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Abstract 
 
 

The clay processing industry requires tailored solutions to enhance the 
workability and performance of clays. A new interdisciplinary approach is the 
development of processing technologies for clay raw material driven by microbial 
reactions. The clay supplying and processing industry envisions the 
implementation of microbially driven processes as a forward-looking concept, 
since biotechnology may provide a cost-effective, environmentally sound, and 
sustainable exploration of natural resources. 

However, the implementation of biotechnology in raw clay processing requires 
an overall understanding of microorganism-clay interactions. The key to access 
such a highly complex system is given by an interdisciplinary approach. For this 
purpose, the Bioton project (BMBF, grant 01FR0626B) was initiated, combining 
biotechnological know-how, monitoring of clay processing parameters as well as 
microbiological and mineralogical characterization during diverse processing 
stages. The Bioton project targets two main goals: The enhancement of 
brightness of paper kaolins and the enhancement of plasticity of ceramic clays. 

Within this context, the present study is dedicated to the mineralogical 
characterization of kaolin and clay samples from the Bioton project. A 
comprehensive mineralogical characterization is the basis for understanding and 
predicting the processing behavior of complex mineral admixtures as well as for 
the development and application of biotechnological methods to improve the 
properties of clay materials. 

This issue is very challenging due to the large variation in mineralogical 
composition and the complexity of factors, which influence clay properties. For 
that reason, conventional industrial clay assessment is solely based on the 
deduction of mineralogical parameters from chemical composition and grain-size 
distribution, which is often not sufficient for the evaluation of processing 
properties. 

In order to overcome this complexity, the bulk material of three kaolin samples 
and two ceramic clays as well as several of their respective grain-size fractions 
were comprehensively investigated by a multi-method approach, comprising 
various physical-chemical and mineralogical methods, as described in Chapter 4. 

A particular analytical challenge within this approach is given by the 
identification of minor constituents with respect to bulk composition, which, 
despite their marginal quantities, exert a strong influence on material properties. 
As described in Chapter 1, numerous studies evidenced that kaolin brightness is 
adversely affected by small amounts of staining Fe phases. The workability of 
ceramic clays is known to be influenced by the presence of swellable minerals.
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Therefore, special attention was paid to the identification of Fe-bearing phases 
and their distribution characteristics in form of oxides and silicates as well as to 
the quantification of swellable 2:1 layer silicates, presented as smectite and I-S 
mixed-layer minerals. In order to detect even small amounts of swellable 
components, one-dimensional fitting of XRD patterns was included in the multi-
method approach, which was applied for the first time to industrially used clays. 

Regarding the paper kaolins (Chapter 5), the various samples showed 
differences in the character and abundance of I-S mixed layer minerals, which 
were found to correlate positively with the extent of Fe reduction caused by the 
removal of Fe3+ impurities using a Fe-reducing culture of Shewanella 
putrefaciens. The determination of the Fe distribution prior to and after 
bioleaching by means of Mössbauer spectroscopy indicated that this 
microorganism is capable to reduce both, the oxide-bound and the silicate-bound 
Fe. The enhancement of brightness was found to be a function of the location of 
Fe depletion, since brightness increased mainly by the reduction of oxide-bound 
Fe and was less affected by the reduction of silicate-bound Fe. The 
microbiologically induced removal of the silicate-bound Fe was shown to occur 
mainly in the structure of the 2:1 layer silicates, as no evidence of structural 
changes was observed for kaolinite by means of STA and ESEM investigations. 
Moreover, differences in the grain-size distribution characteristics of the three 
kaolin samples after bioleaching indicated changes in rheology, ascribable to the 
composition of the reducing medium. 

The comprehensive investigation of the ceramic clays (Chapter 6) revealed 
that the processing properties of ceramic clays are influenced by the interaction 
of various material parameters, which were found to be different for the two 
investigated ceramic clays in terms of effective grain-size distribution, soluble 
salt concentration, particle agglomeration by Fe coatings, occurrence of discrete 
smectite, amount and degree of ordering of I-S mixed-layer minerals. 

From the structural information, a qualitative delamination model was deduced, 
which gives an indication of how the swellable components may influence the 
processing properties of ceramic clays. With increasing amounts of swellable 
layers, the number of “predetermined breaking-points” increases, and so too, 
does the number of water-accessible surfaces. As a consequence, 
microstructural modifications seem to be facilitated for clay systems containing 
larger amounts of swellable components, which may in turn result in greater 
plasticity. 

The combination of various analytical methods revealed that both, the Fe 
distribution in terms of oxide-bound Fe and silicate-bound Fe and the swellable 
components found in I-S mixed-layer silicates or in form of smectites have a 
strong impact on brightness as well as on the plasticity of clays. Therefore, future
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quality assessment of raw clay properties’ should take into account these two 
key parameters. 

However, further studies are required to quantify the contribution of each 
parameter to clay performance, with special attention paid to the swellable 
components, as challenges remain in terms of quantitative determination of all 
material parameters due to the small concentrations of components and/or 
inappropriate structural models for Rietveld quantification of mixed-layer minerals 
in complex mineral admixtures. 
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Kurzfassung 
 
 

Die tonproduzierende und -verarbeitende Industrie benötigt 
maßgeschneiderte Lösungen zur Verbesserung der Verarbeitbarkeit und 
Anwendbarkeit tonhaltiger Rohstoffe. Ein neuartiger interdisziplinärer Ansatz ist 
hierbei die Entwicklung mikrobiell gesteuerter Aufbereitungstechnologien. Die 
tonproduzierende und -verarbeitende Industrie sieht in der Einbeziehung 
mikrobiologischer Prozesse ein zukunftweisendes Konzept, durch dessen 
Anwendung eine kostengünstige, umweltfreundliche und nachhaltige Nutzung 
von Lagerstätten gewährleistet werden soll. 

Die Einbeziehung biotechnologischer Aufbereitungstechnologien erfordert 
jedoch ein umfassendes Prozessverständnis bezüglich der Interaktion von 
Mikroorganismen und Tonen, dessen Zugang nur auf Basis interdisziplinärer 
Zusammenarbeit erworben werden kann. Zu diesem Zweck wurde das Bioton-
Projekt mit Vertretern aus Industrie, Biotechnologie, Keramtechnologie, 
Mikrobiologie und Mineralogie initiiert (BMBF-Fördernummer 01FR0626B), das 
der Erforschung der Verarbeitungseigenschaften tonhaltiger Rohstoffe zu 
verschiedenen Prozesszeitpunkten gewidmet ist. Das Bioton-Projekt verfolgt 
zwei Hauptziele: die Verbesserung des Weißgrades von Papierkaolinen sowie 
die Verbesserung der Plastizität keramischer Tone. 

In diesem Zusammenhang wurden in der vorliegenden Studie ausgewählte 
Kaoline und Tone des Bioton-Projektes mineralogisch charakterisiert. Eine 
umfassende mineralogische Untersuchung stellt die wissenschaftliche Basis zum 
Prozessverständnis und zur Verhaltensvorhersage komplexer Mineralgemische 
dar und ist unabingbarer Bestandteil für die Entwicklung und Anwendung 
biotechnologischer Methoden in Hinblick auf die Eigenschaftsverbesserung von 
Tonen. 

Die komplexe Zusammensetzung und Vielfalt der Einflussfaktoren machen 
das System Ton zu einer analytischen Herausforderung. Aufgrund der 
Komplexizität erfolgt die industrielle Rohstoffbewertung oftmals lediglich anhand 
analytisch einfach zugänglicher Daten, wie der chemischen Zusammensetzung 
und der Korngrößenverteilung, was sich allerdings meist als unzureichend zur 
Ableitung von Prozesseigenschaften erweist. 

Zur Überwindung der Komplexizität wurden drei Kaoline und zwei keramische 
Tone sowie ihre jeweiligen Kornfraktionen mittels eines Multi-Methodenansatzes 
umfassend untersucht. Der gewählte Multi-Methodenansatz beinhaltet eine 
Kombination verschiedener physiko-chemischer sowie mineralogischer 
Methoden, die ausführlich in Kapitel 4 beschrieben sind. 

Eine besondere Herausforderung an die Analytik stellt dabei die 
Identifizierung quantitativ geringfügiger Bestandteile dar, die trotz ihrer geringen 
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Gehalte einen großen Einfluss auf die Materialeigenschaften ausüben. Wie in 
Kapitel 1 erläutert, hat eine Vielzahl vorausgegangener Studien den färbenden 
Einfluss bereits geringer Fe-Mengen auf den Weißgrad von Kaolinen dargelegt. 
Ebenso ist bekannt, dass die Verarbeitungseigenschaften keramischer Tone 
durch das Vorhandensein quellfähiger Tonminerale beeinflusst werden. 

Deshalb wurde der Identifizierung Fe-haltiger Phasen und ihrer Verteilung in 
oxidisch-gebundener als auch silicatisch-gebundener Form, sowie der 
Quantifizierung quellfähiger 2:1 Schichtsilicate, vorhanden als Smectit und/oder 
I-S Wechsellagerungsmineralen, besondere Beachtung beigemessen. Zur 
Detektion selbst geringer Gehalte quellfähiger Tonmineralanteile wurde als 
Methodik die eindimensionale Modellierung von Röntgendiffraktogrammen, hier 
zum ersten Mal zur Charakterisierung industriell eingesetzter Tone, angewandt. 

Die Untersuchung der Papierkaoline (Kapitel 5) zeigte Unterschiede im 
strukturellen Charakter sowie dem Gehalt quellfähiger Anteile in den I-S 
Wechsellagerungsmineralen zwischen den einzelnen Proben auf. Ein 
Zusammenhang zwischen Abnahme des Fe-Gehaltes – hervorgerufen durch 
den Einsatz reduzierend wirkender Shewanella putrefaciens Kulturen – und 
Wechsellagerungsanteil wurde beobachtet. Die Bestimmung der Fe-Verteilung 
mittels Mößbauer-Spektroskopie vor und nach der Behandlung mit Shewanella 
putrefaciens zeigte, dass der Mikroorganismus die Fähigkeit besitzt, sowohl 
oxidisch- als auch silicatisch-gebundenes Fe zu reduzieren. Anhand der 
stärkeren Weißgraderhöhung durch die Reduzierung oxidisch-gebundenen Fe, 
konnte gezeigt werden, dass die Erhöhung des Weißgrades mit dem Ort der Fe-
Verarmung korreliert. Strukturelle Untersuchungen mittels STA und ESEM 
lassen den Schluss zu, dass innerhalb der Gruppe Fe-haltiger Silicate, die Fe-
Reduzierung vornehmlich in der Struktur der 2:1 Silicate stattfindet, da keine 
Veränderungen der Kaolinitstruktur durch die mikrobielle Behandlung beobachtet 
wurden. Unterschiede in der Korngrößenverteilung aller Kaolinproben vor und 
nach der mikrobiellen Behandlung weisen auf eine veränderte Rheologie der 
Kaolinsuspension hin, welche auf die Zusammensetzung des zugegebenen 
Kulturmediums zurückzuführen ist. 

Die umfassende Charakterisierung der keramischen Tone (Kapitel 6) zeigte, 
dass die Verarbeitungseigenschaften durch die Interaktion verschiedener 
Materialparameter bedingt sind. Für folgende Parameter wurden Unterschiede 
zwischen den zwei untersuchten Proben detektiert: effektive Korngrößen-
verteilung, Konzentration löslicher Salze, Partikelagglomeration unterschied-
lichen Ausmaßes hervorgerufen durch Fe-Überzüge, Anwesenheit von Smectit 
sowie im Anteil und Ordnungsgrad der I-S Wechsellagerungsminerale. 

Anhand der strukturellen Informationen wurde ein qualitatives 
Delaminationsmodel abgeleitet, das eine Vorstellung von der Einflussnahme 
quellfähiger Anteile auf die Verarbeitungseigenschaften keramischer Tone geben 
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soll. Mit größer werdendem Anteil an quellfähigen Silicatschichten steigt der 
Anteil an „Sollbruchstellen“, und somit auch die Anzahl an wasserzugänglichen 
Oberflächen. Daraus ergibt sich, dass mikrostrukturelle Veränderungen für Tone 
mit einem größeren Gehalt an quellfähigen Anteilen erleichtert scheinen, was 
wiederum in einer höheren Plastizität resultiert. 

Die Anwendung einer Kombination unterschiedlicher analytischer Methoden 
zur mineralogischen Charakterisierung toniger Rohstoffe hat gezeigt, dass 
sowohl die Fe-Verteilung als auch die Anwesenheit quellfähiger Silicatschichten 
einen starken Einfluss auf den Weißgrad von Papierkaolinen als auch auf die 
Plastizität von keramischen Tonen haben. Daher sollten diesen beiden 
Parameter in die industrielle Rohstoffbewertung einbezogen werden. 

Allerdings sind noch weitere Studien zur Quantifizierung der Einflussnahme 
eines jeden Parameters auf die Verarbeitungseigenschaften von tonigen 
Rohstoffen nötig. Die Quantifizierung quellfähiger Schichtanteile stellt nach wie 
vor eine besondere analytische Herausforderung dar, da diese aufgrund der 
meist geringen Gehalte in komplexen Mineralgemischen und durch das Fehlen 
geeigneter Strukturmodelle innerhalb der Rietveld-Methodik schwer zu erfassen 
sind. 
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1 Introduction 

The present study is a contribution to describe the phase content and predict 
the processing behavior of raw clay materials with respect to the development of 
tailored solutions, which aims to enhance the workability and performance of 
industrially used clays. This issue is very challenging, as raw clay materials are 
complex multi-component systems, consisting of clay minerals, non-clay 
minerals, and organic compounds in different aggregate states. The processing 
behavior of a given raw clay material may be described as the sum of properties 
imparted by each constituting phase or component and, additionally, as 
interaction between them. Therefore, the key for the understanding of bulk 
material properties is given by the identification and quantification of each 
constituent. 

Many studies carried out to elucidate clay properties use well-defined 
monomineralic systems in order to minimize as much as possible the influences 
of interaction deriving from other phases or components. If complex mineral 
admixtures are the object of investigations, often solely one influencing factor is 
modified to illustrate property changes. These approaches are helpful in 
understanding single influencing factors, but represent just one step on the way 
of further understanding complex polymineralic systems like kaolins or common 
clays, as properties derived from interaction between clay constituting phases 
and compounds are not reflected. 

Due to their compositional complexity, the industrial evaluation of clays 
consists of deducing mineralogy merely from chemical composition. 

The present study aims to demonstrate that a careful mineralogical 
characterization of technically used clays by independent methods provides 
valuable information for further understanding the complex mineral admixtures. 
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The inclusion of mineralogy offers a powerful tool for the evaluation of 
processing properties of clays and should be – together with common industrial 
clay assessment methods – the basis of decision-making for clay grade 
classification. 

Moreover, a comprehensive mineralogical characterization of clays is needed 
to detect possible changes taking place in the context of modification of 
properties, as the following study was carried out with regard to microbial-
induced clay processing.  

Therefore, the following Chapters give an introduction into geomicrobiological 
clay processing with respect to paper kaolins and ceramic clays and their 
processing-related properties, followed by a presentation of an analytical 
strategy designed for the mineralogical characterization of these clays. 

1.1 The Bioton project 
The following study was carried out in the framework of the “Bioton project”, 

financed by the German Ministry of Education and Research (BMBF), grant 
01FR0626B. The denomination “Bioton” derives from “Bio” for biological and 
“Ton”, the German word for clay. 

Aim of the Bioton project is the application and further development of 
biotechnological methods to enhance workability and performance of raw clay 
materials. The clay supplying and processing industry envisions the 
implementation of microbially driven processes as a forward-looking concept, 
since biotechnology may provide a cost-effective, environmentally sound, and 
sustainable exploration of natural resources. 

The implementation of biotechnology in raw clay processing requires an 
overall understanding of microorganism-clay interactions. The key to access 
such a highly complex system is given by a multi-disciplinary approach. For this 
purpose, the Bioton project was initiated, combining biotechnological know-how, 
monitoring of clay processing parameters, microbiological and mineralogical 
characterization during diverse processing stages. The Bioton project targets two 
main goals: The enhancement of brightness of paper kaolins as well as the 
enhancement of plasticity of ceramic clays. 

In this context, main research topics of the Bioton project were related to the 
characterization and cultivation of autochthonous microorganisms (Menger-Krug 
et al., 2008; Krolla-Sidenstein et al., 2009) and their effects on processing 
properties (Peuker et al., 2009). Furthermore, the influence of metabolic products 
and their biotechnological production by appropriate microorganisms for clay 
modification was investigated (Beyer et al., 2011). 

Aim of the present study is the comprehensive and consistent mineralogical 
characterization of kaolin and clay samples from the Bioton project. A 
comprehensive mineralogical characterization is the basis for understanding and 
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predicting the processing behavior of complex mineral admixtures as well as for 
the development and application of biotechnological methods to improve the 
properties of clay materials. 

The material characterization was based on a multi-method approach, 
presented in Chapter 1.5, comprising various physical-chemical and 
mineralogical methods, which are described in Chapter 3. A particular analytical 
challenge was the identification of minor constituents with respect to bulk 
composition, which, despite their marginal quantities, exert a strong influence on 
material properties. 

In the context of the investigated samples, one challenge was represented by 
the identification of Fe-bearing phases and their distribution, in oxides and 
silicates. Fe-distribution was detected after different bioleaching stages by 
Mössbauer spectroscopy. 

A further analytical challenge was the quantification of swellable 2:1 layer 
silicates, present as smectite and mixed-layer minerals, due to their complex 
structural features and low abundances. 

A new phase-quantification approach to paper kaolins and ceramic clays was 
applied by means of one-dimensional XRD-pattern fitting (ODPF). The 
combination of ODPF with other mineralogical methods enabled the detection of 
even small amounts of swellable components. 

One the basis of the mineralogical results, the long-term objective to establish 
a comprehensive quality-assessment scheme for clays used in paper and 
ceramic applications comes closer. 

1.2 Biotechnology and geomicrobiology in mineral processing 
The benefit of commercially applied biotechnology was demonstrated by 

different sectors of mineral industry and environmental protection due to 
favorable process economics and reduced environmental problems compared to 
conventional hydrometallurgical processes (Olson et al., 2003). Hydrometallurgy 
is part of the field of extractive metallurgy involving the use of aqueous chemistry 
for the recovery of metals from ores, concentrates, and recycled or residual 
material. 

Until the late 1940s, the nature of metal mobilization was thought to be a 
purely abiotic process. Colmer and Hinkle (1947) predicted a role for biological 
influence on Fe oxidation in the formation of acid mine drainage, proved in 1950 
by Colmer and co-workers by isolating acidophilic bacteria from such drainage. 
An early documented commercial application of a biohydrometallurgical process 
was copper extraction from mine waste (Zimmerley et al., 1958). Since then, the 
potential of microorganisms to dissolve metals from solid material is applied to 
different purposes, reviewed for instance by Burgstaller and Schinner (1993), 
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Bosecker (1997), and Brombacher et al. (1997). The review articles of Ehrlich 
(1996; 1998) and Olson et al. (2003) are also suggested for further reading. 

Numerous studies are dedicated to the recovery of industrially valuable metals 
using bioleaching technologies, e.g., zinc (Müller et al., 1995), nickel (Sukla et al., 
1993), and copper (Pradhan et al., 2008). Other examples for the application of 
microorganisms for industrial purposes are the recovery of metallurgy wastes 
(Krasnodebska-Ostrega et al., 2009) as well as the quality improvement of 
industrial minerals, such as kaolins (Toro et al., 1992; Cameselle et al. 1995; 
2003; Zegeye et al., 2008), clays and sands (Groudev, 1987; Arslan and Bayat, 
2009). 

However, biotechnological methods in mineral processing have only been 
applied on a commercial scale to ore leaching (Groudev, 2001) and waste 
recovery (Liu and Lipták, 1997). Until now, there exists no comparable industrial 
plant for biotechnologically based beneficiation of raw clay materials. 

Previous studies considered mainly individual influencing factors of 
microbiological treatment on processing relevant properties like rheological 
behavior, brightness or mineralogical phase content (e.g., Friedrich et al., 1991; 
Kämpfer, 1991; Mörtel and Heimstädt, 1996; Berthelin et al., 2004). 

Microorganisms naturally occur in clays. As stated by Shelobolina et al. (2005), 
clay formations represent a unique subsurface microbial habitat. Due to their fine 
particle size, clays have a low hydraulic conductivity and consequently the rate of 
microbial metabolism is extremely slow. Microorganisms are generally larger 
than clay mineral particles and it has been suggested that microbial populations 
present in clays were trapped there during deposition. If this is the case, these 
bacteria may have survived from the time of original clay sedimentation tens of 
millions of years ago (Chapelle and Lovley, 1990; Frederickson et al., 1995). 

1.3 Paper kaolins 

1.3.1 Properties and applications of kaolins 

Kaolins are raw clay materials predominantly composed of 1:1 layer silicates 
of the kaolinite group, which comprises the minerals kaolinite, the polytypes 
dickite, nacrite, and the hydrated form halloysite (Jasmund and Lagaly, 1993). 
The percentage of kaolin group minerals in crude kaolins ranges widely, from 85-
95% in the Coastal Plain kaolins of the southeastern United States and the Rio 
Jari kaolins of Brazil to less than 20% in Cornwall, England, and Hirschau, 
Germany (Hurst and Pickering, 1997). 

Kaolin is one of the most important industrial raw clay materials, due to the 
multitude of favorable properties. It is chemically inert over a relatively wide 
range of pH values (4-9), white in color, and shows good covering power when 
used as pigment or extender. Kaolin is soft and non-abrasive when degritted and
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has a low conductivity for heat and electricity (Prasad et al., 1991). Kaolin is 
used in a variety of products, such as paper, ceramics, plastics, paint, medicine, 
food, and cosmetics (Murray, 1988). This functional versatility reflects the natural 
variability in deposit quality, which is controlled by mineralogy and processing. 

Poorer quality kaolins contain relatively large quantities of impurity minerals 
and are sold often unprocessed for local use in cement, brick or refractory 
application. 

For technically more demanding applications such as paper coating and as 
fillers, the kaolins must be beneficiated by either dry or wet processing, in order 
to remove or reduce impurities (Murray, 1980). Common impurities in kaolins are 
quartz, mica, illite, smectite, feldspar, goethite, hematite, pyrite, anatase, rutile, 
ilmenite, and trace quantities of tourmaline, zircon, kyanite, and a few other 
heavy minerals (Murray, 2007). The presence of quartz or cristobalite generally 
introduces abrasion problems and is intolerable if the kaolin is to be used to coat 
paper. Kaolin deposits containing only coarse-grained quartz are of great value, 
because such quartz can be easily removed, where the separation of fine-
grained quartz from kaolins is technically not possible (Murray, 1988). 

The largest use of kaolin is in the production of paper. Paper production alone 
uses approximately 80% of high-grade kaolin sold each year (Harvey and Lagaly, 
2006). The application of kaolin as coating or filler for paper requires very rigid 
specifications including particle size, color, brightness, and viscosity. These 
parameters are mainly affected by the mineralogical composition. 

Brightness of the paper is largely a function of the brightness of the kaolin 
employed, which in turn depends on the kind and amount of dyeing impurities. 
Gloss increases with decreasing particle size. Opacity is controlled by light 
scatter, which is dependent on the difference in the refractive index of the 
kaolinite and of air-filled voids. A large range of particle size distribution with a 
maximum of about 80% smaller than 2 µm are the grades used to give rise to an 
adequate opacity for paper coating (Murray, 2007). 

As paper coating, kaolin is applied to the surface of paper to ensure gloss, 
smoothness, brightness, opacity, and printability of the paper sheet (Bundy, 
1993). A typical paper-coating formulation consists of water, pigment, binder, 
and small quantities of other additives such as dispersants, lubricants, and 
biocides. This mixture contains up to 65% solids. Pigments most commonly used 
for coating include kaolin, calcium carbonate, titanium dioxide, and talc. Because 
the coating is applied to the paper surface at speeds of 1500 to 2000 meters per 
minute (90-120 km/h), rheological behavior presents a critical parameter. If the 
shear viscosity is too high, the coating blade may drag across the surface and 
cause streaks, gaps or rips (Kogel et al., 2002). 

As paper filler, kaolin is added to the pulp to fill voids between the wood fibers 
to improve the paper’s strength as well as the appearance and printing 
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characteristics. Filler also serves to reduce cost by substituting relatively 
inexpensive kaolin (40 to 60 $/ton) for significantly more expensive pulp (630 
$/ton) (Kogel et al., 2002). The upper limit for the amount of filler added to the 
paper is 20-30%. Particle size is critical because kaolin that is too fine will not be 
retained in the sheet. 

Table 1.1 shows the main characteristics required for processed kaolin in 
paper applications, reported from Galán et al. (1996) and Kogel et al. (2002). 
Generally, paper-coating kaolins possess good flow properties, are relatively 
white and bright, and have minimal grit content. Filler grades are coarser, more 
viscous, and are not as bright as coating-grade kaolins. 

Table 1.1: Industry required specifications of processed kaolin for the utilization as paper 
coating or filler (Galán et al., 1996; Kogel et al., 2002). 

Specification Paper coating Paper filler 
amount of kaolinite [%] >93 >85 
particle size <2 µm [%] 80-95 50-70 
brightness [%]*  85-92 80-85 
Brookfield viscosity [cP]** <500 <4000 
*reflectance measured at 457 nm; **at 70% of solids content 

1.3.2 Industrial material screening for paper applications 

Industrial material screening of kaolins is carried out to determine their end 
use as coatings or filler. Common industrial analyses for the evaluation of kaolin 
samples comprise determination of particle size, brightness, chemical 
composition, and viscosity, both of the raw material and the material after 
different processing steps (Kogel et al., 2002). 

The amount of particle size <2 µm is determined to specify kaolins to coating-
grade or filler-grade applications according to the classification reported in Table 
1.1. Brightness is determined by the percentage of reflectance at 457 nm 
(Section 4.1.1). 

In order to estimate the process-relevant clay mineral content of a kaolin 
sample, the amount of process-irrelevant feldspars is calculated by means of the 
chemical composition, assuming that the whole contents of Na2O and K2O 
originate from feldspars. This method is questionable, as kaolins may contain 
considerable amounts of K-bearing micas. The amount of Fe2O3 serves as 
parameter for the estimation of brightness. These rough industrial screening 
methods are common techniques to bypass the more demanding determination 
of mineralogy by X-ray diffraction (Salmang and Scholze, 2007). 

However, the survey of mineralogical parameters would provide valuable 
information on further understanding kaolin processing. For instance, kaolins 
show often different values of brightness, although having nearly the same 
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amount of Fe2O3, which are not explicable by industrial screening methods. In 
this context, Mössbauer spectroscopy provides a powerful analytical tool for the 
detection of the Fe-species distribution in order to distinguish between dyeing 
and non-dyeing species. The identification and quantification of clay minerals 
would also permit a more precise prediction of rheological properties of kaolin 
slurries. 

In this study, several kaolin samples from the mining area of Hirschau-
Schnaittenbach, Germany, with different Fe content and brightness were 
investigated with a variety of analytical methods to elucidate the influence of Fe-
distribution on optical properties of kaolins. 

1.3.3 Dyeing impurities of kaolins 

Kaolins are often associated with Fe and Ti impurities, which impair whiteness 
and reduce brightness, leading to a diminished economic value and hinder their 
application (Ryu et al., 1995; Lee et al., 2002). The concentration of Fe, tolerable 
for commercial application, varies considerably. Schroeder et al. (1998) reported 
Fe contents of commercial-grade kaolin from diverse origins from 0.34 to 1.33%, 
but also larger contents up to 11% have been reported (Jepson, 1988; 
Bahranowski et al., 1993). Mandal and Banerjee (2004) considered values 
<0.8% as reasonable for the production of high quality products. In addition to Fe 
impurities, the presence of micas, smectite and feldspar in kaolins influence 
rheology, optical and abrasion characteristics (Prasad et al., 1991). 

High brightness and whiteness are the most critical properties required for 
paper coating. Presence of dyeing impurities like ferruginous and titanoferrous 
minerals adversely affects the optical properties of kaolin. 

Möbius (1977) investigated a set of kaolin samples from various origins and 
found a linear correlation between the total Fe2O3 content and brightness for 
kaolins from Cornwall, whereas other samples did not show such a correlation. 
However, all samples showed a correlation of the Fe oxide content (determined 
in terms of dithionite and HCl dissolution cycles) and brightness. Furthermore, a 
stronger linear correlation was found for kaolin samples, containing additionally 
more than 0.5% of TiO2. Möbius (1977) inferred that there is no general 
relationship between Fe content and brightness, but that the dyeing capacity of 
Fe solely depends on Fe distribution in different phases. Similar results were 
reported by Chandrasekhar and Raghavan (2004). 

Extensive research on the nature of Fe in kaolin showed that Fe may be 
present in two forms (1) in the tetrahedral or octahedral sites of the layer silicate 
sheets, in this study referred to as “Fe-silicate” or “silicate-bound” and (2) as 
discrete Fe phases present as oxides, hydroxides, oxy-hydroxides (here referred 
to as “Fe (oxy-hydr)oxides or “oxide-bound”), as well as sulphides and 
carbonates (Jepson, 1988; Shelobolina et al., 2005). 
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Reddish hematite and yellowish goethite are the most common Fe phases 
found in kaolins (Malengreau et al., 1996). In natural soils, Fe (oxy-hydr)oxides 
are present both as discrete phases or as poorly crystallized X-ray amorphous 
particles with short range order. They exist in form of admixtures or as coatings 
and cements, commonly precipitated or adsorbed on the surfaces or interspaces 
of the soil constituting minerals (Murad, 1987; 1988; Schwertmann, 1988). 

Jepson (1988) and Chandrasekhar and Raghavan (2004) pointed out that 
oxide-bound Fe influences the kaolin brightness more adversely than silicate-
bound Fe, irrespective of the total analytical Fe content. 

The effects of silicate-bound Fe on clay mineral properties have been 
reviewed by Stucki (1988), Stucki and Lear (1989), and by recent publications of 
Stucki (2006; 2011). 

Fe may occur in both, octahedral and tetrahedral sheets of 1:1 and 2:1 clay 
minerals, and in the gibbsite/brucite sheet of 2:1:1 minerals. Fe also exists as a 
charge-balancing cation on clay mineral exchange complexes (Coyne and Banin, 
1986; Ebitani et al., 2002) or in form of Fe oxides as pillars between the 2:1 
layers obtained from artificial synthesis (Bachir, 2009; Naguib, 2010). 

Evidence of silicate-bound Fe was gathered by means of various analytical 
techniques. Electron paramagnetic resonance (EPR) spectroscopy (Brindley et 
al., 1986; Gaite et al., 1997; Balan et al., 2000) and Fourier transform infrared 
(FTIR) spectroscopy (Petit et al., 1999) revealed Fe substitution in the octahedral 
site of kaolinite. Bahranowski et al. (1993) deduced from bulk chemistry analysis 
that Fe in kaolins may exist as oxide-coatings as well as an isomorphous ion in 
the kaolinite structure. The ambivalent occurrence of Fe has also been observed 
by Malengreau et al. (1994) based on infrared diffuse reflectance spectroscopy 
(DRIFT) and by Schroeder and Pruett (1996) and Schroeder et al. (1998) by 
means of magic angle spinning nuclear magnetic resonance spectroscopy (MAS 
NMR). These authors reported values for Fe octahedral site occupancy in 
kaolinites of less than 3%. 

Gualtieri et al. (2000) studied the local environment of Fe in kaolinites with 
different degree of structural disorder by X-ray absorption spectroscopy (XANES) 
and found that all investigated kaolinites contained Fe3+ in 6-fold coordination. 
The disordered kaolinite sample showed additionally some Fe in 4-fold 
coordination. Herbillon et al. (1976) and Mestdagh et al. (1980) ascribed the 
reduction of kaolinite crystallinity (i.e., an increased degree of structural disorder 
according to Guggenheim et al., 2002; 2006) to the presence of silicate-bound 
Fe. Amouric et al. (1986) confirmed the presence of silicate Fe in disordered 
kaolinites by TEM studies. Based on XRD analyses, several empirical methods 
of determining the crystallinity of kaolinite have been proposed (Hinckley, 1963; 
Hughes and Brown, 1979). A more recent theoretical method is based on crystal 
structure defects (Plancon and Zacharie, 1990). 
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Johnston and Cardile (1987) investigated the nature of Fe in illites by 
Mössbauer spectroscopy and showed Fe3+ to occupy both, tetrahedral and 
octahedral sites. 

As pointed out by Stucki (2006), the presence of Fe in the structure of 
smectites is clearly the rule rather than the exception. By means of Mössbauer 
spectroscopy, Goodman et al. (1976), Cardile (1989), and Luca and Cardile 
(1989) found Fe to substitute tetrahedral sites of smectites. Evidence for the 
presence of octahedral Fe was gathered by infrared spectroscopy (Stubican and 
Roy, 1961; Farmer and Russell, 1964), and is still the subject of recent research 
as reviewed by Madejová (2003). 

A discussion about how Fe is distributed between octahedral sites in 2:1 
dioctahedral smectites has been going on for many years. A rule that continues 
to be generally accepted is that nontronite and ferruginous smectites are largely 
or completely trans-vacant, whereas cis-vacant montmorillonites contain only 
little Fe3+ (Stucki, 2006). These conclusions are mainly based on X-ray diffraction, 
selected area diffraction, Mössbauer and infrared spectroscopy (Bookin et al., 
1978; Besson et al., 1983; Tsipursky and Drits, 1984; Madejová et al., 1994; 
Wolters, 2005). 

A further source of Fe is given by its incorporation into the TiO2 structure in 
the form of “iron stained titania”. The effect of titania on kaolin brightness has 
been studied and reviewed by Weaver (1976). Pure TiO2 strongly absorbs light in 
the UV region due to metal-oxygen charge transfer. When Fe is present in the 
TiO2 structure, a Fe(II)-Ti(IV) transition is possible. This charge transfer process 
has an absorption centered at 350 nm in the near UV region tailing into the 
visible at the blue end of the spectrum. The intensity of the charge transfer band 
is 100-1000 times stronger in terms of extinction coefficient than other transitions. 
Thus, the amount of Fe in TiO2 may be small, but this impurity significantly 
imparts color to the kaolin. Schwertmann et al. (1995) confirmed the 
isomorphous replacement of Ti by Fe in the TiO2 structure by XRD, Mössbauer 
and EPR studies. Chandrasekhar and Raghavan (1999) considered the titania 
effect responsible for a poor kaolin brightness improvement, although reducing 
the Fe2O3 content of about 50% by high gradient magnetic separation and 
chemical leaching (CBD treatment). 

The identification of Fe-bearing phases in kaolins is a difficult task due to the 
distribution of Fe between various phases, which occur often as intimate 
mixtures and in small amounts (Schroeder and Pruett, 1996). Additional 
complication arises from the low silicate-bound Fe concentrations, the detection 
of which is analytically challenging. 

Ti in kaolin samples may be present as discrete Ti-minerals such as anatase 
or rutile, as a surface-adsorbed form (Weaver, 1976) or as isomorphous 
substitution for Si and possibly Al in kaolinite (Dolcater et al., 1970; Malengreau 
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et al., 1995). For standard kaolins used in industry, Ti contents of up to 2% have 
been reported (Jepson, 1988). 

1.3.4 Conventional kaolin processing 

In kaolin beneficiation, removal of Fe and Ti minerals is generally carried out 
by a combination of physical, physico-chemical, and chemical methods in terms 
of magnetic separation, froth flotation, and dissolution using mineral acids, 
inorganic or organic ligands with or without reducing agents. 

Since the 1970s, magnetic separation has been employed to improve the 
brightness of kaolin (Iannicelli, 1976). The development of superconducting high 
gradient magnetic separators (SC-HGMS) in the 1980s led to an enormous 
increase in commercially usable kaolin reserves (Watson, 1994). The process of 
magnetic separation is based on the differences among the magnetic 
susceptibilities of the constituent minerals (Norrgran and Orlich, 1988). The 
minerals that are removed are dominantly hematite, Fe-enriched titanoferrous 
minerals along with some ilmenite, magnetite, and biotite (Murray, 2007). 

Froth flotation is more selective for the removal of Fe-Ti-containing impurities. 
Only oxide-bound Fe can be removed by dissolution, whereas minerals with 
silicate-bound Fe can also be removed to some extent by magnetic separation 
and froth flotation. Mineral acid-leaching cannot remove all oxide-bound Fe from 
kaolin in spite of being the most efficient and aggressive method (Bahranowski et 
al., 1993). 

The concept of chemical as well as biological Fe removal is based on Fe- 
reduction reactions, transforming the generally insoluble oxidized form of Fe 
(ferric iron, Fe3+) in its more soluble reduced form (ferrous iron, Fe2+) (Nealson 
and Saffarini, 1994). 

Other reagents used for Fe removal from clays are pyrophosphate, oxalate, 
ethylene diamine tetraacetic acid (EDTA) or the citrate-bicarbonate-dithionite 
method (CBD) established by Mehra and Jackson (1960). For the improvement 
of kaolin brightness on the industrial scale, the most commonly used chemical 
reducing agent is dithionite (Stucki, 2006). Due to the better solubility of Fe2+ 
compounds compared to those of Fe3+, especially the oxides, even the most 
insoluble Fe species like goethite and hematite may be dissolved if the redox 
potential of the extractant is low enough (Borggaard, 1988). 

As ultra-fine Fe-bearing particles are difficult to treat by conventional mineral 
processing methods like magnetic separation (Raghavan et al., 1997), 
biochemical leaching appears to be a good alternative for their effective removal 
as shown by Styriaková and Lovás (2007). The authors reported a total Fe 
removal of 93% from quartz sands, combining bioleaching and magnetic 
separation processes. 
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1.3.5 Microbial refinement of kaolin 

Microbial metabolism primarily controls Fe-redox chemistry in most 
environments. Numerous studies demonstrated that microorganisms exploit the 
favorable redox potential between the Fe2+/Fe3+ couple and various electron 
donors and acceptors for their metabolism (e.g., Konhauser, 1998). In this way, 
Fe2+ is used as an electron donor to provide reducing equivalents for the 
assimilation of carbon into biomass by lithotrophic Fe2+-oxidizing microorganisms 
under both, oxic and anoxic conditions, and Fe3+ can be used as a terminal 
electron acceptor for lithotrophic and heterotrophic Fe3+-reducing 
microorganisms (Weber et al., 2006). 

At pH values at or above circumneutral, Fe exists primarily as insoluble, solid-
phase minerals in the divalent ferrous (Fe2+) or trivalent ferric (Fe3+) oxidation 
state (Cornell and Schwertmann, 2003). When lowering the pH, the solubility of 
both Fe species increases (Stumm and Morgan, 1996). 

Fe-bearing minerals readily function as electron acceptors for ferric iron 
reducing microorganisms (Luu and Ramsay, 2003). Metal-reducing 
microorganisms have been shown to be capable of reducing Fe3+ in kaolin 
constituent minerals, both in Fe oxide species like goethite (Roden and Zachara, 
1996; Zachara et al., 1998; Liu et al., 2001) and magnetite (Kostka and Nealson, 
1995; Dong et al., 2000), as well as in phyllosilicates (Kostka et al., 1999a; 
1999b; Dong et al., 2003a). 

However, the intimate association of Fe-bearing phases in kaolins makes it 
often not straightforward to separately determine their respective effects on 
physical and chemical properties (Schroeder and Pruett, 1986; Lee et al., 2002). 

In the following, a short overview is given on the current status of research on 
interaction between microorganisms and Fe (oxy-hydr)oxides as well as Fe-
bearing clay minerals, which is mainly based on recently published reviews by 
Luu and Ramsay (2003), Stucki (2006), Stucki and Kostka (2006), Weber et al. 
(2006), and Dong et al. (2009a). Subsequently, results of studies conducted in 
the context of bioleaching of kaolins are summarized. 

Microorganisms used for bioreducing are usually facultatively or obligately 
anaerobic and widely occur in soils (Wu et al., 1988; Gates et al., 1993; 1998), 
sediments (Kostka et al., 1996; Cervini-Silva et al., 2003), sedimentary rocks 
(Dong et al., 2003a; 2003b; Shelobolina et al., 2003), and hydrothermal 
environments (Kashefi et al., 2008). 

The microbial Fe reduction process of both Fe (oxy-hydr)oxides and silicate-
bound Fe was shown to be coupled to carbon oxidation and electron transport in 
Fe3+-reducing bacteria (Lovley and Philips, 1988; Kostka and Nealson, 1995; 
Kostka et al., 1999a). Common redox-active organic compounds identified in 
soils and sediments are plant exudates (Nevin and Lovley, 2000), humic acids 
(Lovley et al., 1996), and antibiotics (Hernandez et al., 2004). 
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Given the relative thermodynamic favorability of Fe reduction, crystalline Fe3+ 
oxide mineral reduction (goethite, hematite, and magnetite) is decreased 
compared with amorphous or poorly crystalline ferric oxides, such as ferrihydrite 
(Thamdrup, 2000). Previous studies have shown that Fe-reducing 
microorganisms are capable of “living on the energetic edge”, making crystalline 
solid-phase Fe3+ (Frederickson et al., 1995; Kukkadapu et al., 2001) and silicate-
bound Fe bioavailable (Kostka et al., 1996). A study of Stanjek and Marchel 
(2008) indicated that the (microbially induced) redox cycles of Fe oxides and Fe-
rich clay minerals are intrinsically linked to each other. 

Roden and Zachara (1996) examined quantitative aspects of microbial 
reduction of synthetic goethite using Shewanella species and found a linear 
correlation between initial reduction rate and oxide surface area. Their results 
suggested that the formation of Fe2+-bearing phases limited the extent of Fe3+ 
oxide reduction. 

As stated by Weber et al. (2006), there has been considerable debate 
regarding the direct relevance of laboratory studies that have examined the 
reduction of crystalline Fe minerals under artificial organic and nutrient-rich 
conditions to optimize microbial growth. Glasauer et al. (2003) did not observe 
reduction of goethite and hematite by Shewanella putrefaciens, in direct contrast 
to previous reduction studies conducted with this microorganism in nutrient-rich 
media (Frederickson et al., 1995; Kukkadapu et al., 2001).  

Various mechanisms have been proposed how microorganisms might transfer 
electrons to extracellular Fe-bearing minerals. Comparing the microbial reduction 
mechanisms described both for Fe (oxy-hydr)oxides (Weber et al., 2006) and for 
silicate-bound Fe (Dong et al., 2009a), no difference can be ascertained as the 
respective reduction mechanism depends primarily on the type of microorganism. 
The two primary strategies are pictured below for the case of Fe reduction in 
silicates (Figure 1.1). 

Regarding the reduction of Fe3+ in silicates, the amount and the crystal-
chemical environment of Fe3+ as well as the layer charge of clay minerals are 
important factors that control the extent of reduction, as a low layer charge favors 
the accessibility of clay minerals to microbial interactions (Jaisi et al., 2007a). 
The correlation between relative reducibility and layer expandability is 
strengthened by recent data from Dong et al. (2009b), which shows that the rate 
and extent of mixed-layer illite-smectite and rectorite are between those for the 
discrete end-members. 

Among the minerals studied, expandable layer silicates are the easiest 
reducible by microorganisms with the fastest rate and the highest extent of 
biological reduction, whereas illite is the least reducible (Dong et al., 2003a; 
2009a). 
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The extent of microbial reduction of Fe3+ in clay minerals and Fe (oxy-
hydr)oxides depend both on experimental conditions (type of microorganisms 
and mineral, their concentration ratio, presence or absence of electron shuttle 
components and organic compounds, temperature, solution chemistry in terms of 
pH and aqueous chemical composition) as well as specific mineral 
characteristics (Fe content, particle size, surface area, layer charge, interlayer 
composition). 

The following relative tendencies have been observed: The extent of 
bioreduction (1) increases with increasing microorganism/mineral ratio (Kostka et 
al., 1999a; Jaisi et al., 2007b); (2) increases with increasing total Fe content 
(Ernstsen et al., 1998; Gates et al., 1998); (3) increases with decreasing particles 
size, thus, increasing surface area (Ernstsen et al., 1998; Bosch et al., 2007; 
Jaisi et al., 2007c); (4) is favored by a lower layer charge (Seabaugh et al., 2006; 
Dong et al., 2009b); (5) is enhanced by the presence of electron shuttle 
components (Seabaugh et al., 2006; Komlos et al., 2007); (6) appears to be 
reduced by the presence of organic compounds in the interlayer of clay minerals 
(Zhang et al., 2007a); (7) is influenced in different ways by temperature (Zhang 
et al., 2007b; Kashefi et al., 2008) and pH (Kostka et al., 1999a; Zhang et al., 
2007b). 

Up to now, the mechanisms of microbial reduction of ferric Fe in silicates 
described in literature have mainly been inferred from study of montmorillonite 
and nontronite (Fe-rich smectites), as smectites are by far the most frequently 
studied systems in this context. Recently, studies have been expanded to illite 
and chlorite, mixed-layer illite-smectite and rectorite (Dong et al., 2009b), 
palygorskite (Dong et al., 2009c), vermiculite (Komlos et al., 2007), natural soils 
and sediments (Favre et al., 2002; 2006; Komlos et al., 2007; Stucki et al., 2007), 
but knowledge about reduction mechanisms is still limited (Dong et al., 2009a). 

Two mechanisms have been proposed for microbial reduction of Fe3+ in 
smectites: solid-state and dissolution-precipitation. Solid-state transformation 
means a reduction mechanism without any significant structural changes, which 
are reversible upon reoxidation. In contrast, dissolution-precipitation 
transformation denotes a reduction mechanism, leading to (partially) irreversible 
structural dissolution under release of ions and the formation of biogenic 
products, such as silica (Furukawa and O’Reilly, 2007), smectite (Zhang et al., 
2007b), and illite (Kim et al., 2004). 

Evidence for a solid-state mechanism was reported by Lee et al. (2006), 
Stucki and Kostka (2006), Kashefi et al. (2008), and recently by Stucki (2009), 
based on studies of smectites and ferruginous smectite samples, whereas the 
dissolution mechanism was favoured by authors investigating nontronite samples 
(Dong et al., 2003b; Kim et al., 2004; Li et al., 2004; Jaisi et al., 2005; Zhang et 
al., 2007a; 2007b). These observations led to the conclusion that the mechanism 
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of Fe3+ reduction may be mineral specific, mainly driven by the total Fe content 
as well as layer charge. However, extending this concept to illite (low Fe content 
and high layer charge with respect to smectite), there is some evidence for both 
reduction mechanisms. Dong et al. (2003b) reported that illite dissolution may 
have occurred as a result of bioreduction, whereas other studies have shown 
that the illite structure largely remains intact (Kukkudapu et al., 2006; Seabaugh 
et al., 2006). 

The solid-state and the dissolution-precipitation bioreduction mechanism 
represent two extreme cases and reality might lie somewhere between these 
mechanisms. For instance, Kukkudapu et al. (2006) observed that biogenic Fe2+ 
largely remained in the illite structure, but the illite became more soluble in weak 
acid than the original material, suggesting some change of the illite structure.  

Moreover, the concentration and type of microorganism play a key role in 
determining the mechanism of Fe3+ reduction (Dong et al., 2009a). The effects of 
different microorganisms on possible pathways of electron transfer from the 
bacteria into the clay mineral structure were studied by comparing Geobacter 
and Shewanella species (Figure 1.1). 

In contrast to Shewanella species, the species of Geobacter cannot produce 
any electron-shuttling compounds (Nevin and Lovley, 2002) and thus requires 
the direct contact between bacterium and clay mineral surface for bioreduction to 
take place. The electron pathway may be parallel to (001), where the transfer of 
electrons to the Fe3+ centers near the clay mineral edges may be readily 
accomplished, but it may be difficult to transfer electrons to the Fe3+ centers in 
the middle of the layers. As a consequence, the extent of bioreduction may be 
limited and the clay mineral largely remains in solid-state.  

 

Figure 1.1: Two possible pathways of electron transfer from bacteria to the Fe3+ centers in 
the clay mineral structure, without (Geobacter species) and with (Shewanella species) 
electron-shuttling compounds (black triangles). Modified after Dong et al. (2009a). 
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Shelobolina et al. (2003) showed that the extent of silicate Fe3+ reduction in 
smectites by Geobacter species is generally lower than that achieved by other 
microorganisms. Shewanella species produce electron-shuttling compounds 
themselves. Thus, a direct contact between bacteria and clay mineral surface for 
electron transfer is not required. This facilitates the electron transfer to the Fe3+ 
centers both parallel and perpendicular to (001), resulting in a larger extent of 
bioreduction (Kostka et al., 1999b), under partial dissolution of the clay mineral 
structure (Dong et al., 2009a). The further addition of electron-shuttling 
compounds, like anthraquinone-2,6-disulfonate (AQDS), which is a functional 
surrogate of humic substances, significantly enhances Fe reduction (Dong et al, 
2003b; Jaisi et al., 2005), suggesting that bioreduction may be limited by the 
availability of such shuttling compounds. 

Groudev (1987) and Cameselle et al. (1995; 2003) have studied efficiency 
enhancement of bioleaching of kaolins by a two-stage process. In the first stage, 
the microorganism is grown in an adequate medium under appropriate culture 
conditions in order to improve the production of active metabolites for the 
leaching process. In the second stage, the culture medium is used as a leaching 
agent for the kaolin. The absence of a growing microorganism permits the use of 
more aggressive leaching conditions, such as low pH and higher temperatures, 
and leads therefore to a higher dissolution rate and extent of Fe removal. 

Employment of Fe3+-reducing microorganisms has been suggested as an 
alternative refinement method to remove Fe impurities from kaolin (Lee at al., 
2002). Styriaková and Styriak (2000) demonstrated the efficiency of bacterial Fe 
removal from kaolins. After one month of bioleaching, 43% of the Fe occurring as 
amorphous oxyhydroxides and of 15% of silicate Fe in micas was extracted. 
Styriakovà et al. (2003) found that bioleaching of kaolins caused structural and 
compositional transformation of the constituting micas. Metabolic activities of 
Bacillus cereus led to the extraction of silicate-bound Fe in the octahedral sheet 
of micas under formation of illite. The mica destruction was also reflected by a 
shift of grain-size distribution toward smaller fractions. 

Mineral transformation reactions were already reported in the context of 
abiotic Fe reduction, using dithionite as reducing agent. The dithionite-treatment 
of smectites caused a decreased interlayer spacing, turning a fraction of the 
interlayer cations less exchangeable. This phenomenon has been confirmed for 
Na+, K+, Ca2+, Cu2+, and Zn2+ (Lear and Stucki, 1989; Khaled and Stucki, 1991). 
Shen and Stucki (1994) further suggested the decrease of interlayer spacing as 
a possible mechanism for the in situ conversion of smectite to illite. Similar 
results were obtained for bacteria-reduced smectites, and may be the 
explanation for the presence of illite (Kim et al., 2004). 

Phillips et al. (1993) related the degree of crystallinity of Fe (oxy-hydr)oxides 
to microbial reduction activity. The highest reduction activity was found for 



1   Introduction 

16    

goethite followed by ferric hydroxide. Hematite was nearly unreduceable. The 
authors concluded that the lower the degree of crystallinity, the higher is the 
probability of reduction. The influence of crystallinity of a high- and low-defect 
kaolinite on bioleaching efficiency was also investigated by Mockovciaková et al. 
(2008), who reported a higher Fe extraction rate for disordered kaolinites. By 
means of nitrogen absorption studies the authors found an elevated percentage 
of meso- and macropores of untreated disordered kaolinite samples, which are 
thought to facilitate the bioleaching process. 

1.4 Ceramic clays 

1.4.1 Properties and applications of ceramic clays 

The term ceramic clay refers to common clay, which is intended for a wide 
variety of ceramic applications, like high quality tableware, sanitaryware, 
electrical porcelain, glazes, or tiles. Common clays are fine grained and typically 
exhibit plastic behavior when wet. The plastic clay material can be formed into 
many desired shapes, dried and fired to give products with rock-like hardness. 
Their uses are governed by several factors including the geological and 
geochemical conditions under which the clays were formed and transformed, 
resulting in mineralogical composition of the deposit, as well as physical and 
chemical properties (Murray and Keller, 1993; Murray, 2000). 

The latest innovation in tilemaking is the production of large-size tiles, double 
pressing, pressing without mould, cutting of green tiles (Dondi et al., 2003). New 
classes of clay materials produced by adequate blending as well as the 
advancement of processing technologies, able to couple high plasticity and 
suitable rheological behavior, are required to realize these inventions. Dondi et al. 
(2008) stated that the desired set of technological properties presents difficulties 
for mineral processing, even by selective clay exploitation and blending, because 
of two main reasons: First, prediction of clay processing behavior will always 
entail uncertainty due to the complex interaction of mineralogical and physical-
chemical parameters, and second, many parameters are not adequately 
monitored by routine analyses with conventional industrial screening techniques 
(Worrall, 1986; Powell, 1996). 

1.4.2 Industrial material screening for ceramic applications 

It is well-accepted that the mineralogical composition controls ceramic 
processing related properties (Schmidt, 1981), but relations between 
components in mineralogical systems and properties taking into account the 
main components only (Schüller, 1980). As summarized by Kaufhold and Penner 
(2006), especially the amount and nature of swelling clay minerals (smectite and 
smectitic components in illite-smectite mixed-layer minerals) exert a strong
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influence on workability, such as viscosity (Störr, 1983, Lagaly, 1989), making 
moisture content (Hofmann, 1962), plasticity (Kromer and Rose, 1994), dry 
bending strength (Wiegmann et al., 1978; Schüller, 1980), and shrinkage 
(Kromer and Schüller, 1973; Wiegmann et al., 1978; Störr and Schwerdtner, 
1979). 

Despite the known influence of mineral composition, the quality of raw clays 
for industrial application is often still evaluated merely by their chemical 
composition (Schejbal, 1978) and grain-size distribution (Winkler, 1954). 

The mineralogical composition of ceramic clays is characterized by varying 
amounts of finely dispersed quartz, feldspars (mostly K-feldspars, 
albite/oligoclase), micas (often referred to as sericite*, muscovite and biotite), 
illites, kaolinite, Fe-(oxy-hydr)oxides, and occasionally varying portions of mixed-
layer minerals, as illite-smectite. In addition, several clays contain very fine 
organic matter and also lignite, which sometimes contains marcasite (Kromer, 
1979; 1980). 

Westerwald ceramic clays, which are investigated in this study, have a 
complex composition due to the coexistence of different clay minerals, mainly 
illite, illite-smectite mixed-layer minerals (I-S), smectites and kaolinite with 
varying degree of disorder (Kaufhold and Penner, 2006). 

Despite the known variations in properties due to the variability of 
mineralogical composition, even ceramic clays similar in composition show 
different processing properties. Those differences can only be elucidated with a 
comprehensive mineralogical characterization by the advanced methods 
described above. 

In this context, two ceramic clays (W1 and W2), from the Westerwald area 
(Germany), with different processing properties, but apparently nearly identical 
chemical and mineralogical composition, were investigated comprehensively. 
The different processing properties in terms of extrusion behavior and making 
moisture content could not be explained on the basis of the bulk material 
composition. As minor constituents exert a strong effect on processing properties 
(Schüller, 1980), a detailed characterization of the smectite layer content is 
required to understand and predict the behavior of ceramic masses in a forming 
process. 

Aim of this study is a consistent mineralogical characterization by a multi-
method approach that is able to detect processing-related differences between 
two similar ceramic clays according to industrial assessment. 

                                            
 

*sericite: according to Rieder et al. (1998) the use of the name for fine-grained aggregates of mica-like 
phases is discouraged. 
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1.4.3 Plasticity of ceramic clays 

Plasticity is defined by Grim (1968) as a property where material deforms 
under applied pressure, with the deformed shape remaining when the deforming 
force is removed. 

According to the recommendations of the AIPEA nomenclature (Guggenheim 
et al., 2006), the definition of clay and clay mineral implies plasticity as one 
essential characteristic. Citing these authors, “the term clay refers to a naturally 
occurring material composed primarily of fine-grained minerals, which is 
generally plastic at appropriate water contents and will harden when dried or 
fired. Although clay usually contains phyllosilicates, it may contain other 
materials that impart plasticity and harden when dried or fired. Associated 
phases in clay may include materials that do not impart plasticity and organic 
matter […]. The term clay mineral refers to phyllosilicates minerals and to 
minerals, which impart plasticity to clay and which harden upon drying or firing. 
This definition expands the previous definition of Brindley and Pedro (1972) by 
relating clay minerals to the properties of clays. However, clay minerals are not 
defined a priori as fine-grained because clays are fine-grained, but rather they 
may be of any crystallite size so that the term clay mineral is consistent with the 
definition of mineral, which is unrelated to crystallite size. Clearly, although the 
small particle size and high surface area of clays contribute to their unique 
properties and are very important (Guggenheim and Martin, 1995), the particle-
size issue has been separated from the clay mineral definition.” 

Besides the small particle size, several other parameters determine the 
rheological properties of clays: bulk mineralogy (type and quantity of clay 
minerals and non-clay minerals), particle size and distribution, particle shape, 
layer charge, structure of the particle edges and edge charge density, 
exchangeability of cations, as well as soluble salts and organic matter (Lagaly, 
1989; 2006; Murray, 2007). 

Generally, clays develop plasticity when they are mixed with a defined amount 
of water (Grim, 1968). A measure of this clay-specific water requirement (in 
technical terms also referred to as making moisture content) is the plasticity 
index according to Atterberg (1912). The plasticity index is the difference 
between the liquid limit, i.e., the lowest water content at which the mass can be 
rolled into threads without breaking, and the plastic limit, i.e., the water content at 
which the mass begins to flow. Both values are expressed in weight percentage 
of the clay dried at 120 °C (Jasmund and Lagaly, 1993). Müller-Vonmoos et al. 
(1985) compared the plasticity indices of Na+- and Ca2+-dispersed kaolinite, illite 
and montmorillonite and showed that the plasticity index increased in the 
sequence kaolinite-illite-montmorillonite, whereas the Ca2+-form of the non-
swellable clay minerals kaolinite and illite, and the Na+-form of swellable 
montmorillonite showed higher values, respectively. 
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Hofmann (1961, 1962) as well as Weiss and Frank (1961) explained the 
cause of plasticity in terms of card-house and band-like aggregation models. 
Card-house structures are formed by edge-to-face contact of the clay particles to 
a three-dimensional network, whereas band-like structures are formed by face-
to-face contact. In the true sense of the definition, card-house structures as such 
only occur in the acid pH range, built up from direct edge-to-face contact, 
whereas edge-to-face contacts established by counter ions are referred to as 
card-house-like structures (Jasmund and Lagaly, 1993). 

When a mechanical force is applied to the clay body, the card-house-like 
contacts between two particles may be broken and the particles can shift into 
neighboring contact positions. The cohesion between the particles is never lost 
since the water content will not exceed the liquid limit. In the case of band-like 
structures, the particles may not only change positions, the network can also be 
deformed by rotation of the particles. The formation and destruction of card-
house and band-like structures, as well as their transformation from one form to 
another, are responsible for the complex flow behavior of clay masses and 
dispersions (Lagaly, 1989; 2006). 

The aggregation form depends primarily on the potential of attractive forces 
between the particles, which are strongly influenced by the exchangeable cations 
and the electrolyte concentration of the pore solution (Jasmund and Lagaly, 
1993). Concerning the ion exchange capacity of clay minerals, principally two 
cases have to be distinguished: Non-swellable clay minerals (e.g., kaolinite and 
illite) exhibit exchangeable cations only on their edges (Weiss and Russow, 
1963), whereas swellable clay minerals (e.g., smectites) additionally have 
exchangeable cations in the interlayer and at basal surfaces. Correspondingly, 
the cation exchange capacity (CEC) of kaolinite and illite is low compared to 
swellable clay minerals. Weiss (1958) reported CEC values of 1-10 meq/100 g 
for kaolinite and 35 meq/100 g for illite. Smectites have CEC values of 70-120 
meq/100 g depending on their chemical composition (Jasmund and Lagaly, 
1993). With increasing pH also the clay mineral edges become negatively 
charged due to desorption of protons and ionization of silanol groups, resulting in 
a higher cation exchange capacity (Lagaly, 1989). 

Dispersions of kaolinite or illite tend to form voluminous card-house-like 
structures in the presence of Ca2+-counter ions, able to incorporate water 
molecules. This arrangement results in a high plasticity. In the presence of Na+-
ions, the particles are oriented in face-to-face band-like structures. The parallel 
arrangement of the particles hinders the incorporation of water molecules, 
resulting in a low plasticity. Generally, the plasticity of non-swelling clay minerals 
increases with increasing valence and radius of the exchangeable cations (Bain, 
1971; Grim, 1968; Müller-Vonmoos et al., 1985). 
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In the Ca2+-form, the interlayer space of swellable clay minerals is smaller 
compared to that of the Na+-form, which leads to a lower plasticity of Ca2+-
saturated smectites (Jasmund and Lagaly, 1993). 

The effects of grain size on plasticity were already described by Whittaker 
(1939) and White (1949). Bain (1971) correlated grain size and crystallinity of 
kaolinite to chart plasticity and stated that fine-grained, poorly crystallized 
kaolinites showed higher plasticity indices in contrast to coarse-grained, well-
crystallized kaolinites.  

According to Müller-Vonmoos and Loken (1989), the shearing behavior of 
clays depends primarily on particle anisotropy and the negative charge of the 
layer surfaces. Particle diameters are 0.1-5 µm for kaolinite and illite, and 0.03-3 
µm for smectite; layer thicknesses of kaolinite (25-80 layers) and illite (5-80 
layers) are between 175 and 560 Å for kaolinite, 50 and 800 Å for illite, and 
between 300 and 3000 Å for smectite (5-12 layers) (Weiss, 1989). Thus, 
kaolinite has the largest grain size and the smallest diameter-to-thickness ratio 
among the examined minerals. Müller-Vonmoos and Loken (1989) concluded 
that the relatively high shear strength of kaolinite arises principally from 
intergranular friction, whereas the shear behavior of illite is mainly influenced by 
the counter ions present in the pore water. Due to the small particle size and 
inferior bonding force in the interlayer, smectite particles respond to shear stress 
by disintegration into their component layers, thus giving rise to highly 
anisotropic particles. 

The phenomenon of particle disintegration was also investigated by Nadeau 
(1984a; 1984b; 1984c; 1987), who demonstrated that I-S mixed-layer particles 
break up into fundamental particles of ~10 Å along the smectitic interlayer when 
dispersed. The delamination of I-S mixed-layer particles occurs at the low-
charged interlayer space. The type of fundamental particles obtained depends 
on the charge distribution, i.e., the variation of the cation density from interlayer 
space to interlayer space. The particles break up only at interlayer spaces with 
cation densities typical of smectite (Lagaly, 2006), which act as kind of 
“predetermined breaking points”. More information on the nature of fundamental 
particles is given in Chapter 2.4. 

The implementation of predetermined breaking points to clay systems is 
exploited to prepare stable dispersions of ultra-fine kaolinite particles. The 
intercalation of organic molecules facilitates the separation into thinner particles 
when a mechanical force is applied. This process is known as delamination 
(Lahav, 1990; Hauser-Fuhlberg, 2005). Already in the 1960s, Weiss (1963) 
inferred that the intercalation of kaolinite with ammonium ions leads to 
delamination, which may be responsible for plasticity improvement, presumably 
already applied in traditional Chinese pottery. 
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1.4.4 Conventional plasticity-enhancing methods 

The purpose of plasticity enhancement is the improvement of workability in 
terms of molding with application of limited extrusion force and to achieve 
adequate molding properties by lowering the making moisture content. 

Plasticity of clays may be improved by various methods like extrusion or by 
addition of plasticity-enhancing substances using mineralogical additives like 
bentonite or pure smectite or chemical additives, which may be inorganic (e.g., 
soda, sodium phosphate species, water glass) or organic (e.g., 
carboxymethylcellulose, polymeric alcohols).  

Besides the shaping of clay bodies, extrusion also leads to the modification of 
plasticity by introduction of shear energy as the effect of extrusion relies mainly 
on the activation and homogenization of inner gliding surfaces. The influence of 
textural changes on plasticity of clay masses during extrusion were summarized 
by Bartusch and Händle (2007). Various scenarios of extrusion to impart 
plasticity were described by Lutz (2007). 

The addition of small portions of swellable components in form of pure 
smectite or present in bentonite is a common plasticity-enhancing method in 
ceramic processing (Odom, 1984). Tomita et al. (2008) compared the extrusion 
behavior of ceramic masses mixed both with organic binders and smectite, 
respectively, and stated that the smectite-enhanced masses showed extrusion 
properties similar to that of the masses containing organic binder. Furthermore, 
the properties of ceramic masses can be influenced by ion-exchange, as Ca-
smectite shows a higher green strength, lower dry strength, and a better 
flowability than Na-smectite (Grim and Güven, 1978). 

Dispersing agents like soda, monomeric and oligomeric phosphates, and 
water glass solutions are well-known to decrease the yield stress of kaolin 
dispersions (Lagaly, 1989; Jasmund and Lagaly, 1993). Phosphate compounds, 
like Na-pyrophosphate, are very efficient deflocculants for clay suspensions, 
acting by mainly two mechanisms: (1) by electrostatic stabilization increasing the 
overall negative surface charge, as the anionic part of the molecule is being 
adsorbed especially at the edges of the clay mineral particles; (2) by complexing 
the dissolved bivalent cations and replacing them by Na+ cations, which leads to 
an increase of the electrical double layer thickness (Andreola et al., 2004; 2006). 
Manfredini et al. (1990) investigated the flocculation capacity of some phosphate 
species and found that hexametaphosphate provides the highest colloidal 
protective effect, while tripolyphosphate showed the highest complexing action 
towards flocculating cations, followed by pyrophosphate. 

Plasticizing effects can also be brought about by addition of organic thickening 
agents, lubricants, molding aids, wetting agents, temporary binders, and release 
agents (Hölzgen and Quirmbach, 2007). The plasticity-enhancing effect of 
organic additives is primarily based on particle modification, which directs to a 
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more easy slip by overcoming of interlocking or mechanical bonds between 
adjacent particles. The mechanisms involved in this process are charge 
balancing, particle coating in terms of morphology masking, as well as increasing 
of the swelling effect by addition of polymers with high molecular weight. 

Another industrially used process to improve plasticity is the storage of clay 
masses under different temperature or humidity conditions. This process is 
referred to as clay maturation or clay ageing (“Mauken” in German). 

The enhancement of plasticity by clay maturation is seen as the underlying 
key process for the manufacturing of traditional Chinese eggshell porcelain. 
Weiss (1963) reported clay maturation to be due to in delamination of kaolinite 
particles, which were previously intercalated by ammonium ions. Regarding the 
traditional clay maturation process, the author supposed that the ammonium ions 
originated from urinary excretion of bovines, employed to plow up the kaolin pit 
under storage. In this context, Weiss (1963) referred already to the formation of 
possible microbial metabolic products, which were thought to influence plasticity. 

Up to now, the role of microorganisms in the process of clay maturation is not 
fully understood, but subject of several investigations (Menger-Krug et al., 2008; 
Petrick et al., 2008; Gaidzinski et al., 2009). 

The term clay maturation is also applied in the context of clay suspension 
storage with different saline solutions (Sánchez et al., 2002). The authors 
observed an increase of plasticity with increasing maturation time and inferred 
that changes in plasticity were the result of structural modifications caused by 
degradation of the clay minerals. Sánchez et al. (2002) expressed this 
degradation in terms of “crystallinity”, which dropped down in the course of 
maturation. These results are in accordance with Grim (1968), who observed an 
inverse relationship between crystallinity and plasticity.  

1.4.5 Microbial plasticity-enhancing methods 

The incorporation of microbially produced additives to adjust rheology of clays 
is a common practice in ceramic processing (Sarikaya and Staley, 1994). Mainly 
applied are biological additives in terms of metabolic products of microorganisms 
like polysaccharides, acids of the citric acid cycle (gluconic acid, citric acid, oxalic 
acid), or enzymes. 

Bischoff (2004) investigated the influence of microbially produced 
polysaccharides (dextran, xanthane, and alginate) on the rheological properties 
of clay suspensions of low concentration (15% w/v), made up of clays from the 
Westerwald area, and reported a strong increase in viscosity with increasing 
molecular weight of the added polysaccharides. 

The effect of biological treatment is based on the formation of a biofilm, 
consisting of microorganisms, extracellular polymeric substances (ESP), and 
water (Wingender et al., 1999). The gel-like EPS network is the metabolic
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product of microorganisms and consists of different types of polysaccharides. 
The EPS matrix can be considered as a physical gel, which imparts plasticity. 
Physical forces, such as entanglement, van der Waals interactions, or hydrogen 
bonds, generally lead to the formation of fluctuating junction points, which give 
rise to transient network structures (Wloka et al., 2004). 

1.5 Multi-method approach 
As discussed in Chapter 1.3 and 1.4, properties of industrially used clays are 

strongly related to their mineralogical constituents, which in turn are related to 
their respective structural features (Moore and Reynolds, 1997). 

In the following chapter, a summary of mineralogical characterization methods 
is given with focus on the clay minerals present in the investigated paper kaolins 
and ceramic clays, thus, kaolinite, I-S mixed layer minerals and their discrete 
end-members illite and smectite. 

1.5.1 General considerations on quantitative phase analysis 

The selection of an adequate analysis strategy has to be made on the basis of 
several (often mutually dependent) considerations, such as target of the study, 
time requirement, accessibility to analytical instruments, available sample 
amount, as well as feasibility in terms of manpower and financial budget. 

However, in every case quantification of complex mineral admixtures should 
be carried out involving various analytical methods. This is for two main reasons: 
The combination of different analytical methods contributes (1) to enhancing the 
knowledge on mineralogy of a given sample as every method provides special 
information and (2) to constraining methodology-dependent uncertainties. The 
application of such a multi-method approach aims at achieving consistent results 
by crosschecking the respective results gathered with different (independent) 
methods. Figure 1.2 depicts the multi-method approach applied in this study, 
which was extended if required (e.g. by the addition of Mössbauer spectroscopy 
for the detection of Fe-species). 

The term “consistent result” refers to a result, which is the most probable after 
crosschecking single results. For example, in order to verify the quantification 
results from Rietveld analysis, the mineralogical phase content may be 
converted to chemical composition in terms of element oxides. Afterwards, the 
amount of element oxides is compared with the chemical composition from XRF 
measurements. Eventually arising deviations between these two data sets 
indicate that one or more structural models chosen for Rietveld analysis were not 
adequate or not available, which is the case for I-S mixed-layer minerals. 
Another option is that not all phases were correctly identified. 
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Figure 1.2: Combination of various analytical techniques for the quantification of clay 
minerals in complex mineral admixtures. 

Generally, quantification results have to be critically evaluated, as every 
analytical method yields results, which are obtained under certain assumptions. 
Thus, results gathered from a single method present merely an iterative 
approximation on the way to the accurate value. 

The characterization of complex clay mixtures like kaolins or common clays is 
still a specific task (Omotoso et al., 2006; Kleeberg, 2009a). Quantitative XRD 
analysis of the smectite content with the Rietveld method has been possible with 
commercial software like AutoQuan since 2006, based on smectite structural 
models developed by Ufer et al. (2004). Until now, no appropriated structural 
model for illite-smectite mixed-layer minerals within the Rietveld method is 
available, but is under development (Ufer et al., 2009). 

The combination of different analytical methods, such as X-ray fluorescence 
(XRF), Simultaneous Thermal Analysis (STA), and determination of the cation 
exchange capacity (CEC) in addition to Rietveld analysis of XRD patterns allows 
an approximation of the mineralogical phase content. In such a multi-method 
approach, a new analytical tool applied to industrially used clays is offered by 
one-dimensional XRD profile fitting (ODPF), previously mainly used to oil 
exploration-related identification of mixed-layer minerals and clay mineral 
paragenesis (e.g., Środoń, 1981; Drits et al., 1997a; Lindgreen et al., 2000; 
McCarty et al., 2008; Lanson et al., 2009). ODPF enables the characterization of 
complex samples consisting of discrete clay minerals and mixed-layer phases. 

However, also the application of one-dimensional modeling not always 
provides an unambiguous determination of the actual structure as several 
structural models may fit the experimental data equally well (Drits, 1987; 
Sakharov et al., 1999; McCarty et al., 2004). Fitting results have to be critically 
evaluated by comparing them with chemical and mineralogical analyses in order 
to achieve a consistent characterization. 
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Figure 1.3 illustrates the flow chart of analytics applied in this study. In order to 
quantify the mineralogical phase content, results obtained by Rietveld analysis 
were crosschecked with the chemical composition from XRF analysis. The 
amount of clay minerals determined after this crosscheck is compared with the 
mass loss from STA measurements (Δm DHX), which indicates the maximum 
possible clay content in a given sample. An estimation of the amount of swellable 
components is gathered by CEC measurements. For validation of the CEC 
measurements, the exchanged cations are quantified by ICP-OES. The amount 
of swellable components is crosschecked with the results from ODPF, which 
gives information on the clay content in terms of quantification and eventual 
mixed-layering. Then, all crosschecked results are compared with each other, 
leading ideally to a consistent quantification result of the sample under 
investigation.  

 

 

Figure 1.3: Flow chart of the multi-method approach applied in this study for the 
quantification of clay containing samples. 

The flow chart presented here should not be misunderstood as a rigid scheme 
as further analytical methods, such as Mössbauer spectroscopy or microscopic 
techniques, may be inserted. Furthermore, possible deviations arising after the 
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respective crosschecks of single methods requires an iterative approach, which 
consists in modifying equivocal results and comparing them again with the 
results from other methods. For instance, the crosschecked results from Rietveld 
analysis and XRF analysis (referred to as XRD-XRF crosscheck in Figure 1.3) 
often lead to deviations confronting them with the results from STA 
measurements. An overestimated clay content according to STA measurements 
may be balanced, e.g., by increasing slightly the illite content and lowering the K-
feldspar content. If this modified result is also consistent with those from XRF 
measurements, this modification is considered as reasonable. 

1.5.2 The role of powder X-ray diffraction for the determination of clay 
minerals 

Powder X-ray diffraction (XRD) is the common standard technique of mineral 
identification and quantification (e.g., Chung and Smith, 2000). Clay minerals are 
very difficult to quantify, because of their variable chemical composition and 
structures. Due to their platy habit, clay mineral particles have a strong tendency 
for orientation, enhancing the (00l)-reflections and weakening the (hk)-reflections 
as compared with a sample of fully random orientation (Środoń, 2006). 

Information on the magnitude of analytical errors is available from recent 
worldwide contests and round-robins (e.g., the Reynolds Cup) in quantitative 
analysis of artificial rocks containing clay minerals. Outcomings of these contests 
indicate that some XRD techniques are capable of providing very accurate 
results of below 10% of cumulative error from actual values (McCarty, 2002; 
Kleeberg, 2005). 

Numerous strategies of XRD data processing are in use. They all rely upon 
measuring the diffraction intensity of a given mineral in the sample under 
investigation and comparing it with the intensity of a pure standard or – in the 
case of Rietveld analysis – a structural model of the concerning mineral. 

Three main techniques are currently in use for clay mineral quantification: 
(1) single peak/natural standard technique, which relies upon a selected 

individual peak as a measure of mineral abundance, and upon natural 
specimens as standards (e.g., Hillier, 2000; Środoń et al., 2001); 

(2) whole pattern/natural standard technique, which obtains intensities of the 
phase in a mixture by fitting the entire XRD pattern with patterns of pure 
standards (e.g., Smith et al., 1987; Batchelder and Cressy, 1998; Chipera and 
Bish, 2002); 

(3) whole pattern/computed standard techniques, which fit the experimental 
pattern with the patterns of pure phases calculated from crystallographic data 
(e.g., Bish and Howard, 1988). 

The latter method is also referred to as Rietveld analysis. Main advantages of 
the Rietveld technique are the calculation of standards and the correction for 
instrumental errors, which makes this technique easily transferable from one 
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instrument to another, less dependent on the quality of sample preparation, and 
independent on the availability of pure standards. 

The main drawback of the Rietveld method in clay mineral quantification is 
due to their complex structures in terms of mixed-layering, polytypism, as well as 
tri-dimensional defects (Środoń, 2006). In order to overcome this problem, 
numerous studies are dedicated to the development of computed 
crystallographic models, which describe various types of structural disorder 
(Bergmann and Kleeberg, 1998; Ufer, 2004; Ufer et al., 2008). Until now, no 
structural model is available to describe mixed-layering by Rietveld analysis, but 
is under development (Ufer et al., 2009). 

Further information on analytical techniques for the identification and 
quantification of clay minerals in complex mineral admixtures is provided in 
Chapter 4. 2. 
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2 Structure and occurrence of clay 
minerals 

2.1 General structural features of clay minerals and mixed-layer 
minerals 

The correlation between structure and properties of clay minerals is a well-
known phenomenon and is referred to as structure–functionality principle 
(Emmerich, 2009). 

The versatility of the properties of clay minerals is caused by their structural 
variety and their deviations from a given ideal structure. Deviations from the ideal 
crystal structure lead to real clay mineral structures and occur in two interacting 
ways: (1) by deviation from the ideal chemical composition caused by cation 
substitution, both in the tetrahedral and/or octahedral sheet and by mixed-
layering; (2) by deviation of the ideal symmetry from distortion within, both, the 
tetrahedral and/or octahedral sheet, distortion between the tetrahedral and 
octahedral sheet, as well as translation and rotation of layers (Moore and 
Reynolds, 1997). 

Detailed information on structural features of clay minerals and mixed-layer 
minerals can be found in the textbooks of Brindley and Brown (1980), Jasmund 
and Lagaly (1993), Moore and Reynolds (1997), Meunier (2005), Bergaya et al. 
(2006), Velde and Meunier (2008), and the review by Środoń (1999). 

2.1.1 Clay minerals 

Clay minerals are hydrous aluminosilicates and are classified according to 
crystal chemical aspects as phyllosilicates, or layer silicates (Strunz, 1941). Their 
layers are composed either of one octahedral and one tetrahedral sheet (1:1 
layer silicates) or of one octahedral sheet sandwiched between two tetrahedral 
sheets (2:1 layer silicates). 
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The tetrahedral sheet is composed of corner-linked [SiO4]-tetrahedra. A 
fraction (<50%) of the central Si4+ can be substituted by Al3+, and also by Fe3+ in 
lower quantities (Goodman et al., 1976; Luca and Cardile, 1989). 

The octahedral sheet is constituted of edge-linked [M(O,OH)6]-octahedra, with 
M as octahedral site cation, usually Al3+, Mg2+, Fe2+, or Fe3+, but also nearly all 
other transition elements and Li+ have been identified. Due to the valence of the 
octahedral site cation, the octahedral sheet is either dioctahedral or trioctahedral. 
Dioctahedral means the occupation of two out of three possible positions in the 
octahedral sheet with trivalent cations; trioctahedral denotes the occupation of all 
available positions with divalent cations. 

Joining the sheets to layers, the layers in one particle spread over tens to 
thousands of nanometers in a* and b* direction. In c* direction, the layers are 
stacked on top of each other, forming clay mineral particles with a thickness of a 
few to tens of layers. The layers are either electrically neutral or have a negative 
charge as a consequence of isomorphous substitutions within the tetrahedral 
and/or octahedral sheet. The negatively charged layers are bound by interlayer 
cations or sheets of interlayer hydroxides. The chemical bonds within the layers 
are much stronger than between the layers, which results in the plate or lath 
habit of clay crystals and their perfect cleavage along (001). 

A classification of clay minerals according to their layer type and layer charge 
is given by the AIPEA Nomenclature Committee (Guggenheim et al., 2006). 

A discrete (also referred to as pure or end-member) clay mineral is 
characterized by identical layers and possibly interlayers within a crystal, 
preserving the strict periodicity of the structure in c* direction. Thus, Bragg’s law 
(Chap. 4.2.3) is obeyed and XRD patterns show integral or rational series of 
(00l)-peaks, which means that all peaks produced from one mineral are 
equidistant: d(001)=d(002)/2=d(003)/3=d(00l)/l, with l being the integral order. 

2.1.2 Mixed-layer minerals 

If one crystal contains different layer types or interlayer composition, the strict 
periodicity is interrupted, giving rise to the phenomenon of mixed layering or 
interstratification. 

Mixed-layer minerals are formed by two or more kinds of intergrown layers. 
Thus, they are discrete phases, not physical mixtures. The component layers are 
arranged along a line perpendicular to (001) or parallel to c*, either in random, 
partially regular, or regular sequences. 

Interstratification is very frequent within dioctahedral or trioctahedral species 
as the respective a* and b* dimensions of the layers involved vary only slightly 
between each other (Reynolds, 1992), but not between dioctahedral and 
trioctahedral species. This is the reason why mixed-layer minerals formed by 
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stacking of dioctahedral and trioctahedral layers were hitherto not found in nature, 
but are the subject of synthesis (Venugopal et al., 2008). 

The most commonly described two-component mixed-layer minerals are illite-
smectite (I-S) and kaolinite-smectite (K-S) within the dioctahedral species, as 
well as biotite-vermiculite and chlorite-vermiculite, or chlorite-smectite within the 
trioctahedral species. 

More recent studies showed the existence of three interstratified components, 
such as illite-smectite-vermiculite (Drits et al., 1997b; Placon and Drits, 2000) or 
serpentine-nontronite-vermiculite (Huggett et al., 2006). 

Ordering principles and nomenclature of mixed-layer minerals 
Mixed-layer minerals either have ordered (regular) structures, if different 

layers A and B alternate periodically along the c* direction (e.g., ABABAB…, 
AABAABAAB…, ABBBABBB…) or disordered (irregular) structures, if the layer 
stacking is random (e.g., AABABABBA…). 

The ordering type of a mixed-layer mineral is defined by the term Reichweite 
R, the German word for “reach back”. The concept of Reichweite was suggested 
by Jadgozinski (1949) and expresses the probability of a two-component system 
to find a given layer A to be next to layer B. 

R0 describes a random sequence. The junction probability of A and B layers 
depends only on their relative proportions PA and PB. 

R1 indicates short-distance order. According to the relative proportions of A 
and B layers, two cases have to be distinguished: maximum degree of order and 
partial ordering. 

The maximum degree of order occurs if PA=PB. Then, the layers are regularly 
stacked (ABABAB…), giving rise to a 1:1 interstratified material, which is not a 
mixed-layer mineral in its true sense, but a new clay mineral with a cell that can 
be defined as AB, thus, maintaining the strict periodicity in c* direction. As the 
definition for a clay mineral is fulfilled, regular R1 sequences are identified by 
special names, recognized by the AIPEA Nomenclature Committee. For example, 
rectorite is a regular interstratification of dioctahedral mica and dioctahedral 
smectite, or corrensite, which exists in two varieties: a regular interstratification of 
trioctahedral chlorite and trioctahedral smectite or trioctahedral vermiculite, 
respectively. The committee’s criterion for a regular sequence is that the 
diffraction pattern shows at least ten rational (00l)-reflections, all of the same 
width (Bailey, 1982).  

R1 partial ordering occurs if the proportions of layers A and B differ from each 
other, if PA≠PB. An example may illustrate this ordering condition. Considering 
the case of 30% A and 70% B, R1 ordering means that all A layers are 
separated by at least one B layer, and 40% of the B layers are still available to 
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be randomly distributed. This condition implies ordering with respect to one 
component (here A) but random with respect to the other (here B). 

R3 indicates long distance order, which will occur when PA and PB are 
sufficiently different from each other. Taking into account the case of 10% A and 
90% B arranged in a stacking sequence, means that 80% of B are still available 
to be distributed. In this case, the distribution has to be done in such a manner 
that each A layer is surrounded by at least three B layers, because the first B has 
influence that reaches three positions to the last B. This ordering type leads to 
segregation of one component (B in this case). 

The existence of R2 ordering is discussed controversially. Bethke and Altaner 
(1986) and Bethke et al. (1986) proposed a layer-by-layer mechanism of 
smectite illitization via R2 ordering from calculated and experimental XRD 
patterns. Środoń and Eberl (1984) stated that R2 ordering is not a probable 
arrangement, and that XRD patterns may be interpreted as a mixture of R1 and 
R3 ordering. 

Mixed-layer minerals take their names of the respective components, whereas 
the component with the smaller d(001)-spacing appears first by convention. A 
complete description requires additionally the proportion of each layer and the 
type of ordering. For instance, a mixed-layer mineral of 70% illite and 30% 
smectite is represented by the expression R1 I(0.7)/S. 

Identification of mixed-layer minerals 
The main analytical tool for the identification and quantification of mixed-layer 

minerals is XRD. Since the 1980s also transmission electron microscopy (TEM) 
and analytical electron microscopy (AEM) are applied for the characterization of 
mixed-layering (e.g., Schreyer et al., 1982; Ahn and Peacor, 1986a; 1986b; 
Guthrie and Veblen, 1989; Shau et al., 1990; Środoń et al., 1990; 1992; Elsass, 
2006). In contrast to XRD, which averages billions of crystals, TEM allows the 
observation of individual particles. Thus, the major problem is gathering 
statistically valid numbers. 

The interpretation of XRD patterns of mixed-layer minerals often poses 
problems, particularly if the mixed-layer minerals are present in physical mixtures 
with other clay minerals. For identification, multiple analyses of carefully 
prepared samples have to be carried out. Such a multi-specimen method 
comprises XRD analyses of the samples from oriented preparation in air-dried 
state, solvation with ethylene glycol (EG) or glycerol, and heat-treatment at 
different temperatures (Bish and Reynolds, 1989; Drits et al., 1997b; Sakharov et 
al., 1999).  

Oriented sample preparation leads to an enhancement of the (00l)-reflections. 
(hk)-reflections are not very diagnostic, as the structures of most clay minerals 
are very similar in a* and b* directions. 
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In order to eliminate the influences of different cation saturations in the 
interlayer of the swellable components, the cations are exchanged by Ca2+. 
According to Eberl et al. (1987), Ca2+-saturation seems preferable if smectites or 
mixed-layer minerals containing smectite are investigated, because of the lower 
sensitivity against climatic influences compared to Na+-saturated samples. At low 
humidity, some Na+-smectites tend to display characteristics of vermiculite. 

Identification of swellable components is more reliable from EG- or glycerol-
treated samples, as air-dried smectite-containing samples stored under 
undefined humidity conditions always represent interstratified smectite of 0, 1, 
and 2 water layers depending on layer charge and charge distribution (Ferrage 
et al., 2005; 2007). Further instruction for XRD sample preparation is given in 
Section 4.2.3. 

Information from XRD patterns are provided by the position, intensity, width, 
and symmetry of the (00l)-diffraction peaks. Mixed-layer minerals contain two or 
more types of layers, thus different unit cells, giving rise to non-integral or 
irrational series of (00l)-peaks, d(001)≠d(002)/2≠d(003)/3≠d(00l)/l, with l being 
the integral order. Therefore, Bragg’s law does not apply. Deviation arises from 
the variation of the basal periodicity along c* and are a fair criterion to identify the 
presence of mixed-layer structures (Drits and Tchoubar, 1990).  

Méring (1949) observed that the peak positions of mixed-layer minerals are 
intermediate between those of the discrete end-members, and that peak 
positions and intensities correlate with the proportions of the end-members in the 
interstratification (Méring’s principle). As a consequence, peaks show highly 
variable broadening, depending on the distance between the corresponding end-
member peaks. Fig 2.1 illustrates Méring’s principle. 

 

 

Figure 2.1: Calculated XRD pattern of an R3 I(0.9)/S mixed-layer mineral to illustrate 
Méring’s principle. The solid lines represent peak positions of smectite, the dashed lines 
the peak positions of illite. The calculated peaks of the mixed-layer minerals are on 
intermediate positions as a result of the respective proportions of the end-members. 
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A numerical test for rationality or the degree of irrationality of a given (00l) 
diffraction series is provided by the coefficient of variation (CV) and the Q-value. 

The CV is defined as the ratio of the standard deviation σ to the mean μ 
(equation 2.1). 




cv  (eq. 2.1) 

To determine the CV for (00l)-diffraction patterns, each observed d(00l)-value 
is multiplied by the respective integral order l, giving rise to a set of d(00l)-values, 
from which the mean value and the standard deviation are calculated. Rational 
interstratification is assigned by CV-values <0.75%; CV-values >0.75% indicate 
mixed-layering (Bailey, 1982). 

The comparison of an EG-corrensite and of a randomly interstratified 
chlorite/EG-smectite containing 70% of chlorite shall illustrate the procedure 
(Table 2.1). The examples were taken from Moore and Reynolds (1997). 

Table 2.1: Coefficient of variation for (00l) diffraction patterns of EG-corrensite and randomly 
interstratified chlorite/EG-smectite. 

 Corrensite  Chlorite/EG-smectite 
l d l·d(001*)  d l·d(001) 
1 31.31 31.31  15.29 15.29 
2 15.73 31.46  7.41 14.82 
3    4.74 14.22 
4 7.78 31.12  3.49 13.96 
5 6.23 31.15  2.83 14.15 
6 5.19 31.14    
7 4.46 31.22  2.05 14.35 
8 3.89 31.12    
9 3.46 31.14  1.59 14.04 
10 3.11 31.10    
Mean  31.20   14.40 
CV  0.38%   3.34% 

 
The Q-value predicts the different peak widths and is a quantitative expression 

of Méring’s principle, as irrational mixed-layering results in peak broadening. 
With the Q-value, slight peak broadenings are detectable and, therefore, even 
small amounts of interstratification. The Q-value is calculated taking the ratio of 
the d(001)-values of the suspected end-members, and multiplying this ratio by 
the l value of the high-proportion end-member. Q is the positive deviation from 
the nearest integer. 
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The application of the Q-value is demonstrated by an example taken from 
Moore and Reynolds (1997), in which a few percent of mica are suspected in a 
chlorite. To calculate the Q-value, the ratio of the d(001)-values of mica and 
chlorite (10/14.2=0.704) is taken and multiplied by the respective l values for the 
chlorite reflections (Table 2.2). The respective deviations of these numbers from 
their nearest integers are called Q-values. The Q-value predicts the different line 
widths. In this example, the broadest reflections will be the (002)- and (005)-
reflections. 

Table 2.2: Calculation of the broadening descriptor Q. 

l l·0.704 Q 
1 0.704 0.296 
2 1.408 0.408 
3 2.113 0.113 
4 2.817 0.183 
5 3.521 0.479 
6 4.225 0.225 
7 4.930 0.070 
8 5.634 0.366 
9 6.338 0.338 
10 7.042 0.042 

 
The values for Q can only vary between 0 and 0.5. Q=0 designates a 

reflection unaffected of mixed-layer broadening. In this case, the peak’s width is 
produced only by the crystallite thickness and instrumental effects. Q=0.5 marks 
the maximum peak width possible for the respective mixed-layer mineral. A 
series of different Q-values indicates irregular interstratification. 

A relation between Q and peak width can be established by means of known 
standards or from calculated X-ray patterns, e.g., by the profile-fitting program 
NEWMOD (Reynolds, 1985). 

A further approach to the identification of mixed-layer minerals is given by 
direct modeling of (00l)-XRD patterns. This technique is referred to as one-
dimensional XRD-pattern fitting (ODPF) and gathers information from peak 
position, morphology, intensity and broadening (Drits and Tchoubar, 1990). The 
trial-and-error procedure used for modeling is usually very time-consuming as 
input data are adjusted manually, until a satisfactory fit of the entire XRD profile 
is reached. 

Input variables are preferred orientation and crystallite thickness as well as 
changes of lattice parameters due to isomorphous substitutions and variations in 
interlayer spacing. 
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The use of preferred orientation probabilities (Moore and Reynolds, 1997; 
Dohrmann et al., 2009) and of log-normal shape of crystallite thickness 
distribution restrains modeling parameters (Dudek and Środoń, 1996; Drits et al., 
1997a). Nevertheless, the large number of input variables generates non-unique 
solutions to the effect that different combinations of input variables may fit a 
given XRD pattern equally well (Sakharov et al., 1999; McCarty et al., 2008). 

Unfortunately, no convention about the term “satisfactory fit” exists. Often, the 
least-squares sum is used as criterion to describe the deviation between 
measured and fitted XRD patterns. According to Środoń (2006), the least 
squares criterion is appropriate, if quantitative analysis of a physical mixture of 
clay minerals is the target of modeling. If the determination of the layer ratio 
within a given mixed-layer mineral is the focus of investigation, the criterion of fit 
should be based on peak positions, as they are usually most sensitive to the 
layer ratio. For instance, a 0.1° 2θ deviation in peak position changes the 
evaluation of illite layers in randomly interstratified l-S by a value of about 15%. 

The modeling procedure can be automated using available optimization 
techniques. At least two of such approaches are in use, which both are 
proprietary of oil companies. At Exxon, Pevear and Schuette (1993) applied 
genetic algorithms and the program NEWMOD to model XRD patterns of mixed-
layered containing clay minerals admixtures. The SYBILLA program, developed 
by Chevron applies evolutionary programming and is based on the modeling 
program of Drits and Sakharov (1976). Furthermore, SYBILLA can handle multi-
component mixed-layering, and automatically models all operator-identified clay 
mineral phases of a given sample. 

2.2 Structure and occurrence of individual clay minerals 
In the following, a short overview is given of the clay minerals presented in the 

investigated paper kaolins and ceramic clays. 

2.2.1 Kaolinite 

Kaolinite is a dioctahedral 1:1 layer silicate with the ideal structural formula 
Al2Si2O5(OH)4 and a theoretical chemical composition of 46.54% SiO2, 39.50% 
Al2O3, and 13.96% H2O. 

Kaolinite forms as a residual weathering product or by hydrothermal alteration 
of aluminosilicates, especially of feldspars (Oberlin and Couty, 1970). Kaolinite 
occurs in soils and sedimentary rocks like kaolin, which contains minable 
amounts of kaolinite. 

The thickness of the unit layer is 7.15 Å. The charges in the ideal kaolinite 
structure are balanced. Thus, kaolinite has no layer charge. Talibudeen and 
Goulding (1983) reported kaolinite samples to have low percentages (0.1 to 10%) 
of vermiculitic, micaceous, or smectitic layers, which is probably the explanation 



2.2   Structure and occurrence of individual clay minerals 

37 

for the negative layer charge of some kaolinites, resulting in a low shrink-swell 
capacity and a low cation exchange capacity (<15 meq/100 g). 

Kaolinite, in contrast to the kaolin group member halloysite, has not been 
observed to swell in water, but treatment with organic solutions, e.g., formamide, 
hydrazine or dimethyl sulfoxide, cause it to swell. The swelling reaction is used 
for the identification of kaolinite besides chlorite as well as for its distinction from 
halloysite (Theng et al., 1984). As chlorite and kaolinite have diagnostic d(00l)-
reflections in common, also thermal treatment at 550 °C of the sample under 
investigation may serve to distinguish between those two clay minerals. In 
contrast to chlorite, kaolinite undergoes phase transformation by dehydroxylation 
and the characteristic (00l)-reflections of kaolinite disappear (Jasmund and 
Lagaly, 1993). 

The dehydroxylation temperature of kaolinite depends on its structural degree 
of disorder. With increasing degree of disorder, the dehydroxylation temperature 
decreases (Smykatz-Kloss, 1974). The structural defects of kaolinite are very 
complex. Plancon and Tchoubar (1977) described different types of structural 
defects, like random shifts between adjacent 1:1 layers by ±nb/3, irregular 
rotational shifts between adjacent layers, and irregular cation distribution site 
vacancies in the octahedral sheet. These imperfections have influence on many 
properties exploited industrially, such as the firing temperature (Placon et al., 
1988). 

A method for estimating the structural disorder of kaolinites is the Hinckley 
index (Hinckley, 1963), also referred to as “crystallinity index”. This index is the 
ratio of the sum of the heights of the reflections 0)1(1  and )1(11  measured from 
the inter-peak background, and the height of the 0)1(1 -reflection measured from 
the general background. The justification for this rather arbitrary procedure was 
that as the crystallinity decreased, the proportion of random shifts between 
adjacent layers by ±nb/3 increased, resulting in a decrease in resolution of 
neighbouring peaks and an increase in the inter-peak diffraction intensity 
(Plancon et al., 1988). 

2.2.2 Illite 

Illite is a dioctahedral 2:1 layer silicate of common occurrence in soils and 
sedimentary rocks and was first described by Grim et al. (1937), who named the 
mineral according to a type site in Illinois. 

Due to the wide variety of chemical composition, Rieder et al. (1998) 
suggested to use the term “illite” as a series name. The composition of illite 
differs from dioctahedral mica muscovite in having different degrees of 
heterovalent (Al3+ for Si4+ in the tetrahedral sheet as well as Mg2+ and Fe2+ for 
Al3+ in the octahedral sheet) and homovalent (Fe3+ for Al3+) substitutions. The 
different chemical compositions were found to reflect diverse geogenetic 
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environments, such as hydrothermally altered igneous rocks (Środoń et al., 
1992), shales and mudstones (Lindgreen et al., 1991). 

A high-quality structure refinement of illite is still missing, but the most 
common polytype seems to be 2M1 (Brigatti et al., 2006). 

According to Köster (1982), general formulae of illite and muscovite are 
K0.7M+

0.1(Al, Fe3+)1.7(Mg, Fe2+)0.3[Si3.5Al0.5O10(OH)2] (illite) and 
KAl2[AlSi3O10(OH, F)2] (muscovite). 
The layer charge of illite due to tetrahedral and octahedral substitutions is 

between 0.6 and 0.9 (Bailey et al., 1986), charge-balanced by K+ as interlayer 
cation. The size, charge, and coordination number enables potassium to fit 
tightly into the hexagonal ring of oxygens of the adjacent tetrahedral sheets. This 
arrangement gives rise to a strong interlocking ionic bond, which holds the 
individual layers together and prevents hydration of the interlayer cation, 
imparting non-swellability of the structure. 

Illite is identified by its characteristic XRD rational basis reflections series, with 
d(001) at 10 Å as main peak (Brindley and Brown, 1980). The FWHM value of 
this reflection is known as “Kübler index” (Kübler, 1964) and serves as indicator 
of diagenesis and low-temperature metamorphism in different geological 
environments (Guggenheim et al., 2002). 

For the distinction of cis-vacant and trans-vacant illite, Bailey (1984) and Drits 
et al. (1984) have established a relationship between the intralayer shift (i.e., the 
displacement along a* between two adjacent 2:1 layers and octahedral site size 
(Bailey, 1984). This intralayer shift is larger than the theoretical value (1/3a*) for 
trans-vacant illite, allowing the trans- or cis-vacant structures to be identified by 
XRD. Also the higher dehydroxylation temperature of cis-vacant illites gathered 
by thermal analysis is employed to distinguish cis-vacant from trans-vacant illite 
varieties (Drits et al., 1995). 

2.2.3 Smectite 

Smectite is a group name comprising dioctahedral and trioctahedral 2:1 layer 
silicates with a layer charge between 0.2 and 0.6 per formula unit (FU) or half 
unit cell and which contain hydrated exchangeable cations (Martin et al., 1991; 
Guggenheim et al., 2006). 

Smectites are of widespread occurrence in diverse geological settings, formed 
mainly by hydrothermal alteration or by weathering of volcanic tuffs and ashes. 
Sedimentary rocks with minable smectite contents are known as bentonites 
(Jasmund and Lagaly, 1993). 

Smectites are usually characterized by a complex chemical composition due 
to various isomorphous substitutions within the tetrahedral and octahedral sheet 
(Grim, 1968; Drits, 2003). The most common smectite-group mineral is 
montmorillonite, which is dioctahedral. The crystal structure and swelling 
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behavior of montmorillonite was first described by Hofmann et al. (1933). 
Montmorillonite shows distinct differences in chemistry, octahedral sheet 
structure, Fe-content, layer charge and charge location. The chemical variety is 
expressed by the general chemical formula 
M+

x(Si4-yAly)[(Al, Fe3+)2-z(Mg, Fe2+)z]O10(OH)2, with x being the layer charge, 
which ranges from 0.2 to 0.6; x=y+z and y<<z. M+ represents the common 
interlayer cations Na+, Ca2+, or Mg2+. 

Emmerich et al. (2009) and Wolters et al. (2009) proposed a classification for 
the unambiguous description of smectites based on five structural features: (1) 
identification as dioctahedral or trioctahedral; (2) layer charge; (3) charge 
distribution between tetrahedral and octahedral sheets; (4) cation ordering within 
the octahedral sheet; and (5) Fe content. 

Most of the technological uses of smectite are related to reactions that take 
place in the interlayer space. Na+, Ca2+, and Mg2+, which balance the negative 
charge arising from isomorphous substitutions in the tetrahedral and octahedral 
sheet, are commonly hydrated and exchangeable. Hydration properties of the 
interlayer cations depend mainly on vapor pressure and electrolyte concentration 
of the surrounding solution. Increasing pressure or decreasing electrolyte 
concentration leads to the formation of hydration shells with 0, 1, 2, or 4 water 
layers, which influence the basal spacing of the silicate layers. Reported d(00l)-
values ranges from 10-10.5 Å for the dehydrated state, 11.8-12.4 Å for 1 water 
layer, 14.5-15.5 for 2 water layers, and 19-20 Å for 4 water layers. The specific 
d(00l)-values of a given interlayer cation depend furthermore on layer charge 
and charge distribution (Jasmund and Lagaly, 1993).  

Smectites are identified by their characteristic XRD rational basis reflection 
series, which depend primarily on the interlayer properties in the above-
mentioned way. Different treatments of samples from oriented preparation lead 
to diagnostic changes of the (00l)-peaks, as further described in Section 4.2.3. 
The position of the (060)-peak enables the distinction between the dioctahedral 
and trioctahedral types, as dioctahedral smectites have (060)-reflections in the 
range of 1.49-1.52 Å, whereas trioctahedral smectites show somewhat higher 
values between 1.52-1.55 Å (Hofmann and Weiss, 1968). 

Due to turbostratic disorder, XRD measurements of smectites are not 
sensitive to gather information on cation distribution. Drits et al. (1995) provided 
structural insights of the octahedral sheet of dioctahedral smectites by 
investigating the thermal stability of cis-vacant and trans-vacant varieties. A 
further valuable tool to obtain insight of the cation distribution is provided by 
infrared spectroscopy (Petrick, 2007; Gates, 2008). 
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2.2.4 Illite-smectite mixed-layer minerals 

As described in Section 2.1.2, illite-smectite is a mixed-layer mineral, the 
crystals of which consist of interstratified illite and smectite layers. 

The origin of I-S via transition of smectite to illite is taken for granted within the 
discipline of clay mineralogy, but the transition mechanisms are still under 
debate (Cuadros and Altaner, 1998; Stixrude and Peacor, 2002; Lanson et al., 
2009). 

Two main mechanisms are discussed for the smectite to illite transition: solid-
state transformation and dissolution-precipitation. The first mechanism (Shutov 
et al., 1969; Hower et al., 1976) involves illitization in the solid state, with a 
gradual layer-by-layer replacement of smectite by illite. The second mechanism 
involves complete dissolution of smectite followed by precipitation of I-S or illite 
under major changes in structure and texture. Regarding the precipitation-
dissolution mechanism, two versions have been described: The progressive 
dissolution of smectite in a reaction front on a very small scale with in-situ 
precipitation of the phase (Ahn and Peacor, 1986a) as well as the initial 
dissolution of smectite followed by progressive coarsening of illite governed by 
an Ostwald ripening process (Eberl and Środoń, 1988; Eberl et al., 1990). 

Cuadros and Altaner (1998) have pointed out that in many studies the solid-
state transformation mechanism was proposed for materials with low 
permeability such as bentonites (Altaner et al., 1984; Środoń et al., 1986; Inoue 
et al., 1990), shales (Bell, 1986), and mudstone (Lindgreen et al., 1991). 
Conversely, the dissolution-precipitation mechanism was proposed for 
environments of higher permeability, such as hydrothermal systems (Yau et al., 
1987; Inoue and Kitagawa, 1994). 

However, there is consensus that I-S mixed-layer minerals represent an 
intermediate stage, a transition of smectite to illite occurring in different 
geological environments (e.g., shales, heated by dike intrusion, during burial 
diagenesis with increasing depth, or in hydrothermally altered zones around ore 
bodies) in which metastable, highly imperfect, and disordered layered 
components transforming to more homogeneous, well-ordered, defect-free 
phases (Moore and Reynolds, 1997). These changes are driven by time, 
increasing temperature and pressure, fluid movements, as well as shearing 
stress associated with tectonism and are most clearly expressed in the transition 
from argillaceous sediments to metamorphosed pelitic rocks (e.g., Lee et al., 
1985; Grizelj et al., 2011).  

Attempts to explain the transition mechanisms are inextricably linked with the 
crystallographic nature of illite and smectite in I-S, mainly described at present by 
two competing models: The MacEwan crystallite model and the fundamental 
particle model, as illustrated in Fig. 2.2. 
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Figure 2.2: Comparison of the MacEwan crystallite model and the fundamental particle 
model. Modified after Altaner and Bethke (1988). 

The MacEwan crystallite model is deduced from Markov theory (Hendricks 
and Teller, 1942; MacEwan, 1956; 1958) and envisions layers of illite and 
smectite as intimately interlayered, stacked either randomly or regularly, into a 
fixed sequence, which acts as a coherent scattering unit for X-rays. The 
MacEwan crystallite model regards I-S as relatively large crystallites comprising 
both illite and smectite of 5 to 15 layers as determined from XRD studies of 
dispersed samples (Reynolds and Hower, 1970; Reynolds, 1980). The division 
between layers is through the center of the octahedral sheet. The transition from 
a smectite to an illite layer is thought to be a solid-state transformation under 
preservation of morphology by in-situ chemical and structural modifications 
(Moore and Reynolds, 1997). 

Nadeau et al. (1984a; 1984b; 1984c) and Nadeau (1985) proposed a new 
hypothesis regarding the nature of mixed-layer minerals based on XRD and TEM 
studies, which is the fundamental particle model. The authors showed that 
dispersion of sodium-saturated I-S caused the separation of I-S crystallites into 
exceedingly thin “fundamental particles” whose thickness along c* was 10 Å or 
small integer multiples. Hence, the particles are considerably thinner than the 
crystallite sizes of about 100 to 200 Å commonly inferred from XRD studies. 

Nadeau and co-workers proposed that the interfaces between fundamental 
particles can hydrate so that random aggregation of fundamental particles occurs 
during sample preparation for XRD analysis, which then behave like MacEwan 
crystallites (Altaner and Bethke, 1988). According to this model, interlayers 
internal to the fundamental particles act as illite, and the hydrous basal surfaces 
between those particles form smectite interlayers. The authors assumed that 



2   Structure and occurrence of clay minerals 

42 

there are no smectite interlayers in a fundamental particle, but that its basal 
surfaces are smectitic, i.e., there is one smectite interlayer per fundamental 
particle as each surface counts as one half of the smectite interlayer (Środoń et 
al., 1992). Nadeau et al. (1984b; 1984c) inferred that the fundamental particles 
are themselves independent, primary crystals, not fragments from larger crystals. 
This model suggests that the particles are not grown together epitactically. They 
are simply stacked together into a group of particles, but in close enough 
physical contact to act as coherent scattering units, giving rise to yield 
“MacEwan-like” (averaged over 106 to 109 crystallites) XRD patterns by the 
process of “interparticle diffraction”. 

On the other hand, many TEM studies have shown that I-S occurs as large, 
extended “megacrystals” (Ahn and Peacor, 1986a). The term “megacrystal” was 
used by the authors to describe a continuous crystalline array, forming a matrix 
for non-phyllosilicates in shales. Grinding such crystals in order to prepare 
samples for XRD may therefore cause cleavage along interlayers, giving rise to 
small particles, which may be as small as “fundamental particles” (Ahn and 
Peacor, 1986b). Reynolds (1992) reported two types of artifacts that could be 
produced from XRD sample preparation: The first is the modification of the 
stacking sequences that control ordering in the organization of unit cells or unit 
layers along the c* direction. The second could change the order of the stacks 
with respect to each other, introducing or increasing the incidence of turbostratic 
defects. 

If fundamental particles occur in nature and are not merely an artifact of 
sample preparation, the I-S transition mechanism of direct precipitation is more 
consistent with the formation of fundamental particles as primary crystallization 
products rather than a rearrangement of the structure of precursor minerals. 
Indications of the dissolution-precipitation model are changes in morphology and 
polytypism as the proportion of illite increases (Moore and Reynolds, 1997). 

Thus, individual fundamental particles are taken as primary crystallization 
products rather than secondary particles disaggregated from larger crystals 
during sample preparation 

Nadeau (1998) stated that “the new paradigm causes confusion because a 
coherent one-dimensional arrangement of layers is no longer a mixed-layer 
mineral.” 
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3 Materials 

Clay is an abundant raw material, which has an enormous variety of 
applications and properties that are largely dependent on their mineral structure 
and composition, but also on other additional factors: The non-clay mineralogical 
composition, the presence of organic material, the type and amount of 
exchangeable ions and soluble salts, as well as the texture (Grim, 1950). 

The uniqueness of raw clay composition, which imparts the specific material 
properties, is the result of geological processes, leading to the formation of the 
deposit. 

This Chapter gives a brief overview of the samples chosen for this study, their 
geological settings as well as the procedure of sampling and preparation. 

3.1 Paper kaolins 
As starting material, three sedimentary kaolin samples with various degrees of 

brightness were chosen. The determination of brightness required materials with 
particles sizes <25 µm, which were obtained by wet sieving. 

In order to elucidate the influence of Fe on kaolin brightness, two kaolins 
(LA540 and B4915) with nearly the same brightness, but different Fe2O3 contents, 
were selected. A third kaolin (B4914) was chosen for its different brightness at 
similar Fe2O3 content, compared to sample B4915. Table 3.1 lists the 
phenomenological description of the three kaolins and their processing 
properties-related parameters in terms of brightness and Fe content. 

All kaolins were supplied by AKW Amberger Kaolinwerke Eduard Kick GmbH 
& Co. KG, Hirschau, Germany. 
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Table 3.1: Phenomenogical description and processing properties-related parameters of the 
paper kaolins. 

Sample LA540 B4914 B4915 
Color cream white light cream white cream white 
Average aggregate 
size [µm] 

<25 µm <25 µm <25 µm 

Brightness 
R457 [%] 

68.2 76.5 67.9 

Fe2O3 [%] 1.46 0.78 0.95 
 

3.1.1 Geological setting 

The kaolins investigated in this study originate from sedimentary kaolin 
deposits of the region of Hirschau-Schnaittenbach in the South-East of Germany. 
The kaolins occur as Mid Bunter age beds (Figure 3.1), which have been 
kaolinized in situ from arkosic sandstones, formed from Variscan Orogeny 
granite and gneiss parent rocks (Bauberger and Haunschild, 1960).  

 

 

Figure 3.1: Block diagram illustrating the vicinity of the deposition area in the Mid Bunter 
age beds to the source area (granite and gneiss). The distance between Hirschau and 
Schnaittenbach is about 4 km. www.geotope.bayern.de. 
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The kaolinization had not occurred quantitatively, which means that kaolinite 
and quartz coexist with largely unaltered feldspar (mainly microcline), micas and 
illite. The feldspar content increases from Schnaittenbach to Hirschau, whereas 
the kaolinite content decreases (Köster, 1974). 

A change in mineralogy was also observed for the East-West strike direction. 
Kroll and Borchert (1969) reported an increase of the kaolinite content for 
samples <63 µm for the western part of the deposits from 69% up to 86% in the 
eastern part, with decreasing quartz and feldspar content. The kaolinite content 
of the raw material varies from 10% (western part) to 25% (eastern part) with a 
simultaneous shift of grain-size distribution toward finer fractions (Henseleit and 
Huber, 2002). The Hirschau-Schnaittenbach dip shows an inhomogeneous 
distribution profile of kaolinization, having its maximum of about 60 m near the 
northern zone of the middle of the dip (Köster and Tillmann, 1975). Currently, 
about 700,000 tons per year of kaolin are mined (Haus, 2002). 

3.1.2 Sampling technique and sample preparation 

The kaolin mining district of Hirschau-Schnaittenbach is characterized by 
significant quality differences, so selective mining and segregation are necessary. 

The usual practice is to mine a particular quality of kaolin and transport it to a 
stockpile, which is made up of similar brightness-based qualities. Afterwards, the 
kaolin is subject to wet processing. The main processing steps will be reported 
briefly in the following. A more comprehensive flow sheet for kaolin wet 
processing is given, e.g., by Murray (2007). 

In the first step of wet processing, the kaolin is blunged and dispersed into a 
slurry by mixing it with water and a small percentage of a chemical dispersant. 
The solids fraction in the blunger is about 0.4. The chemical dispersant (0.2-
0.6% of sodium polyacrylate based on the dry weight of the kaolin) is necessary 
in order to prevent flocculation of the dispersed particles.  

The next step is to remove the grit with the help of hydrocyclones. Grit refers 
to the fraction coarser than 25 µm and usually comprises quartz, feldspar, and a 
suite of heavy minerals (Murray, 2007). After degritting, the kaolin slurry is 
separated into a coarse and a fine fraction, again by hydrocyclones. The coarse 
fraction may be delaminated or is filtered and dried to produce filler clays. The 
fine fraction is passed through a high intensity magnetic separator (SC-HGMS), 
which removes discrete Fe and Ti minerals. 

The following floc and leach step consists of acidifying and flocculating the 
slurry at a pH between 2.5 and 3 under addition of sulfuric acid and sodium 
thiosulfate, which dissolves some of the kaolin-staining Fe compounds by 
reducing ferric iron to ferrous iron. The ferrous iron then combines with the 
sulfate anion to form soluble Fe sulfate. 
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In the following filtration step, the slurry is pumped to frame pressure filters to 
remove water and the soluble FeSO4. After filtration, the filter cake is redispersed 
and pumped to a drier where it is dried for bulk or bag shipment. 

After wet processing, the kaolins investigated in this study were subdivided 
into two parts: One part was investigated in the current state after wet processing, 
whereas the second part was subject to microbiological refinement. 

The microbiological refinement of the kaolin samples with Shewanella 
putrefaciens was carried out at the Helmholtz Center for Environmental 
Research (UFZ, Leipzig, Germany). A detailed description of the various 
treatment steps is given by Beyer et al. (2011), briefly reported here. 

Shewanella putrefaciens (formerly Pseudomonas putrefaciens) is a Gram-
negative bacterium, which is ubiquitous in marine and freshwater environments 
(Lee et al., 1977) and sediments (Myers and Nealson, 1990). Shewanella 
species have been shown to play an important role in the turnover of organic 
matter coupled to facultative anaerobic respiration, using, i.a., Fe- and Mn-
bearing species as terminal electron acceptors (see Section 1.3.5 and the 
citations therein). As Shewanella putrefaciens is capable to reduce both, oxide-
bound Fe as well as silicate-bound Fe (Kostka et al., 1999b; Dong et al., 2003a), 
the microorganism is believed to be a promising candidate for the bioleaching of 
the kaolins chosen for this study. 

The bacterial strain of Shewanella putrefaciens was taken from the cultured 
collection of the UFZ, internally referenced as B622/T. For biomass production, 
the microorganism was cultivated in a growing medium under aerobic conditions, 
containing lactate as electron donor (Table 3.2). For each batch, 100 mL of the 
growing medium were transferred to a shaking flask and cultures were shaken 
(135 rpm) and incubated at 30 °C at a pH of 7.2. The bacteria were harvested 
and washed with 10 mM NaCl solution just before being used in the experiments. 

Table 3.2: Composition of the microbiological culture medium for the strain maintenance and 
biomass production of Shewanella putrefaciens. 

Substance 
concentration 

[g/L] 
Meat extract * 1 
Yeast extract ** 2 
Peptone (pancreatic) 5 
NaCl 5 
Mg-L-lactate 10 
Agar-Agar 15 

* BioChemika for microbiology (Sigma-Aldrich, product no. 70164, Charge 0001442576) 
** Fermtech (Fa. Merck, product no. 111926, Charge VM 135126 002) 
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The composition of the reducing medium (Table 3.3) was chosen according to 
Bonneville et al. (2006). In order to enhance the bioreduction potential, the 
electron-shuttling compound AQDS (anthraquinone-2,6-disulfonate) was added 
as suggested by Royer et al. (2002a). All substances were suspended in tap 
water to simulate the local conditions of the processing plant. A water chemistry 
analysis can be found in the Appendix (Chapter 9, Table 9.1). Then, 35 g of each 
kaolin sample (three batches per sample) were dispersed in 200 mL of the 
reducing medium under constant stirring. Samples were taken after seven days, 
centrifuging the suspensions for 120 min at 3100xG. The supernatants were 
removed and the respective kaolin pellets were resuspended in 100 mL tap 
water. Afterwards, the suspensions were shaken for 24 h. The washed 
suspensions were again centrifuged (10 min at 9500xG) and the supernatants 
were discarded. The kaolin deposits were dried at 60 °C for 24 h and afterwards 
ground in a ball mill for 1.5 min with a frequency of 30 rpm. 

The control sample (B4915 K) was treated identically, except that the reducing 
medium was free of Shewanella putrefaciens. 

Table 3.3: Composition of the Fe3+-reducing medium for the microbial refinement of kaolins 
with Shewanella putrefaciens. 

Substance 
concentration 

[g/L] 
Mg-L-lactate 1.28 
KCl 0.42 
Na2SO4 1.99 
NH4Cl 1.07 
CaCl2 x 2 H2O 0.18 
MgSO4 x 7 H2O  0.24 
AQDS 0.02 

 

3.2 Ceramic clays 
Two sedimentary clays (W1 and W2) from the Westerwald area (Germany) 

were investigated. The clays were supplied by Sibelco Deutschland GmbH. 
According to industrial assessment standards, W1 and W2 are characterized 

by an identical chemical composition and particle size distribution, but show 
different working properties in terms of extruding behavior (generally also 
referred as “plasticity” according to Göhlert and Uebel, 2007) and making 
moisture content. A phenomenogical description of the two samples and their 
processing properties is given in Table 3.4. 
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Table 3.4: Phenomenogical description and processing properties-related parameters of the 
ceramic clays. 

Sample W1 W2 
Color gray cream colored 
Average aggregate size of 
the starting material in pit-
moist state 

1-1.5 cm ≈0.5 cm 

Dispersibility in water easy to disperse 
more difficult to disperse under 
formation of a “sticky” sediment 

Processing behavior plastic less plastic 
- extrusion  37 bar 23 bar 
- making moisture content 28.0% 26.5% 
   

3.1.3 Geological setting 

Clays (W1 and W2) from the Westerwald area were taken from adjacent 
deposits, about 10 km north of Montabaur: W1 from the clay deposit “Geigenflur” 
and W2 from the clay deposit “Petschmorgen” (Figure 3.2). Both deposits have 
formed by decomposition and weathering during the Tertiary (Eocene/Oligocene) 
on Devonian slates (Rhenish Massif). During the Miocene, the area experienced 
volcanic activity. The warm volcanic waters ascending along the zones of 
weakness caused the alteration of volcanites and probably led to the formation of 
smectites (Kromer, 1980). 

The largest quantity of the Westerwald clays is exported to Italy for use in 
ceramic tile. They are also used in manufacture of heavy clay products including 
brick and tile. About 4.5 million tons are processed annually (Saller, 1999). 

3.1.4 Sampling technique and sample preparation 

Five tons of each of the freshly-mined clays W1 and W2 were homogenized in 
a processing plant. The water content after mining and homogenization was 
about 12% for both clays. Water (tap water from the community of Wirges, 
Westerwald) was added to increase the moisture content to 15% with respect to 
the final bulk mass. Thereafter, the clays were homogenized again. This large 
amount of sample was taken to ensure representative sampling from the quarry 
and to realize a clay maturation experiment, discussed by Menger-Krug et al. 
(2008) and Petrick et al. (2008). For the experiment, a part of the batch was 
prorated to 15 buckets of 20 kg each. For the mineralogical characterization, 
each sample was reduced to 500 g by subsampling in terms of coning and 
quartering, and then using a rotating sample divider (Crosby and Patel, 1995). 
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Figure 3.2: Geological setting of the deposits “Geigenflur” (W1) and “Petschmorgen” (W2). 
The distance between the deposits is about 5 km. www.lgb-rlp.de. 

3.3 Sample overview 
Table 3.5 shows the samples employed in this study: Three kaolin samples, 

with various Fe contents and brightness values (LA540, B4914, and B4915), 
supplied by AKW- Amberger Kaolinwerke Eduard Kick und Co., as well as two 
samples of ceramic clays, W1 and W2, with different plasticity, supplied by 
Sibelco Deutschland, formerly WBB Fuchs. 

For all samples, several grain-size fractions were gathered and 
comprehensively investigated by different analytical methods, as described in the 
next Chapter. 
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Table 3.5: List of samples: starting material and the respective material after different 
treatment steps. 

Sample Specification 
LA540 paper kaolin 
LA540 MO paper kaolin after microbial treatment 
B4914 paper kaolin 
B4914 MO paper kaolin after microbial treatment 
B4915 paper kaolin 
B4915 MO paper kaolin after microbial treatment 
B4915 K paper kaolin, control 
W1 ceramic clay, plastic 
W2 ceramic clay, less plastic 
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4 Methods 

This chapter summarizes the analytical methods applied to elucidate the 
processing properties of paper kaolins and ceramic clays. The chapter is 
subdivided in two parts. The first part deals with physical-chemical methods, on 
which the industrial standard testing procedures primarily rely. The second part 
is dedicated to mineralogical methods with focus on XRD profile fitting. 

4.1 Physical-chemical methods 

4.1.1 Brightness 

Determination of brightness is widely used in paper industry as an indicator of 
whiteness (Bajpai, 2005) and provides a convenient way of evaluating optical 
properties of pulps during bleaching operations (Erb and Krystek, 1996). 

In literature, the terms brightness and whiteness are often used synonymously 
in order to describe the phenomenon of remission of light scattered from a 
material (Bristow, 1994). Both terms rely on the same measuring principle by 
means of spectrophotometry, but with different measuring geometries (Gysau, 
2006).  

Brightness indicates a measure of percentage of reflectivity at an effective 
wavelength of 457 nm and a width of 44 nm compared to a standard, which is 
assigned 100% brightness. Whiteness or color is a value measured over the 
visible spectrum (400-700 nm). The preferred whiteness of kaolins for paper 
coating is blue-white rather than cream-white. However, most kaolins are cream-
white and this is referred to as the yellowness factor or b-value in Lab color 
values (Chandrasekhar and Ramaswamy, 2006; Murray, 2007). 

The most common method in paper industry is the determination of brightness 
according to ISO 2469 and ISO 2470. 
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ISO 2469 details the equipment and procedure for brightness measurements. 
ISO 2470 is the current international standard for measuring the brightness of 
white or nearly white pulp, paper, and board. 

In the present study, brightness was determined by means of 
spectrophotometry according to ISO 2470. This measuring method is called 
brightness R457 or ISO brightness R457 (Bristow, 1994), whereas the remission 
value R stands for the determination of brightness without UV radiation, 
prompting the fluorescence of optical brighteners. The advantage of narrowing 
the spectral observation region is that changes in remission during bleaching are 
more pronounced in the short-wavelength “blue-colored” range (Anonymous, 
2001). 

Spectrophotometry is an appropriate tool to numerically objectivize subjective 
human’s color perception in that it deals with wavelengths mainly in the visible 
range, extending somewhat into adjacent ranges of near-ultraviolet and near-
infrared. The light is dispersed into its component wavelengths by a grating, and 
only a discrete wavelength is focused on the sample (Harris, 1991). Common 
application of spectrophotometers is the measurement of light absorption, but 
they can be designed to measure diffuse or specular reflectance, like for the 
purpose of whiteness measurements. 

A spectrophotometer measures the intensity of light as a function of 
wavelength and compares the intensity of light interacting with a sample (I) to the 
intensity of light interacting with a reference sample (I0). The absorbance A is the 
ratio I0/I and expresses the amount of absorbed light according to Lambert-
Beer’s law: 

I
IA 0  (eq. 4.1) 

Equipment 
Analytical balance, stopwatch, brush, PE-shovel, mill (IKA A 10), thermostatically controlled 
drying oven, pressing mold, pelleting press (Effbe Type MH-F-100), double-beam 
spectrophotometer from Datacolor (Elrepho 450x), data processing software PP 81 

Chemicals 
BaSO4 (Merck) 

Brief description 
Pellet preparation: 10 g of the oven-dried sample (60 °C for kaolin slurries and 105 °C for 
powdered samples brought to constant mass) were milled for 3 min at 25000 rpm. The 
powdered sample is filled in a pressing mold and a pressure of 0.12 N/mm2 is applied for 10 
s to obtain a pellet of 5-7 mm thickness. 
Spectroscopic measurements: Illuminating conditions were chosen to be diffuse with a 0° 
viewing geometry (d/0 in geometric designation). Light source is pulsed xenon, filtered to an 
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effective wavelength of 457 nm. Color coordinates in terms of hue, degree of saturation, and 
shadow (e.g., Lins and Blatzek, 1980) were measured according to DIN 6164 with the 
standard illuminant D65 against the pre-calibrated barium sulfate standard (DIN 5033-9). 
The determined color coordinates were plotted in the color chart system defined according to 
DIN 6164 with help of the data processing software, giving rise to brightness values. 

Error 
Due to orientation effects of anisometric clay mineral particles, the pressure during pellet 
manufacturing has to be strictly abided. Higher pressure leads to glossier surfaces, which, in 
turn, leads to greater brightness values. 

4.1.2 pH and electrical conductivity 

Working properties are closely coupled to pH and electrical conductivity of 
clay suspensions (Penner and Lagaly, 2001), as pH and soluble salt 
concentration influence the aggregation behavior of clay mineral particles. 
Besides pH, the rheological behavior of clay suspensions is influenced by a 
multitude of factors, such as phase content, e.g., presence of Fe (oxy-
hydr)oxides, particle morphology, crystallinity, or solid content (Jasmund and 
Lagaly, 1993). 

Despite the multitude of influences, the following general tendencies have 
been observed concerning the borderline cases of kaolinite and bentonite 
dispersions: Up to pH 7, kaolin suspensions show an increasing yield point with 
increasing pH due to the formation of face(-)-to edge(+)-contacts. Above pH 7, 
the yield point drops and kaolin suspensions maintain a low viscosity even with 
increasing solid content. Bentonite dispersions have different flow behavior in 
dependency of the predominant ion species. Due to the destruction of the card-
house structure, Na-bentonites show a strong decrease in viscosity between pH 
5 and 7, whereas Ca-bentonites decrease strongly already between pH 3 and 5. 
Above pH 8, Ca-bentonites show a strong increase of the yield point, leading to 
increased viscosity (Jasmund and Lagaly, 1993). 

Aside from working properties, the survey of pH of the clay suspensions is 
indispensable for pH-dependent characterization methods, such as CEC 
measurements, whose values increase with increasing pH (Lagaly, 1989; 
Steudel, 2008). 

Equipment 
Analytical balance, spatula, 1 L PE-bottles, centrifuge (Multifuge 3S-R Heraeus/Kendro), 
graduated centrifuge flasks, stopwatch, magnetic stirrer, KCl electrode (WTW SenTix 81), 
electrode for electrical conductivity measurement (WTW TetraCon 325) 

Chemicals 
Calcium chloride (CaCl2), deionized water 
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Brief description 
The pH was determined on the basis of DIN 19261 and DIN 38414-4 for six replicates. 40 ml 
of a 0.01 M CaCl2 solution was mixed with 4 g of the respective bulk clay material, dried at 
40 °C for 24 h. The suspensions were shaken in PE-bottles for 24 h. Centrifugation was 
carried out at 4350*g, T=20 °C for 25 min. Afterwards, pH was determined with a KCl 
electrode (WTW SenTix 81) in the removed supernatant under stirring. Electrical conductivity 
was measured simultaneously (WTW TetraCon 325). The values were read out after 10 min. 

Error 
Reproducibility is affected by several parameters. Preliminary tests showed that pH 
decreased with time until the system reached equilibrium in dependency of pCO2 (Henry’s 
law). Read out times <10 min led to larger pH values up to 1.5 log [H+]. In order to avoid 
matrix effects, pH was measured in the supernatant. 

4.1.3 Soluble salt concentration 

The term “soluble salts” covers a range of anions and cations present in clays 
and soils in either crystallized solid form or in dissolved form in the pore solution 
(Pansu and Gautheyrou, 2006). The concentration of water-soluble salts by 
means of anions (Cl-, SO4

2-) was determined from six replicates by ion 
chromatography. This analytical method provides simultaneously the separation 
of mixtures in a single-step process into its individual components and the 
quantitative estimate of each constituent (Scott, 1995). The separation technique 
is based on electrostatic forces between solute ions in the mobile phase, which 
are attracted to opposite-charged species in the stationary phase, usually a resin. 

Equipment 
Analytical balance, disc mill or mortar, thermostatically controlled drying oven, 1 L beaker, 
laboratory stirrer (Ika RW 28 W), folded filters, vacuum filtration equipment (Schleicher and 
Schuell MV050), ion chromatograph (Dionex DX-120) 

Chemicals 
Single-element standards (Merck), deionized water 

Brief description 
Preparation of the eluate was carried out according to DIN 38414-4. 200 g of the 
representative mass constant sample (dried for 24 h at 60 °C) was extracted with 400 ml 
deionized water by stirring the suspension for 30 min at 500 rpm. Afterwards, the suspension 
was centrifuged for 1 h at 4200*g. The supernatant was filtrated passing it through a vacuum 
filtration device with a pore size of 0.45 µm. Then, the filtrate (mobile phase) was analyzed 
by means of ion chromatography with a dilution factor of .5. 

Error 
Sample aggregation can lead to an incomplete dissolution of soluble salts. Masking of peaks 
due to large concentrations of one species. 
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4.1.4 Plasticity 

As stated by Göhlert and Uebel (2007), there is neither a reliable definition nor 
a reliable method in ceramics to determine the plasticity. The term plasticity is 
also referred to as extrudability, ductility, consistency or workability. Hence, there 
is no generally acknowledged method or measuring device to specify the 
plasticity of ceramic masses. Among the numerous specific methods, a 
measuring strategy has to be established based on the material under 
investigation. 

In terms of rheology, ceramic clays hold a special position between ideal 
elastic and ideal plastic masses, as they exhibit elastic as well as plastic 
behavior. 

Main factors accounting for plasticity of clays are the moisture content, soluble 
salt concentration, pH, grain-size distribution, mineralogical composition, and 
fabric (Section 1.4.3). 

In the present study, two indicators of plasticity were gathered by determining 
the making moisture content and the extrusion behavior. 

Making moisture content 
The making moisture content, also referred to as mixing water content, was 

measured according to Pfefferkorn (1924) with a deformation ratio of 2.0 (Vogt 
and Vogt, 2004). The Pfefferkorn method is based on the determination of the 
water content, which is required to cause a definite deformation of a cylinder-
shaped test body on the falling of a mass-standardized plate. Depending on the 
molding of the test body (e.g., extrusion, pultrusion or punching), common 
deformation ratios are 3.3, 2.5, and 2.0, which means a compression to 70%, 
60%, and 50% of the original height, respectively (Schmidt, 1979). 

The making moisture content was determined according to equation 4.2: 
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mmp  (eq. 4.2) 

where p is the making moisture content [%], m1 [g] the mass of test body in 
moisture state, m2 [g] the mass of test body after drying at 110 °C for 24 h.  

Equipment 
Plasticimeter M-1192 (Feinwerktechnik Andreas Saal), forming tool (Carl Jäger 
Tonindustriebedarf), analytical balance, drying oven, weighing bottles with cap, crucible tong, 
spatula, desiccator 

Chemicals 
none 
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Brief description 
Three cylinder-shaped samples were taken from a part of an extruded clay body 
(240x140x140 mm). Then, each sample was placed on the plasticimeter to measure the 
deformation ratio after the impact from a falling plate (mass of 1.2 kg, height = 1.85 m). 
Afterwards, the making moisture content was determined gravimetrically by drying the 
sample at 110 °C for 24 h. 

Error 
Storage and sampling technique have a strong influence on results, as the extruded clay 
masses should be prevented from humidity loss and deformation during transport from the 
processing plant to the laboratory. In order to avoid anisotropy effects, samples should be 
taken either parallel or perpendicular to the extrusion direction. 

Extrusion behavior 
The extruding behavior was determined measuring the radial pressure in a 

trapezoidal die with a laboratory extruder (Göhlert and Uebel, 2007). The applied 
pressure needed for extrusion is indirectly related to the swellable clay content, 
as these components impart plasticity to the clay body. The greater the amount 
of swellable components, the greater is the pressure required for extrusion. 

In order to be considered in the test series, the extruded clay mass must be, 
at its surface, free from irregularities, such as small-scale fractures (“shark skin”) 
or large scale fractures (“dragon teeth”) (Ramamurthy, 1986; Kulikov and 
Hornung, 2001). 

Equipment 
Balance, laboratory extruder (VAR 50A/50 ECT Händle) with trapezoidal die (22 x 20 x 15 
mm), counterflow intensive mixer (Eirich R02), moisture analyzer (Sartorius NA50XX20A) 

Chemicals 
Deionized water 

Brief description 
In order to obtain a plastic clay mass, deionized water was added according to the making 
moisture content determined by the Pfefferkorn method, under simultaneous 
homogenization of the material with the help of a counterflow intensive mixer. The water 
content was controlled gravimetrically with a moisture analyzer. Afterwards, 2 kg of each 
plastic clay mass was given to the extruder, measuring the pressure in a trapezoidal die 
during the material shaping process.  

Error 
Values have to be critically evaluated, as the amount of water, added to gain a plastic clay 
body, exerts a strong impact on extrusion behavior. 
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4.2 Mineralogical methods 

4.2.1 Water content 

As samples interact with the atmospheric conditions of the surrounding, 
determination of the water content enables calculation of dry sample mass as 
reproducible reference value for all related properties like grain-size distribution 
and cation exchange capacity. 

The determination of the mineralogical water content (wmin) was carried out 
gravimetrically, drying the samples at temperature of 105 °C. The temperature is 
sufficiently high to eliminate adsorbed water molecules and sufficiently low not to 
cause loss of organic matter and structurally bound water in layer silicates 
(Pansu and Gautheyrou, 2006). 

The water content wmin [%] was calculated according to equation 4.3: 
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m0 [g]: mass of the empty weighing bottle with cap ajar heated for a minimum 
of 2 h at 105 °C and allowed to cool down in a desiccator for 1 h 

m1 [g]: mass of the weighing bottle with cap ajar containing the air-dried 
sample 

m2 [g]: mass of the weighing bottle with cap closed and sample after 24 h of 
heat-treatment at 105 °C cooled in a desiccator for 1 h 

Equipment 
Analytical balance, thermostatically controlled drying oven, weighing bottles with cap, 
crucible tong, spatula, desiccator containing silica gel 

Brief description 
The determination of the water content was carried out gravimetrically drying 2 g of the 
disaggregated sample (<2 mm) at 105 °C for 24 h. Sample disaggregation was performed 
with help of a spatula. 

Error 
After heat-treatment, the weighing bottles should be closed by a cap to avoid moisture intake. 
Unevenly disaggregated samples can lead to an incomplete loss of moisture. Cooling and 
weighing times should be perfectly respected in order to keep the temperature-dependent 
mass error as small as possible. Weighing bottles should not be touched with hands, since 
fingerprints may change their mass. 
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4.2.2 Grain-size distribution 

As stated in Section 1.4.2, grain-size distribution is a very important 
characteristic for the assessment of raw clay materials. In the present study, 
grain-size distribution was determined by sedimentation analysis via Sedigraph 
method (exclusively done for the ceramic clays) and by pipette method. With the 
latter, various grain-size fractions were gathered for mineralogical investigations. 
Fractionation of the bulk material is the only way to enrich the clay phases, as 
the amount of clay minerals increases with decreasing particle size (Jepson, 
1984). 

The classification of particles was done on the basis of DIN 4022, which relies 
on the scale proposed by Atterberg (1912). The fractionation classes were 
defined due to preliminary tests, revealing different grain-size distribution 
characteristics among the paper kaolins and the ceramic clays. The paper 
kaolins were subdivided into the following fractions: >20 µm, 2-20 µm, 0.6-2 µm, 
0.2-0.6 µm, and <0.2 µm. Fractions obtained from the ceramic clays were: >63 
µm, 20-63 µm, 2-20 µm, 0.6-2 µm, and <0.6 µm. For some samples, additional 
fractions <0.2 µm and <0.1 µm were separated. 

Stokes’ law for a viscous drag on a sphere (1845) governs every 
sedimentation analysis and is central to the derivation of settling equations, 
which relate settling time to particle size (Lagaly, 2006). For sedimentation in a 
gravity field, the gravity force is included in the calculation (equation 4.4). For 
sedimentation in a centrifugation field, the centrifugal acceleration is counted in 
(equation 4.5). In order to consider the non-spherical morphology of clay 
minerals, the particle size is expressed in terms of equivalent diameter. It is 
numerically equal to the diameter of a spherical particle having the same density 
and velocity of fall (e.g., Müller, 2008). 

The settling time of a particle in the gravity field is 

2
0

0

)(
18

d
h

g
t 







  (eq. 4.4) 

The settling time of a particle in a centrifugation field is given by 
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with η0 being the viscosity of water, ρ the density of the mineral (here, the 
density of 2.65 g/cm3 of quartz serves as an average value commonly used for 
clays (Henningsen, 1981)), ρ0 the temperature-dependent density of water, h the 
settling distance of the particles, and d the equivalent particle diameter. In 
equation 4.4, g is the gravity force and in equation 4.5, the term 4rπ2(R/60)2 
describes the centrifugal acceleration with r being the radius of the centrifuge 
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rotator and R/60 as rotation per minute. The centrifugation time was calculated 
according to Tributh and Lagaly (1986b). 

In the present study, the paper kaolins were investigated by the pipette 
technique. As processing properties of ceramic clays depend strongly on grain-
size distribution (Winkler, 1954), sedimentation analyses were carried out by 
means of the pipette technique, and additionally the Sedigraph method. 

The Sedigraph method is based on a combination of two physical phenomena: 
gravitational sedimentation and low energy X-ray absorption (Webb, 2004). A 
beam of X-rays is collimated into a thin horizontal band to measure the particle 
mass concentration in a liquid medium. This is done first by measuring the 
intensity Imax of a reference transmitted X-ray beam that has been projected 
through the liquid medium prior to the introduction of the sample. More X-rays 
are absorbed by the solid than the liquid. Therefore, the transmitted X-ray beam 
is attenuated. During sedimentation, as more and more of the larger particles 
settle below the measurement zone, attenuation diminishes and the intensity of 
the transmitted X-ray beam increases from Imin (starting value of the 
homogeneous suspension) to Imax. Calculation of the mass fraction of particles in 
the measuring zone at time t (Mt) is carried out by measuring the transmitted 
intensities between the two extremes (It) according to equation 4.6: 

tkM
t II  10max   (eq. 4.6) 

k is the attenuation/extinction coefficient, incorporating variables, as density, 
thickness, and refractive index of the material. For non-absorbing, i.e., 
transparent, materials k=0, thus, no attenuation occurs (Lindberg et al., 1994). 

By the pipette method samples are directly removed from the suspension 
using glass pipette, which is U-shaped at the bottom. The amount of solids is 
determined by drying the pipetted samples, which are weighed out in order to 
obtain the grain-size distribution (Skopp, 2002). The method applied in this study 
is strictly speaking a combination of the pipette method according to Andreasen 
(DIN 66115) and the Atterberg method (not regulated by DIN, Hiltmann and 
Stribrny, 1998). 

For the “combined pipette method”, the sample is withdrawn by a pipette 
(characteristic of the Andreasen method), but the removal is repeated until the 
supernatant is apparently clear (characteristic for the Atterberg method). The 
Andreasen method, in contrast, implies the removal of a defined sample volume, 
usually 10 ml of the suspension. The use of Atterberg cylinders in the “classical” 
Atterberg method may be disadvantageous in that coarser particles often plug 
the outlet valve, leading to their carry over to a finer fraction. This drawback can 
be overcome using a pipette for the suspension withdrawal. 

Standard procedures in clay processing for evaluation of raw clay qualities 
and grain-size distribution require the use of chemical dispersants (DIN 19683-2), 
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like phosphates or acrylates. The following mineralogical studies were done with 
regard to microbial processing (Krolla-Sidenstein et al., 2009). For that reason, 
chemical dispersants were not used in order to avoid affection of metabolic 
activities of the microorganisms (Liu et al., 1982). In order to gain comparability 
among grain-size distribution according to industrial standards with those 
respecting microbial processing, different pathways of sample preparation were 
followed. Deviations of parameters determined with and without chemical 
dispersant will be discussed in Section 6.3.1. 

Equipment 
Sedigraph method: X-ray attenuation device (Sedigraph) from Micrometrics (MasterTech 52 
Sedigraph III), drying oven, stirrer, ultrasound bath 
Pipette method: PE-bottles (2 L), end-over-end shaker, ultrasonic bath, graduated cylinders 
(500 mL) or beaker (5 L), sieve (63 µm), timer, thermometer, U-shaped glass pipette, peleus 
ball, buckets, plastic pots, agate mill or agate mortar, centrifuge (Multifuge 3S-R 
Heraeus/Kendro), centrifuge beakers, shaking table, drying oven, analytical balance, spatula, 
brush 

Chemicals 
Sodium pyrophosphate (Na4P2O7∙10 H2O), deionized water 

Brief description 
Particle size distribution of the ceramic clays was determined via three different pathways: 
For pathway 1, the determination of the particle size distribution was carried out according to 
industrial standards by the X-ray attenuation method (Micrometrics MasterTech 52 
Sedigraph III), applying a dispersant. 20 g of the oven-dried samples (110 °C) were 
suspended in 100 mL of 0.002 M Na-pyrophosphate by stirring (500 rpm) and ultrasonication 
(ELMA T460/H, 70 W, 35 kHz). 
For pathway 2, 50 g of the ceramic clay samples and 100 g of the kaolin samples, each with 
inherent moisture, were suspended in 2 L deionized water. PE-bottles containing the 
suspensions were sonicated for 30 min in an ultrasound bath (Sonorex Bandelin RK 514 BH, 
215 W, 35 kHz) and then placed on an end-over-end shaker for 24 h. Afterwards, the 
samples were grain-size fractionated. The fraction >63 µm was separated by wet-sieving. 
The fractions 20-63 µm, 2-20 µm, and <2 µm were obtained by gravitational sedimentation. 
Settling times were calculated according to equations 4.3 and 4.4. The fraction <0.6 µm was 
extracted by centrifugational sedimentation from the <2 µm fraction (solid content <0.3%). 
This separation resulted in the additional fraction 0.6-2 µm. 
The determination of the particle size distribution of the paper kaolins was also carried out 
according to pathway 2, extracting the fractions >20 µm, 2-20 µm, 0.6-2 µm, 0.2-0.6 µm, and 
<0.2 µm. For some samples an additional fraction <0.1 µm was separated. The fractionation 
conditions are reported in Table 4.1. 
Pathway 3 was analogue to pathway 2, using a 0.01 M solution of Na-pyrophosphate as 
dispersant. Then, grain-size distribution was determined by weighing the mass of each 
fraction. 
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Table 4.1: Conditions of grain-size fractions collected by sedimentation with the pipette 
method according to pathway 2. 

Fraction Separation method Gravitational force Settling time* 

[µm]  [G] [min] 
>63 sieve 1 - 
    <20 Sedimentation in 

the gravity field 
1 10 

<2 1 930 
    <0.6 Sedimentation in 

the centrifugation 
field 

1240 10 
<0.2 4350 25 
<0.1 4350 100 

*referred to T=20 °C and settling distance h1=20 cm in the gravity field and h2=6 cm in the 
centrifugation field, respectively. 

Error 
For particle sizes <0.2 µm, acceleration and deceleration time of the centrifuge leads to 
deviations of <2% from the needed equivalent diameter (Wolters, 2005). Problems exist with 
the pipette method due to convection currents near the tip of the pipette and greater 
potential for operator error (Skopp, 2002). The settling equation according to Stokes’ law is 
based on a number of assumptions, such as the rounded shape of the particles, an average 
particle density or the constant density and temperature of the liquid, which are less fulfilled 
in the case of clay-containing suspensions (platy-shaped clay particles, density variations of 
clay mineral particles due to differences in chemical composition and hydration state, 
dynamic of the settling process), resulting in a carry-over of particles to a smaller or larger 
fraction. 

4.2.3 X-ray diffraction 

The wide use of X-ray diffraction (XRD) in all fields of science and technology 
is due to the fact that powder XRD provides a powerful testing method to 
determine a range of physical and chemical material characteristics. The 
applications include phase analysis, i.e., the identification and quantification of 
phases present in a sample, as well as acquisition of crystallographic structural 
data, like crystallographic unit cell size, crystal structure, crystallographic texture, 
crystalline size, macro-stress and micro-strain, and also electron radial 
distribution functions (Will, 2006). 

As pointed out by Moore and Reynolds (1997), powder XRD is the 
instrumentation most commonly used to study clay-sized minerals, not only for 
the reason that clay minerals are usually <2 µm and therefore too small to be 
studied by optical methods or single crystal X-ray methods, but also because 
XRD of powdered samples provides information about bulk properties, thus 
information averaged over an enormous number of unit cells and crystals. 

X-ray diffraction results from the scattering of X-rays by lattice points. 
Depending on the Bravais lattice, interferences between scattered rays are 
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constructive when they are in phase, thus, the path difference of the diffracted 
rays differs from each other by an integer number of wavelength. This selective 
condition is described by Bragg’s law (equation 4.7) 

 sin2dn   (eq. 4.7) 

where n is an integer number, λ the wavelength, d the spacing between the 
lattice planes, and θ the Bragg angle, which is half the angle between incident 
and reflected beam. 

If the analysis is one-dimensional, like in the case of XRD analysis from 
oriented samples, n is substituted by l, and Bragg’s law rearranged is  

 sin2/ dl  (eq. 4.8) 

with d=d(001)/l, where l is the integral order. 

Rietveld analysis 
Rietveld analysis is a crystal structure refinement method developed by H.M. 

Rietveld in the late 1960s. In order to understand the properties of clays and to 
improve them, the atomic structure of the clay minerals has to be known. The 
single crystal diffraction technique, using relatively large crystals of the material, 
gives a set of (hkl)-reflections from which the crystalline lattice and the unit cell in 
real space can be obtained by Fourier transformation. However, most materials 
of technical interest, like clays minerals, cannot develop large crystals, so one 
has to resort to the powder diffraction technique using material in the form of 
small crystallites (Taylor, 1985).  

The general drawback of the powder diffraction technique for crystal structural 
analysis is the loss of structural information in that the three dimensional 
information of the reciprocal lattice gathered with single-crystal diffraction is 
superposed into one dimension. The work of Rietveld (1967, 1969) overcame 
this problem, recognizing that the powder pattern profile is the sum of all the 
individual (hkl)-peaks and every point in the step scan is an observation, which 
allows the extraction of crystal structural information from power diffraction data, 
despite of partially overlapping individual Bragg reflections. 

Rietveld refinement is a least-squares optimization procedure to fit a model of 
the examined sample to a measured diffraction pattern. Hereby, the least-
squares sum is minimized as follows 
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with p becoming as low as possible, wi being the weight of an individual 
measuring point, commonly Tiyi, whereby Ti is the measuring time of measuring 
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point I and yi the measured counts of the ith point, yic the calculated counts of the 
ith point, and M the total number of measuring points. 

A key feature of the Rietveld method is the feedback during refinement 
between improving knowledge of the structure and improving allocation of 
observed intensity. These characteristics mark the difference to the pattern 
decomposition method, which has no reference to a crystal structural model 
(Young, 1995). 

Equation 4.10 is the basic equation of the Rietveld method and describes that 
every point of the diffraction pattern contains contributions of intensity from 
neighboring peaks of one or more phase(s) as well as from background 
scattering: 

   bi
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with yi being the intensity of the angular position i in the powder pattern, Sp the 
scale factor of the phase p, which relates the phase intensities to the pattern, 
APL for absorption, polarization and the Lorentz factor, Ψ geometrical factor (for 
the k line), M plane multiplicity factor, F the structure factor, G the profile shape 
function (“smears” the intensity around the Bragg position), po the preferred 
orientation correction factor, and ybi the background intensity. 

Figure 4.1 clarifies the single expressions. 
 

 

Figure 4.1: Models and parameters used in the Rietveld method. Modified after Kleeberg 
(2009b). 
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In the present study, Rietveld analysis was carried out with AutoQuan 
software (Seifert Analytical X-ray), including a ready-to-use structure database of 
minerals, which is based on BGMN structure files (Bergmann et al., 1998). 
BGMN uses a profile shape model folding the parameters’ wavelength 
distribution, geometry function, and sample function. 

The wavelength distribution is modeled by a set of Lorentzian functions 
describing both, the Kα1 and the Kα2 lines. Other device-specific parameters 
such as distances, slits, and angles are characterized by the geometry function, 
which is the sum of 2θ-dependent specific geometry functions. Mathematical 
modeling of each 2θ-position of the geometry function is performed by squared 
Lorentzian functions, allowing even asymmetric profiles to be modeled with 
sufficient accuracy. 

The device-dependent functions in terms of wavelength distribution and 
geometry function are determined before fitting and remain constant during 
calculation (Figure 4.2). Thus, the Rietveld calculation only deals with 
determining the sample-dependent profile parameters described by the sample 
function. 

 

 

Figure 4.2: Input mask for the calculation of the device function in the Rietveld program 
AutoQuan with ray geometry values adjusted for the applied X-ray diffraction device 
Bruker D5000. 

The sample function implies the contribution of diffraction by the sample to the 
measured profile. The occurrence of peak broadening due to real structure 
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parameters like crystallite size, preferred orientation and micro-strain is 
described by a set of different Lorentzian functions. 

On basis of the Rietveld method, quantitative phase analysis (QPA) of 
multicomponent mixtures using X-ray powder diffraction data has been carried 
out by Wiles and Young (1981). To perform QPA, no calibration data or internal 
standard is required. Knowledge on the approximate crystal structure of each 
phase of interest is necessary. Errors achieved for synthetic mixtures are 
generally less than 1 wt% absolute (Bish and Howard, 1988). Kleeberg (2009a) 
reported absolute errors of up to 5 wt% for samples containing clay mineral 
amounts of 10-20 wt%, and an estimated general accuracy within 3 wt% at the 
95% confidence level for routine analysis of geo-materials. 

The success of a fitting procedure is assessed by the difference between 
measured and calculated profiles and expressed by R values (Jansen et al., 
1994). The Rwp value, which was applied in the present study, is given by 
equation 4.11: 
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with Rwp being the weighted residual square sum and the other quantities 
being the same as in equation 4.9. A small Rwp value stands for a better fit. As 
emphasized by Bergmann et al. (1998), the Rwp value is only a mathematical 
criterion. A small Rwp value may also be obtained from fitting a profile with a 
continuously high background with a relatively poor crystallographic model. This 
effect results from the fact that the background fitting is also part of the 
calculation. For that reason, Rwp values can only be compared with each other, if 
they refer to the same profile. 

One-dimensional pattern fitting 
As mentioned in Sections 1.5 and 2.1.2, one-dimensional fitting of XRD 

patterns (ODPF) provides a powerful tool for the characterization of complex clay 
samples consisting of clay minerals and mixed-layer minerals. 

One-dimensional XRD patterns are gathered from oriented sample 
preparation, resulting in “simplified” XRD patterns, which display ideally only the 
(00l)-reflections. These reflections are not sensitive to the translations of the 
layers parallel to their own planes, but solely depend on the distribution of the 
atoms in the direction perpendicular to the layers, which is the primary topic of 
interest in the study of lamellar structures, such as phyllosilicates (Plancon, 
2010). 



4   Methods 

66 

The method itself consists of a trial-and-error procedure by directly comparing 
experimental XRD profiles to those calculated from a structure model, which is 
derived from the calculation of one-dimensional structure factors of a layer type 
based on one-dimensional atomic coordinates. The summation of the respective 
structure factors is obtained by generation of a matrix, describing the probability 
and arrangement of the layers in the stack (“MacEwan crystallite”). 

The structure models of mixed-layer minerals comprise the number, nature, 
chemistry, and proportion of the different layer types, as well as a statistical 
description of their stacking sequences in terms of Reichweite parameter and 
junction probabilities (Lanson, 2005). 

Determination of the phase content deduced from ODPF has to be considered 
as semi-quantitative as the relative intensities are extremely sensitive to a 
number of parameters, such as the chemical composition of the interlayer and 
the distribution of the ions and molecules therein, the thickness of coherent 
scattering domains as well as the heterogeneity in constitution of these domains 
(Drits and Tchoubar, 1990). Thus, for many studies a good agreement for the 
peak positions and a semi-quantitative agreement for the profiles and relative 
intensities may be regarded as sufficient. 

In this study, XRD patterns were modeled with the SYBILLA software 
developed by Chevron. This program was employed, e.g., in studies by 
Sakharov et al. (1999), McCarty et al. (2008), and Hubert et al. (2009). 

SYBILLA is very similar to NEWMOD, but is equipped with additional features, 
such as modeling of 2- and 3-component mixed-layer minerals, fitting of multi-
phase samples, automatic scaling to a diffraction pattern in the manual mode, 
and automatic fitting by genetic algorithms in the “server mode”. 

SYBILLA provides a graphic user interface to the algorithm initially developed 
by Drits and Sakharov (1976), which allows the direct comparison between 
experimental and calculated XRD profiles. The quality of agreement between the 
experimental and the calculated XRD patterns was evaluated by the profile factor 
Rp (Howard and Preston, 1989, equation 4.12), which is the unweighted version 
of the Rwp parameter reported in equation 4.11: 
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Instrumental and experimental parameters, such as horizontal and vertical 
beam divergence, goniometer radius and slide length were introduced without 
further adjustment. Sigmastar σ* (standard deviation of a Gaussian orientation 
function for the crystals in the powder aggregate) was set to 12, the mass 
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absorption coefficient μ* to 45, and the number of unit cells in a crystallite (T 
mean) was mainly kept between 3 and 14, as recommended by Moore and 
Reynolds (1997). Higher T-mean values are often required for kaolinite. The 
thickness of the coherent scattering domains (CSDs) was assumed to be 
lognormally distributed and characterized by their mean value (Drits et al., 
1997b). 

As variable parameters (“genes”) for the fitting process the position and 
amount of interlayer species (H2O and EG molecules), the octahedral Fe content, 
the interlayer cation content, as well as the number, nature, proportion, and 
stacking sequences of the mixed-layer phases were introduced. 

The parameters were systematically varied in two steps. In the first step, 
“SYBILLA Server” was employed to do the complete modeling automatically. In 
this mode, genetic algorithms (e.g., Mitchell, 1998) are used to optimize the 
structural and probability parameters. In the second step, “SYBILLA Manual” was 
used to model experimental X-ray patterns by manually changing the structural 
and probability parameters of the chosen phases until a satisfactory fit is 
achieved. During these manual operations, the program continuously changes 
the content of the different phases. 

However, the application of one-dimensional modeling is not always 
successful in unambiguously determining the real structure as several structural 
models may fit the experimental data equally well (Drits, 1987; Sakharov et al., 
1999; McCarty et al., 2004). Fitting results have to be critically evaluated by 
comparing them with chemical and mineralogical analyses in order to obtain a 
consistent characterization. To conclude in the words of Howard and Preston 
(1989), “the subtleties involved in profile fitting commonly relegate the technique 
to the realm of art rather than science”. 

Equipment 
Agate mortar, spatula, sample holder, glass plate, and additional equipment for oriented 
sample preparation: round glass slides, research pipette with 10 mL tips (Eppendorf), 10 mL 
screw cap centrifugation tubes, thermostatically controlled drying oven (60 °C), XRD device 
Bruker D5000, equipped with a graphite secondary monochromator and scintillation detector, 
using CuKα radiation. Sizes of the divergence slit and the antiscatter slit were 1 mm, and 0.1 
mm for the detector slit. 
Data processing software: mineral identification was carried out with the DiffracPlus 
Evaluation program, Version 10.0, by Bruker. The quantitative mineral content was 
determined by Rietveld method applying AutoQuan software (Bergmann et al., 1998) by 
Seifert Analytical X-ray, version 2.7.0. 
Characterization of the clay minerals and the mixed-layer phases were performed by one-
dimensional XRD profile fitting of the EG-solvated samples of the coarse clay fraction (0.6-2 
µm) and the middle to fine clay fraction (<0.6 µm) using SYBILLA software developed for 
Chevron Energy Technology. 
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Chemicals 
Calcium chloride (CaCl2), ethylene glycol, deionized water 

Brief description 
Top-loaded powdered samples (≈2 g) were gently pressed with the glass plate in the sample 
holder (Ø 2.5 cm) and measured in reflection geometry (Bragg-Brentano) at 0.02° 2θ step 
intervals from 2-80° with 3 s per step. 
For XRD measurements of the textured samples, a part of the fraction <0.6 µm of the 
ceramic clays and a part of the fraction <0.2 µm of the paper kaolins was Ca-saturated 
adding a CaCl2 solution (excess of 20 times the CEC) to the suspensions of 2.5% solid 
content. The suspensions were shaken for 24 h. After centrifugation, the supernatant was 
removed and the bottom was saturated again. The saturation step was repeated three times. 
Then, the suspensions were washed with deionized water until chloride free (conductivity of 
the supernatant <4 µS/cm). The Ca-saturated suspensions were oven-dried at 60 °C. 
Oriented samples were produced for the Ca-saturated samples by pipetteting 1.5 mL of the 
respective suspension on a glass slide and dried overnight under atmospheric conditions at 
room temperature. Air-dried samples (AD) were prepared with a thickness of 15 mg/cm2 to 
prevent peak-intensity loss (Moore and Reynolds, 1997). Ethylene glycol (EG) solvation was 
achieved by exposing the slides to EG vapor at 60 °C for 24 h (Whitney and Northrop, 1987). 
Heat-treated samples were obtained by heating the slides at 375 °C for 3 h (Moore and 
Reynolds, 1997). Oriented samples were measured at 0.02° 2θ step intervals from 2-30° 
with 6 s per step. 

Error 
Sample preparation accounts for the largest systematic error in powder XRD (Klug and 
Alexander, 1974), resulting from insufficient sample statistics due to grain-size effects, 
preferred orientation, microabsorption, sample roughness, and sample displacement errors 
in terms of sample position, thickness, and height (Bergmann et al, 1998). 
The number of crystallites (104 as lowest statistical limit) can be increased by grain-size 
reduction via gentle grinding. The counting statistics is also improved by an enlarged 
divergence of the primary beam and spinning the sample. Preferred orientation of crystallites 
enhances specific crystallographic directions (00l for clay minerals), leading to inflated 
intensities (Dohrmann et al., 2009). Microabsorption occurs in multi-phase samples from 
different linear attenuation coefficients and grain sizes of the constituent phases. Principally, 
the amount of microabsorption may be approximated (Brindley, 1945), if the linear 
attenuation coefficients and the mean crystallite size of all phases are known. Grain-size-
induced microabsorption can be diminished by reducing the grain size, as smaller particles 
absorb less radiation. The problem of microabsorption derived from linear attenuation 
coefficients may be addressed by changing the anode material, e.g., using Co-radiation in 
the presence of large amounts of Fe. However, one has to keep in mind that the content of 
the phase with the greater linear attenuation coefficient is generally determined to be too low. 
Sample roughness may have an impact on intensity, particularly in the low 2θ-region in that 
crystallites can be shielded by protruding grains, lowering the counting statistics. Sample 
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displacement errors lead to intensity loss (sample thickness) or peak shift (sample position 
and sample height). 
Another issue regarding the preparation of textured samples by pipetting a suspension on a 
glass slide is the segregation of particles, which may occur during drying. According to 
Tricky (1973) and Blanc et al. (2007), the segregation leads to an over-estimation at low-
angle domains. Due to the low penetration depth of the X-rays at low 2θ-diffraction angles, 
the information does not originate from the whole sample volume, but only from the clay 
minerals-enriched sample surface. 

4.2.4 X-ray fluorescence  

The chemical composition of the bulk material and the grain-size fractionated 
samples was determined by X-ray fluorescence (XRF) analysis. The knowledge 
of the chemical composition is important for two reasons. First, to cross-check 
the quantification results from Rietveld analysis and, therefore, the mineralogical 
phase content determined by Rietveld analysis was converted to chemical 
composition in terms of element oxides. Afterwards, the amount of element 
oxides was compared with the chemical composition from XRF measurements. 
The second reason is the assessment of raw material qualities for industrial 
applications by estimation of the clay content (Schejbal, 1978). 

The measuring principle of X-ray fluorescence is based on the photoelectric 
effect. By irradiating a sample with X-rays of sufficient energy, electrons are 
ejected from the inner shells, creating vacancies. As vacancies present an 
unstable condition, electrons from the outer shells are transferred to the inner 
shells, releasing energy in form of element characteristic X-ray fluorescence. In 
wavelength-dispersive X-ray fluorescence spectrometry (WDXRF), the 
fluorescence radiation is collimated onto a diffraction crystal and its intensity is 
detected at selected positions of the energy spectra. Selection of usable 
element-specific lines is done on basis of intensity, spectra accessibility of the 
instrument, and the lack of line overlapping. 

For WDXRF measurements, the powdered samples were transformed to 
molten pellets by mixing them with flux material and heating them up. Then, the 
molten pellets were analyzed. Simultaneously, the loss on ignition was 
determined. 

Equipment 
XRF analyses were performed on a MagiXPRO spectrometer from Philips with a 3.2 kW 
rhodium X-ray tube. For pellets preparation were needed an analytical balance, spatula, Pt 
crucible, smelting apparatus (Vulcan 4MA, HD Electronic). 

Chemicals 
Lithium tetraborate (Li2B4O7) from Merck (Spectromelt A10, supra pure) 
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Brief description 
0.8 g of the powdered samples was mixed with lithium tetraborate in a ratio of 1:7. The 
material was molten stepwise in Pt crucibles in a smelting apparatus. The melt was poured 
into a platinum jacket for cooling. Loss on ignition was determined by storing 0.2 g of each 
sample at 1000 °C for 2 h. 

Error 
Wolters (2005) reported the relative error (variance) for each element measured by internal 
standards. 

4.2.5 Simultaneous Thermal Analysis 

Supplementary information on mineral identification and characterization was 
gathered by Thermal Analysis (TA). 

TA comprises static and dynamic procedures. For static procedures, the 
sample is dried at constant temperature until mass constancy is reached, e.g. to 
measure the water content or loss on ignition. Within dynamic procedures, the 
sample is submitted to a temperature–time program with a defined heating rate, 
in order to pursue constantly mass variations, heat-flow changes or mechanical 
properties. Dynamic methods are often much less time-consuming and more 
informative (Emmerich, 2009). 

According to DIN 51005, Simultaneous Thermal Analysis (STA) means 
coupling of at least two TA methods. Common STA devices usually combine 
Thermogravimetry (TG) and Differential Thermal Analysis (DTA) or Differential 
Scanning Calorimetry (DSC). 

TG measures the change of sample weight during a given temperature–time 
program in a defined atmosphere (Hemminger and Cammenga, 1989). Weight 
changes as a result of thermal decomposition (e.g., water release) or reaction of 
the sample with the gas phase (e.g., oxidation). 

Both DTA and DSC detect temperature-dependent changes of enthalpy 
(Hemminger and Cammenga, 1989). The reactions occurring are either energy-
consuming (endothermic reaction) or energy-releasing (exothermic reaction). 
Thermal decomposition (e.g., dehydration, dehydroxylation, structural 
decomposition) and phase transformations (modification changes) are generally 
endothermic. Reactions as oxidation, formation of new phases, including 
recrystallization, are exothermic. Conventionally, an endothermic reaction is 
graphed sloping down whereas an exothermic reaction is graphed sloping up 
(Lombardi, 1980). 

DTA and DSC curves resemble each other. For both techniques, the 
measurement signal is a thermally induced electric voltage caused by a 
temperature difference between the sample and an inert reference. In contrast to 
DTA, the DSC measurement signal may be calibrated to reaction heat-flows by 
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power compensation, which measures the amount of energy required to 
compensate temperature differences due to thermal reactions of the sample. 

Evolved Gas Analysis (EGA) enhances the information content by coupling 
the TA to a gas detection system (Kaisersberger, 1979). Gases evolved during 
thermal reactions are directed to a mass spectrometer (MS) or an infrared 
spectrometer (IR) and detected there. 

Pulse TA (PTA) enlarges the range of applications, since coupling of STA-MS 
offers the possibility to quantify the CO2 release from a sample during thermal 
reactions by injection of a specific amount of CO2 into the carrier gas flow 
(Maciejewski et al., 1997). The mean amount of evolved CO2 during a given 
reaction is calculated according to equations 4.13 and 4.14 
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with VCO2 being the volume of evolved CO2 [mL], Vpulse the volume of injected 
CO2 [mL], ACO2 the peak area of evolved CO2 [a.u.], Apulse the peak area of 
injected CO2 [a.u.], mCO2 the mass of evolved CO2 [mg], ρCO2 the density of CO2 
at injection temperature [gL-1] ,e.g., 1.7988 gL-1 at 23 °C; 1.7730 gL-1 at 27 °C; 
1.7562 gL-1 at 30 °C (Lide, 2009). The PTA-data for this study were gathered at 
room temperature. 

As peak shape and peak temperature of minerals strongly depend on 
experimental conditions (e.g., Smykatz-Kloss, 1974; Ortega, 1997; Rouquerol et 
al., 2006), a detailed overview of the experimental parameters is given in Table 
4.2. 

Table 4.2: Experimental parameters for STA measurements. 

Parameter TG/DSC/MS 
Sample amount 100 mg 
Grain size powder 
Packing density loosely packed, no pressing 
Reference material empty crucible with lid 
Furnace atmosphere 50 ml/min air + 20 ml/min N2 
Crucibles Pt/Rh with lid 
Thermocouples Pt/Pt90Rh10 
Heating rate 10 K/min 
Temperature range 35-1100 °C 
 
A comprehensive description of the measuring principle and applications in 

clay mineralogy are available in textbooks and journal reviews, e.g., by Smykatz-
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Kloss (1974); Paterson and Swaffield (1987); Hemminger and Cammenga 
(1989); Niederbudde et al. (2002), and Emmerich (2009). 

In this study, a variety of information was obtained by STA measurements: On 
the basis of the mass loss during the dehydroxylation reaction, the maximum 
possible clay content was estimated by comparing the measured mass loss from 
TG curves with the calculated mass loss based on the quantification results from 
Rietveld analysis. 

Further information on kaolinite structure was gathered by PA curves 
(Smykatz-Kloss, 1974). PA curves display the dependency of the peak 
temperature of a decomposition reaction (e.g., dehydroxylation) from the applied 
sample mass during thermal analysis and differ for minerals with different 
degrees of structural disorder. The dehydroxylation temperature of kaolinite 
depends strongly on the degree of structural disorder. PA curves were recorded 
and compared with well characterized samples of known degrees of structural 
disorder. 

PTA measurements were used to determine the amount of organic 
compounds. 

From STA measurements, the maximum clay content was estimated by 
comparing the measured mass loss during dehydroxylation reaction (Δm 
TDHXmeas) between 400 and 900 °C from TG curves with a calculated mass loss 
(Δm TDHXcalc) based on the quantification results from Rietveld analysis. 

The calculated mass loss is given by 
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where x, y and z are the coefficients of the respective mass fractions of 
kaolinite, the smectitic components, and illite as obtained from Rietveld analysis. 
M is the respective molar mass, assuming 18 g/mol for water, 258 g/mol for 
kaolinite, 375 g/mol for smectite, and 390 g/mol for illite. 

The estimation process was carried out for a range of coefficients (x, y, z), 
which comprised the mean values of each mass fraction, as well as their 
standard deviations (+s, -s). The success of estimation was proved by a Δ-value, 
subtracting Δm TDHXcalc from Δm TDHX. An overestimation of the clay content by 
Rietveld analysis led to a negative delta value. As Δm TDHX marks the upper limit, 
negative delta values were discarded. 

Equipment 
Netzsch STA 449C Jupiter, QMS 430C Aeolos, purge gas N2, Pulse box (Netzsch), Software 
Proteus Netzsch, PeakFit (Jandel Scientific), dessicator, analytical balance, spatula, Pt 
crucibles with lid 
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Chemicals 
Mg(NO3)2∙6H2O, synthetic air (20.5% O2 in N2) and N2 (quality 4.8), CO2 

Brief description 
In order to ensure reproducibility in weighing, samples were stored at 53% r.h. over a 
saturated solution of Mg(NO3)2∙6H2O (Koster van Groos and Guggenheim, 1984). Sample 
amounts of 50 or 100 mg were measured at a constant heating rate. The measuring 
conditions are summarized in Table 4.2 and were chosen according to Niederbudde et al. 
(2002) and Wolters (2005). 
For PTA experiments, an isothermal segment at 1100 °C (30’) was attached to the 
conventional t-T-program for several injections of 250 µL and 500 µL CO2. The pulse box 
was operated at room temperature. 

Errors 
Factors influencing the measurement are due to the equipment (e.g., size, shape and 
material of crucibles, use of lids), experiment (e.g., sample amount, particle size and packing 
density, heating rate) and sample characteristics (e.g., sample composition, particle size, 
crystallinity). A comprehensive description is given by Niederbudde et al. (2002), Petrick 
(2007), and Emmerich (2009). 

4.2.6 Cation exchange capacity and exchangeable cations 

The cation exchange capacity (CEC) is an important characteristic of clay 
minerals and describes their ability to adsorb cations. There are two possibilities 
where adsorption takes place: in the interlayer space as well as on the clay 
mineral edges and surfaces. The total CEC is the sum of these two contributions, 
whereas the amount of exchangeable interlayer cations depends on layer charge 
and the amount of edge-located cations is pH-dependent. The interpretation of 
CEC values is not straightforward due to the influence of sample components on 
pH. 

For smectites, the edge-located amount can reach up to 20% at pH 7 (Lagaly, 
1981). Kaufhold et al. (2002) showed that edge-located cations comprise an 
average value of 10%. pH dependency of CEC can be eliminated by lowering the 
pH in the acid range (pH 4-5). The difference between the total CEC at pH 7 and 
the exchange capacity in the acid range gives the contribution of the edge-
located cations (Kaufhold, 2001; Steudel, 2008). 

The positive correlation between layer charge and CEC is not fulfilled for 
highly charged layer silicates (micas, illite, highly charged vermiculites) as only 
edge-adsorbed cations are exchangeable due to K+-fixation in the interlayer 
space (Norrish, 1954; Sawhney, 1972). 

To determine the CEC, the exchangeable cations were replaced by copper 
triethylenetetramine (Cu-trien) cations (Meier and Kahr, 1999; Ammann et al., 
2005). Afterwards, the consumption of Cu-trien was measured photometrically in 
the clear supernatant. 
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The CEC is calculated according to the following expressions: 
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with cCu-Trien [mmol/L] being the concentration of the Cu-Trien, V [mL] the 
respective volume of Cu-Trien or deionized water, c the concentration of the 
supernatant [mmol/L], m [mg] the mass of the dried sample at 105 °C, m1 [mg] 
the air-dried sample mass, wmin [%] the water content (equation 4.3 in Section 
4.2.1), A the measured absorbance of the supernatant, and a the slope of the 
calibration curve. 

In order to balance the sum of exchangeable cations to the measured CEC, the 
amount of exchanged cations (Na+, Mg2+, K+, Ca2+, Al3+, Fe3+) in the supernatant 
was determined by Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES). This type of emission spectroscopy uses an inductively coupled 
plasma (argon gas ionized in an intense electromagnetic field) to produce 
excited atoms and ions that emit electromagnetic radiation at wavelengths 
characteristic of a particular element. The registration of emission signals is 
carried out by means of UV and visible spectrometry. The intensity of this 
emission is indicative of the element concentration within the sample (Mermet 
and Poussel, 1995). 

The content of swellable components (sum of smectite and smectitic layers in 
I-S) was calculated according to Lagaly (1993), assuming an average molar 
mass M of 375 g/mol for smectites (Wolters, 2005), 10% of variable charge, and 
a mean layer charge density (χ) of 0.30 eq/formula unit (Kaufhold et al., 2002). In 
addition, kaolinite and illite were assumed to have a CEC of 5 meq/100g 
(Kaufhold and Penner, 2006), giving rise to the expression 

1000
MCEC
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sc    (eq. 4.19) 

where wsc is the content of swellable components [%] and CECcorr is the cation 
exchange capacity after subtraction of 10% of variable charge and the kaolinite 
and illite contents determined from quantitative phase analysis. The amount of 
exchanged cations in the exchanging solution was compared with the CEC 
values. 
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Equipment 
CEC: Desiccator, UV-vis spectrometer (Genesys 10 UV), disposable cuvettes and pipettes, 
centrifuge (Multifuge 3S-R Heraeus/Kendro), graduated centrifuge flasks, equipment for 
determining the water content (Section 3.2.1) 
ICP-OES: Vials (20 mL), research pipette with 5 mL tips (Eppendorf), centrifuge (Multifuge 
3S-R Heraeus/Kendro), ICP-OES spectrometer (Horiba Jobin Yvon JY 38 S) 

Chemicals 
0.01 M Cu-triethylentetramine, magnesium nitrate (Mg(NO3)2), deionized water, nitric acid 
supra pure (HNO3, 65%) 

Brief description 
The samples were stored over magnesium nitrate (53% r.h.) for at least 24 h. 100 mg of 
each sample was weighed in a 50 mL centrifuge flask. 5 mL of the 0.01 M Cu-Trien and 10 
mL of deionized water were added. The samples were shaken for three hours on a shaking 
table to guarantee the complete exchange of the Cu-complex with the interlayer cations. The 
suspensions were centrifuged at 4500 rpm for 10 min and the blue clear supernatants were 
measured photometrically at a wavelength of 580 nm. All measurements were performed as 
duplicates. As in-house standards, two well-characterized bentonites (Calcigel and Volclay) 
were inserted in the batch to check the precision of measurements. Before starting the 
measurements, a calibration curve was recorded, adding defined volumes (0, 0.5, 1, 2, 3, 4, 
and 5 mL) of 0.01 M Cu-Trien to 10 mL deionized water, respectively. The slope of this 
calibration curve enters in the calculation of the CEC (equations 4.15 and 4.17). 
To determine the amount of exchanged cations by ICP-OES, 5 mL of each supernatant was 
diluted 1:10 with deionized water and acidified with one drop (≈1 µL) of HNO3 suprapure. 

Errors 
The precision of the method was tested for the in-house standard bentonites (Calcigel with 
an average CEC of 63 meq/100 g and Volclay with an average CEC of 85 meq/100 g), which 
showed a deviation of ±3 meq/100 g for a sample size >75 (Steudel, 2008). 

4.2.7 Mössbauer spectroscopy 

Mössbauer spectroscopy was applied to identify the valence state and site 
occupancy of Fe in the individual minerals. It is a suitable method for the 
examination of clays due to the fact that practically all clays contain enough Fe to 
yield 57Fe Mössbauer spectra (Weaver et al., 1967; Taylor et al., 1968). In 
kaolins, for instance, ancillary Fe (oxy-hydr)oxides can readily be distinguished 
from silicate-bound Fe using Mössbauer spectroscopy (Stucki, 2006). Such a 
distinction, however, requires measurements at cryogenic temperatures, 
preferably at the temperature of liquid helium (4.2 K), because only then all Fe 
(oxy-hydr)oxides exhibits magnetic hyperfine patterns that are well-
distinguishable from the silicate-bound Fe. Examination of the Mössbauer 
hyperfine parameters (isomer shift, electric quadrupole splitting and magnetic 
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hyperfine field) gives additional information on Fe oxide phases (Murad, 1987; 
1988; 1999; Rancourt, 1999). 

Mössbauer spectroscopy is based on the recoil-free emission and absorption 
of nuclear γ-rays in solids (Mößbauer, 1958). These γ-rays are used to measure 
the hyperfine splittings of nuclear energy levels, which in turn are sensitive to the 
local electron configuration and the magnetic properties of the solid. 

For Mössbauer absorption spectroscopy, the sample is exposed to γ-radiation 
and a detector measures the intensity of the beam transmitted through the 
sample. The γ-rays are emitted by a source in which a radioactive isotope 
decays to the same isotope as that present in the absorbing sample. In the case 
of 57Fe Mössbauer spectroscopy, 57Co in the source decays to 57Fe, a stable 
isotope of Fe with a natural abundance of about 2%. The 14.4 keV γ-rays of 57Fe 
can be resonantly absorbed by 57Fe nuclei in the absorber, since they have just 
the right energy. When the energy of the emitted γ-rays is varied very slightly via 
the Doppler effect, i.e., by moving the source at velocities of the order of a few 
mm/s, the hyperfine splittings and shifts of the nuclear levels in the absorber 
nuclei can be scanned.  

In the Mössbauer spectra, the γ-ray intensity transmitted through the absorber 
is plotted as a function of source velocity. At Doppler velocities for which the 
energy of the incident γ-rays corresponds to the resonant energy of the hyperfine 
levels of the sample, γ-rays are absorbed, resulting in a drop of the measured 
intensity. The number, positions, and intensities of peaks provide information 
about the chemical environment of the absorbing nuclei. 

Three types of nuclear interactions contribute to Mössbauer spectra: The 
isomer shift (or chemical shift, CS), the electric quadrupole splitting (QS) and the 
magnetic hyperfine splitting (or Zeeman splitting). CS is the shift of the peak 
minimum away from zero velocity and arises form the difference in s electron 
density between source and absorber. QS occurs by interaction of the nuclear 
quadrupole moment with the electric field gradient produced by the electronic 
environment of the Mössbauer nuclei, which leads to a splitting of the Mössbauer 
line into a quadrupole doublet. A magnetic hyperfine splitting takes only place 
when a magnetic field is present at the nucleus, which is usually the case in 
magnetically ordered Fe compounds. 

The combination of isomer shift and quadrupole splitting parameters is usually 
sufficient to identify the valence state and site occupancy of Fe. Fe3+ occurs 
primarily in 4- or 6-fold coordination with oxygen, while Fe2+ may be rarely 4- or 
5-fold coordinated, commonly 6-fold coordinated and occasionally 8-fold 
coordinated with oxygen (Dyar et al., 2006). As the Mössbauer parameters are 
often temperature dependent, the hyperfine splitting at cryogenic temperatures 
down to liquid helium temperature can be used to distinguish between 
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superparamagnetic Fe (oxy-hydr)oxides and paramagnetic silicate Fe-bound in 
silicates. 

The following description of single Mössbauer spectra features of Fe-bearing 
minerals is based on a personal communication in 2011 with F. Wagner, 
Technical University of Munich, who kindly performed the Mössbauer 
spectroscopy measurements of this study. 

Fe (oxy-hydr)oxides are practically all ordered already at RT (room 
temperature), exceptions being akaganeite, which orders at about 260 K, and 
lepidocrocite, which orders at about 75 K. However, when the particles become 
very small (below about 10 nm), they will consist of only a single magnetic 
domain and exhibit superparamagnetism at RT. This means that the 
magnetization of the particle as a whole flips so rapidly that Mössbauer 
spectroscopy sees only a time-averaged hyperfine field, which is zero. Upon 
cooling such specimens, the superparamagnetism becomes blocked and the 
magnetic splitting appears.  

Hematite is less prone to show superparamagnetism than goethite. Hematite 
in soils rarely seems to have particle sizes below 10 nm, which is about the limit 
for showing superparamagnetism at RT. So usually, hematite at RT has a 
magnetically split spectrum with a hyperfine field of about 51 T. 

Goethite with sizes of about 10 nm already exhibits superparamagnetism at 
RT and such goethites are quite frequent in soils. They exhibit a quadrupole 
doublet at RT that cannot be distinguished from that of Fe3+ in the clay mineral 
structure. Larger particle sizes yield magnetic patterns. Very well crystallized 
goethite exhibits sextets with rather narrow lines and a hyperfine field of about 37 
T at RT. Intermediate particle sizes yield rather broad spectra with smaller mean 
fields. They are often so strongly smeared out that only a very broad line with 
practically no sextet structure is visible. Fortunately, at 4.2 K all goethites exhibit 
a sextet with narrow lines and a hyperfine field of 49 to 50 T, while hematite at 
4.2 K has a field of 53 to 54 T. The hematite patterns at 4.2 K are well 
distinguishable from the goethite patterns. An additional broad magnetic sextet 
component that often appears in the 4.2 K spectra is attributed to slowly relaxing 
Fe3+ in clays. 

The essence of this is that hematite is usually already seen in the RT spectra, 
but to distinguish Fe3+ in goethite from the Fe3+ in the clay one needs to cool to 
4.2 K. 

Silicate-bound Fe in clays usually yields electric quadrupole doublets, which 
allow an easy distinction between Fe3+ and Fe2+. At RT, clay minerals never 
exhibit magnetic hyperfine splitting. At 4.2 K, the silicate-bound Fe sometimes 
orders magnetically, but this is rare and occurs only at very large Fe contents. 
For Fe contents of a few percent only, no magnetic ordering occurs even at 4.2 K. 
However, the paramagnetic relaxation processes of Fe3+ may become slow at 
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low temperatures. Then, magnetic sextet patterns for such Fe species are 
observable even though there is no magnetic order. Such paramagnetic sextets 
usually have rather broad lines and hyperfine fields well above 50 T, often up to 
55 T. The relaxation of the Fe may, however, also occur in an intermediate time 
range. In this case, neither a sextet nor a doublet is observable, but a very broad 
“background” component. In most cases, only part of Fe3+ exhibits slow 
relaxation. In this case, both a broad sextet and a doublet pattern at 4.2 K are 
observed. Fe2+ practically never exhibits slow paramagnetic relaxation, due to its 
strong spin-lattice relaxation. The spherical half-filled 3d shell of Fe3+ with zero 
orbital angular momentum does not exhibit spin-lattice relaxation and the spin-
spin relaxation becomes weak when the Fe is very dilute.  

Equipment 
Transmission spectrometer (Halder Electronics), circular Lucite (Plexiglass) holders with 
appropriate lids, spatula 

Chemicals 
none 

Brief description 
Absorber preparation: The Mössbauer absorbers were made from the respective particle 
size fractions without further chemical treatment. About 500 mg of the powder sample 
material were filled into flat circular Lucite™ (Plexiglass™) holders with appropriate lids. An 
absorber thickness of 200 mg/cm2 was used for all samples. This is a good compromise 
between the necessity to use thick absorbers to make up for the small Fe content of the 
specimens and the necessity to avoid excessive photoelectric attenuation of the 14.4 keV γ-
rays in the absorber (Rancourt et al., 1993). 
The Mössbauer spectra were taken with a standard transmission spectrometer (Halder 
Electronics) using a sinusoidal velocity waveform and a source of 57Co in a rhodium matrix. 
The γ-rays were detected with a krypton/CO2 proportional counter. Measurements at 4.2 K 
were performed in a liquid He bath cryostat with both the source and the absorber immersed 
into the liquid He. A detailed experimental and methodical description can be found in 
Wagner and Kyek (2004). The velocity range scanned was about 10 mm/s both at ambient 
temperature and at 4.2 K. The time required to obtain spectra of reasonably good statistical 
accuracy was between one and three days. 
Data evaluation: Mössbauer spectra of minerals frequently exhibit overlapping peaks. Thus, 
the particular fitting technique and model assumptions strongly influence the data 
interpretation. The Mössbauer spectra were least-squares fitted with appropriate 
superpositions of Lorentzian lines grouped into electric quadrupole doublets or magnetic 
sextet patterns. In some cases the magnetic patterns are considerably broadened. Such 
spectral components were fitted with patterns corresponding to a Gaussian distribution of 
magnetic hyperfine fields around an appropriate median value. 
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Error 
Regarding error analysis, the resolution of areas of doublets is quoted to one significant 
figure after the decimal. Errors of isomer shift and quadrupole splitting are usually ±0.02 
mm/s, and hyperfine fields are accurate to about 0.5 T. Mössbauer spectroscopy can 
generally detect features down to an intensity of roughly 1% of the total Fe. The technique is 
not suitable for samples containing less than about 0.1 wt% of Fe (Dyar et al., 2006), 
because at smaller Fe contents the counting times become excessively long.  

4.2.8 Microscopy 

Particle morphology was examined by means of light microscopy and 
Environmental Scanning Electron Microscopy (ESEM). 

With light microscopy the coarsest fraction of the ceramic clays were 
investigated to visualize particle morphology of large particles and agglomerates. 

ESEM is a variety of conventional Scanning Electron Microscopy (SEM) by 
operating in ‘wet’ mode, which means that it is not necessary to prepare 
conductive samples by sputtering them, e.g., with gold. Therefore, their original 
characteristics may be preserved. This feature turns ESEM very suitable for the 
investigation of moisture-sensitive samples like clay minerals. 

The working principle of ESEM is based on the use of water vapor as imaging 
gas. Water vapor is introduced to the specimen chamber. The primary electron 
beam penetrates the water vapor, scanning across the surface of the sample. 
Secondary electrons are generated, as in SEM, but they encounter water vapor 
molecules, which in turn produce secondary electrons themselves. Thus, the 
water vapor serves as a cascade amplifier, amplifying the original secondary 
electron signal from the sample. The amplified secondary electron signal is 
collected by a gaseous secondary electron detector (GSED). The intensity of the 
signal is converted into a brighter or darker portion of the image at a given point 
on the sample as the electron beam is scanning across it. 

Additionally, ESEM coupled with an energy-dispersive X-ray fluorescence 
spectrometer (EDS) permitts simultaneous morphological and elemental studies 
(Bassin, 1975). EDS detects the X-rays emitted from the specimen when hit by 
the electron beam. The physical principle of X-ray fluorescence has been 
described in Section 4.2.4. Standardless EDS provides a quick semi-quantitative 
estimate of elemental concentration. 

Further information can be found in textbooks, e.g. from Goldstein et al. (1992) 
or Goodhew et al. (2001). 

Equipment 
Optical microscope from Zeiss (Discovery V12), ESEM from Philips (XL 30 FEG) with EDX 
measurement unit, carbon foil-laminated sample holder, spatula, forceps 
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Brief description 
A small amount of the powdered sample was strewn on an adhesive carbon-foil laminated 
aluminum holder. 
The device was operated at an acceleration voltage of 15 kV and a chamber pressure of 1 
Torr. For energy dispersive X-ray (EDX) measurements, a liquid nitrogen cooled Sapphire 
Si(Li) detecting unit from EDAX was used. The EDX-spectra collection time was between 2 
and 10 minutes. 

Errors 
Misleading image interpretation due to image distortion at low magnifications (increased 
scan angle) (Goldstein et al., 1992). 
EDX measurements carried out in this study are only semi-quantitative, because of lacking 
characteristics required for quantitative analysis, such as plane sample surface and 
reference standards. 
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5 Comprehensive characterization of 
the paper kaolins 

5.1 Introduction 
The largest use of kaolin is in the production of paper. Annually, about 80% of 

high-grade kaolin is applied as coating or filler (Harvey and Lagaly, 2006). 
As paper filler, kaolin is added to the pulp to fill voids between the wood fibers 

to improve strength, appearance and printing characteristics of the paper. As 
paper coating, kaolin is applied to the surface of paper to ensure gloss, 
smoothness, brightness, opacity, and printability of the paper sheet (Bundy, 
1993). 

Both types of application require very rigid specifications regarding the 
brightness, which is mainly influenced by the mineralogical composition of the 
kaolins employed in the process (Prasad et al., 1991). Kaolins are polymineralic 
admixtures consisting commonly of kaolinite (occasionally including halloysite, as 
well as the polytypes dickite and nacrite), mica, illite, smectite, quartz, feldspar, 
Fe-bearing phases such as goethite, hematite, pyrite, Ti-bearing phases like 
anatase, rutile, ilmenite, and trace quantities of tourmaline, zircon, kyanite, and a 
few other heavy minerals (Murray, 2007).  

As reported in Chapter 1.3.3, naturally occuring kaolin is often associated with 
Fe and Ti impurities, which reduce brightness, leading to a decreased economic 
value and hinder its application (Ryu et al., 1995; Lee et al., 2002; Shelobolina et 
al., 2005). Currently available physical and chemical processes for kaolin 
beneficiation are considered energy- and cost-intensive, not sufficiently flexible, 
and pollutive (Mandal and Banerjee, 2004).  

As summarized in Chapter 1.3.5, alternative methods of Fe removal using 
metal-reducing microorganisms have yielded encouraging results for the 
refinement of clays. Zegeye et al. (2008) compared the efficiency of different 
Shewanella species for removing Fe from kaolins and found the greatest 
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extents of reduction employing Shewanella putrefaciens, able to increase the 
brightness from 76% to 80%. Shewanella putrefaciens was found to reduce both, 
Fe-oxides as well as silicate-bound Fe (Kostka et al., 1999b), which envisions 
this microorganism as an ideal candidate for the refinement of kaolins, known to 
contain both types of “Fe sources” (Jepson,1988). 

Aim of the following study is a detailed determination of the mineralogical 
phase content of three kaolins from the area of Hirschau-Schnaittenbach, 
Germany, in order to elucidate the effects of microbiological treatment with 
Shewanella putrefaciens on mineralogy as well as on Fe-distribution, as oxide-
bound Fe seems to affect the brightness of kaolins more adversely than silicate-
bound Fe (Möbius, 1977; Chandrasekhar and Raghavan, 2004). 

The sampling technique and sample preparation in terms of microbiological 
treatment are described in Section 3.1.2. A description of the analytical methods 
applied to the investigation of the paper kaolins as well as grain-size fractionation 
are reported in Chapter 4. 

5.2 Results 

5.2.1 Grain-size distribution and processing properties-related parameters 

The kaolin samples LA540, B4914, and B4915 as well as their 
microbiologically treated counterparts had very similar mineralogical water 
contents of about 1% when they arrived in the laboratory from the processing 
plant. 

The following grain-size fractions were gathered from the respective kaolin 
samples, each before and after the microbiological treatment with Shewanella 
putrefaciens: >20 µm, 2-20 µm, 0.6-2 µm, 0.2-0.6 µm, and <0.2 µm. 

Grain-size fractionation was carried out according to the pipette method 
described in Section 4.2.2 without adding any dispergent agent, as phosphate 
species – usually employed for dispersion – are known to promote the 
microbiological activity (Liu et al., 1982) and to extract Fe from moderately 
crystallized goethite (Bascomb, 1968; Beckett, 1989). 

Figure 5.1a-c compares the grain-size distributions of the three kaolin samples 
before and after the microbiological treatment. For sample B4915, a 
supplementary processing step was monitored (B4915 K), which consisted of 
adding the growing medium without the microorganism in order to test its 
influence on removal efficiency. 

In the following, results are presented comparing the grain-size distribution of 
each sample with the respective microbiologically treated counterpart. Then, the 
grain-size characteristics of each sample are compared to the untreated as well 
as treated state. 
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Figure 5.1a illustrates that the grain-size distributions of LA540 and LA540 MO 
were characterized by sizes of generally <20 µm. Both samples had a 
distribution maximum in the fraction 2-20 µm with about half of the total mass. 
With decreasing grain-size fraction, both samples showed a stepwise reduction 
of the respective fraction masses, but with different distributions. 
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Figure 5.1a: Grain-size distribution of kaolin sample LA540 before (light grey columns) and 
after treatment with Shewanella putrefaciens (LA540 MO, black columns). 

The mass distribution of the clay fractions 0.2-0.6 µm and <0.2 µm of LA540 
were very similar with 9% and 7%, respectively, whereas LA540 MO yielded a 
mass enrichment for the fraction 0.2-0.6 µm to 15%, under strong reduction of 
the smallest fraction <0.2 µm to merely 2%. 

As depicted in Figure 5.1b, the grain-size distributions of samples B4914 and 
B4914 MO strongly differed from each other. The untreated sample B4914 
showed a nearly uniform distribution of the grain fractions >20 µm, 2-20 µm, and 
0.6-2 µm of about 30%. The mass of the clay fractions <2 µm was 41%. 
Compared to sample B4914 MO, which had a mass of 55% for the clay fractions, 
it can be seen that the microbiological treatment resulted in a shift toward finer 
fractions. Both samples showed small amounts below 2% for the respective <0.2 
µm fractions.  

Figure 5.1c illustrates that differences between the untreated sample B4915 
and the treated samples B4915 K and B4915 MO were observed mainly for the 
grain-size distribution of the fractions >2 µm. At 22%, B4915 showed a greater 
mass content in the coarsest >20 µm fraction compared to 3% and 6%, 
respectively, for the treated counterparts, which had a maximum in the 2-20 µm 
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Figure 5.1b: Grain-size distribution of kaolin sample B4914 before (light grey columns) and 
after treatment with Shewanella putrefaciens (B4914 MO, black columns). 
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Figure 5.1c: Grain-size distribution of kaolin sample B4915 before (light grey columns), after 
addition of the growing medium without microorganisms (B4915 K, dark grey columns), and 
after treatment with Shewanella putrefaciens (B4915 MO, black columns). 
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fraction of about 45%. The distribution of sample B4915 was distended over 
the middle and fine silt fraction (2-20 µm), and the coarsest clay fraction (0.6-2 
µm), whereas the treated samples showed a mass decrease for these fractions. 
Regarding the coarsest clay fraction, B4915 and B4915 MO had nearly identical 
values of about 35%. For the clay fractions <0.6 µm, all tested samples showed 
a similar grain-size distribution, with a slight increase from 10% to 13% for the 
microbially treated sample B4915 MO. 

The comparison of all untreated kaolin samples revealed differences in grain-
size distribution concerning the sum of the respective clay fractions (<2 µm), 
which increased in the order B4914 < B4915 < LA540. Thus at 51%, sample 
LA540 showed the greatest proportion of clay fraction, followed by B4915 (45%) 
and B4914 (42%). For all kaolin samples, the largest clay content was observed 
in the coarsest clay fraction (0.6-2 µm). The most evident difference noted 
between the untreated samples was for the coarsest fraction >20 µm, which had 
large masses for B4914 and B4915, but was almost absent in the case of LA540. 

Comparing the changes in grain-size distribution caused by microbiological 
treatment, one can see that mass shifts toward finer fractions were most 
pronounced for sample B4914, followed by B4915. Sample LA540 seemed to be 
relatively unaffected by the microbiological treatment in this respect. 

pH and electrical conductivity σ were recorded before and after the 
microbiological treatment for three replicates (Table 5.1). For all tested samples, 
the standard deviation was s<0.1 for the pH and s<0.5 for the electrical 
conductivity. The blank values of pH and σ of the deionized water were 6.9 
(s=0.1) and 0.5 µS/cm (s=0.2 µS/cm), respectively, determined from 10 
replicates. 

Table 5.1: pH and electrical conductivity σ of the kaolin samples. 

Sample pH σ 
  [µS/cm] 
LA540  7.2 6.5 
LA540 MO 7.4 47.8 

   B4914 7.5 3.5 
B4914 MO 6.8 58.9 

   B4915 7.0 7.3 
B4915 MO 7.0 58.1 
B4915 K 6.9 56.6 

 
All samples had pH values at about circumneutral. The influence of treatment 

on pH seemed to be non-systematic as sample LA540 showed a slight increase 
in pH after the microbiological treatment, whereas for sample B4914 the pH 
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decreased from 7.5 to 6.8. In the case of sample B4915, the pH remained nearly 
constant after the various treatment steps. 

Regarding the electrical conductivity, an increase was observed for all 
samples after the treatment. B4914 showed the strongest increase from 3.5 to 
58.9 µS/cm. 

The brightness of the kaolins was measured before and after 140 h of 
bioleaching. Table 5.2 and Figure 5.2 show that all kaolins responded to the 
treatment by increased brightness values, but the extent of bioleaching was 
different for the various bulk materials. 

Sample B4915, which had the lowest brightness before the treatment, was 
characterized by a distinct increase in brightness, both for the bacteria-free 
control sample B4915 K with an increase of 2.7% as well as for the microbially 
treated sample B4915 MO with an increase of 8.7%. Regarding the Fe2O3 
contents, it can be seen that only a slight decrease of 0.13% occurred after 
microbial refinement. 

Table 5.2: Brightness R457 and Fe2O3 content obtained from XRF analysis of the bulk 
samples before and after the treatment with Shewanella putrefaciens. 

Sample Brightness R457 Fe2O3 

 [%] [%] 
LA540  68.2 1.46 
LA540 MO 72.1 1.05 

   B4914 76.5 0.78 
B4914 MO 79.2 0.75 

   B4915 67.9 0.95 
B4915 MO 76.6 0.82 
B4915 K 70.6 0.82 

 
The strongest decrease of the Fe2O3 content with 0.41% was noted for the 

sample with the greatest initial value (LA540), which was accompanied by an 
increase of brightness of 3.9% after bioleaching. 

Among the tested samples, B4914, which was characterized by the smallest 
Fe2O3 content (0.78%) and a slight decrease of 0.03% after bioleaching, showed 
the smallest increase in brightness (2.7%). 

Additionally, the brightness of each grain-size fraction of sample LA540 prior 
to bioleaching was measured, in order to detect changes in brightness with 
mineralogical composition, as the amount of clay minerals was assumed to 
increase with decreasing particle size. This analysis was exclusively done for 
kaolin sample LA540, due to the time-consuming fractionation procedure 
required for about 1 kg of the bulk material. Such a great amount was employed 
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to obtain at least 10 g of each fraction, which were required for the duly 
measurement of brightness. 

 

 

Figure 5.2: Correlation between brightness and Fe2O3 content before and after the leaching 
experiment with Shewanella putrefaciens of the bulk kaolin samples LA540, B4914, B4915 
(bold lines), and the control sample B4915 K (dashed line). 

Table 5.3 summarizes the brightness values and Fe2O3 contents for the bulk 
material of sample LA540 and the grain-size fractions. The correlations between 
the respective parameters are represented by Figure 5.3. 

Table 5.3: Brightness R457 and Fe2O3 content of sample LA540 and of the grain-size 
fractions. 

LA540 Brightness R457 Fe2O3 

 [%] [%] 
bulk 68.2 1.46 
>20 µm 63.6 2.09 
2-20 µm 78.0 0.48 
0.6-2 µm 74.1 1.19 
0.2-0.6 µm 42.1 3.94 
<0.2 µm 36.0 4.27 

 
Figure 5.3a illustrates the presence of a close (R2=0.99) negative linear 

correlation between Fe2O3 content and brightness within the sample set. With 
the exception of the >20 µm, the brightness decreased with decreasing grain-
size fraction, but without any discernable regression type (Figure 5.3b). 
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Figure 5.3: Bulk sample and grain-size fractions of kaolin LA540 (a) correlation between 
Fe2O3 content and brightness and (b) correlation with brightness. 

 

5.2.2 X-ray techniques 

All kaolin samples as well as their respective grain-size fractions were 
investigated by means of XRD and XRF in order to quantify the mineralogical 
and chemical composition. After phase identification according to their peak 
positions, the phase content of each sample was determined applying Rietveld 
analysis. Afterwards, the results were crosschecked with the results from XRF 
analysis, converting the phase content to element oxides and comparing them to 
the results from XRF analysis. 

Regarding the chemical composition (Table 5.4), discernable differences 
between bulk materials were found. Sample LA540 was characterized by a 
higher SiO2 (≈ 59%) and smaller Al2O3 concentration (≈ 35%) compared to the 
samples B4914 and B4915, which both showed contents of about 55% SiO2 and 
41% Al2O3, respectively. These differences were also reflected by the 
microbiologically treated bulk samples. 
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Table 5.4a: Chemical composition of the kaolin samples LA540 and LA540 MO and their respective grain-size fractions. Values were normalized 
for loss on ignition (LOI). 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 LOI 
 [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
LA540 bulk 58.83 34.65 1.46 0.71 0.19 0.08 3.05 0.70 0.34 11.20 
LA540 >20 µm 57.32 33.03 2.09 0.90 0.19 0.03 5.24 0.72 0.48 11.86 
LA540 2-20 µm 59.57 36.90 0.48 0.16 0.06 0.06 2.32 0.48 0.07 10.92 
LA540 0.6-2 µm 59.57 34.50 1.19 0.52 0.19 0.06 2.37 0.92 0.69 10.82 
LA540 0.2-0.6 µm 55.31 30.08 3.94 1.91 0.56 0.00 6.33 1.46 0.40 10.67 
LA540 <0.2 µm 57.63 27.64 4.27 2.36 0.84 0.55 6.27 0.31 0.14 11.98 
           LA540 MO bulk 59.42 34.72 1.05 0.35 0.11 0.00 2.87 0.52 0.96 10.98 
LA540 MO >20 µm 57.50 32.30 2.28 1.08 0.22 0.01 5.29 0.70 0.62 13.07 
LA540 MO 2-20 µm 59.29 35.81 0.58 0.07 0.07 0.00 2.86 0.40 0.91 10.44 
LA540 MO 0.6-2 µm 60.26 34.82 0.97 0.28 0.12 0.00 2.14 0.54 0.86 10.86 
LA540 MO 0.2-0.6 µm 55.12 30.01 3.52 2.23 0.95 0.18 6.25 1.37 0.37 10.61 
LA540 MO <0.2 µm 56.82 27.50 3.94 2.82 1.16 0.93 6.43 0.29 0.11 13.22 
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Table 5.4b: Chemical composition of the kaolin samples B4914 and B4914 MO and their respective grain-size fractions. Values were normalized 
for loss on ignition (LOI). 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 LOI 
 [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
B4914 bulk 54.67 41.34 0.78 0.17 0.13 0.00 2.22 0.47 0.21 12.34 
B4914 >20 µm 54.68 42.44 0.56 0.00 0.08 0.00 1.65 0.43 0.16 12.89 
B4914 2-20 µm 56.11 40.08 0.61 0.07 0.09 0.00 2.66 0.27 0.10 11.88 
B4914 0.6-2 µm 53.49 42.42 0.90 0.24 0.15 0.00 1.91 0.58 0.32 13.14 
B4914 0.2-0.6 µm 53.72 39.91 1.33 0.55 0.19 0.00 3.22 0.80 0.27 12.79 
B4914 <0.2 µm 52.30 40.38 1.92 0.68 0.35 0.23 3.26 0.67 0.21 14.28 
           B4914 MO bulk 54.64 41.32 0.75 0.25 0.08 0.00 2.23 0.47 0.25 12.95 
B4914 MO >20 µm 54.94 42.10 0.53 0.00 0.07 0.00 1.72 0.44 0.20 11.94 
B4914 MO 2-20 µm 55.99 40.15 0.56 0.05 0.05 0.00 2.56 0.48 0.17 11.89 
B4914 MO 0.6-2 µm 53.68 43.18 0.74 0.18 0.07 0.00 1.52 0.40 0.23 13.43 
B4914 MO 0.2-0.6 µm 53.49 41.31 1.15 0.51 0.12 0.00 2.49 0.56 0.37 14.48 
B4914 MO <0.2 µm 52.84 39.92 1.22 0.60 0.58 1.17 2.85 0.53 0.29 27.42 
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Table 5.4c: Chemical composition of the kaolin samples B4915, B4915 MO and B4915 K and their respective grain-size fractions. Values were 
normalized for loss on ignition (LOI). 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 LOI 
 [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
B4915 bulk 54.60 40.99 0.95 0.31 0.11 0.07 2.33 0.49 0.15 12.04 
B4915 >20 µm 54.91 42.16 0.61 0.00 0.08 0.00 1.73 0.42 0.08 12.66 
B4915 2-20 µm 56.12 40.14 0.64 0.06 0.09 0.00 2.58 0.29 0.07 11.97 
B4915 0.6-2 µm 53.50 42.13 1.05 0.26 0.15 0.00 2.00 0.58 0.32 12.92 
B4915 0.2-0.6 µm 53.62 40.83 1.24 0.35 0.18 0.00 2.53 0.98 0.26 13.04 
B4915 <0.2 µm 53.65 36.75 2.01 0.95 0.63 0.67 4.46 0.69 0.20 13.97 
           B4915 MO bulk 54.75 40.91 0.82 0.32 0.08 0.08 2.37 0.48 0.19 13.06 
B4915 MO >20 µm 55.85 38.55 0.97 0.22 0.08 0.00 3.39 0.70 0.23 13.28 
B4915 MO 2-20 µm 55.97 40.24 0.65 0.06 0.06 0.00 2.52 0.41 0.08 11.93 
B4915 MO 0.6-2 µm 53.63 42.51 0.94 0.23 0.10 0.00 1.85 0.47 0.26 13.07 
B4915 MO 0.2-0.6 µm 53.51 41.77 1.16 0.33 0.13 0.00 2.17 0.55 0.35 13.69 
B4915 MO <0.2 µm 52.43 38.91 1.51 0.67 0.43 1.00 3.49 0.78 0.74 18.51 
           B4915 K bulk 54.67 41.03 0.82 0.32 0.07 0.07 2.38 0.49 0.15 12.26 
B4915 K >20 µm 56.68 39.01 0.59 0.01 0.07 0.00 3.10 0.45 0.08 12.18 
B4915 K 2-20 µm 55.85 40.57 0.63 0.04 0.06 0.00 2.37 0.38 0.08 12.06 
B4915 K 0.6-2 µm 53.60 42.35 1.01 0.23 0.10 0.00 1.87 0.55 0.27 12.92 
B4915 K 0.2-0.6 µm 53.67 40.48 1.40 0.47 0.14 0.00 2.82 0.77 0.23 13.07 
B4915 K <0.2 µm 53.32 38.12 1.53 0.71 0.36 1.22 4.08 0.46 0.17 15.36 
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Concerning the dyeing element oxides, LA540 showed the greatest Fe2O3 
content (1.46%), whereas B4914 and B4915 both had smaller contents of about 
0.8%. The microbiological treatment led to a decrease of the bulk materials’ 
Fe2O3 content, pronounced for sample LA540 and negligible for B4914 and 
B4915. A tendency of an increasing Fe2O3 content with decreasing grain-size 
fraction has been observed, which was analogous for the treated samples. The 
TiO2 content was also greatest for sample LA540. The other two kaolin samples 
had equal TiO2 amounts of about 0.5%. With microbiological treatment, the 
amount of TiO2 decreases slightly within all fractions. For sample B4914, a slight 
decrease was identified only for the clay fractions. For the respective bulk 
samples of B4915, the TiO2 content remained nearly constant during the different 
treatment steps. Throughout the various grain-size fractions, the TiO2 content 
varied slightly without any apparent tendency. 

Regarding the amounts of MgO, CaO and Na2O, an increase toward finer 
fractions was noted for all kaolins, which became even more pronounced by the 
microbiological treatment. The bulk material as well as the grain-size fractions of 
LA540 and LA540 MO showed distinctly greater MgO contents compared to 
B4914 and B4915 and their treated analogs. 

Within all fractionated kaolin samples, the K2O content follows a bimodal 
distribution, having its maxima mostly in the fractions >2 µm and <0.6 µm. 

After microbiological treatment, B4914 and B4915 were characterized by 
decreased K2O values within the clay fractions, whereas the all in all greatest 
K2O contents of sample LA540 slightly increased within the finest clay fraction. 

For all kaolin samples, the loss on ignition (LOI) had the largest values for the 
finest clay fraction <0.2 µm, with markedly higher values for the treated 
counterparts. 

XRD analysis revealed the mineralogical composition of the kaolins. For all 
samples kaolinite, illite, muscovite, orthoclase/microcline, quartz, rutile/anatase, 
and crandallite have been identified. The presence of I-S mixed layer minerals 
was separately determined by ODPF from oriented samples (see below). As 
orthoclase and microcline as well as rutile and anatase could not be attributed 
unequivocally according to their peak positions, they were summarized as K-
feldspar and Ti oxides, respectively. 

Then, the quantitative phase content of the bulk materials as well as their 
grain-size fractions were determined with Rietveld analysis before and after the 
microbiological treatment. 

The results gathered by Rietveld analysis were crosschecked with the 
chemical composition from XRF analysis. Structural formulae and chemical 
composition used for the conversion of the mineralogical phase content to 
element oxides are listed in Table 5.5. 



5.2   Results 

93 

Table 5.5: Structural formulae and chemical composition of the mineralogical phases applied to the crosscheck of XRD and XRF data. 

Phase Chemical composition [%] 
Structural formula SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 

          Kaolinite 
Al2Si2O5(OH)4 

54.10 45.90        

          Muscovite 
KAl2Si3AlO10(OH,F)2 

47.40 40.22     12.38   

          Illite * 
 

50.90 35.76 1.06 1.07   11.22   

          K-feldspar 
KAlSi3O8 

64.70 18.40     16.90   

          Quartz 
SiO2 

100.00         

          Ti oxides 
TiO2 

       100.00  

          Crandallite 
CaAl3(PO4)3∙(H2O) 

 43.58   15.98    40.44 

          All structural formulae taken from Downs and Hall-Wallace (2003), except * illite K0.89(Si3.20Al0.80)(Al1.85Fe0.05Mg0.10)[O10(OH)2] taken from 
Środoń et al. (1992). 
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The deviations resulting from this procedure were then minimized by lowering 
or raising the amounts of those phases suspected to cause differences between 
Rietveld analysis and XRF measurements. In an iterative process, the adapted 
phase content of each sample was again crosschecked with the chemical 
composition until a minimum deviation was reached. Tables 9.2 a-g in the 
Appendix compare the deviations resulting from the XRD-XRF crosscheck with 
those obtained after the iteration (XRD-XRF adapted). A negative deviation 
denotes overestimation; a positive deviation denotes underestimation of the 
respective results from Rietveld analysis referred to the element oxide contents 
gathered from XRF measurements. 

The modifications made throughout the various iteration steps were based on 
the following considerations: 

- With decreasing grain-size fraction, the clay mineral content should, in 
principal, increase, with the consequence that deviations for K2O in the silt 
fractions were preferentially ascribed to K-feldspar (orthoclase, microcline) 
or, for the clay fractions (<2 µm), to illite. 

- Furthermore, positive deviations for K2O were tried to be corrected by 
adding the muscovite content to those of illite, which led also to more 
reasonable Al2O3 values, consistently overestimated by Rietveld analysis. 

- Negative Al2O3 deviations were compensated by decreasing the kaolinite 
content. 

- Deviations for SiO2 were buffered adjusting the quartz content. 
- The total amount of TiO2 was assigned to Ti-bearing phases. 
- The total amount of P2O5 was accounted for by crandallite. 
- As Fe phases could not be detected by Rietveld analysis due to small 

Fe2O3 quantities and distribution diversity as Fe (oxy-hydr)oxides and 
silicate-bound Fe, the positive deviations of Fe2O3 remaining after the 
XRD-XRF crosscheck were attributed to Fe phases. 

In order to prove consistency of the modifications made, the amount of clay 
minerals of the adapted phase contents was then crosschecked with the results 
from STA measurements (mass loss during dehydroxylation reaction) according 
to the method described in Section 4.2.5. The results of this crosscheck are 
reported in Section 5.2.3 (Table 5.8). 

Table 5.6 compares the quantification results from Rietveld analysis with the 
results obtained after the XRD-XRF crosscheck. 

Independent of the quantification method and treatment, some general 
tendencies became evident. All bulk samples contained large amounts of 
kaolinite, which exceeded 80% for samples B4914 and B4915, but was notably 
smaller for sample LA540 (>63%). Nearly all samples showed the largest 
kaolinite amount in the fractions >2 µm. Within the clay size fractions (<2 µm), 
the kaolinite content decreased with decreasing grain size, whereas the illite
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Table 5.6a: Phase content of the kaolin sample LA540 and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after the 
crosscheck with the results from chemical composition (XRD-XRF adapted). 

LA540 Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 67 66 77 65 68 59 
 XRD-XRF adapted 65 57 73 63 30 17 
        Illite Rietveld 13 8 7 14 14 16 
 XRD-XRF adapted 9 4 5 11 37 58 
        K-Feldspar Rietveld 9 18 7 5 10 17 
 XRD-XRF adapted 11 27 10 5 14 0 
        Quartz Rietveld 11 8 9 5 6 6 
 XRD-XRF adapted 12 8 11 17 13 21 
        Ti oxides Rietveld 0 0 0 1 2 1 
 XRD-XRF adapted 1 1 1 1 1 0 
        Crandallite Rietveld 0 0 0 0 0 1 
 XRD-XRF adapted 1 1 0 2 1 0 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 2 2 0 1 4 4 

n.d.: not determinable with the respective method 
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Table 5.6b: Phase content of the kaolin sample LA540 MO and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after 
the crosscheck with the results from chemical composition (XRD-XRF adapted). 

LA540 MO Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 67 79 76 65 60 34 
 XRD-XRF adapted 63 51 67 62 21 32 
        Illite Rietveld 15 12 7 15 29 44 
 XRD-XRF adapted 9 15 9 12 57 49 
        K-Feldspar Rietveld 6 4 4 4 4 10 
 XRD-XRF adapted 10 21 12 5 0 5 
        Quartz Rietveld 12 4 12 16 6 11 
 XRD-XRF adapted 14 9 11 18 16 11 
        Ti oxides Rietveld 0 1 1 0 1 1 
 XRD-XRF adapted 1 1 0 1 1 0 
        Crandallite Rietveld 0 0 0 0 0 0 
 XRD-XRF adapted 2 1 1 2 1 0 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 1 2 0 1 3 3 

n.d.: not determinable with the respective method 
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Table 5.6c: Phase content of the kaolin sample B4914 and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after the 
crosscheck with the results from chemical composition (XRD-XRF adapted). 

B4914 Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 86 89 82 78 70 69 
 XRD-XRF adapted 80 86 75 79 66 68 
        Illite Rietveld 7 4 9 15 23 26 
 XRD-XRF adapted 8 5 10 14 25 29 
        K-Feldspar Rietveld 5 5 6 3 3 3 
 XRD-XRF adapted 7 7 9 2 3 0 
        Quartz Rietveld 2 2 3 2 3 2 
 XRD-XRF adapted 3 2 5 2 4 0 
        Ti oxides Rietveld 0 0 0 1 1 0 
 XRD-XRF adapted 0 0 0 1 1 1 
        Crandallite Rietveld 0 0 0 1 1 0 
 XRD-XRF adapted 1 0 0 1 1 0 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 1 1 1 1 1 2 

n.d.: not determinable with the respective method 
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Table 5.6d: Phase content of the kaolin sample B4914 MO and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after 
the crosscheck with the results from chemical composition (XRD-XRF adapted). 

B4914 MO Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 80 76 89 88 77 73 
 XRD-XRF adapted 80 82 76 85 74 69 
        Illite Rietveld 13 9 6 8 17 23 
 XRD-XRF adapted 9 9 8 10 18 26 
        K-Feldspar Rietveld 5 10 3 2 3 3 
 XRD-XRF adapted 7 4 9 2 3 0 
        Quartz Rietveld 1 3 2 1 2 1 
 XRD-XRF adapted 3 3 5 2 3 3 
        Ti oxides Rietveld 0 1 0 1 0 0 
 XRD-XRF adapted 0 1 0 0 1 1 
        Crandallite Rietveld 1 1 0 0 1 0 
 XRD-XRF adapted 1 1 0 1 0 1 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 1 0 1 1 1 1 

n.d.: not determinable with the respective method 
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Table 5.6e: Phase content of the kaolin sample B4915 and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after the 
crosscheck with the results from chemical composition (XRD-XRF adapted). 

B4915 Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 81 90 83 76 76 77 
 XRD-XRF adapted 77 84 76 78 73 55 
        Illite Rietveld 12 4 7 16 18 16 
 XRD-XRF adapted 14 7 9 16 19 37 
        K-Feldspar Rietveld 5 4 6 4 3 3 
 XRD-XRF adapted 5 6 9 1 2 4 
        Quartz Rietveld 2 2 4 2 1 4 
 XRD-XRF adapted 4 2 5 3 3 3 
        Ti oxides Rietveld 0 0 0 1 1 0 
 XRD-XRF adapted 0 0 0 1 1 0 
        Crandallite Rietveld 0 0 0 1 1 0 
 XRD-XRF adapted 0 0 0 1 1 0 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 1 1 1 1 1 1 

n.d.: not determinable with the respective method 
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Table 5.6f: Phase content of the kaolin sample B4915 MO and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after 
the crosscheck with the results from chemical composition (XRD-XRF adapted). 

B4915 MO Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 83 75 84 86 83 77 
 XRD-XRF adapted 77 68 77 81 77 62 
        Illite Rietveld 10 12 7 11 7 16 
 XRD-XRF adapted 12 14 8 13 16 27 
        K-Feldspar Rietveld 5 8 6 2 6 3 
 XRD-XRF adapted 6 11 9 2 2 3 
        Quartz Rietveld 2 4 3 1 3 3 
 XRD-XRF adapted 4 5 4 2 2 4 
        Ti oxides Rietveld 0 1 0 0 0 0 
 XRD-XRF adapted 0 1 0 0 1 1 
        Crandallite Rietveld 0 0 0 0 1 1 
 XRD-XRF adapted 0 1 0 1 1 2 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 1 1 1 1 1 1 

n.d.: not determinable with the respective method 
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Table 5.6g: Phase content of the kaolin sample B4915 K and of the grain-size fractions determined by Rietveld analysis (Rietveld) and after the 
crosscheck with the results from chemical composition (XRD-XRF adapted). 

B4915 K Quantification bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 method [%] [%] [%] [%] [%] [%] 
Kaolinite Rietveld 81 82 85 81 70 85 
 XRD-XRF adapted 77 73 78 80 69 58 
        Illite Rietveld 12 6 7 12 24 11 
 XRD-XRF adapted 13 8 8 12 24 33 
        K-Feldspar Rietveld 5 8 5 4 4 3 
 XRD-XRF adapted 6 13 9 3 1 3 
        Quartz Rietveld 2 4 3 2 1 1 
 XRD-XRF adapted 3 5 4 2 4 5 
        Ti oxides Rietveld 0 0 0 0 0 0 
 XRD-XRF adapted 0 0 0 1 1 0 
        Crandallite Rietveld 0 0 0 1 1 0 
 XRD-XRF adapted 0 0 0 1 1 0 
        Fe phases Rietveld n.d. n.d. n.d. n.d. n.d. n.d. 
 XRD-XRF adapted 1 1 1 1 1 1 

n.d.: not determinable with the respective method 
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content continuously increased with decreasing grain size throughout all fractions. 
Comparing the results for quantification of kaolinite obtained by Rietveld 

analysis with those of the crosscheck (XRD-XRF adapted), the latter values were 
smaller, in particular for the clay size fractions, whereas the crosschecked illite 
contents exceeded the results from Rietveld analysis for the clay size fractions. 

The overall smaller clay contents (sum of kaolinite and illite) of the adapted 
quantification from the XRD-XRF crosscheck were balanced by greater K-
feldspar and quartz contents. Thus, reversed deviations between quantification 
results from Rietveld analysis and XRD-XRF crosscheck were noted for K-
feldspar and quartz. For the bulk material as well as the silt fractions, nearly all 
kaolinites showed higher K-feldspar and quartz contents after the crosscheck. 
Regarding the clay fractions, the respective K-feldspar contents were below the 
results from Rietveld analysis, whereas the quartz contents gathered from XRD-
XRF crosscheck were mostly higher. 

The contents of Ti oxide and crandallite varied generally between 0% and 1%. 
Slight variations between the tested kaolins obtained from XRF analyses 
disappeared owing to rounding. Thus, quantitative XRD analyses did not resolve 
sufficiently the Ti oxide and crandallite contents in order to deduce correlations 
referred to grain-size distribution. 

For reasons mentioned above, Rietveld analysis yielded no results for the 
abundance of Fe phases in terms of Fe (oxy-hydr)oxides. Therefore, their 
contents were derived from the XRD-XRF crosscheck. After microbiological 
treatment, decreasing Fe contents were observed only for sample LA540, 
whereas the Fe2O3-poorer samples B4914 and B4915 had values of 1%, both 
before and after treatment. 

In order to detect the presence of swellable components, XRD patterns of EG-
solvated oriented samples of all clay fractions were recorded and compared with 
the respective air-dried (AD) and heat-treated samples (375 °C). Figure 5.4 
shows the XRD patterns of the various clay fractions of sample LA540. The XRD 
patterns for the coarsest clay fraction (0.6-2 µm) exhibited strong reflections at 
7.14 Å and 3.57 Å from kaolinite, and a non-rational series of basal reflections 
with d(001) at about 10 Å. These values varied slightly from a rational series for 
illite and are diagnostic for I-S mixed-layered species. 
After EG solvation, changes in the diffraction patterns of all samples were 
observed that were less pronounced for the samples of the coarsest clay fraction 
and well pronounced for the clay fractions <0.6 µm. Peak shift in the region 
between 7 and 8° 2θ and broadening of the peak at 17.7° 2θ indicated the 
presence of a smectitic component. The identification of I-S mixed-layered 
species was confirmed by the heat-treated samples, whose whose XRD patterns 
resembled a physical mixture of a pure illite and kaolinite. 
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Figure 5.4: XRD patterns of sample LA540 from oriented preparation of the grain sizes (a) 
0.6-2 µm, (b) 0.2-0.6 µm, (c) <0.2 µm, in the air-dried state (AD), after EG-solvation (EG) and 
heat-treatment (375 °C). 
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Furthermore, a shift of the relative intensities was observed with decreasing 
grain-size fraction. The intensity of the illite and I-S mixed-layers reflections 
increased, whereas the intensities of the kaolinite peaks strongly decreased. 

Regarding phase identification, the clay samples of the microbiologically 
treated analogue LA540 MO showed identical features. However, the relative 
peak intensities did not change with decreasing grain size as observed for the 
clay samples of LA540. The XRD patterns of the respective EG-solvated 
samples of all kaolins are shown in Figures 5.5-5.7. 

The clay fractions of the kaolinite samples B4914 and B4915 as well as their 
treated counterparts were characterized by nearly identical peak positions, 
displaying the presence of kaolinite and illite. Under EG-solvation, the samples 
demonstrated only slight peak shifts (<0.2 Å) and broadening events (<1 Å). The 
relative peak intensities of kaolinite and illite (plus eventual I-S mixed-layered 
species) barely did not change thoughout the various grain-size fractions. 

In order to identify the mixed-layer phases and to quantify the phase content 
of the clay fractions, one-dimensional XRD pattern fitting (ODPF) was carried out. 
The experimental and the calculated XRD patterns are shown in Figures 5.5-5.7. 
Several I-S mixed-layer structure models were tested to simulate the 
experimental XRD patterns. A good coincidence of positions, intensities, and 
profiles was achieved for all kaolin samples with an I-S model, in which smectite 
and illite layers are interstratified with some tendency to segregation. 

For samples LA540 and LA540 MO, the best fits were achieved by a physical 
mixture of discrete illite and R1 I(0.80)/S in addition to kaolinite, whereas B4914 
and B4915 as well as their treated counterparts were successfully described by 
the same physical mixture, but with a lower smectitic component portion in the 
mixed-layer (R3 I(0.9)/S). 

The accuracy of the fitting procedure was demonstrated by the satisfactory 
agreement between the experimental and calculated patterns, resulting in Rp 
values <10%.  

Disagreement between experimental and calculated profiles was observed for 
the low-angle part, probably because of the influence of instrumental factors and 
particularly of Lorentz-polarization effects (Sakharov et al., 1999). This low-angle 
range was therefore excluded prior to the fitting procedure. 

Table 5.7 illustrates that the quantification results gathered with ODPF 
reflected numerically the observations made of the comparison of XRD patterns 
from oriented sample preparations. With decreasing grain-size fraction, a strong 
decrease of kaolinite and an increase of I-S were detected for the clay samples 
of LA540 and LA540 MO. A decreasing illite content was also observed for
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Figure 5.5: One-dimensional XRD pattern fitting for clay fractions from sample LA540. Experimental (solid line) and simulated (dashed line) 
XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (a) 0.6-2 µm, (b) 0.2-0.6 µm, (c) <0.2 µm. The shaded 
areas were excluded from the fit. 
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Continuation of Figure 5.5: One-dimensional XRD pattern fitting from clay fractions of sample LA540 MO. Experimental (solid line) and 
simulated (dashed line) XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (d) 0.6-2 µm, (e) 0.2-0.6 µm, (f) 
<0.2 µm. The shaded areas were excluded from the fit. 
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Figure 5.6: One-dimensional XRD pattern fitting for clay fractions from sample B4914. Experimental (solid line) and simulated (dashed line) 
XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (a) 0.6-2 µm, (b) 0.2-0.6 µm, (c) <0.2 µm. The shaded 
areas were excluded from the fit. 
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Continuation of Figure 5.6: One-dimensional XRD pattern fitting for clay fractions from sample B4914 MO. Experimental (solid line) and 
simulated (dashed line) XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (d) 0.6-2 µm, (e) 0.2-0.6 µm, (f) 
<0.2 µm. The shaded areas were excluded from the fit. 
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Figure 5.7: One-dimensional XRD pattern fitting for clay fractions from sample B4915. Experimental (solid line) and simulated (dashed line) 
XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (a) 0.6-2 µm, (b) 0.2-0.6 µm, (c) <0.2 µm. The shaded 
areas were excluded from the fit. 
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Continuation of Figure 5.7: One-dimensional XRD pattern fitting for clay fractions from sample B4915 MO. Experimental (solid line) and 
simulated (dashed line) XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (d) 0.6-2 µm, (e) 0.2-0.6 µm, (f) 
<0.2 µm. The shaded areas were excluded from the fit. 
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Continuation of Figure 5.7: One-dimensional XRD pattern fitting for clay fractions from sample B4915 K. Experimental (solid line) and 
simulated (dashed line) XRD patterns of the Ca-saturated, EG-sovated oriented samples of the size fractions (g) 0.6-2 µm, (h) 0.2-0.6 µm, (i) 
<0.2 µm. The shaded areas were excluded from the fit. 
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Table 5.7a: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample LA540. Wa: portion of the component 
that appears at first in the mixed-layer mineral. 

LA540 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 64 11 12 
I-S 4 72 82 
   -Reichweite R1 R1 R1 
   -Wa 0.80 0.80 0.80 
Illite 32 17 6 

 

Table 5.7b: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample LA540 MO. Wa: portion of the 
component that appears at first in the mixed-layer mineral. 

LA540 MO 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 86 61 42 
I-S 4 18 49 
   -Reichweite R1 R1 R1 
   -Wa 0.80 0.80 0.80 
Illite 10 21 9 
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Table 5.7c: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample B4914. Wa: portion of the component 
that appears at first in the mixed-layer mineral. 

B4914 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 86 81 76 
I-S 0 8 10 
   -Reichweite R3 R3 R3 
   -Wa 0.90 0.90 0.90 
Illite 14 11 14 

 

Table 5.7d: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample B4914 MO. Wa: portion of the 
component that appears at first in the mixed-layer mineral. 

B4914 MO 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 74 84 83 
I-S 16 2 4 
   -Reichweite R3 R3 R3 
   -Wa 0.90 0.90 0.90 
Illite 10 14 13 
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Table 5.7e: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample B4915. Wa: portion of the component 
that appears at first in the mixed-layer mineral. 

B4915 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 84 63 84 
I-S 3 18 13 
   -Reichweite R3 R3 R3 
   -Wa 0.90 0.90 0.90 
Illite 13 19 3 

 

Table 5.7f: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample B4915 MO. Wa: portion of the 
component that appears at first in the mixed-layer mineral. 

B4915 MO 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 90 88 74 
I-S 5 6 19 
   -Reichweite R3 R3 R3 
   -Wa 0.90 0.90 0.90 
Illite 5 6 7 
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Table 5.7g: Quantification results from one-dimensional XRD profile fitting for the clay fractions of sample B4915 K. Wa: portion of the 
component that appears at first in the mixed-layer mineral. 

B4915 K 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] 
Kaolinite 77 75 75 
I-S 8 20 10 
   -Reichweite R3 R3 R3 
   -Wa 0.90 0.90 0.90 
Illite 15 5 15 
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sample LA540. For sample LA540 MO, however, the illite content yielded its 
maximum in the middle clay fraction (0.2-0.6 µm). 

The clay fractions of B4914 and B4915 as well as their treated analogs 
showed higher kaolinite contents of about 80%. Throughout the clay size 
fractions, the phase contents did not change as strongly as observed for LA540 
and LA540 MO. 

Comparing B4914 and B4914 MO, it was not possible to identify a general 
trend concerning the changes of phase content with decreasing grain size. For 
B4914, the kaolinite content decreased under simultaneous increase of I-S, 
whereas B4914 MO showed an opposite trend. However, both samples showed 
similar values regarding the illite contents.  

Likewise within the sample group of B4915, no general correlation between 
phase content and grain-size fraction could be established. With respect to 
sample group B4914, the range of variation was more pronounced. 

5.2.3 Simultaneous Thermal Analysis 

According to the method described in Section 4.2.5, the results from the 
adapted XRD-XRF crosscheck were re-examined comparing the measured 
mass loss during dehydroxylation reaction (Δm TDHXmeas) between 400 and 
900 °C from TG curves with a calculated mass loss (Δm TDHXcalc) gathered from 
quantification results. As no smectitic components were determined by Rietveld 
analysis, equation 4.15 comprises merely two coefficients, with x for kaolinite 
and y for illite. 

Deviations between Δm TDHXmeas and Δm TDHXcalc were expressed by Δ-values: 
negative Δ-values indicated overestimation of the clay mineral contents gathered 
by the adapted XRD-XRF crosscheck related to STA measurements and positive 
Δ-values denoted underestimation. Δ-values, then, were tried to be minimized 
adjusting the clay minerals content. Afterwards, this adapted phase content was 
again crosschecked with the chemical composition from XRF analysis. 

Before going into detail on the results from crosscheck, the values from TG 
measurements (Δm TDHXmeas) between 400 and 900 °C are shortly reviewed 
(Table 5.8). Comparing the bulk material of all kaolins before and after the 
microbiological treatment, slightly increased values for Δm TDHXmeas (<0.4%) 
were noted for the treated samples. With decreasing grain size, all untreated 
kaolins exhibited a reduction in mass loss, whereas the treated samples showed 
either unsystematic (B4914 MO, B4915 K) or inverted trends (B4915 MO). After 
microbiological treatment, the respective values for Δm TDHXmeas were found to 
be increased, particuarly those of the clay fractions. 

Table 5.8 compares the quantification results from the STA crosscheck (XRD-
XRF adapted-STA) with the results, which were the most consistent after the 
XRF crosscheck (STA adapted-XRF). Samples with Δ-values <±0.10 were not
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Table 5.8a: Validation of the clay content for sample LA540 from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

LA540 Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.65 0.09 9.48 9.44 -0.04 
 STA adapted-XRF 0.65 0.09 9.48 9.44 -0.04 
>20 µm XRD-XRF adapted-STA n.d. n.d. n.d. n.d. n.d. 
 STA adapted-XRF n.d. n.d. n.d. n.d. n.d. 
2-20 µm XRD-XRF adapted-STA 0.73 0.05 10.41 10.68 0.27 
 STA adapted-XRF 0.73 0.06 10.46 10.68 0.22 
0.6-2 µm XRD-XRF adapted-STA 0.63 0.11 9.30 9.68 0.38 
 STA adapted-XRF 0.60 0.21 9.34 9.68 0.34 
0.2-0.6 µm XRD-XRF adapted-STA 0.30 0.35 5.80 5.91 0.11 
 STA adapted-XRF 0.30 0.35 5.80 5.91 0.11 
<0.2 µm XRD-XRF adapted-STA 0.17 0.58 5.05 5.74 0.69 
 STA adapted-XRF 0.18 0.58 5.18 5.74 0.56 

n.d.: not determined due to lack of sample 

 
 



5   Comprehensive characterization of the paper kaolins 

118 

Table 5.8b: Validation of the clay content for sample LA540 MO from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

LA540 MO Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.63 0.09 9.20 9.74 0.54 
 STA adapted-XRF 0.64 0.09 9.34 9.74 0.40 
>20 µm XRD-XRF adapted-STA 0.51 0.15 7.81 13.09 5.28 
 STA adapted-XRF 0.51 0.15 7.81 13.09 5.28 
2-20 µm XRD-XRF adapted-STA 0.67 0.09 9.76 11.54 1.78 
 STA adapted-XRF 0.67 0.09 9.76 11.54 1.78 
0.6-2 µm XRD-XRF adapted-STA 0.65 0.12 9.62 9.69 0.07 
 STA adapted-XRF 0.65 0.12 9.62 9.69 0.07 
0.2-0.6 µm XRD-XRF adapted-STA 0.21 0.57 5.56 8.21 2.65 
 STA adapted-XRF 0.21 0.57 5.56 8.21 2.65 
<0.2 µm XRD-XRF adapted-STA 0.32 0.49 7.18 10.53 3.35 
 STA adapted-XRF 0.32 0.49 7.18 10.53 3.35 
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Table 5.8c: Validation of the clay content for sample B4914 from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

B4914 Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.80 0.08 11.53 11.67 0.14 
 STA adapted-XRF 0.81 0.08 11.67 11.67 0.00 
>20 µm XRD-XRF adapted-STA 0.86 0.05 12.23 12.45 0.22 
 STA adapted-XRF 0.87 0.06 12.41 12.45 0.04 
2-20 µm XRD-XRF adapted-STA 0.75 0.10 10.92 11.30 0.38 
 STA adapted-XRF 0.77 0.11 11.25 11.30 0.05 
0.6-2 µm XRD-XRF adapted-STA 0.79 0.14 11.67 11.98 0.31 
 STA adapted-XRF 0.81 0.14 11.94 11.98 0.04 
0.2-0.6 µm XRD-XRF adapted-STA 0.66 0.25 10.36 10.88 0.52 
 STA adapted-XRF 0.68 0.28 10.78 10.88 0.10 
<0.2 µm XRD-XRF adapted-STA n.d. n.d. n.d. n.d. n.d. 
 STA adapted-XRF n.d. n.d. n.d. n.d. n.d. 

n.d.: not determined due to lack of sample 
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Table 5.8d: Validation of the clay content for sample B4914 MO from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

B4914 MO  Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.80 0.09 11.57 12.02 0.45 
 STA adapted-XRF 0.82 0.11 11.95 12.02 0.07 
>20 µm XRD-XRF adapted-STA 0.82 0.09 11.85 13.20 1.35 
 STA adapted-XRF 0.82 0.09 11.85 13.20 1.35 
2-20 µm XRD-XRF adapted-STA 0.76 0.08 10.97 11.58 0.61 
 STA adapted-XRF 0.79 0.11 11.53 11.58 0.05 
0.6-2 µm XRD-XRF adapted-STA 0.85 0.10 12.32 12.51 0.19 
 STA adapted-XRF 0.86 0.11 12.50 12.51 0.01 
0.2-0.6 µm XRD-XRF adapted-STA 0.74 0.18 11.15 12.07 0.92 
 STA adapted-XRF 0.74 0.18 11.15 12.07 0.92 
<0.2 µm XRD-XRF adapted-STA 0.69 0.26 10.82 15.54 4.72 
 STA adapted-XRF 0.69 0.26 10.82 15.54 4.72 
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Table 5.8e: Validation of the clay content for sample B4915 from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

B4915  Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.77 0.14 11.39 11.26 -0.13 
 STA adapted-XRF 0.77 0.12 11.29 11.26 -0.03 
>20 µm XRD-XRF adapted-STA 0.84 0.07 12.04 12.10 0.06 
 STA adapted-XRF 0.84 0.07 12.04 12.10 0.06 
2-20 µm XRD-XRF adapted-STA 0.76 0.09 11.02 11.12 0.10 
 STA adapted-XRF 0.76 0.10 11.06 11.12 0.06 
0.6-2 µm XRD-XRF adapted-STA 0.78 0.16 11.62 11.54 -0.08 
 STA adapted-XRF 0.78 0.14 11.53 11.54 0.01 
0.2-0.6 µm XRD-XRF adapted-STA 0.73 0.19 11.06 10.86 -0.20 
 STA adapted-XRF 0.70 0.23 10.83 10.86 0.03 
<0.2 µm XRD-XRF adapted-STA 0.55 0.37 9.38 10.39 1.01 
 STA adapted-XRF 0.55 0.38 9.42 10.39 0.97 
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Table 5.8f: Validation of the clay content for sample B4915 MO from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

B4915 MO Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.77 0.14 11.39 11.37 -0.02 
 STA adapted-XRF 0.77 0.14 11.39 11.37 -0.02 
>20 µm XRD-XRF adapted-STA 0.68 0.14 10.13 10.99 0.86 
 STA adapted-XRF 0.69 0.12 10.18 10.99 0.81 
2-20 µm XRD-XRF adapted-STA 0.77 0.08 11.11 11.41 0.30 
 STA adapted-XRF 0.77 0.09 11.16 11.41 0.25 
0.6-2 µm XRD-XRF adapted-STA 0.81 0.13 11.90 11.95 0.05 
 STA adapted-XRF 0.81 0.13 11.90 11.95 0.05 
0.2-0.6 µm XRD-XRF adapted-STA 0.77 0.16 11.48 11.73 0.25 
 STA adapted-XRF 0.75 0.19 11.34 11.73 0.39 
<0.2 µm XRD-XRF adapted-STA 0.62 0.27 9.89 12.39 2.50 
 STA adapted-XRF 0.62 0.27 9.89 12.39 2.50 
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Table 5.8g: Validation of the clay content for sample B4915 K from the adapted XRD-XRF crosscheck and for the adapted STA and XRF 
crosschecked values, comparing the measured mass loss (Δm TDHXmeas) during the dehydroxylation reaction with the calculated mass loss (Δm 
TDHXcalc). x and y are the mass fractions of the 1:1 and 2:1 layer silicates. Δ: deviation between measured and calculated mass loss Δm TDHX. 

B4915 K Quantification Kaolinite Illite Δm TDHX calc Δm TDHX meas Δ 
 method x y [%] [%] [%] 
bulk XRD-XRF adapted-STA 0.77 0.13 11.34 11.30 -0.04 
 STA adapted-XRF 0.77 0.13 11.34 11.30 -0.04 
>20 µm XRD-XRF adapted-STA 0.73 0.08 10.55 11.23 0.68 
 STA adapted-XRF 0.72 0.12 10.60 11.23 0.63 
2-20 µm XRD-XRF adapted-STA 0.78 0.08 11.25 11.44 0.19 
 STA adapted-XRF 0.78 0.09 11.30 11.44 0.14 
0.6-2 µm XRD-XRF adapted-STA 0.80 0.12 11.71 11.74 0.03 
 STA adapted-XRF 0.80 0.12 11.71 11.74 0.03 
0.2-0.6 µm XRD-XRF adapted-STA 0.69 0.24 10.73 10.91 0.18 
 STA adapted-XRF 0.70 0.22 10.78 10.91 0.13 
<0.2 µm XRD-XRF adapted-STA 0.58 0.33 9.61 11.11 1.50 
 STA adapted-XRF 0.58 0.36 9.75 11.11 1.36 
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considered in this crosscheck, as deviations were sufficiently small and could not 
be further meliorated. For all Δ-values <1.00, improvements were mainly 
achieved by increasing the illite content at the expense of the K-feldspar content 
and/or by a slight increase of the kaolinite content. For samples with Δ-
values >1.00, no improvements could be achieved, as the corrected values (in 
terms of Δ  0) were no more consistent with the results from XRF analysis. 
Evidently, the greatest Δ-values were observed for the treated samples. The 
quantification results after the XRD-XRF adapted-STA crosscheck are reported 
in Table 5.9. 

In order to test the structural order of kaolinite and to detect structural changes 
due to microbiological treatment, PA curves were recorded for all bulk samples 
and compared with kaolinite-rich samples of different degrees of structural order 
(Figure 5.8). In order to ensure comparability of the results, all data were 
normalized to the kaolinite content gathered from XRD-XRF-STA crosscheck of 
the respective sample. 

 

Figure 5.8: PA curves to estimate the structural disorder of kaolinite of the samples LA540, 
B4914 and B4915 before (filled markers) and after the microbiological treatment (open 
markers). 

The data of a well-ordered kaolinite (Mesa Alta) and of a highly disordered 
kaolinite (Franterre) as thresholds were taken from Smykatz-Kloss (1974). 
According to the relative position of the PA curves, the degree of structural 
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Table 5.9a: Phase content of the kaolin sample LA540 and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

LA540 bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] * [%] [%] [%] [%] 
Kaolinite 65 57 73 60 30 18 
Illite 9 4 6 21 35 58 
K-Feldspar 11 27 9 0 15 0 
Quartz 12 8 11 16 14 20 
Ti oxides 1 1 1 1 1 0 
Crandallite 1 1 0 1 1 0 
Fe phases 1 2 0 1 4 4 

* not STA crosschecked due to lack of sample 

Table 5.9b: Phase content of the kaolin sample LA540 MO and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

LA540 MO bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] [%] [%] [%] 
Kaolinite 64 51 67 65 21 32 
Illite 9 15 9 12 57 49 
K-Feldspar 11 21 12 4 1 5 
Quartz 13 9 11 16 16 11 
Ti oxides 1 1 1 1 1 0 
Crandallite 1 1 0 1 1 0 
Fe phases 1 2 0 1 3 3 
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Table 5.9c: Phase content of the kaolin sample B4914 and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

B4914 bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] [%] [%] [%] * 
Kaolinite 81 87 77 81 68 68 
Illite 8 6 11 14 28 30 
K-Feldspar 7 6 8 1 1 0 
Quartz 2 2 4 2 2 0 
Ti oxides 0 0 0 0 0 0 
Crandallite 1 0 0 1 0 0 
Fe phases 1 1 1 1 1 2 

* not STA crosschecked due to lack of sample 

 

Table 5.9d: Phase content of the kaolin sample B4914 MO and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

B4914 MO bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] [%] [%] [%] 
Kaolinite 82 82 79 86 74 69 
Illite 11 9 11 11 18 26 
K-Feldspar 5 4 5 1 3 1 
Quartz 1 3 4 1 3 3 
Ti oxides 0 1 0 0 1 0 
Crandallite 0 1 0 0 0 0 
Fe phases 1 0 1 1 1 1 
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Table 5.9e: Phase content of the kaolin sample B4915 and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

B4915 bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] [%] [%] [%] 
Kaolinite 77 84 76 78 70 55 
Illite 12 7 10 14 23 38 
K-Feldspar 6 6 9 3 1 1 
Quartz 4 2 4 2 4 3 
Ti oxides 0 0 0 1 1 1 
Crandallite 0 0 0 1 0 1 
Fe phases 1 1 1 1 1 1 

 

Table 5.9f: Phase content of the kaolin sample B4915 MO and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

B4915 MO bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] [%] [%] [%] 
Kaolinite 77 69 77 81 75 62 
Illite 14 12 9 13 19 27 
K-Feldspar 5 11 9 2 2 3 
Quartz 3 5 4 2 2 4 
Ti oxides 0 0 0 0 1 1 
Crandallite 0 0 0 1 0 2 
Fe phases 1 1 1 1 1 1 
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Table 5.9g: Phase content of the kaolin sample B4915 K and of the grain-size fractions gathered from XRD-XRF-STA crosscheck. 

B4915 K bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [%] [%] [%] [%] [%] [%] 
Kaolinite 77 72 78 80 70 58 
Illite 13 12 9 12 22 36 
K-Feldspar 6 11 8 3 2 0 
Quartz 3 4 4 2 3 5 
Ti oxides 0 0 0 1 1 0 
Crandallite 0 0 0 1 1 0 
Fe phases 1 1 1 1 1 1 
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disorder increased slightly in the sequence: LA540 < B4914 < B4915. The PA 
curves of the treated analogues plotted extremely close to the respective 
untreated samples. The sharp and intense recrystallization peaks of all bulk 
samples displayed by DSC curves indicated an overall ordered kaolinite 
structure. 

As further testing tool for the determination of structural disorder, the Hinckley 
index (Hinckley, 1963) was applied. Unfortunately, this method did not yield 
unique results as the diagnostic peaks were poorly resolved. This, in turn, 
caused difficulties in determination of peak heights due to ambiguous 
background correction. Therefore, the Hinckley index was discarded as a 
method to determine the degree of structural order. 

5.2.4 CEC measurements 

For all tested kaolin samples, the cation exchange capacity was determined 
by means of the Cu-trien method at pH 7 and compared to the sum of 
exchanged cations gathered from ICP-OES measurements. Afterwards, the 
measured CEC was corrected as outlined in Section 4.2.6 in order to calculate 
the content of swellable components wsc (sum of smectite and smectitic layers in 
I-S) using equation 4.19. The results are reported in Table 5.10. 

Except for sample B4914, the CEC increased with decreasing grain size and 
under a strong increase in the clay fractions <0.6 µm. This trend was well-
pronounced for sample LA540 and LA540 MO, which exhibited the greatest 
overall CEC within the tested kaolins, followed by B4915 and its treated 
analogues. 

Regarding the measured CEC of the bulk samples and the <0.6 µm clay 
fractions with treatment, all samples showed variations of ±2 meq/100g, which is 
within the measurement accuracy. 

The comparison between the amount of exchanged cations in the exchanging 
solution and the CEC revealed that the interlayer of the swellable components 
was dominated by Ca2+ and Mg2+. With a deviation of ±2 meq/100 g, the sum of 
exchangeable cations (∑) was in the range of the measured CEC for LA540, 
B4914 MO, as well as for several fractions of sample LA540 MO and sample 
group B4915. The bulk material and the silt fractions of sample B4914 showed 
somewhat larger deviations. Unsystematic deviations of ∑ and CEC were noted 
for the clay fractions <0.6 µm of LA540 MO and sample group B4915. 

Regarding the contents of the swellable components wsc for the respective 
bulk samples, it can be seen that LA540 showed the greatest values (6%), 
followed by B4914 (3%). For B4915 as well as for the treated counterparts, no 
swellable components were found. After bioleaching, wsc decreased slightly for 
sample LA540 and was absent for B4914 MO. The trend of lower wsc values 
after microbiological treatment was also observed for the respective grain-size
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Table 5.10a: Amount of exchangeable cations and CEC measurements (CEC meas) of the bulk material of LA540 and LA540 MO and of the 
respective grain-size fractions.  

Sample bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] 
LA540       
Na+ 0 n.d. 0 0 0 0 
Mg2+ 2 n.d. 0 0 7 9 
K+ 1 n.d. 0 2 1 3 
Ca2+ 5 n.d. 2 3 16 26 
Σ 8 n.d. 2 5 24 38 
CEC meas 10 n.d. 4 6 25 38 
CEC corr 5 n.d. 0 1 19 30 
wsc [%] 6 n.d. 0 1 24 38 
       LA540 MO       
Na+ 0 n.d. 0 0 0 1 
Mg2+ 2 n.d. 1 4 4 9 
K+ 1 n.d. 0 1 1 4 
Ca2+ 5 n.d. 2 2 10 21 
Σ 8 n.d. 3 6 15 35 
CEC meas 9 n.d. 4 6 25 37 
CEC corr 4 n.d. 0 2 19 29 
wsc [%] 5 n.d. 0 3 24 36 

CEC corr: corrected CEC according to equation 4.18. wsc: content of swellable components from CEC measurements; n.d.: not determined 
due to lack of sample. 
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Table 5.10b: Amount of exchangeable cations and CEC measurements (CEC meas) of the bulk material of B4914 and B4914 MO and of the 
respective grain-size fractions.  

Sample bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] 
B4914       
Na+ 0 0 0 0 0 n.d. 
Mg2+ 1 0 1 1 1 n.d. 
K+ 0 0 0 0 0 n.d. 
Ca2+ 1 1 1 1 3 n.d. 
Σ 2 1 2 2 4 n.d. 
CEC meas 7 6 7 3 4 n.d. 
CEC corr 2 1 2 0 0 n.d. 
wsc [%] 3 1 3 0 0 n.d. 
       B4914 MO       
Na+ 1 0 0 0 0 3 
Mg2+ 3 0 1 2 4 5 
K+ 0 0 0 0 0 1 
Ca2+ 1 1 0 1 1 2 
Σ 5 1 1 3 5 11 
CEC meas 5 1 2 2 6 10 
CEC corr 0 0 0 0 1 4 
wsc [%] 0 0 0 0 1 5 

CEC corr: corrected CEC according to equation 4.18. wsc: content of swellable components from CEC measurements; ; n.d.: not determined 
due to lack of sample. 
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Table 5.10c: Amount of exchangeable cations and CEC measurements (CEC meas) of the bulk material of B4915, B4915 MO and B4915 K and 
of the respective grain-size fractions. 

Sample bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] 
B4915       
Na+ 0 0 0 0 0 0 
Mg2+ 1 1 0 1 1 1 
K+ 0 0 0 0 0 0 
Ca2+ 1 1 1 1 1 1 
Σ 2 2 1 2 2 2 
CEC meas 3 3 1 2 4 18 
CEC corr 0 0 0 0 0 12 
wsc [%] 0 0 0 0 0 15 
       B4915 MO       
Na+ 1 1 0 2 3 4 
Mg2+ 3 2 2 3 2 4 
K+ 0 0 0 0 0 2 
Ca2+ 1 2 2 2 1 2 
Σ 5 5 4 7 6 12 
CEC meas 3 2 3 4 5 17 
CEC corr 0 0 0 0 0 11 
wsc [%] 0 0 0 0 0 14 

CEC corr: corrected CEC according to equation 4.18. wsc: content of swellable components from CEC measurements. 
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Continuation of Table 5.10c:  

B4915 K bulk >20 µm 2-20 µm 0.6-2 µm 0.2-0.6 µm <0.2 µm 
 [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] 
Na+ 1 1 1 0 1 4 
Mg2+ 3 2 2 2 2 4 
K+ 1 1 1 0 0 2 
Ca2+ 1 1 2 2 2 3 
Σ 6 5 6 4 5 13 
CEC meas 3 3 3 4 4 19 
CEC corr 0 0 0 0 0 13 
wsc [%] 0 0 0 0 0 17 

CEC corr: corrected CEC according to equation 4.18. wsc: content of swellable components from CEC measurements. 
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fractions of B4914, whereas the values for the grain-size fractions of LA540 
remained nearly constant with treatment. 

For all samples, a general increase of wsc with decreasing grain-size fraction 
was observed, which was independent from treatment. 

5.2.5 Mössbauer spectroscopy 

Information on Fe distribution was gained through Mössbauer spectroscopy. 
For all kaolin samples, the oxide-bound Fe was identified as goethite as the 
spectra from measurements at 4.2 K exhibited a sextet of narrow lines and a 
hyperfine field of 49 to 50 T. The relative Fe distribution gathered from 
Mössbauer spectroscopy was related to the total Fe2O3 content from XRF 
measurements, giving rise to an absolute Fe distribution (Table 5.11). 

The Fe distribution characteristics for each sample was expressed by the ratio 
of silicate-bound Fe to oxide-bound Fe as goethite. All samples yielded 
distribution ratios >1, which means that the Fe was predominantly silicate-bound. 
However, large differences between the samples were observed with respect to 
Fe concentrations. The comparison of the bulk samples showed that the smallest 
Fe distribution ratios were recorded for LA540 and its microbiologically treated 
counterpart, with 7 and 9, respectively. With 250 times more silicate-bound than 
oxide-bound Fe, the bulk sample of B4914 had the largest distribution ratio, 
which strongly decreased after microbiological treatment. The distribution ratio of 
B4915 increased slightly from 17 to 35 for the control sample B4915 K and 
strongly increased after microbiological treatment. 

With respect to grain-size distribution, no general tendency could be 
established for the distribution ratios. LA540 showed a slight increase toward the 
clay size fractions, whereas the distribution ratios of LA540 MO remained nearly 
constant for all size fractions. Sample B4914 showed the greatest values for the 
coarsest fraction as well as for the <0.6 µm clay fractions. The opposite trend 
was found for B4914 MO. For B4915 and B4915 MO, the maximum of 
distribution ratios were observed for the 2-20 µm and 0.6-2 µm fractions, 
whereas sample B4915 K showed an inverse trend.  

In order to elucidate the effect of microbiological treatment on Fe distribution, 
the distribution ratios of the respective bulk samples and of the various grain-size 
fractions were set in relation, giving rise to the relative Fe depletion Ψ. Figure 5.9 
indicates that relative Fe depletion occurred within sample group LA540 both, for 
goethite (Ψ<1) and silicate-bound Fe (Ψ>1). The amount of goethite was found 
to be reduced for the bulk sample and the grain-size fractions >0.6 µm, whereas 
for the grain-size fractions <0.6 µm, depletion took place within the silicate 
structure. Regarding the sample group B4914, Fe depletion occurred entirely at 
the expense of the silicate-bound Fe. Merely for the 0.6-2 µm fraction, no change 
was detected with microbiological treatment. 
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Table 5.11a: Fe distribution determined by Mössbauer spectroscopy related to the Fe2O3 content from XRF analysis of the kaolin samples 
LA540 and LA540 MO and their respective grain-size fractions. 

Sample  relative Fe distribution absolute Fe distribution  

 
Fe2O3 

[%] 
Goethite 

[%] 
silicate-bound Fe 

[%] 
Goethite 

[%] 
silicate-bound Fe 

[%] 
silicate-bound Fe/ 

Goethite 
LA540       
bulk 1.46 13.0 87.0 0.19 1.27 7 

>20 µm 2.09 13.0 87.0 0.27 1.82 7 

2-20 µm 0.48 17.7 82.3 0.08 0.40 5 

0.6-2 µm 1.19 13.1 86.9 0.16 1.03 7 

0.2-0.6 µm 3.94 7.4 92.6 0.29 3.65 13 

<0.2 µm 4.27 8.8 91.2 0.38 3.90 10 

       
LA540 MO       

bulk 1.05 9.7 90.3 0.10 0.95 9 

>20 µm 2.28 n.d. n.d. n.d. n.d. n.d. 
2-20 µm 0.58 n.d. n.d. n.d. n.d. n.d. 
0.6-2 µm 0.97 10.4 89.6 0.10 0.86 9 

0.2-0.6 µm 3.52 11.3 88.7 0.40 3.12 8 

<0.2 µm 3.94 10.4 89.6 0.41 3.53 9 

n.d.: not determined due to lack of sample 
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Table 5.11b: Fe distribution determined by Mössbauer spectroscopy related to the Fe2O3 content from XRF analysis of the kaolin samples 
B4914 and B4914 MO and their respective grain-size fractions. 

Sample  relative Fe distribution absolute Fe distribution  

 
Fe2O3 

[%] 
Goethite 

[%] 
silicate-bound Fe 

[%] 
Goethite 

[%] 
silicate-bound Fe 

[%] 
silicate-bound Fe/ 

Goethite 
B4914       
bulk 0.78 0.4 99.6 0.003 0.77 250 

>20 µm 0.56 0.2 99.8 0.001 0.56 499 

2-20 µm 0.61 0.9 99.1 0.01 0.60 110 

0.6-2 µm 0.90 1.2 98.8 0.01 0.89 82 

0.2-0.6 µm 1.33 0.6 99.4 0.01 1.33 166 

<0.2 µm 1.92 0.5 99.5 0.01 1.91 199 

       
B4914 MO       

bulk 0.75 1.2 98.8 0.01 0.74 82 

>20 µm 0.53 n.d. n.d. n.d. n.d. n.d. 

2-20 µm 0.56 1.3 98.7 0.01 0.55 76 

0.6-2 µm 0.74 1.2 98.8 0.01 0.73 82 

0.2-0.6 µm 1.15 2.3 97.7 0.03 1.12 42 

<0.2 µm 1.22 1.8 98.2 0.02 1.20 55 

n.d.: not determined due to lack of sample 
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Table 5.11c: Fe distribution determined by Mössbauer spectroscopy related to the Fe2O3 content from XRF analysis of the kaolin samples 
B4915, B4915 MO and B4915 K and their respective grain-size fractions. 

Sample  relative Fe distribution absolute Fe distribution  

 
Fe2O3 

[%] 
Goethite 

[%] 
silicate-bound Fe 

[%] 
Goethite 

[%] 
silicate-bound Fe 

[%] 
silicate-bound Fe/ 

Goethite 
B4915       

bulk 0.95 5.5 94.5 0.05 0.90 17 

>20 µm 0.61 6.9 93.1 0.04 0.57 13 

2-20 µm 0.64 3.3 96.7 0.02 0.62 29 

0.6-2 µm 1.05 2.7 97.3 0.03 1.02 36 

0.2-0.6 µm 1.24 4.4 95.6 0.05 1.19 22 

<0.2 µm 2.01 5.3 94.7 0.11 1.90 18 

       
B4915 MO       

bulk 0.82 0.8 99.2 0.01 0.81 124 

>20 µm 0.97 3.3 96.7 0.03 0.94 29 

2-20 µm 0.65 1.0 99.0 0.01 0.64 99 

0.6-2 µm 0.94 0.5 99.5 0.00 0.93 199 

0.2-0.6 µm 1.16 1.1 98.9 0.01 1.15 90 

<0.2 µm 1.51 1.3 98.7 0.02 1.49 76 

       
B4915 K       

bulk 0.82 2.8 97.2 0.02 0.80 35 

>20 µm 0.59 3.6 96.4 0.02 0.57 27 

2-20 µm 0.63 4.6 95.4 0.03 0.60 21 

0.6-2 µm 1.01 5.7 94.3 0.06 0.95 17 

0.2-0.6 µm 1.40 4.3 95.7 0.06 1.34 22 

<0.2 µm 1.53 2.6 97.4 0.04 1.49 37 
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In contrast, sample group B4915 showed consistently Ψ-values <1, which 
means that Fe depletion occurred exclusively by means of goethite. The control 
sample B4915 K exhibited all types of Fe depletion: within the bulk sample as 
well as for the coarsest and the finest fraction, where Fe depletion took place for 
goethite. No changes were observed for the 0.2-0.6 µm fraction, whereas a 
decrease of the silicate-bound Fe was recorded for the fractions 2-20 µm and 
0.6-2 µm. 

 

 

Figure 5.9: Relative Fe depletion Ψ for the bulk samples and the grain-size fractions of 
LA540, B4914, and B4915. The dashed horizontal line marks the boundary between Fe 
depletion events by means of goethite (Ψ<1) or silicate-bound Fe (Ψ>1). 

5.2.6 Electron microscopy 

The influence of microbial treatment on particle morphology in terms of 
particle shape, particle size and aggregate structure was examined by means of 
ESEM. All bulk samples contained mainly kaolinite as well as sparse amounts of 
quartz and K-feldspar. Only LA540 and LA540 MO were found to contain greater 
quantities of quartz and K-feldspar (Figure 5.10a). At a magnification of up to 
20000x, isolated needle-like goethite crystals were identified by their morphology 
as well as by EDX measurements. 

Independent from treatment, the particle shape of kaolinite ranged from 
hexagonal and pseudo-hexagonal crystallites to crystallites with jagged and 
irregular edges (Figure 5.10a). Some of the kaolinite platelets showed evidence 
of curve-shaped surfaces (Figures 5.10b and 5.10c). 
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Figure 5.10a: SEM micrograph of sample LA540 demonstrates the greater abundance of 
quartz with respect to the other samples as well as the coexsistence of different particle 
shapes, which ranged from hexagonal and pseudo-hexagonal crystallites (left side of the 
picture) to crystallites with jagged and irregular edges (right side). 

 

 

Figure 5.10b: SEM micrograph of sample B4915, with evidence of curve-shaped kaolinite 
platelets (upper left part of the picture) and strongly altered K-feldspar. 
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Figure 5.10c: SEM micrograph of sample B4914 MO revealing kaolinite with curve-shaped 
surfaces (central part of the picture) and kaolinite crystallites consisting of only few 1:1 
silicate layers. 

 

 

Figure 5.10d: SEM micrograph of sample B4915 MO at low magnification, indicating an 
average particle size of 20 µm as well as the coexistence of various kaolinite aggregation 
forms like “booklets” (central part of the picture), larger agglomerates (upper part) and 
associations of only few platelets (e.g., upper central part). 
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Figure 5.10e: SEM micrograph of sample B4915 K, which shows a multi-layer stacked 
kaolinite particle (“booklet”) in association with jagged-edge thin kaolinite platelets. 

The surfaces of the K-feldspar crystallites were characterized by fractures and 
dissolution pores, indicating extensive alteration (Figure 5.10b). 

No changes as a consequence of microbiological treatment was observed for 
the average particle size of the bulk samples, which was in the range of 20 µm 
(Figure 5.10d). 

Different types of kaolinite aggregate structures were identified, coexisting in 
all bulk samples, regardless of the treatment step. Kaolinite platelets were 
arranged as face-to-face multi-layered stacks (“booklets”) (Figures 5.10d and 
5.10e), as chaotically oriented agglomerates of smaller particles (Figure 5.10d), 
or as association of only few platelets (Figures 5.10c and 5.10e). 

5.2.7 Summary of the results 

In the following, the results obtained from the various methods described 
above, are summarized acoording to their significance to bioleaching and to the 
determination of the mineralogical phase content of the paper kaolins. 

Bioleaching 
Information on bioleaching of the paper kaolins with Shewanella putrefaciens 

was obtained by spectrophotometry, XRF, and Mössbauer spectroscopy. The 
results were evaluated and compared according to the following brightness-
related parameters as summarized in Table 5.12: 

- initial Fe2O3 content: amount of Fe2O3 prior to bioleaching gathered from 
XRF analysis (Table 5.2) 
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- extent of Fe reduction: percentage of Fe decrease after treatment, 
calculated according to (1-Fe2O3 final/Fe2O3 initial)*100% 

- initial brightness: value of brightness R457 before treatment 
- brightness enhancement Δ: differential amount of the brightness prior to 

and after treatment 
- Fe depletion Ψ: place of Fe depletion in terms of goethite (Ψ<1) or silicate-

bound Fe (Ψ>1) (Figure 5.9) 
- Fe removal efficiency: relation of the extent of Fe reduction to brightness 

enhancement Δ expressed by the slope m of the respective straight lines 
from the slope-intercept form y=mx+b (Figure 5.2) 

Comparing the order of samples established for each parameter (Table 5.12) 
and as illustrated in Figure 5.11 in terms of “pattern recognition”, the following 
correlations became evident: 

(1) a strong positive correlation between the initial Fe2O3 content and the 
extent of Fe reduction, thus, the larger the amount of Fe2O3, the larger the extent 
of Fe reduction; (2) a direct correlation between the initial brightness and Ψ, as 
the sample with the smallest brightness (B4915) showed the largest depletion of 
oxide-bound Fe; an inverse correlation between Ψ and (3) the initial Fe2O3 
content and (4) the extent of Fe reduction, as the silicate-bound sample B4914 
showed, for both parameters, the smallest values; (5) a strong correlation 
between Δ and Ψ, as the largest brightness enhancement was achieved for 
B4915, the sample with mainly oxide-bound Fe as depletion source, whereas it 
was the smallest for the Fe silicate-bound sample B4914; an inverse correlation 
between Fe removal efficiency and (6) initial Fe2O3 content and, thus, (7) the 
extent of Fe reduction; a week inverse correlation between initial brightness and 
both (8) the initial Fe2O3 content and (9) the extent of Fe reduction, as the 
sample with the smallest values for both parameters (B4914) showed the largest 
initial brightness, but the other kaolin samples did not reflect this trend; (10) an 
inverse correlation of initial brightness and brightness enhancement for the 
samples B4914 and B4915. 

Quantification results 
The phase content of the paper kaolins prior to and after bioleaching was 

determined by a multi-method approach, crosschecking the results gathered 
from XRD, XRF and STA measurements. In order to ensure comparability of 
these results with the quantification results from ODPF, only the portion of clay 
minerals from the XRD-XRF-STA crosscheck was considered (Table 5.9). 
Therefore, ODPF results were normalized to the quantification results from the 
XRD-XRF-STA crosscheck. The three phases determined by ODPF (kaolinite, I-
S, illite) were converted to four phases (kaolinite, smectite layers, illite, and illite 
layers), subdividing the I-S content according to the respective Wa values (Table 
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5.13). With the normalized ODPF values, the maximum mass loss Δm TDHXcalc 
was calculated according to equation 4.14 and compared with the measured 
results (Δm TDHXmeas). For this calculation, the quantification results of the original 
three phases from ODPF were converted to three coefficients x, y, z, with x for 
kaolinite, y for the smectite layers, and z for the sum of illite and illite layers. 

Comparing the Δ values as an assessment tool for quantification, differences 
between the data sets deduced from the diverse methods (XRD-XRF-STA and 
ODPF) were remarkable. In general, from ODPF greater positive Δ values were 
derived, implying underestimation of the clay minerals content. 

The greatest positive deviations were observed for the <0.6 µm fractions of 
LA540 and LA540 MO, which contained larger amounts of smectite layers. For 
the respective clay fractions of LA540, an underestimation of kaolinite and an 
overestimation of illite plus illite layers was noted. The tendency to underestimate 
the kaolinite content was enhanced with increasing amounts of smectite layers. 

In contrast, for the clay fractions of sample LA540 MO, the respective kaolinite 
contents from ODPF were either in good agreement with the results from the 
XRD-XRF-STA crosscheck or distinctly larger, like in the case of fraction 0.2-0.6 
µm, which, in turn, led to a smaller Δ value. The increasing amount of smectite 
layers with decreasing size fraction was compensated by smaller illite plus illite 
layers contents.  

The clay fractions of B4914 and B4915 as well as their treated counterparts 
were characterized by small smectite layers contents of 2% or less. The 
generally greater kaolinite contents determined by ODPF induced neither 
negative Δ values, denoting overestimation, nor smaller positive deviations, 
indicating a greater consistency in the quantification results of ODPF and STA 
measurements. The largest positive Δ values were produced from samples with 
smaller kaolinite amounts with respect to the results from the XRD-XRF-STA 
crosscheck. 

Differences between the smectite layer content determined by ODPF and 
CEC measurements (Table 5.10) were very significant for the <0.2 µm fractions 
as well as for the 0.2-0.6 µm fractions of LA540 and LA540 MO. The smectite 
layers content deduced from CEC exceeded the quantification results from 
ODPF by a factor of more than three. For the coarsest clay fraction of all 
samples and for the 0.2-0.6 µm fraction of the sample groups B4914 and B4915, 
results from ODPF and CEC were in the same range. 
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Table 5.12: Summary of the results for the brightness-related parameters before and after bioleaching of the paper kaolins with Shewanella 
putrefaciens.  

Parameter LA540 B4914 B4915 B4915 K Order 
initial Fe2O3 content [%] 1.46 0.78 0.95 0.95 B4914 < B4915 = B4915 K < LA540 
      Extent of Fe reduction [%] 28 4 14 14 B4914 < B4915 = B4915 K < LA540 
      initial brightness [%] 68.2 76.5 67.9 67.9 B4915 = B4915 K < LA540 < B4914 
      Brightness enhancement Δ [%] 3.9 2.7 8.7 2.7 B4914 = B4915 K < LA540 < B4915 
      Fe depletion Ψ 0.72 3.02 0.14 0.49 B4915 < B4915 K < LA540 < B4914 
      Fe removal efficiency -0.1051 -0.0111 -0.0149 -0.0481 LA540 < B4915 K < B4915 < B4914 
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Figure 5.11: Pattern recognition of the parameters used for the evaluation of bioleaching (a) 
initial Fe2O3 content, (b) extent of Fe reduction, (c) initial brightness, (d) brightness 
enhancement Δ, (e) Fe depletion Ψ, and (f) Fe removal efficiency of the bulk samples. 
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Table 5.13a: Quantification by XRD-XRF-STA crosscheck and by one-dimensional XRD profile modeling (ODPF) of the clay fractions of LA540 and LA540 
MO compared with the maximum mass loss Δm TDHX. norm: normalized value; conv.: converted value from phase reduction. 

Sample Quantification 
method 

Kaolinite 
[%] 

Smectite layers 
[%] 

Illite 
[%] 

Illite layers 
[%] 

∑ 
[%] 

Δm TDHXcalc 

[%] 
Δm TDHXmeas 

[%] 
Δ 

[%] 
LA540          
0.6-2 µm XRD-XRF-STA 60 n.d. 21 n.d. 81 9.34 9.68 0.34 
 ODPF 64 1 32 3 100 - - - 
 ODPF conv., norm. 52 1 26 2 81 8.59 9.68 1.09 
          0.2-0.6 µm  XRD-XRF-STA 30 n.d. 35 n.d. 65 5.80 5.91 0.11 
 ODPF 11 14 17 58 100 - - - 
 ODPF conv., norm. 7 9 11 38 65 3.67 5.91 2.24 
          <0.2 µm  XRD-XRF-STA 18 n.d. 58 n.d. 76 5.18 5.74 0.56 
 ODPF 12 16 6 66 100 - - - 
 ODPF conv., norm. 9 12 5 50 76 4.37 5.74 1.37 
          LA540 MO          
0.6-2 µm XRD-XRF-STA 65 n.d. 12 n.d. 77 9.62 9.69 0.07 
 ODPF 86 1 10 3 100 - - - 
 ODPF conv., norm. 66 1 8 2 77 9.72 9.69 -0.03 
          0.2-0.6 µm  XRD-XRF-STA 21 n.d. 57 n.d. 78 5.56 8.21 2.65 
 ODPF 61 4 21 14 100 - - - 
 ODPF conv., norm. 48 3 16 11 78 8.08 8.21 1.61 
          <0.2 µm  XRD-XRF-STA 32 n.d. 49 n.d. 81 7.18 10.53 3.35 
 ODPF 42 10 9 39 100 - - - 
 ODPF conv., norm. 34 8 7 32 81 6.92 10.53 3.61 

n.d.: not detectable with the respective method 
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Table 5.13b: Quantification by XRD-XRF-STA crosscheck and by one-dimensional XRD profile modeling (ODPF) of the clay fractions of B4914 and B4914 
MO compared with the maximum mass loss Δm TDHX. norm: normalized value; conv.: converted value from phase reduction. 

Sample Quantification 
method 

Kaolinite 
[%] 

Smectite layers 
[%] 

Illite 
[%] 

Illite layers 
[%] 

∑ 
[%] 

Δm TDHXcalc 

[%] 
Δm TDHXmeas 

[%] 
Δ 

[%] 
B4914          
0.6-2 µm XRD-XRF-STA 81 n.d. 14 n.d. 95 11.94 11.98 0.04 
 ODPF 86 0 14 0 100 - - - 
 ODPF conv., norm. 82 0 13 0 95 12.04 11.98 -0.06 
          0.2-0.6 µm  XRD-XRF-STA 68 n.d. 28 n.d. 96 10.78 10.88 0.10 
 ODPF 81 1 11 7 100 - - - 
 ODPF conv., norm. 78 1 10 7 96 11.71 10.88 -0.83 
          <0.2 µm  XRD-XRF-STA 68 n.d. 30 n.d. 98 10.87 n.d.* n.d.* 
 ODPF 76 1 14 9 100 - - - 
 ODPF conv., norm. 74 1 14 9 98 11.43 n.d.* n.d.* 
          B4914 MO          
0.6-2 µm XRD-XRF-STA 86 n.d. 11 n.d. 97 12.50 12.51 0.01 
 ODPF 74 2 10 14 100 - - - 
 ODPF conv., norm. 72 2 10 13 97 11.20 12.51 1.31 
          0.2-0.6 µm  XRD-XRF-STA 74 n.d. 18 n.d. 92 11.15 12.07 0.92 
 ODPF 84 0 14 2 100 - - - 
 ODPF conv., norm. 77 0 13 2 92 11.43 12.07 0.64 
          <0.2 µm  XRD-XRF-STA 69 n.d. 26 n.d. 95 10.82 15.54 4.72 
 ODPF 83 0 13 4 100 - - - 
 ODPF conv., norm. 79 0 12 4 95 11.76 15.54 3.78 

n.d.: not detectable with the respective method, *n.d.: not determined due to lack of sample 
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Table 5.13c: Quantification by XRD-XRF-STA crosscheck and by one-dimensional XRD profile modeling (ODPF) of the clay fractions of B4915, B4915 
MO and B4915 K compared with the maximum mass loss Δm TDHX. norm: normalized value; conv.: converted value from phase reduction. 

Sample Quantification 
method 

Kaolinite 
[%] 

Smectite layers 
[%] 

Illite 
[%] 

Illite layers 
[%] 

∑ 
[%] 

Δm TDHXcalc 

[%] 
Δm TDHXmeas 

[%] 
Δ 

[%] 
B4915          
0.6-2 µm XRD-XRF-STA 78 n.d. 14 n.d. 92 11.53 11.54 0.01 
 ODPF 84 0 13 3 100 - - - 
 ODPF conv., norm. 77 0 12 3 92 11.34 11.54 0.20 
          0.2-0.6 µm  XRD-XRF-STA 70 n.d. 23 n.d. 93 10.83 10.86 0.03 
 ODPF 63 2 19 16 100 - - - 
 ODPF conv., norm. 58 2 18 15 93 9.71 10.86 1.15 
          <0.2 µm  XRD-XRF-STA 55 n.d. 38 n.d. 93 9.42 10.39 0.97 
 ODPF 84 1 3 12 100 - - - 
 ODPF conv., norm. 78 1 3 11 93 11.57 10.39 -1.18 
          B4915 MO          
0.6-2 µm XRD-XRF-STA 81 n.d. 13 n.d. 94 11.90 11.95 0.05 
 ODPF 90 1 5 4 100 - - - 
 ODPF conv., norm. 84 1 5 4 94 12.18 11.95 -0.23 
          0.2-0.6 µm  XRD-XRF-STA 75 n.d. 19 n.d. 94 11.34 11.73 0.39 
 ODPF 88 1 6 5 100 - - - 
 ODPF conv., norm. 82 1 6 5 94 11.99 11.73 -0.26 
          <0.2 µm  XRD-XRF-STA 62 n.d. 27 n.d. 89 10.03 12.39 2.36 
 ODPF 74 2 7 17 100 - - - 
 ODPF conv., norm. 66 2 6 15 89 10.27 12.39 2.12 

n.d.: not detectable with the respective method 



5.2   Results 

149 

Continuation of Table 5.13c: 

Sample Quantification 
method 

Kaolinite 
[%] 

Smectite layers 
[%] 

Illite 
[%] 

Illite layers 
[%] 

∑ 
[%] 

Δm TDHXcalc 

[%] 
Δm TDHXmeas 

[%] 
Δ 

[%] 
B4915 K          
0.6-2 µm XRD-XRF-STA 80 n.d. 12 n.d. 92 11.71 11.74 0.03 
 ODPF 77 1 15 7 100 - - - 
 ODPF conv., norm. 71 1 14 6 92 10.87 11.74 0.87 
          0.2-0.6 µm  XRD-XRF-STA 70 n.d. 22 n.d. 92 10.78 10.91 0.13 
 ODPF 75 2 5 18 100 - - - 
 ODPF conv., norm. 68 2 5 17 92 10.60 10.91 0.31 
          <0.2 µm  XRD-XRF-STA 58 n.d. 36 n.d. 94 9.75 11.11 1.36 
 ODPF 75 1 15 9 100 - - - 
 ODPF conv., norm. 71 1 14 8 94 10.97 11.11 0.14 
          

n.d.: not detectable with the respective method 
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5.3 Discussion 

5.3.1 Physical and chemical parameters 

In the following, the influence of microbiological treatment with Shewanella 
putrefaciens on grain-size distribution, pH, electrial conductivity, and brightness-
related parameters is discussed. 

As shown in Figure 5.1, changes in grain-size distribution occurred by 
bioleaching. These changes are well pronounced for the kaolin samples B4914 
and B4915 and less distinct for LA540. The general trend of a mass shift toward 
smaller fractions after the treatment can be attributed to the following factors: (1) 
changes in the aggregate structure due to a dispersion stabilization effect 
caused by soluble salts as reported by Baird and Walz (2007), who observed 
that in the absence of any additives, kaolinite particles quickly aggregate and 
settle. When salt is added, however, the dispersions begin to stabilize, resulting 
in lower settling velocities. Furthermore, the microorganism itself was found to 
influence the aggregate structure of clays by the secretion of extracellular 
polysaccharides that induced local binding of clay particles, referred to as 
polysaccharide-mediated aggregation, according to Dorioz et al. (1993); (2) 
particle disaggregation by the removal of cementing Fe oxides (Colombo and 
Torrent, 1991; Cornell and Schwertmann, 2003); (3) particle fragmentation by 
microbial attack as stated by Styriaková and Styriak (2000), and Styriaková et al. 
(2003). 

As the control sample B4915 K shows the same distribution trend as the 
microbiologically treated samples, the shift toward smaller grain sizes seems to 
be mainly affected by the soluble salt content of the reducing media (Table 3.3) 
rather than to polysaccharide-mediated aggregation. Moreover, the presence of 
soluble salts is reflected by the larger electrical conductivity of the treated 
samples (Table 5.1). Changes of the floc architecture with pH can be excluded, 
as the pH remained nearly constant after bioleaching. The constancy of pH is in 
accordance with experiments carried out by Kim et al. (2005) using Shewanella 
oneidensis, but in contrast to observations of Lee et al. (2002) and Styriaková et 
al. (2003), who both reported a decrease in pH from circumneutral to pH 4 after 
bioleaching of kaolin samples, which was attributed to the production of acid 
metabolites. However, these kaolin refinement experiments were carried out with 
unspecified indigenous (autochtonous) microorganisms (Lee et al., 2002) or with 
Bacillus cereus in the case of Styriaková et al. (2003). Thus, these results may 
not be fully transferable to the kaolins of this study treated with Shewanella 
putrefaciens. 

Regarding the Fe distribution derived from Mössbauer spectroscopy (Table 
5.11), the effect of Fe oxide removal on grain-size distribution seems to play a 
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minor role, as the sample with the greatest oxide-bound Fe content (LA540) 
showed the slightest change in grain-size distribution after biological treatment.  

Likewise, the option of particle defragmentation by microbial attack is 
questionable, as no evidence for particle defragmentation after bioleaching was 
observed by SEM investigations (Figure 5.10). On the contrary, Styriaková and 
Styriak (2000) deduced from XRD intensity studies that the decrease of the 3.33 
Å peak was induced by the destruction of the mica structure, which led, in turn, 
to the enrichment of bioleached kaolin samples by fine-grained fractions. This 
observation could not be ascertained for the kaolin samples under investigation 
as peak intensity did not change with bioleaching. 

The microbially induced enhancement in kaolin brightness stated by various 
authors (e.g., Lee et al., 2002, Guo et al., 2010) was also detected for the 
samples investigated in this study (Table 5.2 and Figure 5.2).  

In order to facilitate the comparison of the brightness-related parameters, 
values from previous studies dedicated to microbial leaching of kaolins were 
summarized (Table 5.14) and compared with the results of this study (Figure 
5.12). The reduction rate is not included due to missing bioleaching treatment 
times of several studies. 

 

 

Figure 5.12: Comparison of the Fe removal efficiency from various studies on bioleaching of 
kaolin. Bold lines with filled markers: samples employed in this study; thin dashed lines with 
open markers: bioleaching studies using autochtonous microorganisms; thin solid lines with 
open markers: bioleaching studies using Aspergillus niger. 
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Table 5.14 shows that there is no straight relationship between brightness 
enhancement Δ and type of microorganism used for bioleaching, but some 
tendencies are discernable: the greatest Δ-values (>20%) were reached using 
Aspergillus niger and by an authochtonous species, whereas with Shewanella 
putrefaciens only Δ-values below 10% were achieved. 

With respect to the slopes of straight lines (Figure 5.12), three sample groups 
can be distinguished regarding the Fe removal efficiency. A numerical translation 
of this observation is made by setting up linear equations in the form y=mx+b, 
where m is the slope of the line, which indicates the leaching efficiency and b is 
the y-intercept, which designates the Fe2O3 content for a brightness of 0%. 
However, note that the measurement of brightness does not yield valid results 
for values lower than 30% (Huber, 2010, personal communication). 

According to the slope m and the y-intercept b, the kaolin samples can be 
distinguished into three groups as shown in Table 5.15. Type I is characterized 
by steep slopes with values less than -0.1, which means a strong depletion of the 
Fe2O3 content associated with a small increase in brightness, thus, a relatively 
low bioleaching efficiency. Types II and III are characterized by flatter slopes with 
values between -0.05 and -0.024, indicating a smaller extent of Fe reduction, but 
accompanied by a larger increase in brightness and, therefore, a larger 
bioleaching efficiency, which is even more pronounced for type III, with m≤-0.015. 
The division in three groups is justified by the marked gaps between them.  

The classification illustrates the diversity of the kaolin samples under 
investigation regarding their predisposition to bioleaching. For type I kaolin 
LA540, the extent of Fe2O3 reduction is in the same range with the results 
reported by Lee et al. (2002). Despite of the same Fe removal efficiency, the 
increase in brightness obtained for LA540 of about 4% is smaller with respect to 
the enhancement of about 7% yielded by Lee et al. (2002). The bacteria-free 
sample B4915 K – classified as type II – shows a greater leaching efficiency with 
respect to LA540, leading to a brightness enhancement of 2.7%, which is the 
smallest increase within this group. An enhancement of 2.7% is also reached for 
sample B4914 – classified as type III – due to the much larger leaching efficiency. 
Sample B4915 is characterized by the greatest brightness enhancement of all 
type III kaolins. 

The inverse correlation between Fe removal efficiency and initial Fe2O3 
content as well as the extent of Fe reduction (Figure 5.12), observed for the 
three microbiologically treated paper kaolins, is mostly in accordance with results 
from literature. With respect to samples from literature with initial Fe2O3 contents 
greater than LA540, the sample of Lee et al. (2002) is in the same range of Fe 
removal efficiency (type I), whereas the samples of Groudev (1987), Arslan and 
Bayat (2009), and Guo et al. (2010) show larger efficiencies (type II). For 
samples within the group showing the greatest Fe removal efficiency (type III), 
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the initial Fe2O3 contents are in the same range with those of B4914 and B4915 
(<1.00%) or even smaller (samples of de Mesquita et al., 1996), whereas the 
sample studied by Groudev (1987) shows a slightly lower Fe removal efficiency, 
being classified as type II kaolin. 

The observation of an inverse correlation between Fe removal efficiency and 
extent of Fe reduction is confirmed by the samples of de Mesquita et al. (1996), 
which are in the same range with B4914 and B4915. Samples with lower Fe 
removal efficiencies (types I and II) generally show Fe reductions to a larger 
extent, whereas the overall largest extents of Fe reduction are found for type II 
kaolins (samples of Groudev, 1987; Arslan and Bayat, 2009; Guo et al., 2010). 
Taking into account the data from the authors mentioned above, there seems to 
be only a tendential relationship between these two parameters, as great 
differences between the values for the extent of Fe reduction are already evident 
within one classification group (type II and III). 

The correlation of initial Fe2O3 content and extent of Fe reduction, as 
observed for the three paper kaolins, has also been reported for bioreduced 
smectites (Ernstsen et al., 1998; Gates et al., 1998). However, transferring this 
correlation to the samples from literature, one can see that this trend is generally 
not reflected (Table 5.14). 

The inverse relationship of Fe removal efficiency and kaolinite crystallinity 
established by Mockovciaková et al. (2008) is consistent with the findings of the 
present study, as the “well-ordered” sample LA540 (Figure 5.8) shows the 
smallest Fe removal efficiency, whereas the most “disordered” sample B4915 is 
characterized by the greatest Fe removal efficiency. 

The observation of a weak correlation between initial Fe2O3 content and initial 
brightness agrees with the results of Möbius (1977), Galán et al. (1996), and 
Chandrasekhar and Raghavan (2004). On the contrary, Galazzo et al. (1986) 
reported a strong correlation between these two parameters, which is as well 
observed for the grain-size fractions of sample LA540 (Figure 5.3). Möbius (1977) 
concluded that the dyeing capacity of Fe solely depends on Fe distribution on 
different phases. Assuming that oxide-bound Fe affects the kaolin brightness 
more adversely than silicate-bound Fe, irrespective of the total Fe concentration, 
as stated by Jepson (1988) and Chandrasekhar and Raghavan (2004), the initial 
brightness of the three paper kaolins should correlate with the Fe distribution 
ratios prior to bioleaching (Table 5.11). This correlation is found for sample 
B4914, but not for LA540 and B4915, as the latter is characterized by both, a 
greater amount of silicate-bound Fe as well as Fe2O3 content, but with a slightly 
smaller brightness than sample LA540. 
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Table 5.14: Comparison of the Fe2O3 content and brightness of different kaolins before (initial) and after microbial refinement (final) as well as the 
resulting brightness enhancement (Δ). 

Microorganism Fe2O3 content Brightness Author 
 initial final extent initial final Δ  
 [%] [%] [%] [%] [%] [%]  
Aspergillus niger 0.65-1.49* 0.44-0.75* 32-50 55-87a 86-92a 31-5 Groudev (1987) 

 
0.35 0.30 14 62.9 66.2 3.3 de Mesquita et al. (1996) 
0.34 0.32 6 76.7 81.4 4.7 de Mesquita et al. (1996) 

 11.11 6.33 43 n.d. n.d. n.d. Hosseini et al. (2007) 
 1.72 0.39 77 47.2 81.1 33.9 Arslan and Bayat (2009) 
        authochtonous 5.11 3.73 27 70.3 77.4 7.1 Lee et al. (2002) 
 2.00 0.94 53 61b 82b 21 Guo et al. (2010) 
        Bacillus sp. 0.92 0.52 43 n.d. n.d. n.d. Styriaková and Styriak (2000) 
 1.43 1.22 15 n.d. n.d. n.d. Styriaková and Styriak (2000) 
        Bacillus cereus 1.17 0.58 49 n.d. n.d. n.d. Styriaková et al. (2003) 
        Shewanella putrefaciens n.i. n.i. n.i. 76 80 4 Zegeye et al. (2008) 

 

1.46 1.05 28 68.2 72.1 3.9 LA540  
0.78 0.75 4 76.5 79.2 2.7 B4914 
0.95 0.82 14 67.9 76.6 8.7 B4915 
0.95 0.82 14 67.9 70.6 2.7 B4915 K 

        
n.d.: not determined; n.i.: no information; *) results from ten different kaolins, not individually attributed to a respective brightness value; a) referred as 
not further specifed “whiteness”; b) colometric determined whiteness index 
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As this inverse behavior of the brightness trend for LA540 and B4915 is not 
explicable by their Fe distribution, the presence of further staining components or 
phases has to be considered such as TiO2, which becomes staining by means of 
the titania effect, as reported in Chapter 1.3.3 (Weaver, 1976). Möbius (1977) 
found an inverse relationship between TiO2 content and brightness, which is not 
reflected by the samples investigated in this study, as the sample with the 
poorest brightness (B4915) shows a lower TiO2 content (Table 5.4) than LA540 
(slightly greater brightness, but larger TiO2 content). 

Moreover, the sample with the greatest initial brightness (B4914) has nearly 
the same TiO2 content as B4915. This absence of correlation between TiO2 
content and brightness is in accordance with results of Galazzo et al. (1986), 
deduced from Q-mode factor analysis. 

Table 5.15: Classification of microbiologically treated kaolin samples on the basis of linear 
equations with slope m and y-intercept b, listed in order of decreasing m-values as 
evaluation tool for the Fe removal efficiency. 

Sample m b Classification 
Lee et al. (2002) -0.1944 18.77 

Type I 
LA540  -0.1051 8.63 

    Guo et al. (2010) -0.0505 5.08 

Type II 
B4915 K -0.0481 4.22 
Groudev (1987) -0.0420 4.30 
Arslan and Bayat (2009) -0.0392 3.57 
Groudev (1987) -0.0239 2.80 

    de Mesquita et al. (1996) -0.0152 1.30 

Type III 
B4915 -0.0149 1.96 
B4914 -0.0111 1.63 
de Mesquita et al. (1996) -0.0043 0.67 

 
In addition to Fe and Ti impurities, the presence of further clay minerals 

influences the optical properties of kaolins (Prasad et al., 1991). The results from 
brightness measurements of single grain-size fractions show that a decrease in 
particle size correlates with decreasing brightness values (Figure 5.3), which, in 
turn, are linked to an increasing clay mineral content (Table 5.9). 

5.3.2 Mineralogical parameters 

In the following, the results from quantitative phase analysis collected by a 
multi-method approach are discussed.  

Regarding the deviations between the element oxides from XRF 
measurements and the oxide-converted Rietveld values (Table 9.2 in the 
Appendix), larger deviations for all samples were observed in the SiO2, Al2O3, 



5   Comprehensive characterization of the paper kaolins 

156 

Fe2O3, and K2O contents, which generally increase in smaller particle size 
fractions.  

The mostly negative deviations in SiO2 and Al2O3 contents are caused by 
different factors: (1) the application of ODPF revealed the presence of I-S mixed-
layer minerals, which could not have been detected by Rietveld analysis due to 
the lack of an appropriate structural model. This effect was emphasized for the I-
S enriched clay fractions, for which the clay content was consistently 
overestimated by Rietveld analysis, and particularly pronounced for the clay 
fractions <0.6 µm of LA540 and LA540 MO, and for sample group B4915, which 
exhibited larger amounts of I-S mixed-layer minerals compared to B4914 and 
B4914 MO; (2) the structural formulae and chemical composition used for the 
conversion of the mineralogical phase content to element oxides (Table 5.5) 
represent an “ideal” stoichiometry and, therefore, do not consider further 
varieties of isomorphous substitutions; (3) the choice of structural models in the 
Rietveld code, which was motivated by the achievement of Rwp values as small 
as possible. Kleeberg (2005) compared the quantification results obtained from 
different structural models of a kaolin sample from the Hirschau-Schnaittenbach 
area and found a hkl-dependent broadening model, including stacking faults to 
be the most suitable for the structural refinement of kaolinite. Simpler models 
failed due to an overestimation of the muscovite content that did partially 
“absorb” the intensity of the broadened kaolinite peaks. 

For the samples investigated in this study, the application of such a 
broadening model seems to tendentially overestimate the kaolinite content. 
However, the amount of clay minerals (sum of kaolinite and illite) for the clay 
fractions obtained from Rietveld analysis was found to be in good agreement 
with the quantification results deduced from the adapted values, STA, and ODPF. 
As a consequence, Rietveld analysis gives a reasonable approximation of clay 
content, and is, therefore, a fair estimate of the ratio of clay minerals to non-clay 
minerals. Larger deviations between the quantification results were noticed for 
sample group LA540, probably because of the greater I-S mixed-layer content 
compared to the other kaolin samples as exhibited by ODPF. 

The deviation in Fe2O3 content is explicable by the fact that Fe-bearing 
phases at such low concentrations could not be identified by XRD with CuKα 
radiation due to significant background fluorescence resulting in a poor peak 
resolution (Bland et al., 2004). However, also an attempt using CoKα radiation 
failed. Moreover, Mössbauer spectroscopy (Table 5.11) showed that most of the 
Fe is silicate-bound, which again reduces the XRD-detectable portion. 

The Rietveld quantification of the K-bearing minerals was carried out using a 
combination of different structural models. For the quantification of K-feldspar, an 
orthoclase and a microcline model were used simultaneously, as the coexistence 
of both phases were reported for kaolins from the Hirschau-Schnaittenbach area 
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(Köster, 1974). As both phases are polymorphs (e.g., Rösler, 1991), the oxide 
conversion (Table 5.5) was carried out by adding the quantification results. For 
the K-bearing clay minerals, two structural models (muscovite 2M1 and illite 1Mc) 
were used to account for different parageneses (Köster, 1974) as well as for a 
better fit. 

The oxide conversion for muscovite was performed using a structural model 
with 1.00 K+/FU and for illite on the basis of a high-K-illite structural model (0.89 
K+/FU), in order to account for the illite layers in I-S mixed-layer minerals (Środoń 
et al., 1992). Despite of the use of a high-K-illite structural model, deviations in 
K2O content were mainly positive, thus, underestimated by Rietveld analysis, and 
negative for some clay fractions. 

Therefore, in the following iteration steps (XRD-XRF adapted), the K2O 
content of the various silt fractions was preferentially accounted for by K-feldspar 
and, with decreasing grain sizes, by illite, leading to a minimization of the K2O-
deviations. This adaption is in accordance to common knowledge, and as stated 
by Dutz (2002), of a decreasing K-feldspar content with decreasing particle size 
fraction, with a simultaneous increase of the illite content. Moreover, this 
adaption led to smaller quantification results for kaolinite and, thus, to lower 
deviations in the Al2O3 and SiO2 contents. 

The adapted quantification results are in good agreement with the results from 
STA measurements (Table 5.8) as deviations between measured and calculated 
mass loss during dehydroxylation were below 1% for all untreated samples. The 
greatest positive deviations were generally found for the clay size fractions, 
reflecting the lack of the smectitic components not included in the results 
deduced from Rietveld analysis, but detected by XRD measurements from 
oriented samples (Figure 5.4), ODPF (Figures 5.5-5.7 and Table 5.7), and from 
CEC measurements (Table 5.10). 

The all in all larger deviations of the treated samples are not solely explicable 
by a lacking smectitic component as some samples exceeded the maximum 
allowable mass loss (Δm TDHX meas) for kaolins of 13.95%, which correspond to 
100% kaolinite. The DSC curves of the respective treated samples showed a 
weak broad exothermic peak between 300-400 °C, which became more 
pronounced with decreasing particle size fraction (data not shown). By means of 
Evolved Gas Analysis (EGA), the release of CO2 was detected within this T-
interval, indicating the presence of organic compounds (Siewert, 1995), 
attributable to the organic constituents of the reducing media in terms of lactate, 
AQDS, and the microorganism itself (Table 3.3). 

An explanation for the larger deviations is given by the interference between 
the oxidation reaction from organic matter (200-500 °C) and the dehydroxylation 
reaction, which was found to occur as above 400 °C (Ulery and Drees, 2008). 
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However, the interference between the two reactions has no implication for 
the quantifaction results, as deviations >1.00% were not further adapted in the 
STA crosscheck, because of the greater inconsistency with the results from XRF 
analysis. 

The remarkable differences in the phase content between the grain-size 
fractions of all kaolin samples prior to and after bioleaching may be attributed to 
the following reasons in terms of (1) microbially induced formation or 
transformation of minerals by a solid-state or dissolution-precipitation reaction 
mechanism (Chapter 1.3.5) as reported for kaolins by Styriaková and Styriak 
(2000), Styriaková et al. (2003), and Styriaková and Lovás (2007), for smectitic 
samples by serveral authors (e.g., Kim et al., 2004; Stucki; 2009), and for illite 
(Kukkudapu et al., 2006); (2) dispersion effects, causing mass shifts during 
sample fractionation, as grain-size fractionation was carried out without addition 
of a dispergent agent in order to prevent affection of metabolic activities of the 
microorganisms (Liu et al., 1982; Shelobolina et al., 2004). 

Microbially induced mineral transformations were reported to result in the 
destruction of mica under formation of illite (Styriaková and Styriak, 2000; 
Styriaková et al., 2003) or to induce the in situ conversion of smectite to illite 
(Kim et al., 2004). Regarding the paper kaolins, no unequivocal evidence for 
mineral transformation can be provided as no changes have occurred with 
microbiological treatment for the phase content of the bulk samples or for the 
particle morphology as demostrated by SEM. This is in contrast to SEM 
observations by Styriaková and Styriak (2000) and Styriaková et al. (2003), and 
Roy et al. (2010), who found mineral surfaces to be altered after bioleaching. On 
the contrary, Lee et al. (2002) did not detect any morphological modifications 
after microbial refinement. 

An increase in CEC due to Fe3+-reduction in the structure of the swellable 
components as reported by several authors (e.g., Kostka et al., 1999b; Gates et 
al., 1998; Stucki, 2006) was not detected for the bioleached kaolin samples. 

However, possible changes in the phase content by mineral transformation 
reactions can be neither confirmed nor completely excluded as the accuracy of 
the quantification results may be to low to detected any effects. 

Moreover, as discussed in Section 5.3.1, changes in grain-size distribution 
after bioleaching are also attributable to changes in the aggregate structure due 
to dispersion stabilization effects, induced by the increased soluble salt 
concentration by means of the reducing media (Baird and Walz, 2007) and by 
polysaccharide-mediated aggregation (Dorioz et al., 1993). The resulting mass 
shifts lead, in turn, to changes in the phase content of the respective grain-size 
fractions. Therefore, not all the changes in the mineralogical composition can be 
interpreted solely as the result of microbial Fe3+-reduction, as already stated by 
Shelobolina et al. (2004). 
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Concerning the paper kaolins investigated in this study, the identification of 
bio-available Fe depletion sources is obfuscated due to the complexity of factors 
that impacts the comparability of the respective grain-size fractions prior to and 
after bioleaching. 

Results from Mössbauer spectroscopy indicate the presence of mostly 
silicate-bound Fe. Thus, potential Fe depletion sources for the three paper 
kaolins are kaolinite, illite, and I-S mixed layer minerals. 

Regarding kaolinite as an Fe depletion source, indirect proof for the presence 
of silicate-bound Fe was provided by the generation of PA curves, as kaolinites 
with high degree of structural disorder were found to contain more octahedral 
Fe3+ than those with a well-ordered structure (Herbillon et al., 1976; Mestdagh et 
al., 1980). The relative positions of the PA curves (Figure 5.8) indicate different 
degrees of structural disorder of the three kaolins in the order LA540 < B4914 < 
B4915, which did not change with bioleaching. 

However, the comparison of the PA curves gathered from the highly-
disordered ceramic clays (Figure 6.4) indicates the presence of principally well-
ordered kaolinite structures, which is also evidenced by the sharp and intense 
recrystallization reactions at T≈1000 °C obtained from DSC measurements, 
reported for kaolinites with a well-ordered structure (Jasmund and Lagaly, 1993). 
This means that the respective kaolinite structures may contain merely low 
amounts of structural Fe3+, which were not subject to microbial reduction, as 
shown by the steady PA curves detected prior to and after bioleaching. 

Therefore, Fe3+-reduction seems to be restrained to the 2:1 layer silicates in 
terms of illite and I-S mixed-layer minerals. On the basis of the data acquired in 
this study, a further differentiation is not possible. 

Literature data favor smectitic components to be the easiest reducible among 
the 2:1 layer silicates due to the lower layer charge with respect to illite 
(Seabaugh et al., 2006; Dong et al., 2009a; 2009b). The smectitic components 
are a highly Fe depletion source, as the extent of Fe reduction correlates with the 
amount of smectitic components, which was found to increase in the order 
B4914 < B4915 < LA540. 

Discussing these observations in the light of the parameters gathered for the 
characterization of bioleaching, the following conclusions result:  

(1) the enhancement of kaolin brightness Δ depends primarily on the place of 
Fe depletion Ψ, and not on the Fe2O3 content, as the various Fe depletion 
sources contribute to a different extent to brightness. The reduction of goethite 
generally increases kaolin brightness, whereas it should be adversely affected by 
Fe reduction in smectite due to color changes by reduction from yellow to dark 
green or blue color (Kostka et al., 1996; O’Reilly et al., 2006). In contrast, the 
reduction of Fe3+ in the illite structure should positively contribute to brightness, 
as Shen and Stucki (1994) observed color changes from dark gray to white. 
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However, color is not solely a function of the Fe oxidation state since changes 
principally depend on complex light scattering and chromophoric absorption 
phenomena caused by particle size, Fe site coordination, Fe clustering, and 
other factors (Stucki, 2011). 

(2) Regarding the Fe distribution of the studied kaolin samples, the 
enhancement of brightness is mainly caused by the reduction of oxide-bound Fe 
and less affected by the reduction of silicate-bound Fe, as the largest increase in 
brightness is correlated with oxide-bound Fe depletion (B4915), whereas the 
smallest increase in brightness was yielded by kaolin sample B4914, for which 
Fe depletion was found to occur exclusively within the silicate structure. For 
kaolin sample LA540, which showed both types of Fe depletion, the brightness 
enhancement was between the values of B4914 and B4915. 

(3) The different Fe removal efficiencies, which were large for B4914 and 
B4915, but small for LA540, seem to be explicable by a the fact that the reduced 
Fe largely remains inside the silicate structure as reported in various studies 
dedicated to structural Fe reduction and reoxidation of 2:1 layer silicates (e.g., 
Lee et al., 2006; Ribeiro et al., 2009). This is in accordance with observations 
made for sample B4914, for which Fe depletion was shown to take place solely 
in the silicate structure, as well as for sample LA540, characterized by the largest 
goethite amount and a “concomitant Fe depletion”. On the other hand, for 
sample B4915 it was shown that Fe depletion occurred for the oxide-bound Fe, 
which is in contrast to the assumption outlined above. However, a “concomitant 
Fe depletion” seems to be very probable as sample B4915 contains only little 
goethite, but showed the largest extent of Fe reduction. Moreover, mass shifts 
during grain-size fractionation may influence the comparability of the respective 
Fe distribution-ratios prior to and after bioleaching, leading to imprecise Ψ values. 

(4) The reduction of silicate-bound Fe should be restrained to the 2:1 layer 
silicates, as no evidence for structural changes have been detected for kaolinite 
with bioleaching. 

(5) The correlation between the amount of smectitic components and extent of 
Fe reduction suggests that Fe3+-reduction preferentially takes place in the 
swellable components of the I-S mixed layers. On the contrary, the more 
pronounced staining effect reported for Fe-reduced smectites suggests illite as 
the source of Fe depletion. Illite loses its dyeing capacity by Fe reduction, 
resulting in an increased brightness, as was also observed for the goethite-free 
kaolin sample B4914. 
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5.4 Conclusions 
The removal of Fe3+ impurities from paper kaolins with different brightness 

qualities by a Fe-reducing culture of Shewanella putrefaciens was investigated 
on the basis of a comprehensive mineralogical characterization. The combination 
of various quantification methods revealed differences in the character and 
amount of I-S mixed layer minerals, which were found to correlate positively with 
the extent of Fe reduction. The determination of the Fe distribution prior to and 
after bioleaching indicated that 

(1) Shewanella putrefaciens is capable to reduce both, oxide-bound Fe as well 
as silicate-bound Fe 

(2) the enhancement of brightness is mainly caused by the reduction of oxide-
bound Fe and less affected by the reduction of silicate-bound Fe. Thus, 
brightness enhancement of kaolins is a function of the place of Fe depletion 

(3) the microbiologically induced removal of the silicate-bound Fe seems to 
occur mainly in the structure of the 2:1 layer silicates, as no evidence of 
structural changes was observed for kaolinite 

(4) the generally assumed correlation of kaolin brightness and Fe2O3 content 
is not strictly valid and always should be seen in the context of Fe distribution in 
terms of oxide/silicate Fe as well as Fe2+/Fe3+ 

(5) the impact of the TiO2 content on brightness remains unclear as no 
correlation was found between these two parameters 

(6) changes in rheology was caused by bioleaching, leading to mass shifts 
during grain-size fractionation. 

However, the attribution of single parameters to brightness enhancement still 
remains challenging due to the number and complexity of interactions arising 
from kaolin composition, in terms of Fe2O3 content, Fe distribution, amount and 
kind of clay minerals, particle size distribution, kaolinite crystallinity, as well as 
the presence of further staining components, such as TiO2 or organic 
compounds, which were all shown to influence the kaolin brightness.  
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6 Comprehensive characterization of 
the ceramic clays 

Results of this study were published in Petrick et al. (2011) Character and 
amount of I-S mixed-layer minerals and physical-chemical parameters of two 
ceramic clays from Westerwald, Germany: Implications for processing properties. 
Clays and Clay Minerals 59, 58-74. 

6.1 Introduction 
Common practice for the industrial assessment of ceramic clays consists of 

determining two parameters only: particle-size distribution and chemical 
composition. This rapid procedure should provide information on clay working 
properties and determine the end-use as ceramic masses or slurries. Due to the 
frequent failure of assigning properties of clays on the basis of this procedure, 
the clay processing industry finds itself constrained to reconsider common 
evaluation strategies. 

It is well-known that mineralogical composition controls ceramic processing-
related properties, as described in Chapter 1.4. For that reason, it is astonishing 
that mineralogy is widely neglected in the industrial assessment of ceramic clays. 

Aim of the following study is to demonstrate that a careful determination of the 
mineralogical phase content provides valuable additional information on the 
processing behavior of ceramic clays, as especially quantitative minor 
constituents exert a strong effect on processing properties (Schüller, 1980). 

In this context, two ceramic clays (W1 and W2) from the Westerwald area, 
Germany, were investigated. According to industrial assessment, W1 and W2 
are characterized by nearly identical chemical compositions and particle size 
distributions, but show different working properties in terms of extruding behavior
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(generally also referred as “plasticity” according to Göhlert and Uebel, 2007) and 
making moisture content. A phenomenological description and properties-related 
parameters of W1 and W2 are summarized in Table 3.4 (Chapter 3.2). 

In order to elucidate the different behavior, both clays were investigated in 
detail by a multi-method approach combining physical-chemical and 
mineralogical methods. The combination of different analytical methods (XRF, 
STA, CEC) in addition to Rietveld analysis of XRD patterns allows an 
approximation of the mineralogical phase content. 

In such a multi-method approach, a new analytical tool applied for the first 
time to ceramic clays is represented by one-dimensional XRD profile fitting 
(ODPF), previously mainly used for oil exploration-related identification of mixed-
layer minerals and clay mineral parageneses (e.g., Środoń, 1981; Drits et al., 
1997b; Lindgreen et al., 2000; McCarty et al., 2008; Lanson et al., 2009). This 
technique enables the characterization of complex samples, consisting of 
discrete clay minerals and mixed-layer phases. 

However, also the application of one-dimensional modeling not always 
provides an unambiguous determination of the actual structure as several 
structural models may fit the experimental data equally well (Drits, 1987; 
Sakharov et al., 1999; McCarty et al., 2004). Fitting results have to be critically 
evaluated by comparing them with chemical and mineralogical analyses in order 
to obtain a consistent characterization. 

6.2 Results 

6.2.1 Grain-size distribution and processing properties-related parameters 

The two studied samples had very similar water contents: W1=13.4% 
(s=0.4%), W2=13.7% (s=1.0%), when they arrived in the laboratory from the 
processing plant. 

Considerable differences in grain-size distribution were observed between the 
pathways (Table 6.1). The use of Na-pyrophosphate led to a mass shift toward 
finer grain-size fractions, which was strongly emphasized in the fraction <0.6 µm 
for both samples. Independently from the pathway, W1 was characterized by a 
greater content in the clay-size fractions <2 µm. 

Table 3.2 (Chapter 3.2) illustrates that W1, referred to be plastic, had a larger 
making moisture content and extrusion pressure compared to the less-plastic 
sample W2. 

pH values of W1 and W2 were very similar within standard deviation: 6.1 
(s=0.8) for W1 and 6.9 (s=0.7) for W2. The soluble salt concentration in terms of 
anions SO4

2- and Cl- was 479 mg/kg (s=171 mg/kg) and 116 mg/kg (s=13 mg/kg), 
respectively, for W1, and 37 mg/kg (s=8 mg/kg) and 79 mg/kg (s=5 mg/kg), 
respectively, for sample W2. The overall soluble salt concentration of W1 was 
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greater and this was reflected by a much greater electrical conductivity σ, 400 
µS/cm (s=99 µS/cm) compared to 51 µS/cm (s=11 µS/cm) for W2. 

Table 6.1: Grain-size distribution of the samples W1 and W2 with and without Na-
pyrophosphate as dispergent agent, obtained from different methods. 

Grain-
size 
fraction 

with dispersant 
Sedigraph 

(pathway 1) 

with dispersant 
pipette procedure 

(pathway 1) 

without dispersant 
pipette procedure 

(pathway 2) 
 W1 W2 W1 W2 W1 W2 
[µm] [%] [%] [%] [%] [%] [%] 
>63 1 3 2 5 2 5 
20-63 10 12 18 17 19 21 
2-20 29 31 27 28 31 31 
0.6-2 10 13 10 21 24 39 
<0.6 50 41 43 29 24 4 

 

6.2.2 X-ray techniques 

Investigation of the bulk material revealed that W1 and W2 had very similar 
chemical compositions (Table 6.2) and phase contents (Table 6.3). 

Table 6.3 summarizes the quantitative phase content of the bulk materials and 
their clay fractions 0.6-2 µm and <0.6 µm. The samples were mainly composed 
of quartz, kaolinite, illite, swellable components (as I-S mixed-layer minerals 
and/or discrete smectite), orthoclase, plagioclase, rutile, as well as small 
quantities of Fe-bearing phases. 

As expected, the amount of layer silicates increased with decreasing grain 
size, whereas the amount of quartz decreased. The amount of feldspar and rutile 
remained constant within the various grain-size fractions. 

In order to check the quantification results from Rietveld analysis, the 
mineralogical phase content was converted to chemical composition in terms of 
element oxides. Afterwards, these values were compared with the chemical 
composition from XRF measurements. 

Figure 6.1 represents the relative deviation between the two data sets. A 
positive deviation means an underestimation by Rietveld quantification; a 
negative deviation denotes overestimation. 
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Table 6.2: Chemical composition of the bulk material of W1 and W2 and their respective clay fractions 0.6-2 µm and <0.6 µm. Normalized 
values according to loss on ignition (LOI). 

 Chemical composition [%] 
 W1 bulk W2 bulk W1 0.6-2 µm W2 0.6-2 µm W1 <0.6 µm W2 <0.6 µm 
SiO2 74.79 75.27 57.24 53.86 52.93 52.66 
Al2O3 19.40 18.94 33.12 36.55 38.50 39.33 
Fe2O3 1.54 1.44 1.99 2.24 2.71 1.95 
MgO 0.43 0.45 0.72 0.81 0.79 0.89 
CaO 0.28 0.22 0.37 0.36 0.61 0.63 
Na2O 0.12 0.09 0.28 0.21 0.25 0.24 
K2O 2.11 2.34 4.14 4.33 3.30 3.99 
TiO2 1.32 1.25 2.15 1.65 0.93 0.31 
LOI 6.25 5.63 9.42 10.30 12.70 12.24 
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Table 6.3: Quantitative phase content of the bulk material and the fractions 0.6-2 µm and <0.6 µm determined with Rietveld analysis. 

Phase Structure model  Phase content [%] 
 AutoQuan® W1 bulk W2 bulk W1 0.6-2 µm W2 0.6-2 µm W1 <0.6 µm W2 <0.6 µm 
Quartz Quartz 43 ± 2 46 ± 2 12 ± 1 7 ± 1 2 ± 1 2 ± 1 

Kaolinite 
disordered 
Kaolinite 

21 ± 3 20 ± 2 42 ± 5 51 ± 5 55 ± 5 60 ± 5 

Illite 
Muscovite 2M1 

20 ± 2 19 ± 2 24 ± 2 22 ± 3 21 ± 3 19 ± 3 
Illite 1Mc 

Swellable 
components* 

Smectite1wCa 12 ± 3 11 ± 3 17 ± 3 16 ± 3 18 ± 3 16 ± 4 

Feldspar 
Orthoclase 

3 ± 1 3 ± 1 3 ± 1 3 ± 1 3 ± 1 3 ± 1 
Plagioclase An16 

Rutile Rutile 1 ± 1 1 ± 1 2 ± 1 1 ± 1 1 ± 1 0 
Fe-phases**  n.q. n.q. n.q. n.q. n.q. n.q. 
*discrete smectite + contribution from I-S mixed-layer minerals, **goethite, hematite, marcasite and siderite below XRD detection limit, n.q.: not 
quantified 
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Figure 6.1: Relative deviation between chemical composition, calculated from Rietveld 
analysis and measured by XRF, for the bulk material and the clay fractions of (a) W1 and 
(b) W2. 

In the clay fractions of both samples, a considerable increase in terms of 
deviation was noted. For W1, the increase was magnified in the <0.6 µm fraction, 
whereas W2 exhibited the strongest deviations in the 0.6-2 µm size fraction. The 
Al2O3 content showed both, overestimation for the bulk materials and 
underestimation for the clay fractions. 

The XRD patterns of the clay fractions (0.6-2 µm and <0.6 µm) from oriented-
sample preparation look very similar at first glance (Figure 6.2) with strong 
reflections at 7.14 Å and 3.57 Å from kaolinite and a non-rational series of basal 
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reflections with d(001) at about 10 Å. These values differed slightly from a 
rational series for illite and are diagnostic for I-S mixed-layered species.  

 

 

 

Figure 6.2: XRD diffraction patterns from oriented samples. Comparison between the 
samples W1 and W2 in air-dried state (AD), after treatment with ethylenglycol (EG) and 
heat-treated (375 °C) for the fractions (a) 0.6-2 µm and (b) <0.6 µm. 
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After EG solvation, changes in the diffraction patterns of all samples were 
noted: peak shift in the region between 7 and 8° 2θ and broadening of the peak 
at 17.7° 2θ indicated the presence of a smectite component. The identification of 
I-S mixed-layered species was confirmed by the heat-treated samples, the XRD 
patterns of which resembled a physical mixture of a pure illite and kaolinite. 

The morphology of the I-S basal reflections was different for the clay fractions 
of W1 and W2. Both samples of W1 had a poorly resolved shoulder on the low-
angle side of the peak near 9° 2θ (10 Å), which is diagnostic of long-range 
ordering R>1 (Moore and Reynolds, 1997). Both samples of W2 had a well-
resolved shoulder at 11.7 Å, which shifted to 12.4 Å under EG solvation. 

All in all, the peaks were sharper and more intense in the case of W2 <0.6 µm, 
indicating a more ordered structure, unlike W1. 

Identification of the mixed-layer phases was carried out by one-dimensional 
XRD pattern fitting (ODPF). The experimental and the calculated XRD patterns 
(Figure 6.3) were compared using several structure models. A good coincidence 
of positions, intensities, and profiles was achieved for both clay samples with an 
I-S model, in which smectite and illite layers are interstratified with some 
tendency to segregation. 

Both experimental XRD patterns of the clay fractions of W1 were described 
successfully by a physical mixture of discrete smectite and R3 I(0.9)/S, whereas 
the clay fractions of W2 were characterized by a greater proportion of smectite in 
the mixed-layer (R1 I(0.85)/S for W2 0.6-2 µm and R1 I(0.80)/S for W2 <0.6 µm), 
but smaller amounts of discrete smectite or no smectite in the case of W2 <0.6 
µm (Table 6.4). 

The accuracy of the fitting procedure was demonstrated by the satisfactory 
agreement between the experimental and calculated patterns, which was 
Rp=7.14% for sample W1 0.6-2 µm and Rp=7.20% for W2 0.6-2 µm, as well as 
Rp=7.88% for W1 <0.6 µm and Rp=8.71% for W2 <0.6 µm. 

Disagreement between experimental and calculated profiles was, however, 
observed for the low-angle part, probably because of the influence of 
instrumental factors and, in particular, Lorentz-polarization effects (Sakharov et 
al., 1999). 

For both samples, the degree of structural disorder of kaolinite seems high, as 
the diagnostic XRD peaks (data not shown) were so poorly resolved that no 
Hinckley index could be determined. 
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Figure 6.3: Experimental (solid lines) and calculated (dashed lines) XRD patterns of the Ca-saturated, EG solvated samples from oriented 
preparation of the fractions (a) W1 0.6-2 µm, (b) W2 0.6-2 µm, (c) W1 <0.6 µm and (d) W2 <0.6 µm. The shaded areas were excluded from the fit. 
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Table 6.4: Quantification results from one-dimensional XRD profile fitting. Wa: portion of the 
component that appears first in the mixed-layer mineral. 

 W1 0.6-2 µm W2 0.6-2 µm W1 <0.6 µm W2 <0.6 µm 
 [%] [%] [%] [%] 
Kaolinite 44 48 57 63 
Smectite 4 2 4 0 
I-S 31 19 32 22 
   -Reichweite R3 R1 R3 R1 
   -Wa 0.90 0.85 0.90 0.80 
Illite 21 31 7 15 

 

6.2.3 Simultaneous Thermal Analysis 

From equation 4.15 (Section 4.2.5), the maximum clay content was estimated, 
comparing the measured mass loss during dehydroxylation reaction (Δm 
TDHXmeas) between 400 and 900 °C from TG curves with a calculated mass loss 
(Δm TDHXcalc) based on the quantification results from Rietveld analysis. 

Within the tested groups, the smallest positive delta value indicated the most 
appropriate set of coefficients. Table 6.5 shows that the best match between 
calculated and experimental data was achieved for both bulk samples 
considering the mean values as coefficients. For the clay fractions of W1 and W2, 
the smallest delta values were obtained by a set of coefficients generated from 
negative standard deviations. 

The mass loss during dehydroxylation (Δm TDHX) was slightly greater for the 
bulk sample of W1. In case of the clay fractions, W2 showed somewhat greater 
values. 

The DSC curves of both samples showed four endothermic and two 
exothermic effects (Table 6.6). Except the first dehydration reaction, the bulk 
material of W2 had slightly greater peak temperatures of thermal reaction than 
those of W1. For both clays, the peak of the second dehydration reaction was 
only resolved as a weak shoulder. 

Differences between the two samples were observed in the peak temperature 
of the recrystallization reaction, which was notably lower for W1 (958-974 °C) 
compared with W2 (975-981 °C). The recrystallization reaction of W1 varied with 
grain size, whereas it remained nearly constant for W2. In both sets of samples, 
the recrystallization peaks were neither sharp nor intense. 

For the grain size fraction <0.6 µm of W1 and W2, PA curves were recorded 
and compared with kaolinite-rich samples of different degrees of structural 
disorder (Figure 6.4). The data of a well-ordered kaolinite (Mesa Alta) and of a 
highly disordered kaolinite (Franterre) as thresholds were taken from Smykatz-
Kloss (1974). For comparison and to discern device-specific effects, sample 
LA540 employed for the study of paper kaolins (Chapter 5) was included in the 
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analysis. W1 and W2 plotted close to the PA curve of the disordered kaolinite 
sample Franterre, whereas W1 was closer than W2. 

Figure 6.4: PA curves to estimate the degree of structural disorder of kaolinite of the samples 
W1<0.6 µm and W2<0.6 µm. Black bold lines: PA curves of a well-ordered and a disordered 
kaolinite as bounderies taken from Smykatz-Kloss (1974). 

6.2.4 CEC measurements 

The CEC was determined by the Cu-trien method at pH 7. The measured 
values were 9 meq/100g and 7 meq/100g for the bulk material of W1 and W2, 
respectively, and increased within the clay fractions (0.6-2 µm, <0.6 µm) from 10 
meq/100g to 19 meq/100g for W1 and from 12 meq/100g to 18 meq/100g for W2. 

The content of swellable components (sum of smectite and smectitic layers in 
I-S) was calculated according to equation 4.19 (Section 4.2.6). The results are 
reported in Table 6.7. 

Comparing the amount of exchanged cations in the exchanging solution with 
the CEC (Table 6.7) revealed that the interlayer of the swellable components is 
dominated by Ca2+ and Mg2+. The sum of exchangeable cations (∑) was in the 
range of the measured CEC for both sets of samples. 
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Table 6.5: Estimation of the maximum possible clay content by comparing the measured mass loss (Δm TDHXmeas) during the 
dehydroxylation reaction with the calculated mass loss (Δm TDHXcalc). x, y, z are the average mass fractions with their standard deviations   
(-s, +s) of the 1:1 and 2:1 layer silicates from Rietveld analysis. Δ: deviation between measured and calculated mass loss Δm TDHX. 

 
 
 

 Kaolinite 
Smectite + smectitic 

layers in ML 
Illite + illitic 

layers in ML 
Δm TDHX calc Δm TDHX meas Δ 

Sample x y z [%] [%] [%] 
W1 bulk 0.21 0.12 0.20 4.43 4.52 0.09 
W1 bulk -s 0.18 0.09 0.18 3.77 4.52 0.75 
W1 bulk +s 0.24 0.15 0.22 5.08 4.52 -0.56 
W2 bulk 0.20 0.11 0.19 4.19 4.31 0.12 
W2 bulk -s 0.18 0.08 0.17 3.68 4.31 0.63 
W2 bulk +s 0.22 0.14 0.21 4.71 4.31 -0.40 
W1 0.6-2 µm 0.42 0.17 0.24 7.78 7.16 -0.62 
W1 0.6-2 µm -s 0.37 0.14 0.22 6.85 7.16 0.31 
W1 0.6-2 µm +s 0.47 0.20 0.26 8.72 7.16 -1.56 
W2 0.6-2 µm 0.51 0.16 0.22 8.90 7.94 -0.96 
W2 0.6-2 µm -s 0.46 0.13 0.19 7.92 7.94 0.02 
W2 0.6-2 µm +s 0.56 0.19 0.25 9.88 7.94 -1.94 
W1 <0.6 µm  0.55 0.18 0.21 9.50 8.98 -0.52 
W1 <0.6 µm -s 0.50 0.15 0.18 8.52 8.98 0.46 
W1 <0.6 µm +s 0.60 0.21 0.24 10.48 8.98 -1.50 
W2 <0.6 µm  0.60 0.16 0.19 10.01 9.08 -0.93 
W2 <0.6 µm -s 0.55 0.12 0.16 8.99 9.08 0.09 
W2 <0.6 µm +s 0.65 0.20 0.22 11.04 9.08 -1.96 
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Table 6.6: Peak temperatures of thermal reactions from STA measurements of bulk materials and the clay fractions 0.6-2 µm and <0.6 µm. 

Reaction dehydration oxidation organic dehydroxylation αβ-quartz 
transition 

recrystallization 

Character endothermic exothermic endothermic endothermic exothermic 
Peak 
temperature 

T [°C] T [°C] T [°C] T [°C] T [°C] 

W1  101 162 322 527 576 965 
W2  92 163 347 532 576 981 
W1 0.6-2 µm 104 169 328 544 n.o. 974 
W2 0.6-2 µm 105 173 340 550 n.o. 980 
W1 <0.6 µm 116 175 337 547 n.o. 958 
W2 <0.6 µm 108 171 353 552 n.o. 975 
n.o.: not observed 
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6.2.5 Microscopic techniques and Mössbauer spectroscopy 

Investigation of the coarsest fraction >63 µm by optical microscopy revealed 
yellowish-brown, Fe-coated agglomerates, to be abundant in W2 but rarely found 
in W1. Analysis by ESEM coupled with EDX confirmed that these coatings were 
rich in Fe. Sample W1 showed sporadic coatings consisting of crystals with a flat, 
tabular habit with “cockscomb” growth, typical of marcasite (Rösler, 1991). 

The distribution of Fe was established by Mössbauer spectroscopy (Table 6.8). 
The bulk sample of W2 contained four times more oxide-bound Fe than did 
sample W1. For sample W1, the ratio of silicate-bound Fe to oxide-bound Fe 
remained almost constant with decreasing grain size, whereas this ratio 
increased in case of sample W2. 

6.2.6 Summary of the quantification results 

The layer silicate content of the ceramic clays W1 and W2 was determined by 
a multi-method approach, in order to crosscheck the quantification results from 
Rietveld analysis and ODPF. In Table 6.9 the quantification results of the clay 
fractions from Rietveld analysis, ODPF and STA measurements are compared. 

To ensure comparability, only the portion of clay minerals from Rietveld 
analysis was considered. Therefore, ODPF results were normalized to the mean 
values (conv., norm. mv) from Rietveld analysis, as well as to the Rietveld 
quantification results after subtracting the standard deviation (conv., norm. -s). 

The four phases determined by ODPF (kaolinite, smectite, I-S, and illite) were 
converted to five phases (kaolinite, smectite, smectite layers, illite, and illite 
layers), subdividing the I-S content according to the respective Wa values. 

With the normalized ODPF values, the maximum mass loss Δm TDHXcalc was 
calculated from equation 4.15 (Section 4.2.5) and compared with the measured 
results (Δm TDHXmeas). For this calculation, the quantification results of the 
originally four phases from ODPF were reduced to the three discrete “end-
member phases” kaolinite, smectite and illite, summing up the content of 
smectite and smectite layers, and the content of illite and illite layers. 

For sample W1 0.6-2 µm, the kaolinite content varied between 32 and 42% in 
the tested methods. For the appropriate Δ values, the smallest quantification 
result of 32% from ODPF corresponded to a large positive Δ value of 0.80 
(always in combination with the other coefficients), denoting underestimation. A 
kaolinite content of 42% from Rietveld analysis (mean value) yielded the largest 
negative Δ value of -0.62, implying overestimation. 

Comparing the quantification results of all clay fraction samples, some general 
tendencies became evident: the strongest variability in phase content was noted 
for smectite, with Rietveld quantification results being remarkably greater than 
those obtained by ODPF. The quantification results from Rietveld analysis (mv) 
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led always to the largest negative Δ values; the largest positive Δ values were 
produced from results from ODPF (conv., norm. -s). 

On the basis of the Δ value as an assessment tool for quantification, data sets 
generated from Rietveld analysis (-s) and ODPF (conv., norm. mv) were in the 
same range. Rietveld quantification results (mv) as well as the results from 
ODPF (conv., norm. -s) induced large Δ values, which indicated a greater 
inconsistency of the quantification results obtained from different methods. 

The contents of swellable components from CEC measurements (Table 6.7) 
were closer to the results from ODPF in case of both 0.6-2 µm fractions, whereas 
for both <0.6 µm fractions the results were closer to those from Rietveld analysis. 

6.3 Discussion 

6.3.1 Physical and chemical parameters 

In the following, the influence of grain-size distribution as well as pH, electrical 
conductivity and soluble salt concentration on processing properties of ceramic 
clay masses are discussed. 

As shown in Table 6.1, grain-size distribution depends heavily on the kind of 
dispersant and the method employed. 

The use of Na-pyrophosphate leads to a mass shift toward smaller particle 
sizes, which is caused by the destruction of aggregates and the formation of 
discrete particles. The absorption of pyrophosphate on particles increases the 
negative charges and their dispersibility in water (Jeanroy and Guillet, 1981). 

The samples investigated responded very differently to the Na-pyrophosphate 
treatment, and this cannot be explained by an electrostatic stabilization effect 
alone. Comparing the values of the different methods, the mass fraction of the 
sample W2 <0.6 µm without dispersant increased by a factor of about ten after 
the treatment with Na-pyrophosphate. Simultaneously, the content of the fraction 
0.6-2 µm shrank to about one third. For sample W1, the redistribution of grain 
sizes with Na-pyrophosphate was less drastic: the respective <2 µm fractions 
differed from each other by a factor of two. 

Microscopic investigations and Mössbauer spectroscopy (Table 6.8) showed 
differences in Fe distribution for the two samples. In the case of sample W1, the 
Fe was largely silicate-bound, whereas for W2 it was mostly oxide-bound. The 
greater amount of oxide-bound Fe of W2 is mainly visible as yellowish-brown 
goethite-rich coatings, which tend to aggregate smaller particles, giving the 
impression of a larger grain size. 

The influence of Fe oxides on the aggregation behavior of clays is well-known 
(e.g., Colombo and Torrent, 1991; Cornell and Schwertmann, 2003). Bascomb 
(1968) reported that pyrophosphate is capable to extract Fe from moderately 
crystallized goethite. 
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Table 6.7: Amount of exchangeable cations and CEC measurements (CEC meas) of the bulk material and the clay fractions 0.6-2 µm and 
<0.6 µm. %CEC: ratio of the sum of exchangeable cations (Σ) to measured CEC. CEC corr: corrected CEC according to equation 2. wsc: 
content of swellable components from CEC measurements. 

 W1 bulk W2 bulk W1 0.6-2 µm W2 0.6-2 µm W1 <0.6 µm W2 <0.6 µm 
Cation [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] [meq/100g] 
Na+ 0 0 0 0 0 0 
Mg2+ 3 2 2 3 5 4 
K+ 0 0 1 0 1 1 
Ca2+ 7 5 6 6 12 12 
Σ 10 7 9 9 18 17 
CEC meas 9 7 10 12 19 18 
percentage CEC [%] 111 100 90 76 95 97 
CEC corr 6 4 6 7 13 12 
wsc [%] 8 5 7 9 17 15 

 
 

Table 6.8: Iron distribution from Mössbauer spectroscopy of the bulk materials and the fractions <0.6 µm. 

 silicate-bound iron oxide-bound iron 
Sample [%] [%] 
W1 bulk 88 12 
W1 <0.6 µm 90 10 
W2 bulk 49 51 
W2 <0.6 µm 77 23 
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Table 6.9: Quantification by Rietveld analysis (Rietveld) and one-dimensional XRD profile modeling (ODPF) compared with the maximum mass loss 
Δm TDHX. mv: mean value; -s: quantification value after subtracting the standard deviation; norm: normalized value; conv.: converted value from phase 
reduction. 

Sample 
Quantification 
method 

Kaolinite Smectite 
Smectite 

layers 
Illite 

Illite 
layers 

∑ 
Δm 

TDHXcalc 
Δm 

TDHXmeas 
Δ 

  [%] [%] [%] [%] [%] [%] [%] [%] [%] 
W1 0.6-2 µm Rietveld mv 42 17 n.d. 24 n.d. 83 7.78 7.16 -0.62 
 Rietveld -s 37 14 n.d. 22 n.d. 73 6.85 7.16 0.31 
 ODPF 44 4 3 21 28 100 - - - 

 
ODPF conv., 
norm. mv 

37 3 3 17 23 83 7.29 7.16 -0.13 

 
ODPF conv., 
norm. -s 

32 3 2 15 21 73 6.36 7.16 0.80 

W2 0.6-2 µm  Rietveld mv 51 16 n.d. 22 n.d. 89 8.90 7.94 -0.96 
 Rietveld -s 46 13 n.d. 19 n.d. 78 7.92 7.94 0.02 
 ODPF 48 2 3 31 16 100 - - - 

 
ODPF conv., 
norm. mv 

43 2 3 27 14 89 8.13 7.94 -0.19 

 
ODPF conv., 
norm. -s 

38 2 2 24 12 78 7.06 7.94 0.88 
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Continuation of Table 6.9: 

 
 
 

Sample 
Quantification 
method 

Kaolinite Smectite 
Smectite 

layers 
Illite 

Illite 
layers 

∑ 
Δm 

TDHXcalc 
Δm 

TDHXmeas 
Δ 

  [%] [%] [%] [%]  [%] [%] [%] [%] 
W1 <0.6 µm Rietveld mv 55 18 n.d. 21 n.d. 94 9.50 8.98 -0.52 
 Rietveld -s 50 15 n.d. 18 n.d. 83 8.52 8.98 0.46 
 ODPF 57 4 3 7 29 100 - - - 

 
ODPF conv., 
norm. mv 

53 4 3 7 27 94 9.42 8.98 -0.44 

 
ODPF conv., 
norm. -s 

47 3 3 6 24 83 8.31 8.98 0.67 

W2 <0.6 µm Rietveld mv 60 16 n.d. 19 n.d. 95 10.01 9.08 -0.93 
 Rietveld -s 55 12 n.d. 16 n.d. 83 8.99 9.08 0.09 
 ODPF 63 0 4 15 18 100 - - - 

 
ODPF conv., 
norm. mv 

59 0 4 14 17 95 9.93 9.08 -0.85 

 
ODPF conv., 
norm. -s 

52 0 3 13 15 83 8.77 9.08 0.31 
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The application of pyrophosphate leads to the destruction of micro-aggregates 
and the dispersion of clayey and colloidal cements (Pansu and Gautheyrou, 
2006). A summary of the mechanisms of the action of pyrophosphate is given by 
Beckett (1989). 

According to Ongley et al. (1981), the different kinds of treatments give rise to 
an absolute and to an effective grain-size distribution. The contrast between 
these two states plays an important role, as both exert a strong influence on the 
rheological properties of clays, not only in ceramics but also in paper industry 
(Grafton, 1968) or sediment dynamics (Walling and Moorehead, 1989). 

Furthermore, the measuring method itself affects the results. The present data 
confirm that the Sedigraph method for particle-size analysis consistently yields a 
finer size distribution than the pipette method (Buchan et al., 1993; Hotchkiss, 
1994). However, independent of the analytical method, both data sets from 
treatment with and without Na-pyrophosphate illustrate the different aggregation 
characteristics of W1 and W2, which are jointly responsible for the processing 
properties. 

Significant differences between the two samples are noticeable in the soluble 
salt concentration. W1 releases >12 times as much sulfate, which is also 
reflected by its greater electrical conductivity. The sulfate release is probably 
caused by oxidation of marcasite (Rimstidt and Vaughan, 2003), as marcasite is 
the only sulfide-bearing mineral found in the samples. The greater SO4

2- 
concentration in W1 is in accord with the detection of marcasite during the ESEM 
analysis. The small amount of sulfate released by W2, combined with the 
information from Mössbauer spectroscopy, plus the observation of yellowish-
brown Fe-coatings, indicate that the iron is largely oxide-bound, presumably as 
goethite. 

The larger soluble salt concentration of W1 explains the greater degree of 
dispersibility of the raw material in water. Penner and Lagaly (2001) showed that 
multivalent anions up to high salt concentrations exert a pronounced liquefying 
effect on kaolinite-rich dispersions, as anions recharge the edges and cancel the 
edge(+)/face(-) interaction (Rand and Melton, 1977; van Olphen, 1977), resulting 
in a reduced viscosity. 

The influence of pH on the clay suspensions cannot be taken into 
consideration for the different processing properties of W1 and W2, as the values 
are the same for both clays within the standard deviations. 

Kromer and Rose (1994) stated that an increasing amount of swelling clay 
minerals prevent liquefaction of clays, so that the differences in processing 
properties of W1 and W2, with respect to the extrusion pressure and making 
moisture content, are made more complex by the interaction of the physical-
chemical parameters with the mineralogical phase content. 
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6.3.2 Mineralogical parameters 

Regarding the bulk samples, the deviations between the element oxides from 
XRF measurements and the oxide-converted Rietveld values were <0.5% for all 
tested element oxides. 

Larger deviations were noted for the SiO2/Al2O3-ratio and in the Fe2O3 content 
for the two samples. The deviation in Fe2O3 content is explicable by the fact that 
Fe-bearing phases at such low concentrations could not be identified by XRD 
with CuKα radiation due to significant background fluorescence resulting in a 
poor peak resolution (Bland et al., 2004). 

Moreover, Mössbauer spectroscopy showed that some of the Fe is silicate-
bound, which again reduces the XRD-detectable portion. 

Furthermore, indirect proof for the presence of silicate-bound Fe was provided 
by the generation of PA curves (Figure 6.4). Kaolinites with high degree of 
structural disorder were found to contain more octahedral Fe3+ than those with a 
well-ordered structure (Herbillon et al., 1976; Mestdagh et al., 1980). 

The presence of highly-disordered kaolinite is also reflected in STA 
measurements by the weak recrystallization reaction at low temperatures. Such 
thermal behavior is typical of clays from the Westerwald, which are known to 
contain highly-disordered kaolinite (Lippmann, 1960; Jasmund and Lagaly, 1993). 
All tested methods indicated consistently that the kaolinite in sample W1 has a 
greater degree of structural disorder. 

Deviations in the SiO2/Al2O3-ratio were caused by the lack of an appropriate 
structural model for I-S mixed-layer minerals within the Rietveld code and 
correlation of clay mineral phases. This effect was pronounced for the clay 
fractions, where the SiO2 content was overestimated and the Al2O3 content was 
underestimated consistently. 

The clay fraction samples of W1 and W2 show positive deviations in the K2O 
content, implying underestimation of the K-bearing phases by Rietveld analysis. 
This may have been caused by an inappropriate illite structural model as well as 
an incorrect quantification result for illite and/or orthoclase. The Rietveld 
quantification was carried out by a combination of two structural models 
(muscovite 2M1 and illite 1Mc), because of the better fit. The oxide conversion 
was done on the basis of a high K-illite structural model (0.89 K+/FU) according 
to Środoń et al. (1992). Even setting stoichiometry to the maximum value of 1 
K+/FU, the positive K2O-deviation decreases only slightly, suggesting an 
underestimation of illite and/or orthoclase by Rietveld analysis. 

An increase of the illite content together with a decrease in the feldspar 
content is to be expected with decreasing particle size (Dultz, 2002). The results 
from the present Rietveld analysis show nearly constant values for illite and 
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feldspar within the various fractions, whereas ODPF show an increase in the illite 
layer content with decreasing particle size. 

Balancing the deviations, a plausible explanation for the positive deviations in 
the Al2O3 and K2O contents and the negative deviations of SiO2 for the clay 
fractions is given by an overestimation of smectitic components coupled with a 
simultaneous underestimation of the kaolinite and illite contents and/or feldspar 
content by Rietveld analysis. 

For the bulk material of W1 and W2, the quartz and kaolinite contents seem to 
be slightly underestimated, whereas the illite content and the content of swellable 
components appear to be overestimated. 

The results from CEC measurements of both bulk samples and the 0.6-2 µm 
clay fractions reflect also the tendency to overestimate swellable components by 
Rietveld analysis. For both clay fractions <0.6 µm, the amounts of swellable 
components from CEC measurements and Rietveld analysis are very similar, 
while the results for the 0.6-2 µm samples match the contents gathered from 
ODPF better. 

The results from STA measurements correspond, in the case of sample W1 
<0.6 µm, slightly better with the results from ODPF, whereas for sample W2 <0.6 
µm the results from STA measurements and Rietveld analysis correlate better. 

However, both, the structure and the amount of swellable minerals in ceramic 
clays, influence significantly the water binding, the size of delaminated particles 
and their spatial movement, and the distribution of the material during processing. 
Because of their smaller layer charge, in contrast to illite, the swellable 
components are thought to act like “predetermined breaking-points”. Figure 6.5 
illustrates the delamination behavior and resulting water-accessible surfaces of 
R1 and R3 I-S mixed-layer minerals compared to pure smectite. 

Delamination is expected to occur not only in suspensions, but also in wet 
ceramic clay masses under high shear stress, as applied during extrusion. 

According to this model, plasticity of W1 is caused by the presence of discrete 
smectite, which acts as a lubricant compensating the lower delamination 
potential of the R3 I-S particles. In contrast, the R1 I-S particles of W2 form 
stockier stacks of 2:1 layers by delamination, and these cannot enter interparticle 
spaces, resulting in lower plasticity during processing at the same operational 
load. 

The greater plasticity of W1 results in a greater dry-bending strength as well 
as in an increased making moisture content and extrusion pressure, which, in 
turn, increase energy consumption during the drying and firing process. 
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Figure 6.5: Relation between the structure and ordering principle of 2:1 layer silicates and 
delamination behavior affecting processing properties. F is the applied force. 

6.4 Conclusions 
The processing properties of ceramic clays are influenced by the interaction of 

different material parameters. The present study show that the two investigated 
ceramic clays differed in terms of the following parameters: 

(1) effective grain-size distribution 
(2) soluble-salt concentration 
(3) particle agglomeration by Fe-coatings 
(4) abundance of discrete smectite 
(5) amount and degree of ordering of I-S mixed-layer minerals. 
The qualitative delamination model deduced from the structural information 

gives an indication of how the swellable components may influence the 
processing properties of ceramic clays. With increasing amounts of swellable 
layers, the number of “predetermined breaking-points” increases, and so, too, 
does the number of water-accessible surfaces. As a consequence, 
microstructural modifications are facilitated for clay systems containing larger 
amounts of swellable components, which may in turn result in greater plasticity. 

Further studies are required to quantify the contribution of each parameter to 
workability, with special attention paid to the swellable components. Challenges 
remain in terms of quantitative determination of all material parameters due to 
the small concentrations of components and/or inappropriate structural models 
for Rietveld quantification of mixed-layer minerals in complex mineral admixtures. 
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Processing properties of ceramic clays can be predicted only by means of a 
multi-method approach as detailed information on the phase content seems to 
be the only way to elucidate the differences in ceramic clays that are graded as 
being the same according to traditional quality assessment of industrial raw clays. 
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7 Summary and final conclusions 

A comprehensive mineralogical investigation of three paper kaolins and two 
ceramic clays and their respective grain-size fractions was carried out to 
elucidate the processing properties with regard to possible microbially induced 
quality enhancement. The study was aimed at contributing to the long-term 
objective of developing an assessment scheme for quality evaluation of 
industrially used clays. 

The necessity of such expert systems is shown by the large number of studies 
dedicated to the deduction of mineralogical key parameters in order to 
understand bulk material properties (e.g., Lagaly, 1989; Galán et al., 1998; 
Taboada et al., 2006) or to elucidate special properties of single clay constituents, 
such as smectites (e.g., studies of Dong, Kostka, or Stucki) or kaolinites (e.g., 
studies of Murray). 

As described in the introduction (Chapter 1), this issue still remains very 
challenging due to the complexity of factors, which influence clay properties. For 
that reason, conventional industrial clay assessment is solely based on the 
deduction of mineralogical parameters from chemical composition and grain-size 
distribution, which was shown not to be sufficient for the evaluation of processing 
properties in terms of kaolin brightness and plasticity of ceramic clays. In order to 
overcome this complexity, the characterization of the samples investigated in this 
study was based on a multi-method approach, consisting in the detection of 
relevant physical-chemical as well as mineralogical parameters. 

Regarding the paper kaolins, the study demonstrated the feasibility of 
removing Fe3+ impurities by a Fe-reducing culture of Shewanella putrefaciens. 
For the various kaolin samples, the microbial treatment led to different degrees 
of brightness enhancement, which were shown to be a function of the respective 
mineralogical composition in terms of different Fe depletion sources. The results 
indicated that Shewanella putrefaciens is capable to reduce both, oxide-bound
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Fe as well as silicate-bound Fe, whereas the impact on brightness was larger for 
the reduction of oxide-bound Fe and smaller for the reduction of silicate-bound 
Fe. Considering the place of microbially induced reduction for the silicate-bound 
Fe, the depletion seemed to occur in the 2:1 layer silicates, since no evidence of 
structural changes was observed for kaolinite. 

On the basis of the results obtained, further identification of Fe depletion 
sources within the group of 2:1 layer silicates in terms of illite and swellable 
components was not possible. The correlation between the amount of smectitic 
components and extent of Fe reduction found for the kaolin samples in this study 
suggests that Fe3+-reduction preferably takes place in the swellable components 
of the I-S mixed layers. In contrast, the more pronounced staining effect found 
for smectites with reduced Fe is indicative of illite being the source of Fe 
depletion, with illite losing its dyeing capacity by Fe reduction, which, in turn, 
should result in an increased brightness. 

With the knowledge of different Fe depletion sources, the generally assumed 
correlation of kaolin brightness and Fe2O3 content is at most valid if the Fe is 
completely oxide-bound. This is not the case for kaolins since they contain 
considerable amounts of Fe-bearing 2:1 layer silicates. As the reduced silicate-
bound Fe largely remains inside the silicate structure, the total Fe2O3 content 
decreases only slightly with bioleaching and, thus, does not serve as an indicator 
of kaolin brightness. Therefore, brightness should be always seen in the context 
of Fe distribution in terms of oxide versus silicate Fe as well as in the context of 
the ratio Fe2+/Fe3+. On these grounds, the Fe removal efficiency may be used as 
an indicator of Fe distribution, as this parameter correlates well with the 
mineralogical differences of the various kaolin samples in terms of different Fe 
depletion sources. The Fe removal efficiency was shown to be high for the 
samples with silicate-bound Fe (B4914 and B4915), but low for sample LA540, 
which was characterized by a larger amount of oxide-bound Fe. 

However, attributing single parameters to brightness enhancement still 
remains challenging due to the number and complexity of interactions arising 
from the kaolin composition in terms of Fe2O3 content, Fe distribution, amount 
and kind of clay minerals, particle size distribution, kaolinite crystallinity, as well 
as the presence of further staining components such as TiO2 or organic 
compounds, which were all shown to influence the kaolin brightness.  

The observed changes in rheology occurred with bioleaching, which led to 
mass shifts during grain-size fractionation of the investigated kaolin samples, 
should be taken into account in future industrial applications since an adequate 
rheology of kaolin suspensions represents a crucial factor of paper making. 
Further studies are needed to evaluate the influence of microbiological treatment 
on the rheology of kaolin suspensions. 
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Regarding the different processing properties of the ceramic clays, which were 
classified into the same grade, according to common industrial assessment in 
terms of chemical composition and grain-size distribution, the present study 
indicated that plasticity is the result of various interacting material parameters, 
which were found to differ for the two investigated ceramic clays. 

Grain-size distribution was found to depend heavily on the dispersion method 
employed, either using Na-pyrophosphate according to industrial standard 
sample preparation or solely deionized water. The different treatments prior to 
grain-size fractionation gave rise to an absolute and to an effective grain-size 
distribution, since the application of pyrophosphate led to the destruction of Fe-
bearing micro-aggregates and the dispersion of clayey and colloidal cements. 
The distinction in absolute and effective grain-size distribution represents an 
important concept, as the evaluation of processing properties, according to 
industrial standards, is based on results obtained from sample preparation with 
Na-pyrophosphate, thus, on absolute grain-size distribution. Ceramic clays, 
however, are processed without any additional dispersant agent. Therefore, 
evaluation of processing behavior should rather be deduced from values 
gathered from effective grain-size distribution and not, as hitherto, from absolute 
grain-size distribution. 

Particle agglomeration effects, contributing to the different grain-size 
distribution characteristics of the two ceramic clays were further traced by the 
determination of the Fe distribution, which illustrated that the more plastic sample 
W1 had mostly silicate-bound Fe, whereas the less plastic sample W2 was also 
characterized by the presence of oxide-bound Fe coatings, tending to aggregate 
smaller particles and giving the impression of a larger grain size. 

By means of ODPF, it was shown that the investigated ceramic clays differed 
in the abundance of discrete smectite as well as in the amount and degree of 
ordering of I-S mixed-layer minerals. On the basis of both, the structure and the 
amount of swellable minerals, a qualitative delamination model was derived in 
order to explain the different working properties of the samples. Within this model, 
the swellable components, in contrast to illite, are thought to act like 
“predetermined breaking-points”, due to their smaller layer charge. With 
increasing amount of the swellable components, that is, increasing number of 
“predetermined breaking-points”, the probability of delamination events increases. 
Delamination leads to the creation of water-accessible surfaces and, therefore, 
water binding increases. Delamination is expected to occur not only in 
suspensions, but also in wet ceramic clay masses under high shear stress, as 
applied during extrusion. As a consequence, microstructural modifications are 
facilitated for clay systems containing larger amounts of swellable components, 
which may in turn result in greater plasticity. 
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However, further studies are required to quantify the contribution of each 
parameter to workability, with special attention paid to the swellable components. 
Challenges remain in terms of quantitative determination of all material 
parameters due to the low concentrations of components and/or inappropriate 
structural models for Rietveld quantification of mixed-layer minerals in complex 
mineral admixtures. 

Regardless of the respective clay system, this study illustrated that the 
characterization of paper kaolins and ceramic clays for understanding the 
processing properties can be gained only by means of a multi-method approach 
as detailed information on the phase content seems to be the only way to 
elucidate compositional and structural differences, which were not detectable by 
common industrial evaluation methods. 

The combination of various quantification methods revealed that both, the Fe 
distribution in terms of oxide-bound Fe and silicate-bound Fe and the swellable 
components found in I-S mixed-layer silicates or in form of smectites, have a 
strong impact on brightness as well as on the plasticity of clays. 

Therefore, future quality assessment of raw clay properties’ should take into 
account these two key parameters. Nevertheless, decision-making for clay 
grade-classification on the basis of mineralogical phase analysis remains 
challenging due to the partial inconsistency of the quantification results obtained 
by XRD analysis using the Rietveld method and ODPF as well as STA and CEC. 
The deduction of a generally valid clay assessment scheme is additionally 
complicated by the high variability of clay systems and, thus, mineralogical 
composition, which have been shown to vary notably even in one single mining 
area. 

However, to conclude with the words of Galán et al. (1998), “the industrial 
properties of kaolin cannot be predicted from other basic properties such as 
mineralogy because they are intricately related to one another.” This means that 
the long-term objective of developing an assessment scheme for the quality 
evaluation of industrially used clays can only be reached by further efforts 
dedicated to a detailed determination of the quantitative phase content. 
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Table 9.1: Water chemistry analysis of tap water used for sample preparation of the paper kaolins. 
Data source: Water works of Leipzig (KWL-Kommunale Wasserwerke Leipzig). 

Species 
concentration 

[mg/L] 
  

 

Na+ 28  pH 7.73 
Mg2+ 17  σ 610 µS/cm 
Ca2+ 83,7  hardness 15.8 °dH * 
Fe2+/3+ 0,02    
Mn2+ <0,005    
F- 0,44    
Cl- 43,3    
NO3- 20,7    
SO4

2- 189    
* °dH: German degrees of hardness (Deutsche Grad Wasserhärte). 1 °dH = 17.848 mg/L 
CaCO3. 
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Table 9.2a: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and 
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample LA540 and of the grain-size fractionated material. 

  deviations [%] 
LA540 crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF -0.45 -2.58 1.37 0.62 0.19 0.08 0.00 0.42 0.34 

 XRD-XRF adapted 0.61 -0.87 1.39 0.64 0.04 0.08 0.12 0.00 0.00 

 XRD-XRF-STA 0.61 -0.87 1.39 0.64 0.04 0.08 0.12 0.00 0.00 

>20 µm XRD-XRF -1.77 -3.74 2.04 0.85 0.19 0.03 1.33 0.58 0.48 

 XRD-XRF adapted 0.00 0.01 2.06 0.87 -0.02 0.03 0.00 0.00 0.01 

 XRD-XRF-STA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2-20 µm XRD-XRF 0.91 -2.19 0.44 0.12 0.06 0.06 0.35 0.28 0.07 

 XRD-XRF adapted 0.11 -0.22 0.45 0.13 0.03 0.06 0.08 0.00 0.01 

 XRD-XRF-STA 0.00 -0.73 0.41 0.09 0.03 0.06 0.06 0.00 0.01 

0.6-2 µm XRD-XRF -0.83 -1.10 1.10 0.43 0.19 0.06 -0.19 0.27 0.69 

 XRD-XRF adapted 0.00 -0.32 1.11 0.44 -0.10 0.06 0.09 0.00 0.06 

 XRD-XRF-STA 0.00 -1.46 0.97 0.30 -0.10 0.06 0.01 0.00 0.06 

0.2-0.6 µm XRD-XRF 1.62 -6.08 3.81 1.78 0.56 0.00 3.23 -0.51 0.40 

 XRD-XRF adapted 0.00 0.29 3.56 1.53 0.38 0.00 -0.04 0.00 0.00 

 XRD-XRF-STA 0.00 0.29 3.56 1.53 0.38 0.00 -0.04 0.00 0.00 

<0.2 µm XRD-XRF 0.67 -8.85 4.13 2.22 0.66 0.55 1.57 -0.69 -0.26 

 XRD-XRF adapted 0.00 0.11 3.68 1.76 0.78 0.55 -0.03 0.00 0.00 

 XRD-XRF-STA -0.10 -0.35 3.68 1.76 0.78 0.55 -0.03 0.00 0.00 

n.d.: not determined due to lack of sample 
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Table 9.2b: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and 
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample LA540 MO and of the grain-size fractionated material. 

  deviations [%] 
LA540 MO crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF 1.95 -1.59 0.97 0.27 0.11 0.08 0.26 0.38 0.96 
 XRD-XRF adapted 0.16 -0.29 0.96 0.26 -0.16 0.08 -0.08 0.00 0.36 
 XRD-XRF-STA -0.02 -0.67 0.95 0.25 -0.16 0.08 -0.08 0.00 0.36 
>20 µm XRD-XRF 4.81 -7.10 2.20 1.00 0.22 0.01 3.28 0.47 0.62 
 XRD-XRF adapted 0.00 -0.08 2.15 0.95 -0.05 0.01 0.05 0.00 0.03 
 XRD-XRF-STA 0.00 -0.08 2.15 0.95 -0.05 0.01 0.05 0.00 0.03 
2-20 µm XRD-XRF 3.82 -0.56 0.57 0.06 0.07 0.00 1.33 -0.47 0.91 
 XRD-XRF adapted 0.00 -0.12 0.52 0.01 -0.32 0.00 0.16 0.00 0.04 
 XRD-XRF-STA 0.00 -0.12 0.52 0.01 -0.32 0.00 0.16 0.00 0.04 
0.6-2 µm XRD-XRF 0.90 -0.25 0.89 0.20 0.12 0.00 0.00 0.33 0.86 
 XRD-XRF adapted 0.00 -0.06 0.89 0.20 -0.27 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.06 0.89 0.20 -0.27 0.00 0.00 0.00 0.00 
0.2-0.6 µm XRD-XRF -0.49 -9.21 3.29 1.99 0.95 0.18 2.26 0.41 0.37 
 XRD-XRF adapted 0.00 -0.03 2.93 1.63 0.78 0.18 -0.03 0.00 0.00 
 XRD-XRF-STA 0.00 -0.03 2.93 1.63 0.78 0.18 -0.03 0.00 0.00 
<0.2 µm XRD-XRF -0.82 -6.27 3.62 2.50 1.16 0.93 -0.33 -0.95 0.11 
 XRD-XRF adapted 0.00 -5.75 3.42 2.30 1.11 0.93 0.09 0.00 0.00 
 XRD-XRF-STA 0.00 -5.75 3.42 2.30 1.11 0.93 0.09 0.00 0.00 
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Table 9.2c: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and 
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample B4914 and of the grain-size fractionated material. 

  deviations [%] 
B4914 crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF -0.51 -1.79 0.75 0.14 0.13 0.00 0.59 0.47 0.21 
 XRD-XRF adapted -0.03 -0.03 0.74 0.13 0.04 0.00 0.05 0.00 0.01 
 XRD-XRF-STA 0.01 -0.13 0.69 0.08 0.04 0.00 0.07 0.00 0.01 
>20 µm XRD-XRF -0.32 -1.09 0.54 -0.02 0.08 0.00 0.45 0.20 0.16 
 XRD-XRF adapted 0.00 0.00 0.54 -0.02 0.01 0.00 0.01 0.00 0.00 
 XRD-XRF-STA 0.03 -0.26 0.49 -0.07 0.01 0.00 0.04 0.00 0.00 
2-20 µm XRD-XRF 0.43 -1.82 0.53 -0.01 0.09 0.00 0.55 0.04 0.10 
 XRD-XRF adapted 0.00 0.00 0.53 -0.01 0.05 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.25 0.49 -0.05 0.05 0.00 0.01 0.00 0.00 
0.6-2 µm XRD-XRF -0.81 0.05 0.77 0.11 0.15 0.00 -0.43 -0.13 0.32 
 XRD-XRF adapted 0.00 0.01 0.78 0.12 0.01 0.00 -0.02 0.00 0.00 
 XRD-XRF-STA 0.00 -0.32 0.75 0.09 0.01 0.00 0.04 0.00 0.00 
0.2-0.6 µm XRD-XRF -0.75 -1.47 1.13 0.35 0.19 0.00 0.11 0.16 0.09 
 XRD-XRF adapted 0.00 0.00 1.07 0.28 0.07 0.00 -0.01 0.00 0.00 
 XRD-XRF-STA 0.00 -1.16 1.04 0.26 0.07 0.00 0.15 0.00 0.00 
<0.2 µm XRD-XRF -2.02 -1.16 1.71 0.47 0.35 0.23 -0.12 0.33 0.21 
 XRD-XRF adapted 0.19 -1.82 1.60 0.36 0.26 0.23 -0.11 0.00 0.01 
 XRD-XRF-STA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

n.d.: not determined due to lack of sample 
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Table 9.2d: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and  
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample B4914 MO and of the grain-size fractionated material. 

  deviations [%] 
B4914 MO crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF -0.11 -1.56 0.66 0.16 0.08 0.00 0.03 0.47 0.05 
 XRD-XRF adapted -0.01 -0.03 0.71 0.21 -0.03 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.09 0.65 0.15 -0.03 0.00 0.01 0.00 0.00 
>20 µm XRD-XRF -0.99 1.38 0.47 -0.06 0.07 0.00 -0.99 -0.07 0.12 
 XRD-XRF adapted 0.01 -0.04 0.47 -0.06 -0.02 0.00 0.01 0.00 0.00 
 XRD-XRF-STA 0.00 -0.09 0.43 -0.10 -0.02 0.00 0.00 0.00 0.00 
2-20 µm XRD-XRF 0.90 -2.89 0.54 0.03 0.05 0.00 1.00 0.19 0.17 
 XRD-XRF adapted 0.00 0.00 0.52 0.01 -0.03 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.04 0.44 -0.07 -0.03 0.00 0.04 0.00 0.00 
0.6-2 µm XRD-XRF -0.27 -0.70 0.69 0.13 0.07 0.00 0.23 -0.37 -0.23 
 XRD-XRF adapted 0.00 0.00 0.67 0.10 -0.04 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.03 0.63 0.07 -0.04 0.00 0.00 0.00 0.00 
0.2-0.6 µm XRD-XRF -0.76 -1.34 1.01 0.37 0.12 0.00 0.08 0.15 0.13 
 XRD-XRF adapted 0.00 0.00 0.96 0.31 -0.05 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.01 -0.30 0.92 0.28 -0.05 0.00 -0.05 0.00 0.00 
<0.2 µm XRD-XRF -1.11 -2.38 1.04 0.42 0.58 1.17 -0.35 0.34 0.29 
 XRD-XRF adapted 0.17 -0.67 0.95 0.33 0.45 1.17 0.02 0.00 0.00 
 XRD-XRF-STA 0.17 -0.67 0.95 0.33 0.45 1.17 0.02 0.00 0.00 
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Table 9.2e: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and 
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample B4915 and of the grain-size fractionated material. 

  deviations [%] 
B4915 crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF -0.17 -1.86 0.75 0.23 0.11 0.07 0.24 0.49 0.15 
 XRD-XRF adapted 0.07 -0.03 0.73 0.21 0.04 0.07 -0.04 0.00 0.00 
 XRD-XRF-STA -0.12 -0.09 0.74 0.22 0.04 0.07 -0.01 0.00 0.00 
>20 µm XRD-XRF -0.24 -1.49 0.58 -0.03 0.08 0.00 0.58 0.42 0.08 
 XRD-XRF adapted 0.00 0.00 0.58 -0.03 0.04 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 0.00 0.58 -0.03 0.04 0.00 0.00 0.00 0.00 
2-20 µm XRD-XRF 0.05 -1.67 0.59 0.01 0.09 0.00 0.72 0.29 0.07 
 XRD-XRF adapted 0.00 0.00 0.58 0.00 0.06 0.00 0.04 0.00 0.00 
 XRD-XRF-STA 0.00 -0.01 0.54 -0.05 0.06 0.00 0.03 0.00 0.00 
0.6-2 µm XRD-XRF -0.76 -0.22 0.93 0.14 0.15 0.00 -0.43 -0.12 -0.19 
 XRD-XRF adapted 0.00 0.00 0.92 0.12 0.01 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 0.24 0.90 0.11 0.01 0.00 0.00 0.00 0.00 
0.2-0.6 µm XRD-XRF -0.39 -1.65 1.09 0.20 0.18 0.00 -0.08 0.38 -0.24 
 XRD-XRF adapted 0.00 0.00 1.04 0.15 0.06 0.00 -0.01 0.00 0.00 
 XRD-XRF-STA 0.00 0.10 1.00 0.11 0.06 0.00 -0.02 0.00 0.00 
<0.2 µm XRD-XRF -1.93 -5.03 1.87 0.81 0.63 0.67 2.12 0.69 0.20 
 XRD-XRF adapted 1.74 -0.36 1.64 0.58 0.54 0.67 0.00 0.00 0.00 
 XRD-XRF-STA 0.10 -1.85 1.61 0.54 0.54 0.67 0.18 0.00 0.00 
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Table 9.2f: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and 
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample B4915 MO and of the grain-size fractionated material. 

  deviations [%] 
B4915 MO crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF -0.23 -1.69 0.74 0.24 0.07 0.07 0.16 0.49 0.15 
 XRD-XRF adapted 0.00 -0.04 0.73 0.23 0.00 0.07 0.00 0.00 0.00 
 XRD-XRF-STA -0.12 -0.09 0.74 0.22 0.04 0.07 -0.01 0.00 0.00 
>20 µm XRD-XRF 0.25 -2.30 0.55 -0.03 0.07 0.00 0.99 0.38 0.08 
 XRD-XRF adapted 0.00 0.01 0.55 -0.03 0.04 0.00 -0.01 0.00 0.00 
 XRD-XRF-STA -0.01 -0.17 0.46 -0.12 0.04 0.00 0.03 0.00 0.00 
2-20 µm XRD-XRF 0.34 -2.14 0.60 0.00 0.06 0.00 0.67 0.38 0.08 
 XRD-XRF adapted 0.00 0.00 0.60 0.00 0.02 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.01 -0.01 0.55 -0.05 0.02 0.00 0.00 0.00 0.00 
0.6-2 µm XRD-XRF -1.02 -0.59 0.93 0.14 0.10 0.00 -0.13 0.28 0.07 
 XRD-XRF adapted 0.00 0.00 0.93 0.14 -0.02 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 0.19 0.89 0.10 -0.02 0.00 -0.03 0.00 0.00 
0.2-0.6 µm XRD-XRF -0.19 -1.59 1.21 0.28 0.14 0.00 -0.54 0.43 -0.20 
 XRD-XRF adapted 0.04 0.00 1.15 0.22 0.04 0.00 -0.02 0.00 0.00 
 XRD-XRF-STA 0.00 -0.09 1.16 0.23 0.04 0.00 -0.01 0.00 0.00 
<0.2 µm XRD-XRF -1.05 -5.32 1.44 0.62 0.36 1.22 2.22 0.31 0.17 
 XRD-XRF adapted 0.00 0.02 1.19 0.37 0.28 1.22 0.00 0.00 0.00 
 XRD-XRF-STA 0.15 -0.66 1.16 0.33 0.28 1.22 0.11 0.00 0.00 
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Table 9.2g: Relative deviations between chemical composition, calculated from Rietveld analysis and measured by XRF (XRD-XRF), and 
between the adapted values and XRF (XRD-XRF adapted), and between the XRD adapted values and STA measurements (XRD-XRF-
STA) of the kaolin sample B4915 K and of the grain-size fractionated material. 

  deviations [%] 
B4915 K crosscheck SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 
bulk XRD-XRF -0.40 -1.83 0.75 0.25 0.07 0.08 0.41 0.48 0.19 
 XRD-XRF adapted 0.01 -0.04 0.72 0.22 -0.02 0.08 0.02 0.00 0.00 
 XRD-XRF-STA 0.01 -0.04 0.72 0.22 -0.02 0.08 0.02 0.00 0.00 
>20 µm XRD-XRF -0.42 -2.10 0.87 0.12 0.08 0.00 0.68 0.52 0.23 
 XRD-XRF adapted 0.00 0.00 0.87 0.11 -0.02 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.08 0.85 0.09 -0.02 0.00 -0.01 0.00 0.00 
2-20 µm XRD-XRF 0.37 -2.20 0.60 0.01 0.06 0.00 0.69 0.37 0.08 
 XRD-XRF adapted 0.00 0.00 0.60 0.01 0.03 0.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.12 0.56 -0.03 0.03 0.00 0.06 0.00 0.00 
0.6-2 µm XRD-XRF -0.63 -1.41 0.87 0.16 0.10 0.00 0.18 0.47 0.26 
 XRD-XRF adapted 0.00 -0.01 0.85 0.14 -0.02 0.00 0.01 0.00 0.00 
 XRD-XRF-STA 0.00 -0.01 0.85 0.14 -0.02 0.00 0.01 0.00 0.00 
0.2-0.6 µm XRD-XRF -2.21 -0.60 1.10 0.27 0.13 0.00 0.37 0.55 0.15 
 XRD-XRF adapted 0.00 -0.11 0.99 0.16 -0.02 0.00 0.00 0.00 0.01 
 XRD-XRF-STA 0.00 -0.26 0.95 0.12 -0.02 0.00 -0.02 0.00 0.01 
<0.2 µm XRD-XRF -2.55 -3.31 1.38 0.54 0.43 1.00 1.14 0.59 0.74 
 XRD-XRF adapted 0.00 -0.04 1.22 0.38 0.10 1.00 0.00 0.00 0.00 
 XRD-XRF-STA 0.00 -0.61 1.19 0.35 0.10 1.00 0.12 0.00 0.00 
 

 
 
 



 

 

 




