelet associations are usually described according to 
the following nomenclature introduced by van Olphen9: edge-to-edge (EE), edge-to-face (EF) 
and face-to-face (FF). 

 

Figure 1. Phase diagram for sodium Wyoming montmorillonite proposed by Abend and 
Lagaly10. Experimental points are indicated by the open and filled circles. The open and filled 
squares correspond to the sol-gel transition and appearance of permanent birefringence, 
respectively, in unfractionated Na-SWy-2 montmorillonite according to Michot et al.11. 

Based on rheological measurements, Abend and Lagaly10 constructed a phase diagram of 
sodium-exchanged Wyoming montmorillonite as a function of solid content and ionic 
strength controlled by addition of NaCl. The diagram is reproduced in Figure 1 together with 
the results of Michot et al.11, who used different rheological criteria to define the sol-gel 
transition and included the occurrence of permanent birefringence for unfractionated Na-
SWy-2 montmorillonite. At low solid content and low ionic strength, the system is a colloidal 
dispersion (sol) of delaminated platelets repelling each other due to their extended double 
layers. By increasing solid content, the motion of the platelets becomes restricted by the 
interaction of the double layers and the rheological behavior changes from Newtonian to 
pseudo-plastic: a repulsive gel is formed. Upon further increase of solid content, permanent 
optical birefringence occurs, which is related to a certain degree of parallel orientation 



between the platelets. At 4.5% (wt/wt), increasing ionic strength from 10-5 to 10-2.5 M causes 
the double layers to be compressed and the platelets recover a certain degree of mobility 
between 10-2.5 and 10-1.5 M (sol), which is characterized by a decrease in viscosity and 
pseudo-yield stress12. A further increase of ionic strength beyond 10-1.5 M leads to the 
formation of an antithixotropic attractive gel which is claimed by Lagaly and Ziesmer13 to be 
caused by coagulation between the negatively charged edges (EE) of parallel and aligned 
platelets. At 2% (wt/wt), the platelets also coagulate and form a thixotropic attractive gel by 
increasing ionic strength above 10-1 M. This coagulation is claimed to first take place 
between negatively charged edges and faces (EF) in a “house-of-cards” network and 
subsequently with face-to-face (FF) contacts forming “band structures”13. At even higher 
ionic strength, the network is contracted and disrupted causing the formation of large 
individual particles (flocs), which settle10.   

However, indisputable experimental observations of “house-of-cards”, “band structures” or 
“parallel platelets in EE configurations” have so far never been reported for Wyoming 
montmorillonite. In addition to these structures, based on Scanning Electron Microscopy 
(SEM), Transmission X-ray Microscopy (TXM) and Atomic Force Microscopy (AFM) 
observations, Zbik and co-workers14,15 recently proposed a twisted cellular sandwich 
structure resembling a “honeycomb” for a gel of sodium Wyoming montmorillonite at 5% 
(wt/wt). As will be shown below, such a twisted cellular sandwich structure resembling a 
“honeycomb” is probably an artifact caused by formation of large ice crystals due to too 
slow freezing of the sample. Furthermore, the terms “house-of-cards”, “band structures”, 
“honeycomb” and “EE associations” have been employed in the literature to depict various 
configurations and to explain different phenomena.  

In order to identify the reasons why reliable observations of montmorillonite gel structures 
are scarce and to clarify the terminology used in different contexts, we first present a 
historical literature review to summarize and discuss the different gel structures proposed 
along with the development of microscopy, focusing essentially on electron microscopy (EM) 
and the limitations of the various preparation methods that have been used to investigate 
the gel structure of smectite and particularly Wyoming montmorillonite. Subsequently, a 
novel SEM based method for revealing the three-dimensional gel structure at the nanoscale 
is presented together with primary results on Na and Ca Wyoming montmorillonite, which 
allows us to infer and reject certain structures proposed in the literature. 

Historical review. Optical light microscopy (OLM). By the time the crystallinity of clays was 
recognized, researchers related the birefringent and fiber-like looking features of clay 
dispersions observed by OLM to plates with micro-sized width and colloidal thickness and 
the plasticity of clay pastes was attributed to sliding of the plates over each other16,17. In one 
of the early models, Goldschmidt proposed a structure based on more or less dense packing 
of the platy minerals to explain the instability of clay-containing soils, later refined and 
schematized by Lambe18 to introduce flocculation and which is still known today as the 



“Goldschmidt-Lambe house-of-cards” in soil mechanics. In this theory, clay platy material 
can form voluminous structures by leaning upon each other with EF contacts, but can 
become denser by increasing the number of FF associations. At the same period, Terzaghi19 
proposed a honeycomb structure with numerous single mineral grains glued to each other 
by adhesion forces to account for the mechanical properties of soils.  

Ultramicroscopy (UM). In the field of colloids, the early studies were dedicated to explain the 
thixotropic character of gels. Thixotropy at that time was mostly observed with the naked 
eye on colloidal systems forming stiff gels, which could transform into a sol by shaking and 
set back to a gel on standing. It was generally agreed that this phenomenon was related to 
the destruction of a particle network, which was reforming upon standing. Thixotropy was 
first observed on dispersions of natural bentonite by an acquaintance to Freundlich20. Using 
ultramicroscopy (UM), Freundlich estimated the bentonite plates to be 1  0.1  0.01 μm 
and realized that the distance that should separate the platelets in the gel had to be 120 nm 
upon geometrical considerations. The required presence of electrolyte to produce this effect 
was evidenced by Hauser21, who showed that thixotropy was absent in dispersions of 
electro-dialyzed natural Wyoming bentonite. Besides, he also observed by UM that 
Brownian motion in this type of dispersions was stopped by addition of electrolyte at low 
solid content (<1% (wt/wt)) and that the thixotropic character was restored. With their 
observations, Freundlich and Hauser supported the “water-hull or solvation theory of gel” 
which required that the clay particles adsorb layers of water sufficiently thick to cause 
gelation.  

In order to explain gelation and thixotropy, Broughton and Squires22 presented an 
alternative mechanical approach, which was known at that time as “random mesh theory”. It 
was based on a static three-dimensional network initially proposed by Squires and 
colleagues23 and called “house-of-cards” by the authors, in which the clay particles visualized 
as flat plates are randomly jammed resulting in EE and EF contacts at gelation point2. The 
proposition of this structure was triggered by UM observations, which showed that 
Brownian motion of bentonite stopped at gelation upon increasing clay concentration.  In 
order to account for the rapid increase in the rate of gelation with increasing temperature, 
this model was modified and a dynamic and repulsive approach was adopted, in which static 
contacts were replaced by impacts between particles with tendency to keep apart. Thereby 
the gel strength was not proportional only to the number of contacts, but depended much 
more upon the energy content of the impacts.  

Hauser and Reed recognized that this model could explain gelation of concentrated 
bentonite suspensions (>1% (wt/wt))24, but that it would require too long aspect ratios 
(>1000:1) to account for the gelation of dilute suspensions in the presence of electrolyte, 
                                                           
2 “edge touching edge” is originally written in Broughton and Squire’s article22  and has been sometimes interpreted as EE associations 
between parallel and aligned platelets. However, no distinction between EE and EF contacts was made by the authors, as suggested by the 
random character of the descriptions. In Squires and colleagues’ initial paper23, it was clearly stated that interferences between platelets 
started by edge-on collisions before reaching gelation and that there was no appreciable force tending to arrange the platelets in parallel 
positions.  



which was not supported by UM examination. Recognizing the inconsistency of the solvation 
theory, Hauser and Reed defended an “equilibrium field force theory” of gel structure 
retaining Freundlich’s main ideas that particles are held without contacts in positions 
governed by the equilibrium between repulsion and attraction forces, being related to 
diffuse double layer and long range van der Waals forces, respectively. This model was 
connected to the UM observations that the particles in a gel are not necessarily distributed 
randomly throughout the total volume, but can be grouped into primary clusters, which in 
turn coalesce to form a network through the dispersing medium. These UM observations 
were interpreted as scaffolding structures in the form of chains and cross chains formed by 
adhesion forces between particles by Goodeve25, who combined the attraction part and 
mechanical character from the two aforementioned theories.  

Considering the “equilibrium field force theory”, Langmuir26 studied dispersions of white 
California bentonite by OLM between crossed nicols. He proposed freely rotating disks 
without contacts and positioned on a cubic and thus isotropic lattice, which orient parallel to 
the flow direction when sheared to explain the occurrence of flow birefringence, the latter 
being restored by Brownian motion within a time dependent on temperature. It was noted 
by Lawrence27 that the results of Langmuir were also explicable by the “random mesh 
theory” of gel structure related to the isotropic “house-of-cards” model of Broughton and 
Squires. Langmuir also calculated that attractive Coulombic forces due to the attractions of 
counter-ions between platelets exceeded what was necessary to counteract the repulsion of 
bentonite platelets and that there was no reason anymore to invoke long-range van der 
Walls forces. 

The advent of electron microscopy (EM). In the late thirties came the advent of electron 
microscopy, which should have helped to unveil the structure of bentonite gels thanks to the 
higher resolution offered by this technique compared with OLM and UM. However, several 
difficulties arose as shown in the following. Nevertheless, it became common practice at that 
time to purify and fractionate montmorillonite specimens by ion-exchanging to the desired 
homoionic form, sedimentation and centrifugation in order to limit the number of 
parameters. 

Transmission electron microscopy of dry material. The first observations of montmorillonite 
by transmission electron microscopy (TEM) were carried out by drying dilute suspension on 
carbon films supported on grids28 or by producing replica of the fracture surfaces of dried 
materials29. The platy and crystalline character of montmorillonite deduced from OLM and 
UM was confirmed and the thickness of the platelets was estimated to be around 1 nm 
(corresponding to one layer), which was later confirmed by controlled platinum-carbon 
shadowing of such samples30. Wyoming montmorillonite platelets were found to be irregular 
in shape with few flat edges31 but also extremely flexible looking sometimes like torn and 
curled sheets or folded handkerchief32,33. Still with this technique, the platelet size 
distribution can be calculated by image analysis today and it has been found to be 



polydisperse ranging from 5 to 750 nm with an average size of 250 nm and a standard 
deviation of 180 nm for Wyoming montmorillonite SWy-29, 11.  However, upon drying, the 
hydrated structure collapses and the platelets tend to pack parallel because of their 
anisotropic shape. Therefore, no information can be gained on the gel structure.  

Despite this clear drawback, the “house-of-cards” structure of gel and clays was brought up-
to-date after Second World War by three researchers, who used TEM observations of dry 
material as supporting results. Hofmann34 first proposed a structure similar to the static 
mechanical approach of “house-of-cards” originally proposed by Squires and colleagues23 to 
account for the large sedimentation volume of 1% (wt/wt) of raw bentonite. Since this 
hypothetical random interlocked structure was obviously formed by sedimentation, this was 
used as an argument against the “equilibrium field force theory”. Later, Hofmann and 
colleagues35 claimed later that the “house-of-cards” microstructure could also explain 
thixotropy and provided supporting observations, which were based on poorly convincing 
TEM micrographs of dry films of halloysite, kaolinite and montmorillonite and on the fact 
that sublimated gels after freezing in liquid nitrogen retained their original volumes with 
nearly no volume change. This prove of contact was questioned by van Olphen36, who 
suggested that particle rearrangement had taken place during freeze-drying. However, van 
Olphen also proposed a “house-of-cards” structure to explain the initial decrease in pseudo 
yield stress of 3% (wt/wt) dialyzed sodium Wyoming bentonite suspension upon addition of 
NaCl. However, formation of this structure was argued to be stable only at low ionic strength 
and triggered by the double layers of the negatively charged faces and positively charged 
edges, which became compressed on addition of electrolyte and therefore caused less 
attraction. Interestingly, this idea was prompted by the TEM observations of Thiessen37, who 
showed that negative gold nanoparticles adsorbed onto the positive edges of kaolinite 
platelets9.  In 1959, Rosenqvist38 claimed to confirm the Goldschmidt-Lambe “house-of-
cards” arrangement on the basis of the very open mineral arrangement dominated by 
contacts between corners and planes observed by TEM replicas of freeze-dried marine clays, 
which had been frozen in liquid air. 

As he had already done with Broughton and Squires’ “house-of-cards” structure, Hauser 
questioned Van Olphen’s explanation reaffirming that this type of structure could not 
account for the thixotropic character of low concentration gels at high ionic strength. In his 
reply, van Olphen recognized that weakly linked3 networks formed by attraction forces had 
to be involved in such cases39, giving thereby indirectly credits to Goodeve’s chain 
structures. Reformation of the thixotropic gels was proposed to occur by slow coagulation 
caused by compression of the double layers by electrolyte, thereby reducing repulsion and 
enhancing van der Walls attraction. In his work[36], van Olphen suggested that slow 
coagulation occurred upon moderate addition of NaCl by EE and EF associations, higher 

                                                           
3 This expression originally used by van Olphen should not be interpreted as ”linked with weak contacts” but ”containing few links or 
junctions”. 



concentration of NaCl causing the onset of FF coagulation and thereby reducing the 
possibility of forming a voluminous network. 

M’Ewen and Pratt40 also ruled out van Olphen’s “house-of-cards” for a 0.5% (wt/wt) 
disperions of Wyoming bentonite by using different structural units to interpret light-
scatterings studies. Instead they proposed flat linear aggregates composed of aligned 
platelets with EE contacts, cross-linking of these aggregates with EE contacts forming a 
three-dimensional structure. As a support to the EE contacts, M’Ewen and Pratt included a 
gold shadowed TEM micrograph, in which larger units appear to be composed of smaller 
particles aggregated edge-to-edge.  However, Schweitzer and Jennings41 arrived to the 
opposite conclusion and supported van Olpen’s structure from similar types of light 
scattering studies.  

Another important study is that published by Norrish in 195442, which is nowadays 
incorrectly held as contradictory to van Olphen’s “house-of-cards”. Using Small Angle X-ray 
Scattering (SAXS), Norrish simply evidenced the role of cation hydration during the initial 
stage of swelling and that of repulsive forces due to the interacting double layers in the later 
stages. The material studied was initially dry and composed of parallel platelets stacked on 
the top of each other. Thus, swelling occurred with a strong oriented structure. However, 
Norrish considered that this structure could very well transform into Broughton and Squires’ 
“house-of-cards” of the “random mesh theory” upon mechanical work and dilution. He even 
claimed later43 that van Olphen’s EF contacts between positive edges and negative faces 
could only be responsible for non-infinite swelling of stacks of parallel platelets. On the basis 
of the TEM observations made at that time on dispersion dried onto carbon films, Norrish 
also acknowledged that in dilute suspensions, particles were most probably in aligned EE 
configuration forming larger flat ribbons as proposed by M’Ewen44. 

Finally, a last contemporary structure must be named, namely the “band-structure”. This 
structure was based on chain-like associations of platelets by slight FF overlapping over the 
edges. It was originally proposed by Weiss45 to account for the elastic behavior after 
centrifugation of Ca-kaolinite as well as Na- and Ca-montmorillonite in distilled water. In 
contrast, Ca-kaolinite at moderate ionic strength in presence of sodium or potassium ions 
showed no sign of elasticity and denser sediment layers were formed. This was attributed to 
the formation of Hofmann’s “house-of-cards”. However, a modern look at Weiss’ results 
suggests that the order of the structures might have been the opposite. Signs of elasticity for 
a sediment layer after centrifugation can be seen as a dilution experiment and therefore 
reveals a repulsive character, for which platelets repelling each other is more consistent with 
Broughton and Squires’ “house-of-cards”. In the experiments at moderate ionic strength, 
some degree of flocculation could have formed “band-structures” that would readily 
collapse into fragments upon centrifugation and become interlocked leading to the 
formation of a Hofmann’s “house-of-cards”.  Weiss overlooked this possibility, even though 



he related his structure to that of Goodeve, which was proposed to account of the 
thixotropic character of dilute suspensions at moderate ionic strength. 

By the early 1960s, most of the terminology and gel structures still referred to today had 
been proposed. These structures are summarized in Table 1 together with their main 
characteristics. The “equilibrium field force theory” and the different “houses-of-cards” 
considered individual platelets without and with contacts, respectively. All the structures 
gathered in the last category depict cellular structures with open cells and several platelets 
making up the cell walls between two crosslinks.  In order to ascertain these structures, 
considerable efforts were undertaken to preserve the hydrated structures of smectite before 
introduction in the vacuum of electron microscopes in the following decades. 

Table 1. Summary of the gel structures proposed until 1962 

 Structure Main feature 
Equilibrium field force theory  

Freundlich and Hauser no contacts, particles in positions governed by 
equilibrium between repulsion and attraction 
forces 

House-of-cards  
Broughton and Squire jamming of randomly oriented platelets exerting 

impacts on each  other  

Hofmann random packing of platy material Goldschmidt-Lambe 

van Olphen EF contacts triggered by positive edges and 
negative faces 

Cellular structure with open cells  
Terzaghi’s honeycomb* particle held by adhesion forces in the cell walls 

Goodeve’s scaffolds and chains particle held by adhesion forces forming cross-
linked chains 

M’Ewen’s flat ribbons cross-linked flat ribbons of platelets aligned in EE 
configuration 

van Olphen’s weakly linked 
networks 

voluminous and open structures made of EF, EE 
or FF contacts 

Weiss’ band-structures chains formed by slight FF overlapping of 
platelets 

 
*The term honeycomb should be reserved to structures composed of a two-
dimensional lattice extended in the third dimension. 
 



TEM of thin sections prepared by substitution. In order to prevent structure collapse upon 
drying, Pusch46 was first to gradually replace water in wet samples by solvents and a final 
plastic precursor. After polymerization, the samples could be cut to ~50 nm thin sections 
with a diamond knife. Over the years, new combination of substitution solvents and 
different embedding resins were introduced and this technique is still the most widely used 
TEM preparation method among clay mineralogists47. However, it is recognized that this 
technique causes collapse of the interlayer spacing and structural rearrangement at the 
micron level, especially at low clay content48,49. Therefore, clay samples needs to be in the 
form of a concentrated gel or a paste. Furthermore, this method suffers other limitations. 
Since it is a random two-dimensional cross-section through the material and the platelets 
are larger than 50 nm, an entire platelet with all its contacts cannot be resolved, thus it 
cannot be ascertained whether a gel structure is fully interconnected and continuous. 
Despite these limitations, this type of TEM observations was used by Benna et al.50 to 
support the formation of a “house-of-cards” structure with EF contacts for sodium Wyoming 
montmorillonite at acidic conditions. However, important information was gained by this 
preparation technique. Firstly, Shomer and Mingelgrin51 managed to demonstrate that in a 
2% (wt/wt) suspension, the size of the tactoids or quasi-crystals in sodium and calcium 
Wyoming montmorillonite in distilled water are 1.4 and 16.1 primary layers thick on average, 
respectively.  Secondly, because of the anisotropic shape and flexibility of the individual 
layers, on their way to the dry state upon increasing solid content, concentrated 
montmorillonite gels and pastes adopt a preferential parallel orientation leading to FF 
associations and the formation of a cellular structure with lenticular pores and walls of 
increasing thickness in terms of number of layers upon dewatering52 and higher ionic 
strength33, 48. These results were found compatible with small- and ultrasmall-angle X-ray 
scattering (SAXS and USAXS)53. Considering the flexibility of the clay platelets and the FF 
associations evidenced by the TEM observations of Shomer and Mingelgrin51 and especially 
Tessier and Pedro48, Keren et al.54 proposed a honeycomb structure based on flexible 
platelets making up the walls of the structure and sharing local FF cohesive junction points 
with other platelets at locations of low or high specific charge densities. This structure was 
supposed to be representative of coagulation occurring at moderate ionic strength in dilute 
Na-montmorillonite dispersion, although the TEM observations mentioned above were 
carried out on samples with much higher solid content. 

SEM of supercritically, freeze and air dried structures. By the late 1960s, the first scanning 
electron microscopes (SEM) became available, but the achievable resolution was insufficient 
to resolve individual montmorillonite platelets55, especially since a conductive coating of 
several nanometers is usually required for SEM observations of clays, which is several times 
the thickness of the individual platelets. This could explain why TEM was privileged over SEM 
investigations until the late 1990s. However, SEM was shown to be useful to inspect the 
texture of air-dried cakes of Na-SWy-1 montmorillonite after dewatering, which consist of 
alternating sheet layers more or less wrinkled depending on the addition of polyvalent 
ions56. The three-dimensional structure of hydrated montmorillonite after CO2 supercritical 



drying57,58 was also attempted to be resolved by SEM. However, this method requires 
substitution of water by methanol, which can cause structural rearrangement as observed 
during the preparation of thin sections. Moreover, it is easily conceivable that particles fully 
dispersed in water cannot reside free in air after supercritical drying, which inevitably must 
lead to particle reorganization. This disadvantage is also shared by freeze-drying. Despite 
these uncertainties, Zou and Pierre claimed to confirm the “house-of-cards” structure in 
montmorillonite gels using supercritical drying57. The structure was described as consisting 
only of EE contacts between individual flakes, therefore the authors concluded that FF 
associations exclusively occurred during drying by evaporation. However, the published 
micrographs revealed individual flakes which were several times larger than the size of 
individual platelets, which requires FF aggregation.  

Environmental SEM and TEM. In the 1980s, microscopes which made possible direct 
observations of wet samples were developed.  The use of environmental cells enabled 
studies of hydration and drying cycles of Na-montmorillonite59,60 in TEM microscopes. It was 
shown useful to follow the evolution of the interlayer space during these cycles and Pusch59 
reached the conclusion that single montmorillonite platelets do not form in Na-environment, 
except in mechanically activated and dilute dispersions. However, this method cannot be 
used for studying gel structures, since sample volume is limited to a thin film and only areas 
where minute amounts of material resides in the path of the electron beam can be imaged. 

Environmental SEM (ESEM) enables imaging of fully hydrated bentonite samples without 
conductive coating61,62. However, resolution is generally recognized to be limited and not 
adapted to resolve individual platelets63, especially when the material is completely 
immersed in water. Higher resolution can be achieved upon slight removal of water on the 
sample surface, but surface rearrangement most probably occurs under the action of 
capillary forces. Nonetheless, ESEM is useful to study the general texture of samples at high 
solid content from the orientation of the bright streaks62 representative of platelets oriented 
parallel to the beam, which are the most discernible details due to beam penetration but 
might be misinterpreted as fibrous microstructures64. 

EM of cryo-fixed structures. Cryo-fixation combines the advantages of not involving solvent 
substitution and allowing high resolution imaging. Therefore, several cryo-fixation 
techniques developed in the field of biology and based on freezing were employed to 
investigate the structure of montmorillonite gels or pastes. These techniques either involve 
complete (freeze-drying35,65,,66, freeze substitution66, 40), partial (freeze replica for TEM67,68,69, 
cryo-SEM58,66,40) or no (cryo-TEM70) removal of water by sublimation. However, to achieve 
reliable results, water must be completely vitrified or ice crystallization limited to the cubic 
phase with a grain size of less than 10 nm. This sets stringent requirements on the sample 
preparation methods. Chenu and Tessier58 demonstrated by cryo-SEM observations that the 
freeze dried samples studied by Hofmann et al.35 suffered considerable particle 
rearrangements. This conclusion was reached by comparing the microstructures after 



freeze-drying of Na Greek montmorillonites which had been frozen by plunge-freezing in 
liquid nitrogen and a better cryogen, Freon 22.  However, the latter technique was also 
described by the authors to show signs of alterations because of the millimeter-size 
specimen, which limited heat removal during freezing. Indeed, a specimen size below 5 μm 
thickness is usually recommended for plunge-freezing, but this can be increased up to 100 
μm and 600 μm for jet-freezing and high pressure freezing, respectively71.  

In a remarkable study, Vali and Bachmann88 made use of propane jet-freezing and spray-
freezing to prepare platinum-carbon replicas for TEM observation of Nevada smectite 
(closely related to the hectorite type), before and after sol-gel transition as well as upon 
addition of approximately 10-2 mol/dm3 of NaCl and CaCl2. Before preparing the replicas, 
slight sublimation of ice was performed to reveal the clay microstructure within a depth of 
10 to 100 nm from the original fracture surface. Considering the consistency of the methods 
and results, it appears that the authors for the first time managed to evidence the 
disordered character of sodium smectite in deionized water postulated earlier by Callaghan 
and Ottewill72 as well as the formation of elongated structure by FF contacts similar to the 
band structure proposed by Weiss et al.45 upon addition of salts, although the latter was 
originally proposed to occur in deionized water. The observation of FF overlapping was made 
possible thanks to the ability to distinguish steps onto the replica. The sensitivity of these 
structures to shearing was also established by comparing results between the spray and jet 
freezing techniques. Furthermore, they demonstrated how microstructure is affected by 
plunge-freezing in liquid propane in a sample of improper size with a volume of 1 mm3. The 
author also included one micrograph of a 1% (wt/wt) suspension of sodium Wyoming 
montmorillonite platelets in deionized water, which were well dispersed, flexible and 
suspected to be only one layer thick. This micrograph and two others published a few years 
later by Gu and Doner69 during their dispute with Vali and Hesse68 are probably up to now 
the only reliable observations by electron microscopy of Wyoming montmorillonite close to 
the sol-gel transition, even though the system has been studied extensively over decades. 
However, the replica technique shares the same limitation as thin sections prepared for 
TEM, since it does not allow visualization of a sufficient part of the structure in three 
dimensions. In addition, the preparation of replica is time consuming. 

Another cryo-fixation method is high pressure freezing (HPF). At pressures above 2000 bar, 
the cooling rate does not need to be as high as at atmospheric pressure to achieve proper 
freezing, and sample size can be increased theoretically up to 600 μm. Although this 
technique has been commercially available since the late 1980s, and several systems are 
available on the market today, only two studies using HPF to reveal the hydrated 
microstructure of smectite have been published in the scientific literature. Velbel and 
Barker73 were the first to study wet geological samples containing smectite by a combination 
of HPF and cryo-SEM. Stereopairs were used to better visualize the three-dimensional 
structure of the material and regions with “house-of-cards” texture with EF contacts were 
observed in regions free of water. Since no information about the amount of sublimation 



was provided, it is difficult to evaluate whether potential particle rearrangement might have 
taken place. The other HPF study on smectite66 was carried out on MX80 benonite paste 
containing Wyoming montmorillonite as main mineral. Solid content was at least 30% 
(wt/wt) and different sample preparation methods were compared. Interestingly, plunge-
freezing in liquid nitrogen was again shown to lead to artifacts and freeze-drying after HPF 
was suspected to have caused structural reorganization. In addition, Holzer et al.66 
performed freeze substitution (i.e. gradual replacement of ice by organic solvents and resin) 
and subsequently focused ion beam (FIB)-nanotomography to reveal the three-dimensional 
structure of the pastes. However, the cross-sections after FIB appeared seemingly different 
from those obtained after freeze-fracturing. The substitution step in organic solvents might 
have caused the same artifacts as those observed for preparation of thin TEM sections.  

It is noteworthy that recently, Segad et al.70 carried out a cryo TEM study on Na and Ca 
Wyoming montmorillonite dispersions prepared by plunge freezing in liquid ethane/propane 
mixture. This study confirmed the results of Shomer and Mingelgrin51 in terms of number of 
layers in both types of samples. However, samples were prepared by blotting a holey carbon 
film impregnated with the dispersion to reach a thickness of only 100 nm, which was smaller 
than particle size. Therefore, this technique cannot be used to resolve the gel structure, 
since it causes particle rearrangement and is limited to low viscosity suspensions. 

In the light of this review of the tentative observations of the structure of montmorillonite in 
water by electron microscopy, it appears that there is very little reliable microstructural 
information in the literature due to the difficulty to preserve hydrated structures for 
observation in the vacuum of microscopes. Especially, cryo-fixation is a very sensitive 
process, which only leads to reliable results if special freezing protocols are utilized. In 
addition to particle rearrangement, it was shown by cryo-TEM that slow freezing leads to 
physical damage by deformation or even rupture of the smectite layers74. Apart from those 
already discussed above, a couple of historical examples with particularly doubtful results 
must be cited. Although Bowles stated that it would be unreasonable to state flatly that the 
microstructure of undisturbed marine sediments resembles only a cardhouse or a 
honeycomb structure, the author expressed his preference for the latter in his work 
published in 196975. However, the results had been obtained by freezing in liquid nitrogen 
followed by freeze drying at -23°C and embedding in epoxy resin for ultrasectioning and TEM 
observation. In 1971, O’Brien published micrographs of flocculated kaolinite76, which were 
obtained by SEM after freeze-drying at -15°C a millimeter-sized drop of clay suspension 
which had been frozen in liquid isopentane. From these observations, O’Brien proposed a 
structure of stairstep cardhouse fabric for flocculated kaolinite. However, the large open 
pores observed in both studies were most probably caused by the growth of large ice 
crystals due to insufficient cooling rate achieved during freezing. Therefore, the structure 
proposed by O’Brien cannot be considered as an evidence of a transition between band and 
house-of-cards aggregation, as recently suggested by Lagaly86. 



Despite the well-documented influence of sample size during cryo-fixation, a recrudescence 
of cryo-SEM based on plunge-freezing of millimeter-sized smectite suspensions occured in 
the last ten years14,15,77,78,79. In particular, the twisted cellular sandwich structure recently 
proposed by Zbik et al.14  and published in this journal for a 5% (wt/wt) gel of sodium 
Wyoming montmorillonite is probably an artifact caused by formation of large ice crystals 
due to too slow freezing of the sample. The structure is depicted as an extended cellular 
network consisting of flexible smectite sheets encapsulating water within cellular voids with 
dimensions of up to 0.5-2 μm, whereas the presented cryo-SEM micrograph clearly indicates 
that the cellular voids are twice this size. In addition, this micrograph showed evident signs 
of artifacts with a striking columnar texture of the cellular voids, which suggests that this 
microstructure might have been created by a freezing front of growing ice crystals, even 
though these results were claimed to be correlated by TXM and AFM. As a matter of fact, the 
author refers to a method based on plunge-freezing in liquid propane and originally 
developed for cryo-TEM samples80, i.e. 100 nm thin samples. However, freezing the content 
of a 2 mm aperture pipette is mentioned in the experimental details and the size of the field 
of view in the micrograph suggest that the dimensions of the frozen sample were far beyond 
those recommended for this technique.    

Latest advances in SEM imaging. In addition to the difficulty to preserve hydrated structures 
for observation by electron microscopy, the foregoing review underscores that the lack of 
resolution achieved earlier by SEM due to the nanometer thickness of the primary particles, 
and that the difficulty to visualize the three-dimensional structure on the basis of mostly 
two-dimensional observations have contributed to limit the number of reliable 
microstructural observations on montmorillonite suspensions. However, we recently 
showed64 that it is possible to resolve montmorillonite platelets by SEM without conductive 
coating using the monochromated and decelerated beam of a state of the art SEM 
instrument in combination with low landing energies which limit beam penetration. 
Furthermore, digitalization has rendered image acquisition an easy task and data storage is 
no longer an issue. Thus we propose herein to acquire sequentially a series of micrographs 
of the same region of interest during controlled sublimation of high pressure frozen samples 
imaged with the latest SEM imaging techniques. This should render possible to interpret the 
instantaneous three-dimensional structure of colloidal dispersions. This approach is 
preceded of primary results obtained by HPF in order to gain insight in the structure of 5% 
(wt/wt) suspensions of sodium and calcium Wyoming montmorillonite. 

Experimental section 

Materials. In order to compare our results with those obtained by Zbik et al.14, 
montmorillonite from the same source was used in the present work,  namely  SWy-2 
Wyoming bentonite from the Clay Society. Sodium chloride (NaCl, 99.5% purity) and calcium 
chloride dihydrate (CaCl2.2H2O, 98% purity) from MERCK were used for ion exchange.   



Preparation of ion-exchanged betonite suspensions. SWy-2 Wyoming bentonite was ion 
exchanged to the sodium and calcium forms by first mixing about 1g of bentonite with 200 
ml of 0.6 M NaCl or CaCl2 solutions prepared from ion-exchanged and distilled water. The 
suspensions were stirred for about 3 hours and then centrifuged at 16 000 rpm (38 500 g) 
for 30 minutes. Subsequently, the supernatant was substituted by another 200 mL of 0.6 M 
salt solution and the bentonite cake was re-dispersed by mechanical stirring with a magnetic 
bar. This procedure was repeated 3 times. The ion-exchanged products were then purified 
by redispersion in 250 mL of distilled water under stirring for 8 hours.  The suspensions were 
centrifuged and the procedure was repeated until the water contained no chloride ions 
according to the AgNO3 test.  

The ion-exchanged products obtained by this procedure were dried at 105°C overnight. The 
resulting dry cake layers were divided into small flakes, which were mixed with distilled 
water to prepare the 5% (wt/wt) suspensions of homoioinic Na and Ca SWy-2 
montmorillonite. Dispersion was realized by ultrasonication for 5 minutes and shaking for 24 
hours.  

Both suspensions showed very different behaviors. The Na-exchanged sample formed a 
viscous gel stable over several months, while the Ca-exchanged sample started to sediment 
slowly when agitation was stopped as evidenced by the formation of a clear supernatant 
after approximately 1 hr. After about 24 h, the sediment layer reached its final volume. 

It is noteworthy that no fractionation was carried out and ionic strength was not controlled 
by dialysis. Nevertheless, the residual ionic strength of such Na-montmorillonite suspensions 
is generally estimated to be approximately 10-3 M81.   According to Fig. 1, the sol-gel 
transition of Na-montmorillonite at 10-3 M ionic strength has been reported to occur at 2% 
for unfractionated SWy-2 Na-montmorillonite by Michot et al. 11. Therefore, the 5% (wt/wt) 
suspension of Na-montmorillonite in the present work can be considered as a repulsive gel. 
The repulsive character was confirmed by doubling the initial volume of a fraction of the 
suspension in a vial by slow addition of water along the walls. The gelatinous phase 
expanded upward and reached the meniscus after 24 h.  

High pressure freezing (HPF) and cryo-scanning electron microscopy SEM (cryo-SEM). Prior 
to HPF, the Ca-exchanged suspension was agitated manually before introduction between 
two aluminium specimen carriers of type A and B (Leica Microsystems, Vienna) using a 
micropipette. The Na-sample could not be pipetted due to the high viscosity and this sample 
was placed in the holder using the pipette tip as a spoon. The cylindrical cavity of the sample 

HPF was 
performed using a HPM 010 apparatus (Bal-Tec, Balzers, Liechtenstein). The high pressure 
frozen samples were fractured in vacuum using a freeze fracture unit (Leica EM MED020, 
Vienna) and then transferred to the cryo-SEM using a vacuum cryo transfer shuttle (VCT 100, 
Leica Microsystems, Vienna).  



Cryo-SEM imaging was carried out at about -140°C without coating using the 
monochromated and decelerated beam of a state of the art SEM instrument, a Magellan 
XHR-SEM (FEI Company) equipped with a Leica cryo-system. Imaging was carried out at 
landing energies of 500 or 1000 eV. Sublimation was controlled by increasing the 
temperature to -110°C in cycles and imaging of the same region of interest (ROI) was 
performed each time temperature returned to -140°C. In this way, irreversible 
rearrangement and damage was avoided, since recrystallization of cubic ice to hexagonal ice 
starts slowly at -113°C82. 

Results and discussion 

The high resolution SEM images of cross sections of high pressure frozen samples after 
sublimation of about 100 nm of ice are presented in Figure 2. It is important to realize that 
the observed surface was created by propagation of a crack initiated by a hit with a knife. 
The propagation path of the crack could not be controlled but relatively flat areas 
perpendicular to the direction of observation were chosen for imaging. At these levels of 
magnification, these micrographs can be considered as random flat cross-sections of the 
sample. The lamellae in the path of the propagating crack were mostly sectioned with only a 
small amount of deflection and virtually no pull out, except when lamellae orientation was 
close to parallel to the direction of crack propagation. Hence, mostly profiles of the lamellae 
are left in the cross-section after fracturing and stereological considerations should be 
applicable, i.e. the largest observable profile size should be representative of the largest size 
of the corresponding object. This should apply both to the lamellae length as well as to 
interlamellar water (pore). Moreover, the probability to cut through small contacts in terms 
of area and across the longest dimension of the lamellae is particularly low even though 
sublimation of ~100 nm of water was carried out to ease interpretation. Therefore, this 
technique shares the same limitation as discussed above for TEM thin sections and freeze 
replica: it cannot be ascertained at this stage whether or not the observed structure is fully 
interconnected and continuous.  

Na-Wyoming montmorillonite. The low magnification image in Fig. 2(a) shows the 
microstructure of the Na-exchanged sample (more micrographs are available in Fig. S1 and 
Fig. S2). The structure consists of profiles of fine lamellae distributed throughout the entire 
volume with the largest distances separating two lamellae within a few hundreds of nm and 
rarely reaching 500 nm. This is in line with Vali and Bachman TEM observations of platinum-
carbon replicas of frozen 1% (wt/wt) dispersion of Wyoming montmorillonite and shows the 
validity of both methods. The results obtained in the present work confirm that the SEM 
micrograph published by Zbik et al.14 and thus the coarse twisted cellular sandwich structure 
with a cell size of as much as 1 μm proposed therein for a similar sample can clearly be ruled 
out. This structure was an artifact caused by formation of large ice crystals during plunge 
freezing of a millimeter sized sample.  



The lamellae present in the Na sample can be considered to be very close to a single layer 
and referred to hereafter as platelets, as demonstrated by TEM observations of thin 
embedded sections51 and cryogenic samples70. Observation of the dry material by XHR-SEM 
reveals the irregular morphology of the platelets and the polydispersity of the size 
distribution ranging from below 100 nm to above 500nm (Fig. S3), which is in line with the 
measurements of Michot et al. for SWy-2. The resulting high aspect ratio and ultimate 
thinness confer to the platelets a great flexibility as proven by the wavy profiles of the 
lamellae and folded surface similar to torn paper which can be observed at high 
magnification (Fig. S4). 

An enlargement of Fig. 2(a) is shown in Fig. 2(b). In this image, contacts between platelets 
can clearly be observed. The vast majority of physical contacts between platelets were found 
to consist of Y-shaped connections. Indeed, Y configurations can theoretically result from EF, 
EE or FF contacts as illustrated in Figure 3. However, only FF associations could be 
ascertained by direct SEM observation and the high resolution achieved in this study. For 
instance, the delimited square in Fig. 2(b) shows two platelets in contact with other. Because 
the platelets intersect almost at right angle, it would have been tempting to describe this 
contact as an EF association. However, a closer look reveals unambiguously an FF association 
(an enlargement of this area is presented in Fig. S5).  In fact, many  EE and EF associations 
were reported by EM observations of montmorillonite without providing tangible proves of 
their existence15,69, which was most of the time impossible due to the level of resolution of 
the employed techniques.   

The numerous Y connections in FF configuration directly observed by SEM may have at least 
three origins: (1) incomplete separation of dried fragments, (2) dynamic contacts induced by 
Brownian motion or (3) static contacts perhaps due to uneven charge distribution54  and 
assisted by polyvalent cations released during the different dispersion steps in distilled 
water83. Mechanisms (2) and (3) are forced by the osmotic pressure building up due the high 
solid content and mutual repulsion of the platelets in a confined volume. Several facts speak 
in favor of mechanism (2). Firstly, in the only micrograph published by Vali and Bachman for 
fractionated SWy-1 montmorillonite, platelets of at least 500 nm were also present but the 
latter showed no signs of Y connections, while the interlamellar distance was comparable to 
that observed in this work even though solid content was five times less. Secondly, the slight 
thixotropic character observed for solid content above 3% (wt/wt) without NaCl addition10 
suggests the formation of weak contacts. Thirdly, the dilution experiment and the slow 
expansion of the gel structure suggest reversible contacts. However, it is of course possible 
that the three mechanisms might coexist. 

Interestingly, Y connections also results in branchy substructures or substructures 
resembling honeycombs as those in the delineated elliptical area in Fig. 2(b) and rectangular 



area in Fig.2(a)4, respectively. An enlargement of the area of interest in Fig.2(a) is shown in 
Fig. S6 and more of these substructures are gathered in Fig. S7. The dispersed distribution of 
the platelets characterized by the absence of large interlamellar distances and the open 
texture of the substructures indicate that the gel is dominated by repulsive electrostatic 
forces84. Yet no conclusion about the presence of EE and EF associations can be drawn from 
Fig.2(a) and Fig.2(b), since it would require to clearly  visualize entire platelets and their 
relative three-dimensional arrangement. Larger amount of sublimation leads to structural 
rearrangement evidenced by the micrometer-sized holes observed in Fig. 2(c), as expected 
from the discussion about freeze- and supercritical drying above. Therefore, observation of 
the structure after sublimation makes it difficult to deduce the structure in the hydrated 
state. Nevertheless, the present observations for Na-montmorillonite appears to be 
compatible with the dynamic “house-of-cards” structure of Broughton and Squires among 
the early models, especially if one accounts for electrostatic repulsion and the presence of 
double layers around clay platelets. 

                                                           
4 The substructure present in the center of the delineated rectangular area in Fig.2(a) resembles the structures described by Keren54 and 
Zbik14 except for a smaller cell size by one order of magnitude.   



 
  

Figure 2. Cryo-SEM image of high-pressure frozen and freeze-fractured SWy2 bentonite in 
distilled water with 5% (wt/wt) solid content: (a-c) Na-ion exchanged gel, and (d-f) Ca-ion 
exchanged suspension. The micrographs (a), (b), (e), and (f) were recorded after sulbimation 
of approximately 100 nm of ice and micrographs (c) and (d) after several microns.  
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Figure 3. Sketch illustrating that Y configurations observed on two-dimensional cross-
sections might result from EE, EF or FF associations of platelets. 

Even though EE and EF contacts could not be ascertained, these types of associations cannot 
be excluded especially as first contacts between platelets. It is possible that any formation of 
an FF contact may be preceded by an initial EE or EF contact. Increasing pressure on two 
montmorillonite platelets meeting in a crossed EE configuration might inevitably force the 
platelets to adopt an EF configuration, which might subsequently evolve upon further 
pressure increase into an FF contact as that discussed above in Fig.2(b). Independently of the 
existence of contacts at the sol-gel transition, increasing solid content by drying or external 
load will lead to FF associations of the platelets due to their anisotropic shape. The texture 
of a flake of Na-SWy-2 montmorillonite after drying of the suspension is shown in Fig. S8 (a) 
and (b). 

The substructures with FF contacts evidenced in this work might explain the higher solid 
content that is required for larger particle size fractions to reach the sol-gel transition, as 
observed by Paineau et al.85 The authors proposed hydrodynamic clusters with increasing 
probability to form by Brownian motion as platelet size increased. As a matter of fact, the 
substructures with FF contacts observed herein certainly possess a smaller hydrodynamic 
volume than that obtained by summing those of the individual platelets. In addition, these 
substructures might also explain why permanent birefringence occurs at a higher solid 
content than the sol-gel transition in unfractionated sodium SWy-2 montmorillonite at low 
ionic strength (see Fig. 1), while both phenomena appear simultaneously for suspensions 
based on small size fractions11. The presence of this isotropic gel might be understood by the 
fact that large substructures of platelets might be more difficult to orient preferentially than 
individual platelets by the pressure exerted by the surrounding particles and their double 
layers in a confined volume. 

Ca-Wyoming montmorillonite. Fig. 2(d) shows a low magnification image of the Ca-
exchanged sample after a comparable amount of sublimation of ice, i.e. about 100 nm, as in 
Fig. 2(a). The structure appears also to be lamellar, however the distances between closest 
lamellae in this cross-sectional view are much larger than in the Na-sample, i.e. in the 
micrometer range. Considering the time for complete settling of this suspension (~24h) and 
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the short time elapsed between loading of the shallow sample carrier and freezing (~3 min), 
this sample can be considered to be relatively dispersed but in the phase of sedimentation.  

In the case of Ca-exchanged sample, the lamellae were found to be thicker and longer than 
the individual platelets observed in the Na-exchanged sample. Indeed, the lamellae are often 
curved and resemble cornflakes. These flakes consist in stacks of platelets in FF 
configuration, as illustrated in Fig. 2(e) and suggested by the protuberances at the edges of 
the flakes shown at lower magnification in Fig. S9. The size distribution of the flakes ranges 
from the size of individual platelets up to approximately 2 μm. The curved shape of the 
flakes present in suspension of Ca-SWy-2 montmorillonite might explain why the texture in 
the final dried material is more wrinkled than in the case of the Na-exchanged sample (see 
Fig. S8(c) and (d)). 

Fig.2(f) shows the microstructure of the Ca-sample after sublimation of several micrometers 
of ice. This image is the last picture of a movie which was obtained by imaging the same area 
several times after repetitive sublimation of a few nanometers of ice. The movie is available 
in the Supporting Information. It reveals a random arrangement between flakes dominated 
by EE and EF contacts, although a few flakes are still dispersed in water without contacts. 
Interestingly, dense regions where flakes are likely to share several contacts with 
surrounding neighbors do not seem to suffer rearrangement even after almost complete 
removal of ice. In contrast, flakes sharing a few or no contacts are clearly attracted by the 
larger parts, presumably by electrostatic attraction. Therefore, it seems that a continuous 
network is formed during the course of sedimentation. 

From the size of the individual flakes and the aspect of the intermediate network, the final 
sedimented structure under the combined action of gravity and thermal agitation most 
probably corresponds to a random stack of flakes, thereby fulfilling the original definition of 
a “house-of-card” proposed by Hofmann34. The cell size of this type of structure is likely to 
be slightly smaller than the average flake size, i.e. around 400 nm, which is fully compatible 
with the TXM observations of Zbik14 for a similar sample. The contrasted outcome of Zbik’s 
TXM study can be understood by the limited resolution achieved by TXM, which was 
sufficient to produce contrast between the large pores and thick flakes of the Ca-sample, but 
too weak to resolve the thin individual platelets separated by short interlamellar distances in 
the Na-sample. This explanation is strongly corroborated by the difference in intensity in the 
TXM micrographs of both samples published in the original study. 

The primary results presented in this paper illustrate the potential of acquiring sequentially 
micrographs of the same area of interest during sublimation of properly cryo-fixed samples 
in order to reveal the structure of clay dispersions, suspensions and pastes. This method 
allows to rewind and to relate the instantaneous configuration between several particles 
during the course of sublimation to their original position in the hydrated state. Despite its 
dynamic character, this method only deals with a snapshot of the hydrated structure at the 
instant of freezing and does of course not constitute a live observation over time.   



Conclusions 

In this article, a historical literature review of the efforts undertaken to resolve the hydrated 
structures of smectite by electron microscopy (EM) and related preparation methods was 
given. Convincing EM observations were emphasized and past and recent controversial 
results discussed. In addition, the terms “house-of-cards”, “band structure”, “honeycomb” 
frequently used to describe the structures were clarified and rationalized on the basis of 
geometrical description of cellular structures. The fact that reliable microstructural 
observations are scarce in the literature was shown to be related to the nanometer 
thickness of primary particles, the difficulty to preserve the hydrated gel structure for 
observation in the vacuum of microscopes, and the difficulty to visualize the three-
dimensional structure on the basis of mostly two-dimensional observations.  

In the experimental section, imaging by scanning electron microscopy (SEM) with a 
monochromated and decelerated beam was applied on cross-sections of 5% (wt/wt) Na and 
Ca-Wyoming montmorillonite samples, which had been cryo-fixed by high pressure freezing 
HPF. The Na-sample consisted of flexible platelets arranged in a relatively well dispersed 
manner, which was characterized by a homogeneous inter-platelet distance in the 100 nm-
range. This arrangement was consistent with a repulsive system except for Y-connections 
occurring through FF-associations and forming voluminous substructures. The origin of such 
connections and the potential impact of these substructures on the occurrence of sol-gel 
transition and birefringence were discussed. Cornflake aggregates of parallel platelets were 
evidenced in the Ca-sample and the instantaneous structure of these aggregates in the 
course of sedimentation was revealed by recording a sequence of micrographs of the same 
region of interest during controlled sublimation. This simple method allows to rewind and to 
relate the instantaneous configuration between several particles to their original position in 
the hydrated state and should open up for rapid advances in the field of colloids. 
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Supplementary data 

Fig. S1: low magnification cryo-SEM images of Na-SWy-2 bentonite. 

Sample 1: 

 

  



Fig. S2: low magnification cryo-SEM images of Na-SWy-2 bentonite. 

Sample 2: 

 

  



Fig. S3: dry Na-SWy-2 bentonite observed by XHR-SEM. 

 

 

 

  



Fig. S4: high magnification cryo-SEM images of Na-SWy-2 bentonite. 

 

  



Fig. S5: an enlargement of the deleneated square in Fig. 2(b). 

 

  



 

Fig. S6: an enlargement of the deleneated area  in Fig. 2(a). 

 
  



Fig. S7: similar microstructure of the the deleneated area  of Fig. 2(a). 

  

  



Fig. S8: The texture of flakes of montmorillonite after drying of the suspension at increasing 
magnification (a-b) Na-SWy-2, and (c-d) Ca-SWy-2. 
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Fig. S9: cryo-SEM images of Ca-SWy-2 bentonite. 

 

  



Movie: Micrographs of a same area of interest in the Ca-Swy-2 bentonite sample for different 
amounts of sublimation (available on-line). 
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Scanning electronmicroscopy and image analysiswas used for quantitative analysis of bubble cavities in iron ore
green pellets. Two types of pellets prepared with and without addition of flotation reagent prior to balling were
studied. The bubble cavity porosity amounted to 2.8% in the pellets prepared without addition of flotation
reagent prior to balling. When flotation reagent was added prior to balling, the bubble cavity porosity increased
by a factor of 2.4 and the median bubble diameter was decreased slightly. It was also shown that mercury
intrusion porosimetry is not suitable for determination of the distribution of bubble cavities. Finally, our data
suggested that the difference in total porosity determined by mercury intrusion porosimetry and pycnometry
between the two types of pellets was due to the bubble cavities.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Iron ore pellets are one of themain feed sources for blast furnaces or
direct reduction processes for iron making or steel making industries.
Iron ore fines are agglomerated into green pellets by first mixing mag-
netite concentrate, water, additives and binder, i.e. bentonite. In the
next step, green pellets are formed in balling drum or disk pelletizer
and then the pellets are dried and indurate in straight grate or grate
kiln plants to form the final pellet product [1,2]. The properties of
green pellets depend on the constituent minerals, chemical composi-
tion, particle size distribution,moisture content, binder type and dosage
and additives.

Porosity and pore structure are important features of green pellets
that affect permeability and durability of the final pellets. Thermal
conductivity and diffusivity increase with porosity up to a certain
level, but beyond this level, both conductivity and diffusivity decrease
[3]. Oxidation time of magnetite is reported to be shorter with increas-
ing porosity [4]. Therefore, controlling porosity in green pellets, both for
quality assessment and development purposes, is of importance to the
iron ore pelletizing industry.

One particular type of porosity is that introduced by bubble entrap-
ment. This phenomenon causes the formation of large spherical cavities
after drying and was found to be enhanced with increasing amount of
the flotation collector reagent employed during separation of apatite
frommagnetite [5]. Air bubblesmight also become entrapped bymoist-
ened particle or sprayed water during balling in the rotating drum. The

resulting entrapped bubbles can act as crack initiators and deteriorate
the compressive strength of the green pellets. Hence, quantitative
data related to this fraction of porosity would be valuable.

Measurement of the total porosity in green pellets can be carried out
by a combination of gas displacement pycnometry and analysis of the
envelope density (density that can be obtained by shrinking films
around the individual object in order to occupy the objects completely
within the pellets) with silica sand [6] or by mercury porosimetry. The
latter technique can in addition give information about the size
distribution of the pore throats and under certain circumstances of the
pore chambers using the intrusion and extraction measurements, re-
spectively [7,8]. However, mercury is not environmentally viable and
many companies have given up this characterization technique.

Image analysis of SEM micrographs may be used for quantitative
determination of morphological features in iron ore pellets. However,
the porosity of iron ore green pellets after drying is complex and has
two different origins: the continuous porosity between the grains
packed during balling and large cavities caused by bubble entrapment
as discussed above. If one wants to quantitatively determine the latter
by image analysis, the two types of porosity must be distinguished.
Since morphological opening is useful to smooth irregular borders
and fill or remove isolated pixels from images [9,10], it has a strong
potential to isolate the large individual cavities from the smaller
voids of the continuous porosity.

In the present work, we show for the first time how image analysis of
scanning electron micrographs can be used for quantitative determina-
tion of bubble cavities in iron ore pellets. The results obtained from 2D
SEM micrographs image analysis were translated to 3D by stereology.
As, flotation reagent enhances air bubble entrapment, pellets prepared
with and without addition of flotation reagent prior to balling were
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characterized and the results were compared withmercury porosimetry
and pycnometry data.

2. Materials and methods

2.1. Materials

Magnetite concentrate enriched by flotation was collected from
the Kiruna concentrating plant, Sweden. The concentrate was stored
in barrels for several years prior to pelletization. Bentonite was used
as a binder. The used flotation collector reagent is an anionic collector
consisting of a main collector, co-collector and foam regulator and
contains 95–98% surface active compounds and 2–5% maleic acid
and glycol derivates.

2.2. Micro-balling of iron ore green pellets

Green pellets were prepared by micro balling as described in de-
tail by Forsmo [11]. In short, the pellet feed was prepared by mixing
7 kg of magnetite concentrate with 0.5% bentonite in a laboratory
mixer (Eirich R02, Germany) and the moisture content was adjusted
to 9.4% during mixing. Directly after mixing, small granules (3.5 to
5 mm) were prepared by spreading some of the feed in a 0.8 m
drum rotating at a speed of 37 rpm while tempered water (tempered
water is the water in the temperature range from 29 °C to 43 °C) was
sprayed to initiate growth of agglomerates. In the next step, 150 g of
granules were returned to the drum, now rotating at a speed of
47 rpm. The granules were grown to green pellets by successively
adding feed and spraying water in the drum. The final moisture
content was 9.2% and green pellets with a size between 10 and
12.5 mm were selected by screening. Two batches of green pellets
were prepared. In one batch, no flotation collector reagent was
added to the feed. In the other batch, 60 g/t of flotation reagent was
added to the feed prior to pelletization. The pellet batch made with
addition of flotation collector reagent is denoted FLOT, while the
other batch used as a reference, in which no flotation reagent was
added, is denoted REF in the following. The samples were dried
overnight at 105 °C.

2.3. Sample preparation for SEM imaging of the cross section

Three dried pellets from each batch were mounted in low viscosity
epoxy resin (Struers EpoFix) using vacuum impregnation prior to
SEM observation. In order to improve epoxy impregnation of the
core of the pellets, slightly less than half of each dry pellet was
removed by manual grinding prior to embedding. Metallographic
polishing was carried out in a semi automated polishing machine
using 9 μm, 3 μm and 1 μm diamond suspensions consecutively.
Polishing was carried out in such a way that the polished surface
propagated close to the center of the original pellet.

2.4. Image acquisition

Images were acquired by scanning electron microscopy (JSM-
6460lv, JEOL, Japan) utilizing the backscattered electron compositional
(BEC) signal at 15 kV and 100×magnification. Each imagewas recorded
with a resolution of 960 pixels by 1280 pixels, resulting in 1.0 pixel per
1.0 μm. Images were acquired manually with virtually no overlapping
and the entire cross-section of each pellet was captured. This was
achieved by first calibrating scan rotation and lateral displacement for
the particular instrumental conditions e.g. operating voltage, focus,
working distance andmagnification. Tominimize the intensity gradient
in the images, the polished section of the pellet was kept parallel to the
backscattered electron detector. Similar levels of brightness and
contrast were maintained for each image acquisition by adjusting the
dynamic range of the gray levels (0, 255) of the histogram if necessary.

2.5. Image processing

2.5.1. Stitching
The acquired images of the entire cross-section of each pellet for

each sample, about 120 images in total, were assembled together into
a single image using the “montage” function in the image processing
toolbox in Matlab R2009a. Fig. 1(a) and (b) shows the assembled
cross-sections of one pellet in the FLOT and REF series, respectively.
Fig. 1(c) and (d) shows the corresponding cross-sections after image
processing. In these images, white represents pores. To
better illustrate the different steps of image processing described
below, Fig. 2 shows an enlargement of the area delimited in red in
Fig. 1(a).

2.5.2. Noise reduction
The microstructure shown in Fig. 2(a) is subjected to artifacts (e.g.

noise from the microscope detector, floating grains in the pores and for-
mation of bubbles during epoxy impregnation)whichmust be eliminated
before pore structure analysis. Median filteringwas performed to remove
extreme pixel values from the image.

2.5.3. Thresholding
A typical histogram of the cross-section of the pellet shown in

Fig. 1(a) is presented in Fig. 3. It corresponds to the area delimited
in red. The first peak at low gray scale values is due to the dark
epoxy, which fills the pores, and the second, at high gray scale
values, corresponds to magnetite. Silicates result in gray levels locat-
ed in between both peaks. The threshold value was determined by
trial and error until all pore regions were converted to black and
the mineral regions to white, as shown in Fig. 2(b). The optimum
threshold value was 71.5 and this value is indicated by a dashed
line in Fig. 3.

2.5.4. Complementation and filling
The binary image obtained after thresholding contains floating

grains inside the pores, see Fig. 2(b). The floating grains were re-
moved using the Matlab function ‘imfill’ and the result is illustrated
in Fig. 2(c).

2.5.5. Morphological opening
Next step was morphological opening, i.e. an erosion step fol-

lowed by dilation. A disk-shaped structuring element of 10 pixels in
radius was employed. The final binary image is shown in Fig. 2(d).

2.6. Image analysis

After cutting and polishing a pellet, only profiles of the randomly
sectioned pores are visible on the two dimensional flat cross-section. A
number of parameters of these profiles were measured in the images
shown in Fig. 1(c) and (d) utilizing image analysis. A Matlab code was
developed to count and label individual pore profileswith corresponding
area and equivalent diameter of a circle with the same area using the
Matlab function ‘regionprops’.

The 2D data obtained by image analysis were unfolded to three
dimensional data using stereology assuming a spherical shape for the
pores. In a first step, the total pore profile area density for each size
class was converted to area numerical density (number of pore profiles
per unit area) by dividing each value with the equivalent area of a circle
corresponding to the average equivalent diameter of the size class. Subse-
quently, theWicksell–Saltykov [12,13] unfolding procedurewas followed
to calculate the volume numerical density (number of spherical pores per
unit volume). Finally, this set of data was converted to total pore volume
density by multiplying the volume numerical density by the volume of a
sphere derived from the equivalent diameter of each size class and the
cumulative curves were plotted.
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2.7. Mercury intrusion porosimetry

The total porosity and the throat and cavity size distribution were
investigated by mercury intrusion porosimetry (MIP, Micromeritics
AutoPore III 9410). The measurements were performed within the
pore diameter interval 360 μm≥φ≥0.003 μm. For evaluation of the
data, the surface tension and the contact angle of mercury were set
to 485 mN/m and 130°, respectively.

2.8. Particle size distribution by laser diffraction

Iron ore green pellets were dispersed in deionizedwater bymagnetic
stirring followed by treatment using ultrasound for 60 s. The particle size
distributionwas subsequentlymeasured by laser diffraction using a Cilas
Granulometer 1064.

3. Results and discussion

3.1. Microstructural description of the pellets

The particle size distribution measured by laser diffraction of the
dispersed pellet is shown in Fig. 4. Nearly 90 vol.% of the particles is larger
than 5 μm. These particles constitute most of the pellet microstructure
shown in Fig. 2(a). Therefore, the laser diffraction study of the particles
provides an idea of the inter-particle spacing within the pellets. Before
analyzing the data obtained by mercury porosimetry and image

processing, it is important to depict the main characteristics of the two
kinds of porosity that are observed:

1. The packing porosity forms a continuous network of relatively small
(b20 μm) cavities connected by throats at different scales and ranges
over a large scale in size, from the narrowest spaces between two
particles for the throats up to cavities caused by accidental packing
of 3 to 4 of the largest particles (50 to 100 μm according to laser dif-
fraction data shown in Fig. 4). It is noteworthy that the throats have
to be narrow at least in one direction, but can extend on larger dis-
tances in the other two.

2. The additional porosity due to bubble cavities consists of relatively
large isolated cavities, which are rather spherical in shape. Deviation
of spherical shape was sometimes observed and may have been
caused by mechanical deformation of the pellet and more rarely
upon coagulation of several bubbles. The cavities are connected to
the continuous packing porosity and can therefore be considered as
pore chambers. In our previous work [14], the bubble cavities were
typically found to be N20 μm, which justifies the use of a structuring
element of this size in diameter in order to remove the packing
porosity, see below.

3.2. Mercury porosimetry

The mercury porosimetry results are presented in Fig. 5. As shown
in Fig. 5(a), the intrusion curve indicates the presence of a pore throat

Fig. 1. Iron ore pellet cross-sections of: (a) FLOT as assembled; (b) REF as assembled; (c) FLOT after image processing; (d) REF after image processing. The area delimited in red in
(a) is enlarged in Fig. 2. The scale bar in each image corresponds to 1 mm.
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population with very narrow size distribution by the steep increase in
cumulative pore volume. The corresponding size distribution is
shown in Fig. 5(b) with differential pore volume plotted as function
of capillary diameter. The size distribution indicates that the throat
diameters are rather well-defined and range between 1 and 2 μm.
Considering the microstructural description above, it is obvious that
most of the pellet is not intruded by mercury before the pressure
has become sufficient to overcome the capillary forces in the first nar-
rowest passages (i.e. throats) close to the outer surface of the pellet.
Beyond this pressure the remaining unfilled porosity located inside
the pellets on the other side of the passages is directly filled by the
mercury front without further increase in pressure, since it has only
equivalent or larger capillary diameters. Exactly the same results
were obtained when the first millimeter around the pellets was re-
moved prior to measurement.

For these reasons, our results show that mercury intrusion porosi-
metry cannot be used for characterization of the size of bubble cavities.
Nevertheless, this technique provides estimates of the total porosity of
the pellets and the results are given in Table 1. The total porosity was
36.3% and 33.7% for the FLOT and REF samples, respectively. Similar
total porosities measured by pycnometry have been reported earlier
[6] and are also given in Table 1. The absolute difference in total porosity
of 2.6% between the two batches of pellets is expected to be related to
the amount of bubble cavities in the green pellets as discussed below.

3.3. Image analysis

Fig. 2(d) shows the binary image finally obtained after image
processing of the original image shown in Fig. 2(a). Image opening
was carried out using a disk-shaped structuring element of 10 pixels

Fig. 2. Image processing sequence: (a) original image, enlargement of the area delimited in red in Fig. 1(a); (b) after thresholding; (c) complemented image after filling; (d) final
image after morphological opening with structuring element 10; (e) opening top hat of (d); (f) boundaries of the profiles obtained in (d) superimposed on (a).
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or 10 μm in radius (strel10). The corresponding opening top hat (i.e.
porosity removed by the opening operation) and the boundaries of
the remaining pore profiles after the operation are shown in Fig. 2(e)
and (f), respectively. By examining both figures, it is clear that this
method was quite effective to isolate the interior of the bubble cavities.
Of course, all pore profiles smaller than the size of the structuring
element (20 μm) were removed. These profiles correspond mostly to
the packing porosity but also to the smallest profiles produced by
each size class of bubble cavities.

In Fig. 6(a) and (b), the total pore profile area density is shown for
the REF and FLOT series, respectively, after averaging of three pellets
in each series. The rawdata after the opening operation (labeled as orig-
inal) indicate a single population in both cases, which corresponds to
the bubble cavities. Log normal functions, represented with red curves,
fit the distributions very well. This fitting was necessary because of the
lack of statistical data to obtain continuous distributions without sec-
ondary maxima, which prevent the calculation of negative values by
the unfolding procedure. In order to compensate for the absence of
pore profiles of b20 μm, the values below 30 μm of the log normal
curves were distributed by following a linear extrapolation to zero.
The new points are indicated in blue.

Fig. 7 shows the cumulative pore volume density after unfolding by
stereology the REF and FLOT series, respectively. In both cases, the
curves derived from the log normal fitted data with or without linear
extrapolation are only shifted slightly higher than those derived from
the original dataset. Assuming that the curves obtained from the log
normal fitted data with linear extrapolation are representative of the
bubble cavity population only, the median diameter, d50, of bubble cav-
ities in pellets of REF and FLOT type are 102 μmand 88 μm, respectively.

As shown in Table 1, the porosity determined by image analysis cor-
responding to the bubble cavities amounts to 2.84 and 6.68% of the REF
and FLOT pellets, respectively providing a 2.35 fold increase in bubble
cavity porosity. The absolute difference in bubble cavity porosity be-
tween the two series is 3.84%, which is comparable to the absolute dif-
ference in total porosity between the two pellet types measured byMIP

Fig. 3. Image histogram of the area delimited in red in Fig. 1(a).

Fig. 4. Particle size distribution measured by laser diffraction.

Fig. 5.Mercury intrusion porosimetry results: (a) Cumulativemercury volume. (b) Throat
size distribution from the differential pore volume.

Table 1
Porosities measured by mercury porosimetry, pycnometry and image analysis.

Porosity REF (%) FLOT (%) Absolute
difference (%)

Total porosity measured by mercury
intrusion porosimetry

33.7 36.3 2.6

Total porosity measured by pycnometry 34.0 36.9 2.9
Bubble cavity porosity determined using
image analysis (log norm+extrapol)

2.84 6.68 3.84
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(2.6%) and pycnometry (2.9%). However, the latter were obtained by a
single measurement. In fact, the standard deviation of the total porosity
determined by pycnometry within one series of micro-balled pellets is
typically ±0.3% [6]. It is thus likely that the absolute difference in
total porosity measured by MIP and pycnometry reported earlier for
the pellets balled with or without flotation reagent [5] is mainly caused
by differences in the amount of bubble cavities and that the packing po-
rosity is almost constant for the two pellet types.

4. Conclusions

In this work, quantitative image analysis on the entire cross-
sections of iron ore green pellets is demonstrated to be an efficient
and reliable means to study the large cavities caused by bubble en-
trapment. On the contrary, mercury porosimetry was shown not to
be useful to obtain information on the bubble size distribution. Two
series of pellets were studied: one prepared as reference material
directly from stored iron ore concentrate several years later of
flotation, the other prepared with addition of flotation collector
reagent. Using morphological opening and stereology, it was possible
to characterize bubble cavities quantitatively. The porosity caused by
bubble cavities was 2.8% in the pellets prepared without addition of
flotation reagent. The addition of flotation reagent was found to be
responsible for a 2.35 fold increase in bubble cavity porosity. The
median diameter of the bubbles was decreased slightly for the pellets
prepared with addition of flotation reagent. Finally, our results
suggest that the difference in total porosity between the two series
was due to the bubble cavities.
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X-raymicrotomography data of iron ore green pellets of approx. 12 mm in diameterwere recorded using a com-
mercial instrument. The reconstructed volume after thresholding represented a unique dataset consisting of a
three-dimensional distribution of equiaxed objects corresponding to bubble cavities. This dataset was used to
successfully validate a stereological method to determine the size distribution of spherical objects dispersed in
a volume. This was achieved by investigating only a few cross-sectional images of this volume and measuring
the profiles left by these objects in the cross-sectional images. Excellent agreement was observed between the
size distribution of the bubble cavities obtained by directly classifying their size in the reconstructed volume
and that estimated by applying the aforementioned stereological method to eight cross-sectional images of
the reconstructed volume. Subsequently, we discuss the possibility of calibrating X-ray tomography data quanti-
tatively using the size distribution of the bubble cavities as a figure of merit and the results obtained by applying
the stereologicalmethod to SEM images as reference data. Thiswas justified by considering the validity of the ste-
reological method demonstrated by tomography, the accurate thresholding made possible by back-scattered
electron imaging and the solid reproducibility of the results obtained by SEM. Using different threshold values
for binarization of the X-ray microtomography data and comparing the results to those obtained by SEM, we
found that X-raymicrotomography can be used after proper calibration against SEMdata tomeasure the total po-
rosity of the bubble cavities but can only provide a rough estimate of the median diameter because of the limited
resolution achieved in this study.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Iron ore green pellets are prepared by balling a mixture of iron ore
concentrate, water, additives and bentonite. After balling, the green
pellets are sintered to achieve sufficient strength needed in the trans-
portation chain and in iron-making. Porosity and pore structure are
important features of the green pellets because they affect the perme-
ability and durability of the final pellets. The pellet must have suitable
mass and heat transfer properties for the pelletizing processes and
these properties are dependent on the porosity of the pellet [1]. The ox-
idation time of magnetite pellets during induration is also influenced
by porosity [2]. One particular type of porosity is that emanating from in-
clusion of air bubbles in the pellet during balling. The bubblesmay act as
crack initiators and deteriorate the compressive strength of the green
pellets. The amount of air bubbles has been shown to be related to the
amount of flotation collector reagent employed during separation of ap-
atite frommagnetite [3]. Therefore, suitable tools for routine characteri-
zation of porosity in pellets are of great importance to the iron industry.

Recently, we have proposed a method based on scanning electron
microscopy (SEM) and image analysis to carry out quantitative anal-
ysis of bubble cavities in iron ore green pellets [4]. However, this
method relies on stereological principles to estimate three dimensional
(3D) data from the two-dimensional (2D) raw data. One assumption
that was made was that the bubble cavities were spherical. Deviation
from perfect sphericity might lead to appreciable errors.

One technique with the potential to overcome this drawback is
X-ray microtomography (XMT). This method is non-destructive and
used for imaging of internal structures in materials, based on the densi-
ty distribution in the material microstructure. The technique directly
provides three-dimensional information and has become an important
and popular tool in material science [5,6]. It is a rather straightforward
technique, since it does not require any contact with the specimen or
any sample preparation. This together with the ability to produce full
three dimensional images of the material microstructure has made
it popular for material characterization based on image processing.
For example, the technique has been applied to various granular mate-
rials [7–9], wood [10] and metallic structures [11]. In geosciences, it
has been applied to different types of rock [12–14], minerals [15–19]
and iron ore samples [20,21]. However, voxels containing more than
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one phase present average density values (so called partial volume
effect), which makes it difficult to determine precisely the boundary
of neighboring objects [22]. Therefore, a calibrationmethod is neces-
sary to generate reliable quantitative data.

Most commonly the quality assurance in X-ray microtomography
is carried out using several different calibration samples (phantoms)
[23]. These samples are for example used to calibrate density measure-
ments, determine the spatial resolution and correct for various imaging
artifacts. Similarly, a calibration sample with features of known size
and shape can be used to validate the image analysismethods used [24].

An alternative approach is to compare the size of a specific feature
or the area density of a particular phase measured in the same sample
by XMT and another imaging technique like optical microscopy [25],
scanning electron microscopy (SEM) [26] or atomic force microscopy
(AFM) [27]. In our case, SEM is of particular interest, since we have used
this technique to measure the size of air bubbles in iron ore pellets [4].

In the present work, we first use tomography to validate a method
to obtain the size distribution of bubble cavities in iron ore pellets by ste-
reologically unfolding the data present in cross-sectional images. Subse-
quently,we discuss the possibility of calibratingX-raymicrotomography
data using the size distribution of bubble cavities as a figure of merit
and the results obtained by applying the stereological method to SEM
images as reference data.

2. Materials and methods

2.1. Micro-balling of iron ore green pellets

Green pellets were prepared by micro‐balling as described earlier
[28]. In short, the pellet feed was prepared by mixing 7 kg of magne-
tite concentrate with 0.5% bentonite in a laboratory mixer (Eirich R02,
Germany) and themoisture contentwas adjusted to 9.4% duringmixing.
Then seedswith a size of 3.5 to 5 mmwere prepared by spreading some
of the feed in a 0.8 m drum rotating at a speed of 37 rpm while water
was sprayed to initiate growth of agglomerates. In the next step, 150 g
of seeds was returned to the drum, rotating at a speed of 47 rpm. The
seeds were grown to green pellets by successively adding feed and
spraying water in the drum. The final moisture content was 9.2% and
green pellets with a size between 10 and 12.5 mm were selected by
screening. The samples were dried overnight at 105 °C.

2.2. Generation of the X-ray microtomography data

X-ray microtomography (XMT) is based on the same principles as
medical computed tomography (CT) scanners. A schematic sketch of
XMT is shown in Fig. 1. A certain number of X-ray projections are ac-
quired on an imaging detector at different angles of the scanned
object and reconstructed into a 3D volume by mapping the X-ray
attenuation through the object using mathematical algorithms [29].
The X-ray source and detector are generally fixed while the sample
is rotated. Microtomography is designed for imaging small samples.

X-ray microtomography data of one entire iron ore pellet was im-
aged using a commercial Nanotom (GE Sensing & Inspection Technol-
ogies GmbH) tomograph. During each scan, a total number of 1440
X-ray projections, 2240×2304 pixels in size and 16 bit dynamic range,
were captured at equal angles, as the sample made one full rotation.
The X-ray tube voltage and current were 110 kV and 110 μA, respec-
tively. The “source to object” and “source to detector” distances were
25.00 mm and 200.00 mm, respectively, resulting in a magnification
factor of eight. The tomographic reconstruction was carried out using
a cone beam filtered back projection algorithm [30]. The reconstructed
volume was of size 1036×1052×1060 voxels, with an isotropic voxel
size of 12.50 μm.

The reconstructed volume data was imported as an image stack
containing 1060 slices (8-bit tif-files), each with the dimension 1036×
1052 pixels. Fig. 2 shows such a reconstructed volume revealing the
internal structure of the pellet. The reconstructed data was corrected
for beam-hardening artifacts and noise filtered, with a 3×3×3Gaussian
filter.

For validation of the stereological method described below, two-
dimensional cross-sectional images of the pellet were generated by
virtually rotating the reconstructed volume around the z-axis in
steps of 22.5° using the imrotate function in Matlab. In this way, 8 inde-
pendent cross-sectional images of the reconstructed volume were pro-
duced. The generation of these images implied nearest-neighbor
interpolation, since random cross-sectioning by a plane across a volume
made up of voxels does not necessarily produce pixels of the same size.

2.3. Image analysis of the X-ray microtomography data

Image processing and analysis were carried out in the Matlab en-
vironment, with the software extension “Image processing toolbox”.
The tomography data were subsequently binarized to convert all pore
regions to black and the mineral regions to white by thresholding,
i.e. by determining a cut-off gray value to separate both components.

The tomography images were either binarized by thresholding
using the Otsu's method [31] (Matlab function graythresh) or differ-
ent threshold values ranging from 44% to 58% of the gray levels.
The Otsu's method is based on the assumption that the histogram of
the gray image is bimodal (contains white i.e. foreground and black
i.e. background pixels only) and the image is uniformly illuminated.
The graythresh function utilizes Otsu'smethod to automatically calculate
the global threshold by minimizing the intra-class variance of the black
and white pixels.

All features corresponding to the porosity phase (bubble cavities)
were counted and labeled using the image processing function
regionprops in Matlab. This function was also used to determine the
volumes of each bubble cavity and of the entire pellet from the
reconstructed volume, while the areas of each bubble cavity profile and
of the entire pellet cross-section were measured in the cross-sectional

Fig 1. Schematic of the X-ray microtomography experimental setup. Fig. 2. Part of the reconstructed volume of an iron ore pellet revealing internal structures.
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images. In order to report the results as a function of size class, the equiv-
alent diameter of the volumes and profile areas of the bubble cavities was
determined. This conversion was made under the assumption that the
bubble cavities were spherical in shape. In this way, the size distributions
of bubble cavities, expressed in volume density, and of cavity profiles,
expressed in area density, were calculated from the data measured in
the reconstructed volume and the cross-sectional images, respectively.

2.4. Recording of the scanning electron micrographs

Three dried pellets from the same batch as that used for the X-ray
microtomography investigation were mounted in epoxy resin and
prepared by polishing. Images were acquired manually by scanning
electron microscopy (SEM, JSM-6460lv, JEOL, Japan) with virtually no
overlapping and the entire cross-section of each pellet was captured.

2.5. Image analysis of the scanning electron micrographs

The image analysis procedure of the scanning electron micrographs
is described in detail elsewhere [4] and is only summarized hereafter.
The acquired SEM images of the entire cross-section of each pellet for
each sample were stitched together into a single image and processed
to reduce noise using the Matlab image processing toolbox. The opti-
mum threshold for binarization was determined by trial and error by
comparing the binary to the original images and assessing visually
that all porosity and only porositywas included. Next stepwasmorpho-
logical opening, i.e. an erosion step followed by dilation, to separate the
bubble cavity profiles from the continuous intergranular porosity.
A disk-shaped structuring element of 10 pixels in radiuswas employed.

The individual 2D bubble cavity profiles were counted and labeled
with corresponding area and equivalent diameter utilizing the same
procedure as that presented above for the XMT data. Henceforth, the
size distribution of the bubble cavity profiles expressed in area density
could also be established.

2.6. Stereological unfolding of the two-dimensional data

To allow direct comparison between all size distributions, the num-
ber of size classes for each distribution was defined in order to reach
a size class width as close as possible to 10 μm (size class width,
Δ=Dmax/n, where Dmax is the largest equivalent diameter and n is
the number of size classes) for 3D XMT, 2D XMT and 2D SEM. For com-
parison with the 3D tomography data, the size distributions of the
bubble cavity profiles (2D data) were unfolded to 3D size distributions
of bubble cavities using stereological principles and the so-called
Goldsmith–Cruz–Orive method [32]. This method is based on the fol-
lowing stereological principles and assumptions: (1) all objects (bubble

cavities) are spherical in shape throughout the volume; (2) the genera-
tion of a cross-sectional area from this volume results in a flat plane,
in which some of the spheres are present as circular profiles; (3) each
size class of spheres contributes to all size classes of profiles smaller or
equal to this sphere size class; (4) the largest profile size class consists
exclusively of profiles due to the largest sphere size class; and (5) the
distribution in area numerical density of profiles due to a particular
sphere size class, NA, is related to the volume numerical density of this
sphere size class, NV, and its mean diameter, 2Rm, in the following way:

NA ¼ NV ⋅2Rm: ð1Þ

Therefore, the frequency of profiles in a given size class is deter-
mined by the sum of the products of the frequency of the sphere size
classes with their probability of contributing to this profile size class,
whereby summation is carried out over all spheres whose diameter is
larger than or equal to the profile size class considered. This transforma-
tion can be written in a matrix form using a matrix of coefficients to re-
late NA of the profile size classes to NV of the sphere size classes. As it is
the latter which is needed, the inverse matrix operation is performed.

Practically, the log normal function was fitted to the distribution of
the bubble cavity profiles expressed in area density in order to work
with a smooth distribution and thereby avoid negative values during
unfolding. In our previous work, we showed that this function was
particularly appropriate to model this type of data obtained by SEM
[4]. Fig. 3(a) shows that this function fits also extremely well the X-ray
tomography 2D data. In addition, the values below 30 μmwere distrib-
uted by cubic extrapolating towards zero from 35 μm for compensating
for the absence of the smallest diameters (shown in Fig. 3(a)). The
new distribution of the area density of the bubble cavity profiles was
converted to area numerical density by dividing each value with the
equivalent area of a circle corresponding to the average equivalent di-
ameter of each size class midpoint. Subsequently, the area numerical
density was multiplied by the inverse Goldsmith–Cruz–Orive matrix of
coefficients [32] to calculate the volume numerical density. Finally,
this set of data was converted to the volume density of bubble cavities
by multiplying the volume numerical density by the volume of a sphere
derived from the equivalent diameter of each size class midpoint and
the cumulative curves were plotted.

Fig. 3(b) shows the cumulative distribution of the bubble cavity
volume density obtained from the original 2D XMT dataset, after log
normal fitting and after log normal fitting followed by extrapolating
data to zero. The excellent agreement between the three curves clear-
ly shows that there is barely any difference between the final unfold-
ed size distributions independently of which dataset was used. Hence,
the X-ray tomography 2D data can be said to follow a lognormal func-
tion and the extrapolated part has relatively less influence on the final

Fig. 3. Comparison of the original histogram (Original) with, lognormal fitting of the histogram (Lognormal) and lognormal fitting followed by extrapolation (Lognormal+extrapol)
towards zero: (a) bubble cavity profile area density distribution and (b) cumulative bubble cavity volume density distribution. The datawere obtained from eight X-raymicrotomography
2D cross-sections for a threshold value of 49% of the gray level.

314 I.U. Bhuiyan et al. / Powder Technology 233 (2013) 312–318



unfolded 2D XMT results than those obtained by SEM [4]. It could
thus potentially be neglected.

3. Results and discussion

Fig. 4 shows the entire cross-sections of two different pellets of
the same batch imaged by SEM (a) and X-ray microtomography
(b). At this level of magnification, very few differences can be observed
and the dark spherical profiles corresponding to bubble cavities [33]
are the main observable features. However, by examining enlargement

of these images for a horizontal field of view of 573 μm, the difference
in resolution between the two methods is evident. The SEM image in
Fig. 4(c) has a pixel size of 1 μm, while it is 12.5 μm in the image
obtained by X-ray microtomography as shown in Fig. 4(d). Therefore,
it can be expected that the pixelization of the tomography data will
lead to significant discrepancies between the SEM and XMT measure-
ments, especially for features in the lower diameter range. Ultimately,
objects of one voxel might correspond to spherical bubble cavities hav-
ing a diameter close to the inner diagonal of the voxel thereby resulting
in an underestimation of the volume.

Fig. 4. Iron ore pellet cross-section: (a) by stitching of SEM images; (b) X-ray microtomography. The scale bar in each image corresponds to 1 mm. (c) Enlargement of a region of
(a) and (d) enlargement of (b) with a horizontal field of view of 573 μm.

Fig. 5. Image histogram of: (a) the SEM image in Fig. 4(c); (b) a region of interest of 573×619 pixels in the pellet cross-section obtained by X-ray microtomography in Fig. 4(b).
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The histograms corresponding to the images in Fig. 4(c) and (b)
(a region of interest of 573×619 pixels from the cross-section) are
shown in Fig. 5(a) and (b), respectively. Due to the atomic contrast
provided by the back-scattered electron detector used for SEM imaging,
the resulting histogram shows three well-defined peaks: one corre-
sponding to epoxy (i.e. porosity) at low gray scale values, the other

two corresponding to silicate and magnetite minerals with increasing
gray values, respectively. Therefore, thresholding is straightforward
and the optimum threshold is indicated by the dashed red line in
Fig. 5(a). However, the histogram of the X-ray microtomography data
(Fig. 5(b)) only exhibits one peak and it corresponds to magnetite. The
values corresponding to the fraction of porosity which can be resolved
(the largest pores, i.e. the largest bubble cavities) continuously decay to-
wards lower gray scale pixel values. This results in difficulties to deter-
mine a suitable threshold for binarization and identification of porosity.

Hence, the Otsu's method of thresholding was employed as a first
approximation using the Matlab function graythresh on a reduced
volume of 400×400×400 voxels of the pellet. The threshold value by
this method was determined to be 56% of the 256 gray values. Fig. 6
shows the corresponding cumulative size distribution of the bubble
cavities expressed in volume density obtained from the X-ray
microtomography data (3D XMT) as well as the data unfolded from
the X-ray microtomography cross-sectional images (unfolded 2D
XMT) and the SEM cross-sectional images (unfolded 2D SEM). The
curves of the 3D XMT and unfolded 2D XMT data are nearly identical
and this was indeed the case for all the threshold values investigated
in this work. This demonstrates the appropriateness of our stereological
unfoldingmethod for estimating the size distribution of bubble cavities
from cross-sectional images of iron ore pellets. As a matter of fact, devi-
ation fromperfect sphericity hasminor influence on themethod as does
the strong pixelization of the XMT data for the smaller diameters, which
probably stems from the relative low frequency of this population. Yet
the 3D XMT data clearly overestimate the total bubble volume density
obtained by unfolding the datameasured in SEM cross-sections (2.90%).

Since our unfolding procedure is now validated by tomography and
as thresholding of the SEM images can be regarded as accurate because
of the clear contrast difference of the two main phases (magnetite
and epoxy resin), it seems natural to consider calibrating the XMT
data by the unfolded 2DSEM results. In fact, the latter showed very little
deviation from one sample to the other, as shown in Fig 7 by the indi-
vidual symbolic (points) curves of the three samples investigated in
this study. The calibration of the 3D XMT data was done by varying
the threshold value for binarization and comparing the resulting size
distribution of the bubble cavities to that obtained by unfolding the
2D SEM results. Practically, good agreement was sought for the largest
diameters, since discrepancies due to resolution difference between
the two methods are likely to be minimum for the largest objects. In
this way, the best fit between the 3D XMT and unfolded 2D SEM for
the largest diameters was obtained for a threshold value of 49% as
shown in Fig. 8(a). However, the misfit for smaller diameters be-
tween both methods leads to an underestimation of the total bubble
volume density (Fig. 8(b)) and different median bubble diameters,
d50: 102 and 118 μm data for the unfolded 2D SEM and 3D XMT,
respectively.

Fig. 6. Comparison of the cumulative bubble volume density curves of the data obtained
by X-ray microtomography (3D XMT), unfolding of the X-ray microtomography 2D
cross-sections (unfolded 2D XMT) and unfolding of the SEM cross-sections (unfolded
2D SEM). Both XMT datasets were binarized using the threshold determined by theOtsu's
method (56% of the gray level).

Fig. 7. Cumulative bubble volume density curves of the data obtained by unfolding of
the SEM cross-sections of the three iron ore pellets investigated in this work. The aver-
age distribution is represented by the continuous curve.

Fig. 8. Comparison of the data obtained by X-ray microtomography (3D XMT) for a threshold value of 49% of the gray level and unfolding of the SEM cross-sections (unfolded 2D
SEM): (a) bubble volume density; (b) cumulative bubble volume density.
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Finally, new threshold values for the XMT data were investigated
in order to provide a satisfactory estimate of the total bubble volume
density by matching this value to that obtained by SEM. As shown in
Fig. 9, this was achieved for a threshold value of 51%. Interestingly,
the median bubble diameter of 120 μm determined by 3D XMT for
this value was found to deviate marginally from that obtained for a
threshold value of 49% (118 μm). So getting the 3D XMT data to
match the median bubble diameter obtained by SEM would require
an unreasonably small threshold value or convolutionwith a non‐linear
function. This mismatch can be attributed to the inadequate resolution
of X-ray microtomography in comparison to the size of the features to
be measured in this study. Nevertheless, X-ray microtomography
can be used after one proper calibration by SEM to assess the total
porosity due to bubble cavities in iron ore pellets, which can be of in-
terest for daily quality control. However, it should be noted that the
resolution of computed tomography systems is still increasing today
and might become soon suitable to quantitatively determine the size
distribution of bubble cavities in iron ore pellets.

It is also noteworthy that the calibration method proposed herein
would have been evenmore accurate if performed on a large number
of pellets and if both techniques had been applied to the same pel-
lets, which is possible since X-ray tomography is non-destructive
and non-invasive.

4. Conclusion

A commercial X-raymicrotomography instrumentwas used to image
the inside of iron ore greenpellets containing bubble cavities. The dataset
obtained by X-ray microtomography was used to successfully validate
a stereological method to determine the size distribution of spherical
objects from a few cross-sectional images of a volume.

Subsequently, we discussed the possibility of calibrating quantita-
tively the obtained X-ray microtomography data using the size distri-
bution of the bubble cavities as a figure of merit and the results
obtained by applying the stereological method to SEM images as ref-
erence data. We found that X-ray microtomography can be used after
proper calibration by SEM to measure the total porosity of the bubble
cavities but can only provide a rough estimate of the median diameter
because of the limited resolution achieved in this study.
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