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Abstract

This study is addressed to the chemical reactions that occur in engineered geo-materials 

during the interaction of clay minerals and lime (e.g. pozzolanic reaction). These reactions 

were investigated on three different clay minerals (kaolinite, illite and montmorillonite) 

in the system clay mineral-lime-water. Due to the solidifying, cementing character of the 

pozzolanic reaction, the study is subdivided into the period before substantial solidifica-

tion occurs, mainly influenced by cation exchange phenomena, and into the period after, 

mainly influenced by dissolution and precipitation phenomena. The impact of these 

chemical reactions on physical properties (rheology, microstructure) of engineered geo-

materials are shown.

The addition of lime to aqueous sodium-montmorillonite-dispersions results in the short-

term in an equilibrium shift towards the calcium form of the montmorillonite. This is 

mainly because of the high aqueous calcium concentration in equilibrium with lime. An 

intensifying effect due to the calcium speciation at high pH appeared very probable. In 

either case, re-adsorption of sodium on lime-treated montmorillonite was hindered. The 

different sorption behaviour of the clay mineral’s edge and outer surface sites on the one 

hand, and interlayer sites on the other hand, greatly influences the crystalline swelling 

behaviour of the montmorillonite and the yield point of its dispersions. The preferred 

sorption of calcium into the interlayers causes sodium to sorb primarily on the outer sur-

faces of the clay mineral. Sodium enters the interlayer space and causes interlayer expan-

sion only after occupancy of these outer surfaces. These effects resulted in a significant 

increase of the dispersions’ yield point at around 20% of adsorbed sodium. Further addi-

tion of sodium reduced the yield point again due to the contraction of interlayers’ space 

and of the diffuse ion layer.

In practical applications, sodium-montmorillonite dispersions in the presence of lime are 

therefore in a calcium-montmorillonite-like state without additional sodium dosages. 

Even with subsequent sodium additions, this state is irreversibly fixed on the time-scale 

relevant for practical applications. Sodium salts, which reduce the calcium concentration 

in equilibrium with lime (e.g. sodium carbonate and sodium hydroxide), seem to be an 



exception. From practice, it is known that these salts are capable of increasing the yield 

point even after lime has been added. The inclusion of other sodium salts with no such 

effect (e.g. NaCl), prior to the addition of cement or lime, would be an alternative 

approach to increase the dispersion’s yield point. For this purpose, the necessary amount 

can be estimated from the cation exchange behaviour determined in this study.

The continuous dissolution of clay minerals in the presence of lime leads in the long-term 

to the cementation of the materials by the formation of cement hydrates. The cementation 

has proceeded after one to two months as far as the surfaces of the clay mineral-lime 

aggregates were completely covered with reaction products. This led to the cessation of 

the dissolution reaction. Whether dissolution proceeds further after the seven months 

investigated (e.g. through the development of steady-state diffusion profiles), was not 

resolved in this study. In analogy to long-term investigations on the strength development 

of lime-stabilised soils, this seems however very probable. In either case, the precipitation 

of reaction products additionally leads to a reduction of porosity as a result of the filling 

or closure of the macro- respectively inter-aggregate pores. Mass balance derived reaction 

equations show that the estimated composition of the reaction products is realistic in com-

parison with literature data and that a major part of the measured porosity reduction can 

be ascribed to the pozzolanic reaction.

It follows with respect to soil solidification techniques, at least for fine grained soils with 

mainly clay minerals, that the lime fixation point as defined for soil improvement (~4%) 

is not sufficient by far for a sustainable, long-lasting solidification. At least 9% of lime for 

illite and 11% for kaolinite have to be added in order to solidify the material in a sustain-

able form. For montmorillonite, this necessary lime content may even be as high as 20%. 

Only a fraction of this 20% is used for the solidification process by the pozzolanic reac-

tion. Implications of this significantly increased lime demand can not be discussed further 

from the results obtained.

With respect to barrier materials rich in clay minerals, it follows that no extensive disso-

lution of these active (e.g. contaminant-sorbing) components is to be expected in the pres-

ence of cement. The content of the three clay minerals was reduced in the first three to 

seven months by 7% to 9% in absolute terms. Much more crucial for the choice of clay 

minerals as active components in an environmental geotechnical sense is the passivation 



of their reactive surfaces. Contaminants entering the barrier can only contact the clay min-

erals’ surfaces by slow diffusion through the overgrown reaction products (cement 

hydrates). The performance of engineered barrier materials made of clays and cement is 

thus not only influenced by the cementing and pore-filling action of the cement hydrates, 

the resulting strength development and also by the associated increase in brittleness and 

reduction of permeability. The retention of contaminants by cement hydrates becomes 

also a major function of such materials which has to be considered for the design of engi-

neered barriers in respect of optimising environmental protection.

For mixtures of clay and cement in general, there are consequences for a necessary lime 

addition in some instances. If the cement content in the mixture is chosen to be low 

(< 30%), the lime content produced during cement hydration (< 9%) may become limiting 

for the pozzolanic reaction. Thus, additional benefits arising from the cementing and pore 

refinement potential of the pozzolanic reaction can not be fully used. In that case, lime 

addition to the clay-cement mixture should be carried out.





Zusammenfassung

Die vorliegende Arbeit befasst sich mit den chemischen Reaktionen, die während der 

Tonmineral-Kalkhydrat-Wechselwirkung (u.a. puzzolanische Reaktion) in geotech-

nischen Baumaterialien auftreten. Diese Reaktionen wurden modellhaft im System 

Tonmineral-Kalkhydrat-Wasser an drei verschiedenen Tonmineralien (Kaolinit, Illit und 

Montmorillonit) untersucht. Aufgrund der verfestigenden, zementierenden Wirkung der 

puzzolanischen Reaktion wurde die Arbeit zweigeteilt, in die Zeit vor einer wesentlichen 

Verfestigung, beeinflusst durch Kationenaustausch-Phänomene, und in die Zeit danach, 

beeinflusst durch Auflösungs- und Ausfällungs-Phänomene. Auswirkungen dieser 

chemischen Reaktionen auf physikalische Eigenschaften (Rheologie und Mikrostruktur) 

der geotechnischen Baumaterialien werden aufgezeigt.

Kurzfristig betrachtet, bewirkt die Zugabe von Kalkhydrat zu wässrigen Natrium-

Montmorillonit-Dispersionen eine Verschiebung des Gleichgewichtes in Richtung der 

Calcium-Form des Montmorillonits. Dies ist v.a. begründet in der hohen Löslichkeit von 

Kalkhydrat. Ein verstärkender Effekt aufgrund der Calcium-Speziierung bei hohem pH 

erscheint als sehr wahrscheinlich. In jedem Fall war die erneute Natrium-Adsorption an 

Kalkhydrat-behandeltem Montmorillonit gehemmt. Das unterschiedliche Sorptions-

verhalten der Kanten und äusseren Oberflächen einerseits und der Zwischenschichten des 

Tonminerals andererseits hat einen wesentlichen Einfluss auf das kristalline Quellver-

halten des Montmorillonits und auf die Fliessgrenze der Dispersionen. Die bevorzugte 

Sorption von Calcium in der Zwischenschicht hat zur Folge, dass Natrium zuerst auf den 

äusseren Oberflächen sorbiert wird. Erst nach der Belegung dieser äusseren Oberflächen 

dringt Natrium in die Zwischenschichten ein und bewirkt eine Aufweitung des Zwischen-

schichtraumes und ein Aufbrechen der Taktoide des Montmorillonits. Diese Effekte 

hatten eine deutliche Erhöhung der Fliessgrenze der Montmorillonit-Dispersionen bei 

ungefähr 20% adsorbiertem Natrium zur Folge. Bei weiterer Zugabe von Natrium 

verringerte sich die Fliessgrenze wieder aufgrund der Kontraktion des Zwischenschicht-

raumes und der diffusen Ionenschicht.



Für praktische Anwendungen ergibt sich daraus, dass Natrium-Montmorillonit-

Dispersionen in Anwesenheit von Kalkhydrat ohne zusätzliche Natrium-Zugabe in einem 

Calcium-Montmorillonit-ähnlichen Zustand vorliegen. Auch bei nachträglicher Natrium-

zugabe ist dieser Zustand in für praktische Anwendungen relevanten Zeiträumen 

irreversibel festgelegt. Eine Ausnahme scheinen Zugaben von Natrium-Salzen zu bilden, 

die die Calcium-Konzentration im Gleichgewicht mit Kalkhydrat erniedrigen (z.B. 

Natriumkarbonat oder Natriumhydroxid). Von diesen ist aus praktischen Erfahrungen 

bekannt, dass sie die Fliessgrenze auch nach erfolgter Kalkhydrat-Zugabe erhöhen 

können. Eine alternative Möglichkeit zur Erhöhung der Fliessgrenze von Montmorillonit-

Dispersionen wäre die Zugabe von anderen Natrium-Salzen (z.B. NaCl), bevor Zement 

oder Kalkhydrat zudosiert werden. Abschätzungen über die notwendige Menge an 

Natrium können über das in dieser Arbeit bestimmte Kationenaustauschverhalten 

vorgenommen werden.

Die kontinuierliche Auflösung der Tonminerale in Anwesenheit von Kalkhydrat führt 

langfristig zur Zementierung der Materialien durch die Bildung von Zementhydraten. 

Diese Zementierung war nach ein bis zwei Monaten soweit abgelaufen, dass die Ober-

flächen der Tonmineral-Kalkhydrat-Aggregate mit Reaktionsprodukten vollständig 

überwachsen waren. Dies führte zum Stillstand der Auflösungsreaktion. Ob diese 

Auflösungsreaktion nach mehr als den sieben untersuchten Monaten weiter fortschreitet 

(z.B. durch Ausbildung von steady-state Diffusionsprofilen) konnte nicht geklärt werden, 

erscheint aber in Analogie mit Langzeitmessungen zur Festigkeitsentwicklung von 

Kalkhydrat-stabilisierten Böden sehr wahrscheinlich. In jedem Fall führt die Ausfällung 

der Reaktionsprodukte durch das Verfüllen oder den Verschluss der Makro- bzw. 

Interaggregatporen zusätzlich zu einer Porositätsreduktion. Mittels Massenbilanz 

abgeleitete Reaktionsgleichungen zeigen, dass die berechnete Zusammensetzung der 

Reaktionsprodukte im Vergleich mit Literaturdaten realistisch ist und dass ausserdem ein 

Grossteil des gemessenen Porositätsverlustes auf die puzzolanische Reaktion 

zurückzuführen ist.

Im Hinblick auf Bodenvermörtelungsmassnahmen ergibt sich daraus, dass in fein-

körnigen Böden mit überwiegend Tonmineralen der minimale Kalkhydratgehalt, der zur 

Bodenverbesserung empfohlen ist (~4%), in keinem Fall für eine nachhaltige, langan-



haltende Bodenverfestigung ausreichend ist. Für eine nachhaltige Bodenverfestigung 

müssen einem solchen Boden mindestens 9% Kalkhydrat für Illit und 11% für Kaolinit 

zugegeben werden. Für Montmorillonit ergibt sich sogar ein hierfür notwendiger Kalk-

hydratgehalt von 20%, wobei nur ein Teil dieser 20% für die Verfestigung durch die 

puzzolanische Reaktion verwendet wurde. Die Konsequenzen aus diesem stark erhöhten 

Kalkhydratbedarf können jedoch mit den erhaltenen Ergebnissen nicht weiter diskutiert 

werden.

Im Hinblick auf tonmineralreiche Barrierematerialien resultiert, dass keine weitgehende 

Auflösung der Tonminerale in Gegenwart von Zement zu erwarten ist. Der Gehalt der drei 

Tonminerale verringerte sich in den ersten drei bis sieben Monaten um 7% bis 9% absolut. 

Viel bedeutender für umweltgeotechnische Massnahmen und entscheidender für die 

Wahl von Tonmineralen als aktive (z.B. Rückhalt von Schadstoffen) Komponenten ist die 

Passivierung ihrer reaktiven Oberflächen. Schadstoffe, die in die Barriere eindringen, 

können die Tonmineraloberflächen nur noch durch langsame Diffusion durch die aufge-

wachsenen Reaktionsprodukte (Zementhydrate) erreichen. Die Funktionalität technischer 

Barrierematerialien aus Ton und Zement wird also nicht nur durch das Zementierungs- 

und Porenverfüllungsvermögen der Zementhydrate, den resultierenden Festigkeits-

zuwachs und den damit verbundenen Anstieg der Sprödigkeit und die Reduktion der 

Permeabilität bestimmt. Der Rückhalt von Schadstoffen an Zementhydraten muss als 

weitere wichtige Eigenschaft solcher Materialien betrachtet und bei der Konzeption 

technischer Barrieren zum Schutz der Umwelt berücksichtigt werden.

Für Mischungen aus Tonmineralen und Zement allgemein ergeben sich Konsequenzen 

für eine unter Umständen notwendige Kalkhydratzugabe. Wenn der Zementgehalt in der 

Mischung niedrig gewählt wird (< 30%), kann der während der Zementhydratation 

entstehende Kalkhydratanteil limitierend für die puzzolanische Reaktion werden. Somit 

kann das Zementierungs- und Porenverfüllungspotential der puzzolanischen Reaktion 

nicht vollständig genutzt werden. In diesem Fall sollte ein Kalkhydratzusatz zur Ton-

Zement Mischung erfolgen.
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Abbreviations and Defintions

General Definitions

Cement Latin caementa meant 'stone chips used for making mortar'; etymo-

logically, the notion behind it was originally caedmenta, a deriva-

tive of caedere 'cut' (from which English gets concise and decide). 

In due course the signification of the Latin word passed from 'small 

broken stones' to 'powdered stone (used for mortar)', and it was in 

this sense that it passed via Old French ciment into English 

[www.makersgallery.com/concrete/defs.html].

Concrete The word comes, via Old French concret, from Latin concretus, the 

past participle of concrescere 'grow together', hence 'harden'. This 

was a compound verb formed from the prefix com- 'together' and 

crescere 'grow' (source also of English crescent, increase and 

accrue). Its original application in English was fairly general refer-

ring to that which is solid or material; its use for the building mate-

rial did not emerge until the early 19th century 

[www.makersgallery.com/concrete/defs.html].

Loam Loam, also known as earth, is a mixture of clay, silt, sand and 

larger aggregates such as gravel and stones. Rammed Earth is 

dampend earth compressed within a removable framework 

[www.diamondhead.net/waeds.htm].



 

Physico-chemical Abbreviations and Definitions

H H2O

C CaO

S SiO2

A Al2O3

F Fe2O3

C CO2

S SO3

Mole The amount of substance that contains as many objects (atoms, 

molecules, formula units, ions, or other specidfied entities) as there 

are atoms in exactly 12 g of carbon-12 [Atkins, 1994].

Avogadro’s constant NA = 6.02 1023 mol-1, the number of objects in one mole.

Molar mass Mass per mole of objects.

Molar volume Volume per mole of objects.

Density Mass per unit volume of a substance.

Air void content Volume percent of air in a sample.

Porosity Volume percent of pore space in a sample: p
Vpores

Vtotal
--------------=
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1 Introduction and goals

This study is attributed to investigating clay mineral-lime interactions with respect to 

improving geo-materials for use in environmental geotechnics. These are primarily chem-

ical interactions at high pH values and high aqueous calcium concentrations. The clay 

minerals partially dissolve and combine with the lime’s calcium to cement hydrates (poz-

zolanic reaction). The study is subdivided into two periods because of the solidifying 

action of the newly-formed minerals: into the periods before and after solidification, i.e. 

into short-term and long-term chemical interactions. The influence of the chemical reac-

tions on physical properties (rheology, microstructure) of engineered geo-materials are 

shown.

Prior to solidification, the rheological and mechanical behaviour of clay mineral-lime 

mixtures is mainly determined by the clay minerals and their plasticity; and for bentonite, 

by the outstanding ability to form gel-like dispersions, even at high water contents. Ben-

tonite-lime dispersions are used in geotechnics e.g. for the sealing and solidification of 

ground used for construction. Nevertheless, scientific knowledge about the rheological 

behaviour of such dispersions at the high pH values in the presence of lime is very scarce. 

For these conditions, even less is known about the sodium-calcium exchange, which sig-

nificantly influences the rheological behaviour.

As soon as sufficient cement hydrates are formed by the pozzolanic reaction, the material 

solidifies and is characterised by the typical brittle, mechanical behaviour of cements. 

This solidification and the related microstructural development is used in geotechnics for 

soil solidification and, in environmental geotechnics, for the design of cut-off walls for 

waste encapsulation. Nevertheless, scientific knowledge about the pozzolanic reaction of 

clay minerals is scarce. Any previous attempts to produce a quantitative description of 

reaction progress have not been located in the literature to date. However, quantitative 

knowledge about the reaction progress allows the microstructural development of such 

solidifying mixtures to be estimated or predicted. From quantitative mineralogical data, 
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1 Introduction and goals

the temporal evolution of porosity may be calculated and estimates of the development of 

permeability and strength may be given.

In summary, there is a significant lack of knowledge about clay mineral-lime interactions 

in terms of (i) the extent of cation exchange, (ii) the extent of dissolution of clay minerals 

and lime and the role of their mineral surfaces, (iii) the extent of formation of new cement 

hydrates and (iv) the influence of these chemical processes on the physical properties of 

engineered geo-materials.

The general goal of this study is to provide quantitative information about the chemical 

and mineralogical interaction of clay minerals and lime. The specific goals are:

(i) to show the importance of sodium-calcium cation exchange and its influence on the 
rheological and swelling properties in order to assess:

the role of sodium, which is always present in natural soils and technical cement sys-
tems.

(ii) to quantify consumption rates for portlandite and clay minerals in order to assess:

the loss/gain in active material properties through decomposition of clay minerals 
respectively through formation of cement hydrates

(iii) to identify reaction products in order to calculate:

the approximate amount and composition of reaction products by mass balance

(iv) to provide an insight into microstructural features of the reaction between clay min-
erals and lime in order to:

estimate the extent of pore refinement through the pozzolanic reaction

The knowledge about sodium-calcium cation exchange in clay 
mineral-lime systems, about reaction rates and stoichiometry of 
the pozzolanic reaction, is essential in order to explain and pre-
dict some observed, yet unexplained, effects in clay-lime applica-
tions.
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This hypothesis seeks to address the following questions:

Why must sodium be added to slurries of cement and bentonite? Is 
it possible to predict the amount of sodium needed to be added to 
such a slurry?

How extensively do natural clay minerals react with lime? Is it 
possible to derive criteria for mixture design in clay-lime applica-
tions as e.g. soil lime stabilisation and cut-off wall design?

This study is organised as follows:

Chapter 2 is a literature review on the clay mineral-lime interactions, on the relevance of 

these interaction to geotechnics and on the chemical processes occurring during these 

interactions.

Chapter 3 briefly summarises the standard analytical techniques used. A more detailed 

report is given on the thermal analysis, and especially on a new model developed for semi-

quantification of evolved carbon dioxide and mineral water. This model was used then to 

determine the amount of calcite in the solid samples. The chapter also describes the 

chosen materials and the sample handling steps applied.

Chapter 4 gives a short introduction to quantitative mineral analysis by X-ray diffraction 

combined with Rietveld analysis. An extra chapter was dedicated to the Rietveld tech-

nique which has been the most appropriate method for quantitative clay mineral analysis 

carried out in this study. Although the goal of clay mineral quantification could not be 

achieved yet due to problems arising from the real structures of clay minerals, nonetheless 

flexible (crystal) structure models were developed successfully. These flexible models 

might pave the way for a complete yet simple description of the real structures and imper-

fections in crystals with layered structures. Such a model was successfully applied to the 

problem of swelling montmorillonite in this study.
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Chapter 5 refers to the results of the short-term bentonite-lime interactions. Chemical data 

together with rheological measurements show the influence of sodium-calcium cation 

exchange on the rheology of bentonite-lime/cement dispersions. Together with literature 

data, the rheological effects observed are interpreted in terms of volume changes of the 

solid fraction inside the dispersions.

Chapter 6 refers to the results of the long-term clay-lime interactions. Chemical and min-

eralogical data show that the dissolution of clay minerals and lime and the formation of 

cement hydrates does not proceed significantly between one and a half and seven months. 

Porosity and pore size distribution data show the influence of the mineralogical transfor-

mations on the pore properties of engineered geo-materials.

In Chapter 7, the results obtained in Chapter 5 and 6 are discussed with respect to selected 

geotechnical applications, namely injection grouting, soil-lime improvement/solidifica-

tion and the design of technical barriers for environmental protection.

In Chapter 8, a summary of the most important results, implications and an outlook is 

given.
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2Clay-lime interactions

2.1 Historical Introduction

Clay minerals and cement hydrates are the major constituents of clays and hardened 

cements. They ensure binding and dimensional stability in clay-based (e.g. loam or earth) 

or cement-based materials and have been used since thousands of years for building con-

struction. Such building materials are usually composites of coarse, well graded grains, 

held together by the fine-grained binding agents. The coarser grains are e.g. the sand in 

loam, or the aggregate in concrete. The fine grains with the cohesive and adhesive prop-

erties ensure dimensional stability and are not visible to the eye due to their sub-microm-

eter sizes.

The oldest recorded cases of loam brick construction date back to about 10,000 BC in 

Mesopotamia [Heathcote, 1995]. The Great Wall of China was built of rammed earth 

(loam) and stone during the Third Century BC. In Europe, there is also a long, more or 

less continuous tradition of the use of loam as a building material, evidenced since the 

Bronze age [Burroughs, 2001].

The use of loam today is limited due to its main disadvantages: poor erosion resistance to 

water and poor dimensional stability. These disadvantages were overcome with the use of 

hydraulic materials [Klemm, 1989]. A hydraulic material not only sets and hardens as a 

result of chemical reactions with water, but continues to harden when placed under water 

and forms a water-resistant product [Taylor, 1997, Mehta & Monteiro, 1993]. It is there-

fore particularly suitable for construction in moist environments. The water resistance 

and exceptional performance of hydraulic mortars made of lime and a pozzolanic material 

(pozzolan) are demonstrated by the use of these materials for the construction of Roman 

aqueducts and waterfront retaining walls. The good state of preservation of the old har-

bour wall in Pozzuoli, Southern Italy, (fig. 2-1) exemplifies the longevity and durability 

of pozzolan-lime mortars [Ziegler, 2004]. Some remains are still incorporated into the 

modern pier of Pozzuoli and have thus lasted over 2,000 years, even in the aggressive sea 

water environment.
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2 Clay-lime interactions

Figure 2-1. The ancient harbour of Puteoli (more than 2000 years old). Today the structures have been 
covered by the modern harbour. The drawings below may give an impression (a) what the original 
structure looked like and (b) how it deteriorated later on (left: drawing by G. P. Bellori 1764, right: 
drawing by P. A. Paoli 1768) [CNR 2005].

Modern Portland cement is also a hydraulic material. Portland cement clinker is manufac-

tured by heating a calcareous material, typically limestone, and an argillaceous one, typ-

ically clay or shale. The products from the partial fusion process are the so-called clinker 

minerals. The final product of Portland cement is gained by inter grinding sulphate min-

erals with the clinker [Taylor, 1997].

Today, pozzolanic materials are enjoying a renaissance as supplementary cementing 

materials in Portland cements and may replace part of the clinker in order to enhance the 

performance of the hydrated cement [Taylor, 1997]. Such composite or blended cements 

are employed for their economic, ecological and technological benefits [Malhorta & 

Mehta, 1996]. Energy consumption, as well as CO2 emissions, are reduced. Supplemen-

tary cementing materials reduce the lime content in hydrated Portland cements and 

replace it with pore-filling cement hydrates, which is known to improve the ultimate 

strength, impermeability and durability to chemical attack of the cement [Mehta & Mon-

teiro, 1993]. Additionally, resistance to the deleterious alkali-silica reaction can be 

reduced with supplementary cementing materials [e.g. CSA A23.2-28A].

This study focuses on the pozzolanic properties of natural clay minerals in clay-lime com-

posites. To some extent, the results will be transferable to clay-cement composites, as 

pozzolanic materials consume mainly the calcium provided by the lime of the hydrated 

Portland cement and, only to an unknown small extent, the calcium from other cement 

hydrates [Taylor, 1997].

 a  b
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2.2 Definitions

Pozzolanic materials

A pozzolanic material or pozzolan or pozzolana is a “siliceous or siliceous and aluminous 

material, which in itself possesses little or no cementitious property but which will, in a 

finely divided form and in the presence of moisture, chemically react with calcium 

hydroxide at ordinary temperatures to form compounds possessing cementing properties” 

[Malhorta & Mehta, 1996].

The denomination “pozzolan” is derived from the volcanic tuff of Pozzuoli, which was 

used by the Romans as a mineral admixture to lime mortars. A distinction is drawn 

between pozzolanic materials and latent hydraulic materials. The latter contain a consid-

erable amount of calcium, which is the basis for the development of self-cementing prop-

erties after alkaline activation. Ground granulated blast furnace slag is a typical example 

of a latent hydraulic material. Pozzolans are classified into natural materials and artificial 

ones: the latter are mostly industrial by-products [Malhorta & Mehta 1996]. Examples for 

both types are given in Table 2-1 [modified from Liebig, 1997].

Lime

In the building material technology, lime usually refers to oxides and hydroxides of cal-

cium and magnesium [e.g. DIN 1060-1]. In this study, the magnesium component is dis-

regarded, as it is of minor importance in geotechnics.

Table 2-1. Pozzolans

pozzolan active components

na
tu

ra
l

volcanic tuff aluminosilicate glasses, zeolites, clay minerals

rock from meteorite impact aluminosilicate glasses, zeolites, clay minerals

diatomaceous earth fine grained skeletal remains of diatoms

bauxite aluminium hydroxides

ar
ti

fi
ci

al

calcineda clays or shales

a to calcine: to heat an inorganic material to a high temperature but without fusing in 
order to drive off volatile matter or to effect changes (as oxidation or pulverization) 
[Merriam-Webster Online]

unstable dehydroxylation products of clay minerals

low-calcium fly ash glasses, calcined silicates

condensed silica fume silica glasses

rice husk ash silica glasses
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Quicklime (calcium oxide) is produced from limestone (calcium carbonate). Decarbona-

tion of limestone leads at a decomposition temperature of ~900°C to the thermal dissoci-

ation into quicklime and carbon dioxide. 

“Slaked lime is produced by reacting, or slaking quicklime with water, and consists 

mainly of calcium hydroxide. The term includes hydrated lime (dry calcium hydroxide 

powder), milk of lime and lime putty (dispersions of calcium hydroxide in water); the 

generic term, lime includes quicklime and slaked lime; lime is, however, sometimes used 

incorrectly to describe limestone products;” [Oates, 1998]. All kinds of slaked lime are 

sensitive to atmospheric carbon dioxide and are easily converted back to limestone 

(chemical cycle).

In this study, the term lime refers only to hydrated lime or dry calcium hydroxide powder 

with the mineral name Portlandite (CH1).

Clays and clay minerals

Clays are sedimentary deposits/soils, which consist mainly of fine-grained mineral parti-

cles. These fine grains are mostly in the size fraction smaller than 2 µm (10-6 m), the so-

called clay fraction. Clays show plastic behaviour at an appropriate water content and 

harden when dried or fired.

Clay minerals are the major constituents in the clay size fraction of clays and soils, and 

are responsible for the material’s plastic behaviour. According to the chemical nomencla-

ture of silicates, they belong to the group of phyllosilicates or sheet silicates. Their indi-

vidual layers are comprised of tetrahedral (T) silicate or aluminosilicate sheets and 

octahedral (O) sheets containing, in the majority of cases, aluminium or magnesium. Such 

a layer contains either a condensed TO sequence (1:1 layer) or a condensed TOT sequence 

(2:1 layer). These individual layers are stacked onto each other and are separated by an 

interlayer. Depending on the type of clay mineral and its chemical composition, the indi-

vidual layers may be charge deficient, resulting in a permanent negative layer charge, 

which is compensated by exchangeable cations in the interlayer. The special group of 

1 In cement chemical nomenclature H2O is abbreviated by H, CaO by C, SiO2 by S, Al2O3 by A, Fe2O3 by F, 
CO2 by C and SO3 by S.
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expandable clay minerals is capable of changing their volume (swelling) caused by water 

uptake through the hydration of interlayer cations.

2.3 Natural clay minerals as pozzolans?

Clay minerals have typical characteristics that preclude their use as pozzolans in common 

cement/concrete technologies [He et al., 2000] for the following reasons:

(i) they have stable crystal structures of low chemical solubility. This results in a small 
release rate of silicon and aluminium, which explains the poor pozzolanic reactivity. 
Malhorta & Mehta (1996) even judge clay minerals as not pozzolanic,

(ii) their layer structure and the resulting cleavage might have a negative impact on the 
strength of the cementitious building product,

(iii) they have small particle sizes resulting in high specific outer surface areas. In aque-
ous systems, these surfaces are always covered with layers of relatively immobile 
water molecules. Addition of clay minerals leads thus to a high water demand which 
lowers the density and strength of the building products [He et al., 2000]. This water 
demand is increased even more by expandable clay minerals, as these contain sev-
eral layers of interlayer water,

(iv) their high sorption capacity influences the chemical composition of the aqueous 
medium with possible negative effects on the technological properties of cements 
(e.g. rate of setting).

As a result, the research activity on composite cements (blended cements) focused on cal-

cined clay minerals as pozzolanic blendings. Thermal treatment or calcination of clay 

minerals leads below 250°C to a loss of the sorbed water from the surfaces (dehydration), 

then at temperatures between 250°C and 800°C to a loss of the hydroxyl water from the 

crystal structure (dehydroxylation) accompanied by a structural reorganisation [e.g. 

Emmerich, 2000, and ref. therein]. The dehydroxylation temperature is characteristic for 

the type of clay mineral. Further temperature increase leads to a destruction of the crystal 

structure and recrystallisation of metastable transition phases before the stable phases 

crystallise. These metastable transition phases often show improved pozzolanic reactivity 

[e.g. Liebig, 1997]. The high surface area and non-crystalline nature of these metastable 

phases leads to a high pozzolanic reactivity [Malhorta & Mehta, 1996]. A typical repre-

sentative of such a metastable phase is the extensively investigated metakaolinite [Strä-

tling & zur Strassen, 1940; Murat, 1983; Serry et al., 1984; de Silva & Glasser, 1992; 

Dunster et al., 1993; He et al., 1994a, b ; Salvador, 1995; Heide et al., 1996; Liebig & 

Althaus, 1997]. Data on the pozzolanic properties of other calcined clay minerals may be 
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found in Ambroise et al. (1985, 1987), Ghorab et al. (1991), He et al. (1995, 1996a,b, 

2000) and Liebig & Althaus (1997).

Calcined “meta”-clay minerals have lost the typical clay properties enumerated above; it 

might thus be considered misleading to name them as clay minerals. In this study, the term 

clay mineral refers only to natural, non-calcined clay minerals.

2.4 Importance of pozzolanic properties of clay 
minerals to geotechnics

In environmental engineering, applications of interest include engineered barrier systems 

for landfill, contaminated land and nuclear repositories. Such systems are often designed 

as multi-barriers consisting of a natural geological and an artificial barrier(s). In general, 

clays and, in particular, swelling clays, are used for the artificial barrier design. As a result 

of the above mentioned physico-chemical characteristics of clay minerals, clay-based 

materials show e.g. self-healing, contaminant-adsorbing, water-transport-reducing and 

plastic properties. These technological properties are mandatory for disposal techniques. 

The development of active barrier materials based on these properties is an important 

issue [Hermanns & Bucher, 1990; Hermanns, 1993; Hermanns Stengele & Plötze, 2000]. 

For waste encapsulation purposes, barrier (cut-off wall) materials are often designed as 

mixtures of cement and/or lime1 together with active clay materials [e.g. Hermanns, 

1993]. The cement is added to ensure sufficient strength and to prevent particle erosion. 

However, there is much concern about the physico-chemical stability of clays under 

highly alkaline conditions. The active material properties may not be guaranteed in the 

aggressive chemical environment of the high pH cement pore solution. An increase in 

porosity, hydraulic conductivity and diffusive transport could result in leakage through 

the barrier and in environmental hazard. Exposure of the clay minerals’ reactive surfaces 

to the cement pore solution leads to high reactivity, and, possibly, high yields of clay min-

eral dissolution/transformation.

In the field of geotechnical engineering, the pozzolanic properties of clay minerals are rel-

evant to injection grouting and soil lime-improvement/stabilisation techniques. Grouting 

describes the procedure of pressing a slurry or paste into the cavities and pores of soils or 

1 As mentioned earlier, lime is also a major reaction product of Portland cement hydration.
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into the fissures and cracks of rocks for the purpose of sealing and solidification [Amann, 

1997]. A wide variety of grouting agents are used in the construction industry, only dis-

persions or slurries made mainly of cement and bentonite1 will be considered in this study. 

Such slurries may be also used for the construction of slurry-trench walls. In general, they 

have a higher cement than bentonite content and are therefore in the long-term identified 

by those of hardened cement.

In the short-term, such composites benefit mainly from the typical clay properties as long 

as the cement is not fully hydrated. Bentonite is added to improve workability and sus-

pension-stability of the fresh slurries and pastes and is, in some grouting techniques, used 

as a sealing compound to lower the permeability in soils or fractured rocks. The bentonite 

content highly influences the flowability of the slurries: higher contents decrease the final 

strength and increase the water demand and the dispersion-stability, but also the yield 

point and the dynamic viscosity. Nevertheless, dispersion stability and quality may be 

poor, leading to segregation and bleeding (settlement of the solid particles). Bentonites 

are thus classified as “cement-stable” or not, according to their ability to form stable dis-

persions [Pulsfort & Walz, 2000]. First, after addition of sodium and subsequent sodium-

calcium cation exchange, the dispersions show improved properties. Such additions occur 

on an empirical basis, as the extent of sodium-calcium cation exchange is not yet fully 

known in cementitious environments.

Another field of relevance, is the modification of soils by lime addition for the purpose 

of construction on or in the soil. The chemical effects of the added lime cause immediate 

changes in soil plasticity and workability and allow for easy ramming of the soil and a 

good compaction rate. This facilitates further construction work. Addition of lime for 

immediate soil improvement/stabilisation is often required in the humid seasons when 

soils are muddy.

In soil solidification, the addition of higher lime proportions generates a soil-binder com-

posite with improved resistance to stresses caused by traffic and climate. The bearing 

capacity, the water and frost resistance of the strengthened and solidified soil is improved 

1 A clay formed from volcanic ash decomposition and largely composed of the clay mineral montmorillon-
ite [Parker, 1997].
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in a sustainable way. If the appropriate clay constituents are present in the soil, shear 

strength development due to the pozzolanic reaction will be gradual but continuous for 

long periods of time [Broms, 1984]. The rate of increase is generally rapid during the first 

48-72 hours after mixing, then starts to decrease with time but may continue for several 

years in some instances [Taylor & Arman, 1960]. The shear strength increases linearly 

with time when plotted at log-log scale [Broms, 1984] or linearly with the logarithm of 

time [Brandl, 1981; Okamura & Terashi, 1975].

The primary variable that can be altered is lime percentage, since the inherent properties 

and characteristics of the soil are fixed and the optimal water content is adjusted during 

construction. Therefore, the major objective of the mixture design process is to establish 

an appropriate lime content. For the purpose of strength development in the long-term, a 

wide variety of lime contents could be used successfully. By comparison with historical 

mixture design of Roman pozzolan-lime mixtures (up to 43% lime), the lime additions 

that are usually applied in soil solidification (up to ~12%) seem quite low. Mitchell & 

Dermatas (1992) report on the possibility of less swelling in sulphate-rich soils when 

increasing the lime content. More lime leads to more cementitious reaction products over 

time, which results in increased strength. As a material disrupts if the expanding forces 

become greater than the material´s (tensile) strength, more lime might be considered ben-

eficial for the reduction of swelling and heave of problematic soils.

2.5 Chemical aspects associated with the pozzolanic 
reaction

There may be as many as five mechanisms associated with the addition of lime to clayey 

materials [UN, 1992]:

(i) Water absorption: Quicklime undergoes hydration using added water or soil mois-
ture, releasing heat in the process.

(ii) Cation exchange: Calcium ions from the lime are replaced by exchangeable cations 
from the soil constituents, including potassium and magnesium. The amount of 
exchange is a function of the soil's cation exchange capacity.

(iii) Flocculation and aggregation: Soil particles flocculate and aggregate due to cation 
exchange and increased electrolyte activity in the pore water. In effect, the grain size 
distribution is modified.
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(iv) Carbonation: Added lime reacts with atmospheric carbon dioxide to form weak car-
bonated cements.

(v) Pozzolanic reaction: This is the dominant reaction in lime stabilisation of soil. The 
strength of the resulting material is largely a function of the dissolution of clay min-
erals in the alkaline environment created by the lime and the recombination of clay-
derived silicon and aluminium with lime-derived calcium to form hydrated cement 
minerals.

Water absorption by the hydration of quicklime, and carbonation of free lime, will not be 

considered in this study, as experiments were only performed with hydrated lime, and 

mixtures were prepared excluding carbon dioxide.

It is well established in soil science and clay mineralogy, that cation exchange and disper-

sion/aggregation phenomena are closely interrelated phenomena [e.g. Ho & Handy, 1963; 

Shainberg & Kemper, 1966; Shainberg & Otoh, 1968; Reddi & Inyang, 2000; Quirk, 

2001]. The cation exchange state (distribution of monovalent and bivalent cations 

between liquid and solid phase) influences the mechanical, hydraulic and swelling prop-

erties in clayey soils [Lang, 1989; Madsen & Müller-Vonmoos, 1989; Müller-Vonmoos 

& Loken, 1989; Weiss, 1989; Quirk, 2001]. The effect of lime additions on zeta potential, 

viscosity, plastic limit and flocculation/aggregation in montmorillonite dispersions was 

studied by Ho & Handy (1963) and the effect on the grain size distributions of soils e.g. 

by Caprez (1984) and Croce & Russo (2003). These properties are related to cation 

exchange and mainly influence the engineering properties of fresh clay-lime mixtures in 

the short-term, before the mixtures start to harden.

In contrast, the pozzolanic reaction is a slow process. It is the major process responsible 

for strength development in pozzolan-lime composites and for improved strength of 

modern composite cements [Mehta & Monteiro, 1993]. Due to this solidifying action, the 

reaction of clay minerals and lime is subdivided into the periods before and after substan-

tial solidification occurred [Eades & Grim, 1960]:

The first period is characterised by a fast cation exchange contri-
bution with its influence on the rheological and swelling engineer-
ing properties.

The second period is characterised by a slow dissolution/precipi-
tation (pozzolanic) reaction with its longer term influence on engi-
neering properties e.g. porosity, permeability and strength.
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It is worth mentioning here that the same distinction is made by civil engineers for soil-

lime stabilisation. There is a certain amount of lime necessary in order to reduce the plas-

ticity index to a minimum. This is mainly caused by an increase to the maximum plastic 

limit and a change of the liquid limit. This dosage is termed the lime fixation point [Ber-

gado et al., 1996] or defined as the minimal lime content [SN 640 503a]. Lime additions 

equal to the lime fixation point will generally contribute to the improvement1 in soil work-

ability, but may not result in sufficient strength [Hilt & Davidson, 1960]. Addition of 

more lime generates no improvement in workability, but mainly contributes to a long-

term strength increase through the cementing action of the pozzolanic reaction.

2.5.1 Pozzolanic reaction of clay minerals I: cation exchange, swelling 
and rheology
Sodium and calcium are two major cations in Portland cement and soil pore solutions 

(also inter void fluid). Serious problems may arise from both swelling cement through the 

alkali-aggregate reaction [Prezzi et al., 1997, 1998; Rodrigues et al., 1999a, 1999b, 2001] 

and swelling agricultural soils [Quirk, 2001], both caused by the action of exchangeable 

sodium. Sodium-calcium exchange in the presence of lime may therefore be critical with 

a large influence on the rheological (e.g. yield point2) and engineering properties (e.g. 

swelling, hydraulic conductivity).

In this study, investigations related to the three phenomena: sodium-calcium exchange, 

swelling and yield point tests, were performed on a bentonite. Their interrelation is 

shown and implications, particularly for the construction industry, are discussed. As these 

phenomena are attributed to quite a range of natural and engineering sciences, short intro-

ductions will be given in the following sub-sections.

1 The German literature on soil stabilisation makes a distinction between soil improvement/stabilisation 
(“Bodenverbesserung” and “Bodenstabilisierung”) and soil solidification (“Bodenverfestigung” and 
“Bodenvermörtelung”) [e.g. Hermanns Stengele, 2005].

2 The yield point of a supporting liquid is the shear stress, which causes flow to appear. It depends, among 
other parameters, on the temperature, and for thixotropic fluids, on the thixotropic thickening time. Thix-
otropic thickening is associated with an increase in the yield point after ending a flow. It is reversible. 
The yield point is at its minimum at the end of a flow (dynamic yield point) and increases asymptotically 
to its maximum (static yield point). [Pulsfort & Walz, 2000].
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Solution chemistry in the presence of lime

The solubility of Ca(OH)2 (lime) in water decreases from 1.85 g/l at 0°C to 1.28 g/l at 

50°C and to 0.71 g/l at 100°C [Haslam et al., 1924]. At 25°C, the pH value is ~12.5 and 

the total molar calcium concentration is ~21 mM. The effect of different alkali salt solu-

tions on the solubility of lime was modelled by Duchesne & Reardon (1995), the effect of 

particle diameter by Johannsen & Rademacher (1999). Due to the hydrolysis of the 

hydrated calcium ion:

(Eq. 2-1) 

the species CaOH+ also has to be taken in consideration [Baes & Mesmer, 1976]. At a pH 

of 12.5 it accounts for ~30% of the total dissolved calcium (fig. 2-2b). An increase of the 

pH e.g. by the addition of NaOH results in a decreased solubility of lime, decreased total 

calcium concentration and increased fraction of the species CaOH+ (fig. 2-2a). At a pH of 

12.85 equal to the value of the first hydrolysis constant of Ca2+ [Parkhurst & Appelo, 

1999], the two soluble species are equally present in solution (fig. 2-2b). The species 

CaOH+ has a much higher selectivity constant against Na+ as does Ca2+ [e.g. Tournassat et 

al., 2004a, 2004b] and is therefore of particular importance to sodium-calcium cation 

exchange phenomena at a high pH.

Figure 2-2. (a) Predominance area diagram in the system Ca2+-H2O-Ca(OH)2 as a function of pH and [Ca2+] 
concentration and (b) fractions of soluble calcium-species with pH in this system; calculated with the 
chemical equilibrium program Medusa [Puigdomenech, 2000].
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Cation exchange

One of the basic properties of many clay minerals is the ability to exchange cations 

located on and between the mineral’s layers. The maximum exchangeable amount, termed 

the cation exchange capacity (CEC), originates from two contributions. One is the perma-

nent negative layer charge. It arises from isomorphic substitutions of cations in the crystal 

lattice of the clay mineral. It may be calculated as a theoretical structural CEC value from 

the structural formula. As the name implies, this charge is permanent and independent of 

the systems’ pH. The other contribution originates from the (de-) protonation of surface 

groups of the clay mineral layers’ edges. The edges’ protonation state depends on the pH 

and may range from positive to negative. At a pH of 7, ~20% of the CEC of smectites is 

located at the edges [Lagaly, 1981].

In a cation exchange reaction, the preference for one cation over another is qualitatively 

described by a selectivity series [e.g. Jasmund & Lagaly, 1993]. For clay minerals, this 

series is very similar to the Hofmeister series for cations, which was established from the 

ions’ impact on the coagulation behaviour of a protein mixture [Hofmeister, 1888]. In the 

absence of specific sorption, one reason for different selectivity is found in the ionic 

potential of cations, the ratio of cation charge to radius. Since exchangeable cations at sur-

faces are usually hydrated, it is the ratio of charge to hydrated radius that governs the 

attraction to the surface. A higher ionic potential of the “naked” cation results in a larger 

hydration shell, i.e. in a hydrated cation with a lower ionic potential and less attraction to 

the charged surface.

Swelling of clay minerals

Some clay minerals like montmorillonite are capable of changing their volume in one 

dimension by de- or adsorption of water layers (fig. 2-3b). The clay mineral’s water con-

tent is related to the chemical potential of water which is related to a particular relative 

humidity [Tambach et al., 2004] amongst other factors. The volume change process is 

either termed swelling, if water is taken up, or shrinkage, if water is released from the min-

eral. There is much consensus in the literature that the first swelling steps from the dehy-

drated state onwards, the so-called crystalline swelling, proceed mainly via the hydration 

of the interlayer cations. The driving force is the cationic hydration energy [Norrish, 

1954b].
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The enthalpy of hydration (per single charge) for calcium is about twice that of sodium 

[Marcus, 1985]. This qualitatively explains why calcium montmorillonite at a fixed rela-

tive humidity has a greater volume and water content than sodium montmorillonite 

(fig. 2-3). These homoionic forms show completely different swelling and water uptake 

curves with increasing humidity (fig. 2-3a).

Water adsorption in the crystalline swelling regime proceeds in a step-wise manner by the 

inclusion of water layers; it stops somewhere around four water layers corresponding to a 

surface separation of ~10 Å or a basal spacing of ~20 Å [Norrish, 1954b]. Each water 

layer separates the mineral layers by about 2.7 Å to 3 Å, roughly equivalent to the diam-

eter of a water molecule.

In aqueous solution, this crystalline swelling may proceed into the continuous swelling 

regime, which is mainly an osmotic process driven by concentration gradients [Norrish, 

1954a]. Low ionic strength in the bulk solution forces water to enter between the mineral 

layers and drives them apart. In such solutions, clay mineral layers may be separated by 

distances of up to some hundreds of Å. This process is independent of cation type [Norr-

ish, 1954a]. For bivalent and higher valent cations however, swelling often stops at the 

transition from the crystalline to the continuous swelling regime [Norrish, 1954a].

Figure 2-3. Crystalline swelling of the sodium and calcium form of montmorillonite: (a) water content 
with relative water pressure (relative humidity), (b) basal distance between clay mineral’s layers with 
relative humidity [modified from Plötze & Kahr, 2003].

 a

 b
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Rheology of montmorillonite dispersions

“Rheology, a branch of mechanics, is the study of those
properties of materials which determine their response to
mechanical force. The word rheology was coined in the
1920's to represent the science of the deformation and flow
of matter.” [The Society of Rheology].

Rheology is an interdisciplinary science at the boundary of continuum mechanics and 

fluid mechanics and investigates both the solid and fluid states of materials and also the 

transition between the two. When a force is applied to a volume of material, a displace-

ment (deformation) occurs. High deformations lead to a flow of many materials, other 

materials break in brittle mode. The deformation response might be reversible (elastic 

deformation) or irreversible (viscous and/or plastic deformation) or a combination of all 

of them (visco-elasto-plastic deformation).

Montmorillonite dispersions are dependent on their solid content viscous or visco-elasto-

plastic, thixotropic, gel-like fluids. They may be in the state of a sol (stable colloidal dis-

persion), may be coagulated (destabilised by salts), flocculated (destabilised by polymers) 

or thickened in the state of a gel [Abend & Lagaly, 2000]. These different states are sep-

arated through phase boundaries indicated by a change in the rheological properties (e.g. 

yield point). The phase diagram in fig. 2-4, showing the influence of solid content and 

ionic strength on the state of dispersion, was determined from rheological measurements 

[Abend & Lagaly, 2000]. Other factors influencing the state of dispersion are pH [Lagaly, 

1989], age of dispersion [Karstedt, 1980], temperature, cation exchange [Alther, 1986; 

Lagaly et al., 1997] and type of bentonite [Huder, 1972].

Figure 2-4. Phase diagram showing the different states of a bentonite dispersion as a function of ionic 
strength and solid content [modified from Abend & Lagaly, 2000].

attractive gel

repulsive gel

sol

flocs

solid content [% w/w]

lo
g 

io
ni

c 
st

re
ng

th
 [

m
ol

/l]



19

2.5 Chemical aspects associated with the pozzolanic reaction

Even dilute sodium montmorillonite dispersions are not completely delaminated [Jas-

mund & Lagaly, 1993], i.e. their individual layers are not fully separated. These primary 

layers are arranged in so-called tactoids of approximately four to ten layers [Jasmund & 

Lagaly, 1993]. Each of these tactoids is surrounded by a zone of relatively immobile 

water, the so-called diffuse ion layer (DIL), which is a result of the permanent negative 

charge of the clay mineral’s layer and the surrounding region of charge-neutralizing 

hydrated cations. The thickness of the DIL is often approximated via the Debye-Hückel 

theory and assumed to be five times the reciprocal Debye-Hückel length [Lagaly et al., 

1997]. The thickness of the DIL is not equal to the interlayer space between the layers of 

tactoids. Fig. 2-5 shows both the variation of the DIL (5 times the reciprocal Debye-

Hückel length) and the interlayer spacing [Norrish, 1954b] with the normality of solution.

Figure 2-5. Thickness of the diffuse ion layer for monovalent ions approximated as five times the 
reciprocal Debye-Hückel length [data taken from Lagaly et al., 1997] and measured basal spacing [data 
taken from Norrish, 1954b], both as a function of the normality of solution.

The tactoids with their surrounding diffuse ion layers and the different states of dispersion 

are schematically shown in fig. 2-6. The states are characterised by their inter particular 

forces, either repulsive or attractive ones. At low ionic strength and low solid content, 

bentonite dispersions are in a stable (not sedimenting), repulsive state with a very low 

yield point (fig. 2-6a). Increasing the solid content will not or will only slightly change 

the DIL, but may induce a phase transition to the repulsive gel state; a significant yield 

point appears (fig. 2-6b). Increasing the ionic strength at constant solid content will 

decrease the thickness of the DIL. This may lead to the formation of an attractive gel, the 

inter particular forces become attractive, water is immobilised inside the gel pores (fig. 2-
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6c). Further increase of the ionic strength leads to coagulation and formation of flocs, the 

dispersions show sedimentation (fig. 2-6D). A significant yield point as a result of the dis-

persion’s elastic properties is only observed above ~1% bentonite content and transition 

to a gel-like state above ~3% bentonite content [Abend & Lagaly, 2000]. Dispersions of 

relevance for the construction industry usually have a bentonite content between 3% and 

8% and are therefore typically in the state of a gel.

Figure 2-6. Schematic representation of the four states of a bentonite dispersion; solid content and ionic 
strength lead to transitions between the states; the influence of solid content is symbolised through the 
number of tactoids in black, the one of ionic strength through the thickness of the diffuse ion layer in grey 
surrounding the particles.

The distribution of clay minerals inside aggregates and flocs as shown in fig. 2-7 also 

influences the distribution and mobility of water inside the different types of pores 

[Schoonheydt, 1995].

Figure 2-7. Aggregation of elementary clay particles [modified from Touret et al., 1990].

sol
not sedimenting
poor elasticity

repulsive gel
not sedimenting

elasticity

flocs
coagulated dispersion

sedimenting

attractive gel
not sedimenting

elasticity

repulsive forces between particles / tactoids attractive forces between particles / tactoids

A B C D

aggregate

Pif

Pia

Pin

floc

tactoid or micro-aggregate

Eif

F

P   intra-floc poreif

P   intra-aggregate poreia

F  elementary sheet

E   interlamellar spaceiF

P   microporein

1 mµ

1 mµ

0. µ1 m



21

2.5 Chemical aspects associated with the pozzolanic reaction

2.5.2 Pozzolanic reaction of clay minerals II: dissolution, precipitation 
and pore refinement

The pozzolanic reaction

The slow chemical reaction between a pozzolan and calcium hydroxide (lime) is called 

the pozzolanic reaction [Mehta & Monteiro, 1993] and leads to the formation of calcium-

silicate-hydrates and calcium-aluminate-hydrates:

(Eq. 2-2) 

C-S-H is a generic name for any amorphous or poorly crystalline calcium silicate hydrate; 

the dashes indicate that no particular composition is implied [Taylor, 1997]. C-A-H is 

used here in the same way, note however, that calcium aluminate hydrates are usually of 

higher crystallinity and their composition is usually easier to determine than the compo-

sition of C-S-H.

“Because pozzolans are low in CaO, this component must be added in stoichiometric 

quantity” [Taylor, 1997]. This CaO is either added as lime or, in a composite cement, 

provided by the lime formed during cement hydration. The consumption of lime, followed 

by the precipitation of hydrated cement minerals with a lower density is very efficient in 

filling up capillary pore space thereby decreasing porosity. This lime consuming process 

and the associated pore refinement process lead to increased strength, impermeability, 

durability and chemical resistance of pozzolan cements [Mehta & Monteiro, 1993].

Literature on the pozzolanic properties of clay minerals

As mentioned before, mineralogical literature on the pozzolanic properties of clay miner-

als is rare due to their unfavourable properties in common cement/concrete technology. 

Although Malhorta & Mehta (1996) still classify clay minerals as non-pozzolanic, it is 

already inferred from engineering practice that there is some extent of pozzolanic reaction 

occurring with clay minerals. The presence of at least 10% clay fraction in a soil is 

required for a successful lime-stabilisation process [e.g. SN 640 500a]. Recent findings 

by Jackson (2004) even indicate that a non-dispersive smectite cemented with opaline 

silica was the major reactive mineral component of a pozzolan in ancient Roman cements. 

There is also evidence that smectitic expandable soils were lime-stabilised by the Romans 

[Borchardt, 1989].

CH pozzolan H+ C-S-H C-A-H+→+
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The first direct X-ray evidence for the pozzolanic reaction of clay minerals, the consump-

tion of lime and formation of cementitious reaction products was established in the 1960’s 

[Eades & Grim, 1960; Hilt & Davidson, 1961; Herzog & Mitchell, 1962, 1963; Glenn & 

Handy, 1963; Diamond et al., 1963]. Following their microscopic evidence, Diamond et 

al. (1963) postulated that the pozzolanic reaction involved progressive dissolution of the 

clay mineral’s edges, followed by separate precipitation of the reaction products. 

Major reaction products at ambient temperature were identified as a crystalline calcium 

aluminate hydrate, possibly C4AH13 [Hilt & Davidson, 1961], an AFm phase as termed 

today in cement chemistry [Taylor, 1997], and hydrated calcium silicate gel (C-S-H) 

[Diamond et al., 1963]. At a temperature of  60°C, the phase assemblage had changed to 

a cubic hydrogarnet phase (C3AH6) and a C-S-H of different morphology [Diamond et al., 

1963].

The only information regarding the extent of reaction is found in Diamond et al. (1963). 

In general, the reaction extent increased with temperature. For aqueous montmorillonite- 

and kaolinite-lime mixtures at 60°C, the initial 29% of lime reacted completely after 2 

months. The extent of reaction of the kaolinite was estimated to be 28% of the total mix-

ture, no estimate for montmorillonite is given. At 45°C after 2 months, the majority of the 

initial 20% of clay minerals reacted. The following order of reaction extent was estimated: 

kaolinite > montmorillonite ≅ mica ≅ illite > pyrophyllite (Talc did not react and the extent 

of lime reaction was not estimated). Despite considerable attack, the residual clay miner-

als retained their crystallinity as evidenced e.g. by the sharpness of the X-ray peaks of the 

mica and illite polymorphs. After 6 months at 23°C, a 1:1 kaolinite-lime suspension 

remained considerably unreacted. Reaction extent was not estimated.

Combined dissolution and precipitation at high pH relevant to clay-lime mixtures

In order to understand the rates of change in chemical systems, controls by nucleation of 

solids, mineral dissolution and growth, aqueous and solid-state diffusion, oxidation-

reduction, adsorption, ion-exchange, aqueous complexing, radioactive decay and fluid 

flow have to be considered [Murphy et al., 1989]. Rate limiting processes for the overall 

reaction are either the slow steps of processes occurring in sequence or the fast steps of 

parallel processes. Dissolution or crystal growth at the interface between minerals’ sur-
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faces and aqueous solutions and the diffusion of reactive species into the aqueous phase 

to and from the surfaces commonly occur in sequence [Murphy et al., 1989].

As mentioned earlier, the pozzolanic reaction is discerned to be a combined process of 

dissolution of the lime surfaces and of the clay minerals’ edges followed by the precipi-

tation of cement hydrates. From micro structural investigations during cement hydration, 

it is established that precipitation may occur (i) on the dissolving clinker grains that pro-

vide all the chemical species necessary, (ii) in solution away from the surfaces and (iii) on 

(relatively) inert surfaces of e.g. aggregate grains [Taylor, 1997]. In pure pozzolan-lime 

mixtures, where part of the chemical species necessary for precipitation are either pro-

vided by the lime or the pozzolan, precipitation products have been found on the surfaces 

of both reactants, the lime and the pozzolan [Biernaki et al., 2001; Williams et al., 2002] 

and possibly also in solution. It is therefore concluded that diffusion of reactive species 

and precipitation on or near surfaces and in solution are important processes in clay-lime 

mixtures (likewise in cement hydration [Gartner et al., 1989]).

The relative importance of diffusion and surface reactions on the overall mass transfer rate 

at the mineral surface depends on the magnitude of the surface reaction rates and diffusion 

coefficients (both temperature dependent), the geometry, structure and hydrodynamics of 

the system, the degree of disequilibrium at the mineral-solution interface and elsewhere 

in the system [Murphy et al., 1989] and the morphology of the mineral’s surface [Jeschke 

& Dreybrodt, 2002]. Minerals with low dissolution rate constants (typically e.g. silicates 

at ambient temperature) tend to be in the surface-reaction-dominated regime as the rates 

for the diffusing aqueous species involved in the mineral’s dissolution and growth are 

greater; i.e. the overall coupled steady-state rate is dominated by the slow surface reac-

tion. In contrast, minerals with high dissolution rate constants tend to be in the diffusion-

dominated regime (e.g. calcite or portlandite/lime).

Surface precipitates influence the dissolution rate in such a way that reactive species may 

have to diffuse through them. The (effective) porosity of the overgrown precipitate, 

through which diffusion occurs, is thus of major importance for the overall reaction rate, 

at least for fully covered surfaces. The solution in contact with the overgrown phase is 

likely to be saturated with respect to this overgrowth. Further dissolution of the substrate 

can then only occur by diffusion of reactant- and/or product-derived chemical species 

through the overgrowth, which is likely to be extremely slow [Gartner et al., 1989]. For 



24

2 Clay-lime interactions

coupled surface and diffusion reaction modelling, Murphy et al. (1989) among others 

therefore introduced a parameter describing the ratio of total interfacial surface area over 

which the reaction occurs to the cross-sectional surface area perpendicular to diffusional 

mass transport. “This parameter depends on surface roughness and the porosity of the 

medium through which diffusion occurs if it affects the quantity of mineral surface that 

contacts the aqueous phase.” [Murphy et al., 1989].

It has been established by Ritchie & Xu (1990) and Giles et al. (1993) that the dissolution 

or slaking of both quicklime and slaked lime is kinetically controlled at low stirring 

speeds by the slow diffusion of calcium and hydroxide away from the dissolving surface. 

At higher stirring speeds, the slow rate-determining step is the dissolution of calcium 

hydroxide at the surface [Giles et al., 1993]. For reactions of lime with solutions contain-

ing carbonate or aluminate, Xu et al. (1997, 1998) found that the reaction products (CaCO3 

or C3AHx) deposited at the dissolving surfaces slow down the dissolution reaction of lime. 

If the aluminate concentration in solution is high enough, the lime particles even become 

encapsulated by the calcium aluminate hydrate (passivation) and further dissolution 

ceases [Xu et al., 1997].

Bauer & Berger (1998), among others, investigated the alkaline dissolution of clay min-

erals (kaolinite and montmorillonite). The montmorillonite dissolved at a much lower 

rate, controlled by the dissolution of the tetrahedral (silicate) sheet. The rate determining 

step for kaolinite was the dissolution of the octahedral (aluminate) sheet. Berger et al. 

(2002) however, suggested for feldspar dissolution that a competition occurred between 

two parallel reactions at the mineral surface, the hydrolysis of the silicon and aluminium 

units of the tecto- (framework) silicate. The rate determining step might therefore depend 

on the experimental conditions or even change during the experiments through growth 

and re-dissolution of new phases [Berger et al., 2002]. It is often observed that natural 

minerals weather in intimate contact with reaction products. This strongly influences the 

rate and character of natural weathering [Casey, 1995, and references therein]. Unlike in 

well-controlled laboratory experiments, where a small amount of mineral is dispersed in 

a large volume of solution, natural weathering usually occurs at low water to mineral 

ratios in the porous networks of soils, sediments and rocks. Solute transport by diffusion 

through precipitates to and from the dissolving surface might thus control the overall dis-

solution rate both in natural and laboratory systems [Murphy et al., 1989, and ref. therein; 
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Ritchie & Xu, 1990; Giles et al., 1993]. The solution composition mainly in contact with 

the precipitate might imply true equilibrium in the system. However, apparent equilibria 

are in reality often multiple steady states of both irreversible and reversible reactions 

[Sverdrup & Holmqvist, 1999].

The hydration of Portland cement pastes can provide another example for the influence of 

mineral precipitates on the dissolution reaction. Three periods of micro-structural devel-

opment in cement pastes are usually distinguished, an early, middle and a late period, with 

divisions at 3 and 24 hours of hydration time [Taylor, 1985; Scrivener, 1989; Taylor, 

1997]: In the middle period of hydration after ~4 h, the dissolving clinker grains are com-

pletely covered by cracked shells of C-S-H, which show after ~12 h a thickness of 0.5 -

1 µm. These shells are separated from the clinker grains through spaces up to 0.5 µm 

wide and are still permeable to migrating aqueous species. Precipitation occurs inside 

these spaces, in the pore solution but also on the surfaces of inert grains. From ~18 h 

onwards but basically in the late period of hydration, these spaces become progressively 

filled with the so-called inner product C-S-H. The shells may be now thicker than 8 µm, 

restricting the diffusion of dissolved species and substantially slowing down the hydration 

reaction. In contrast to the through-solution processes (dissolution, aqueous diffusion and 

precipitation from solution), further hydration was suggested to occur very slowly by a 

topochemical mechanism due to the lack of a true liquid phase in contact with the dissolv-

ing surfaces [Taylor, 1985].
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materials and sample 
preparation/handling

3.1 Standard analytical methods

All mineralogical data given in this study are referred to the ignited mass. Calcium 

hydroxide content is e.g. given as percent CaO in the ignited mixture. This is very 

common in cement chemistry, as the mass of the ignited mixture is a constant reference 

point in systems of low water to solid ratios. The mass of the dissolved species is negligi-

ble compared to the mass of the solids in such systems when no chemical species are 

removed. The main process in cementitious systems is the uptake of water into the solid 

mass. The amount of metal oxides (equal to the ignited mass) is therefore regarded as con-

stant before and after the reaction.

3.1.1 Loss-on-ignition
Loss-on-ignition (LOI)

(Eq. 3-1) 

is conventionally determined by heating several grams of the sample (minitial) in the muffle 

furnace up to a specified temperature in order to remove all the volatile components (mvol-

atiles) desired (e.g. up to 1000°C). This method was not applicable in this study due the high 

sample mass necessary. Loss-on-ignition was determined by thermal analysis (TA), either 

in a gas flow of air or, in the case of carbon dioxide sensitive samples, in a gas flow of 

nitrogen. Results in table 3-1 justify this approach.

LOI
mvolatiles

minitial
--------------------100   [%]=
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3.1.2 Inductively coupled plasma atomic emission spectroscopy
The equilibrium aqueous composition is indicative of minerals present in a system. Induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES) was used to analyse 

major elements in the extracted supernatants. The aqueous samples were prediluted 1:5 to 

1:10 in order to prevent precipitation of dissolved silica and then acidified by adding 

2 Vol.% of concentrated nitric acid. ICP-AES measurements were carried out with the 

model Spectro Ciros Vision (Spectro Analytical Instrument, Kleve, Germany) at the 

Swiss Federal Institute of Aquatic Science and Technology (EAWAG).

3.1.3 Wavelength dispersive X-ray fluorescence
In order to characterise the clay minerals studied, the chemical composition of the clay 

materials was determined by wavelength dispersive X-ray fluorescence (XRF) spectros-

copy. Finely ground materials (< 30 µm) were dried over night in the oven at 105°C, then, 

after cooling in the exsiccator, transferred in previously annealed porcelain crucibles. Cal-

cination for 30 min at 1070°C was performed in the muffle furnace and materials cooled 

again in the exsiccator. 1 g of calcined material was mixed with 5 g of di-lithium tetrabo-

rate (necessary for calibration to the internal standard Li), transferred into a platinum cru-

cible, melted for 30 min at 1150°C and then poured into a casting dish to produce the glass 

bead. The glass beads were measured for major elements with the instrument PW 1404 

(Philips) at the Swiss Federal Laboratories of Materials Testing and Research (EMPA).

3.1.4 Cation exchange capacity and exchangeable cations
Cation exchange is one of the basic properties of clay minerals. The cation exchange 

capacity (CEC) was determined according to the ammonium-acetate method [Mackenzie, 

1951]. The determination is based on the replacement of the exchangeable cations by 

Table 3-1. Comparison of LOIs determined at 1000°C either by standard 
method or by thermal analysis (TA).

LOI conventional
[%]

LOI from TA
[%]

relative deviation
[%]

China Clay 13.8 (2) 13.1 5.1

Illite MC 10.2 (4) 9.8 3.9

Volclay 13.7 13.8 0.7

Volclay 
<20µm

13.90 (17) 14.6 5.0
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NH4
+ at pH 7 with a 1 M ammonium-acetate (purum p.a.) solution, transformation of 

sorbed NH4
+ to NH3 with a 1 M sodium hydroxide solution, distillation of the NH3 (Distil-

lation Unit 323, Büchi, Switzerland) and determination of the captured NH3 (in boric acid) 

through titration with sulfuric acid.

The exchange of interlayer cations against NH4
+ was performed by overhead agitation for 

24 h and for a second 24 h after renewal of the solution. Several washing procedures were 

applied in order to remove excess salts and solutions. Each sample was determined in 

duplicate.

Exchangeable cations were determined in the supernatant and all the washing solutions 

kept after each of the two replacement steps. A method described in Emmerich (2000) was 

slightly modified. The solutions containing the exchanged cations were dried at 60°C 

until no water was left and some of the excess ammonium removed. The solid remains 

were redissolved with concentrated HNO3 (1:1 with water). Solution composition was 

measured with ICP-AES against a standard series of a multi component standard.

3.1.5 X-ray diffraction

In general

The mineralogical composition of the sample material was characterised by X-ray diffrac-

tion (XRD) techniques. This is based on the fact that the crystalline fraction of the sample 

material interferes with the X-rays resulting in a characteristic diffraction pattern. This 

pattern (diffracted intensity with diffracting angle) is recorded by the detector system. By 

comparison with reference data, the qualitative composition of the sample material is 

determined.

X-ray diffraction (XRD) analyses were performed mainly on powders with a Bragg-Bren-

tano diffractometer (Bruker AXS D8, Cu-Kα radiation, automatic divergence and 

antiscattering slit, graphite monochromator). The X-ray tube was operated at a voltage of 

40 kV and a current of 40 mA. Variable counting statistics were applied, however applied 

step width W was between 0.02° and 0.04° 2θ and step counting time T between 2 and 

9 s. For patterns intended for use in Rietveld refinement (quantitative analysis), profile 

intensities of around 2500 counts per second were aimed at.
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At controlled humidity and temperature

Figure 3-1. XRD sample chamber (without the closure unit) for experiments at controlled humidity and 
temperature.

In-situ XRD measurements under controlled relative humidity (RH) were performed in 

order to investigate the different crystalline swelling behaviour of montmorillonites with 

various adsorbed sodium to calcium ratios. They were run at constant temperature 

between 25°C and 27°C in the sample chamber TTK450 (Anton Paar) shown in fig. 3-1.

The RH was controlled by mixing wet and dry pressurised air with a humidity controller 

(Sycos H) and automatically controlled by a program designed in LabView (National 

Instruments).

Quantitative XRD analysis

Quantitative X-ray diffraction analysis of the mineral content is described in detail in 

Chapter 4.

3.1.6 Rheological measurements
Bentonite dispersions are shear-thinning fluids, i.e. the viscosity of the dispersion 

decreases with increasing shear stress, the fluid becomes thinner. This is because ben-

tonite dispersions show an internal structure (spatial arrangement of clay mineral layers 

inside the dispersion) that is progressively destroyed by an increase in shear stress. The 

yield point is the shear stress which causes flow to appear. It depends among other param-
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X-ray beam

Sample
chamber

Sample
holder

Seal ring for the
chamber cap



31

3.1 Standard analytical methods

eters on the temperature and for thixotropic fluids on the thixotropic thickening time 

[Pulsfort & Walz, 2000]. Thixotropic thickening is caused by the reconstitution of the dis-

persion’s internal structure. This is associated with an increase in the yield point after 

ending the enforced flow. Shear thinning and thixotropic thickening of bentonite disper-

sions are reversible processes. The yield point at the end of a flow process is at its mini-

mum (dynamic yield point) and increases asymptotically to its maximum (static yield 

point) [Pulsfort & Walz, 2000].

The yield point was measured with a rotational rheometer (Physica MCR 300) as the 

"Cross-Over Point" determined in an amplitude sweep test: This test is performed in oscil-

latory motion at variable controlled shear stress (CSS) but constant angular frequency in 

order to determine the boundary of the linear viscoelastic region. The elastic part of the 

deformation is characterised by the storage modulus G’ (measure of reversibly stored 

deformation energy), the viscous part by the loss modulus G’’ (measure of irreversibly 

lost deformation energy). The Cross-Over Point (COP) is determined as the transition 

from the gel state (G' > G'') to the fluid or sol state (G'' > G'). This transition appears when 

deformations caused by increasing the shear stress become greater than a limiting value: 

the dispersion’s internal structure breaks down.

Figure 3-2. Determination of the Cross-Over Point of a bentonite dispersion with 100g/l bentonite: 
Storage and loss moduli of a bentonite dispersion with shear stress.
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Oscillatory measurements were performed in amplitude sweep tests with controlled shear 

stress at a constant angular frequency ω = 10 s-1. Bentonite concentration in the dispersion 

was 100g/l. The dispersion is filled between the two plates of the rheometer. The plate/

plate distance was 0.1 mm (~ five times the maximum grain size of 20 µm). Evaluation 

of the COP was visually estimated using plots such as the one shown in fig. 3-2. It has to 

be noticed that the value of this COP is only valid at ω = 10 s-1. The effect of different 

angular frequencies was not tested. However, this angular frequency is typically used by 

operators in the industry [Mezger, 2000].

3.1.7 Extraction of remaining clay minerals
A method for the removal of CaCO3 and CaSO4 in clays (Bodine & Fernalld, 1973; Köster 

et al., 1973) was adapted in order to dissolve any remaining CH and newly formed cement 

hydration products and to extract the remaining clay mineral fraction. Dissolution of C-

S-H phases was tested on freeze-dried C-S-H with a C/S ratio of 0.7 and shown to be com-

plete (less than 0.5% solid remains). The dissolution of calcium aluminate hydrates was 

checked by the disappearance of their basal reflections in diffractograms of the extracted 

clay minerals. The results were recalculated with the LOI of the materials and expressed 

as a percentage of volatile free clay mineral per ignited mass.The material recovery is 

given in Table 3-2 for China Clay and Volclay as an average of three and four determina-

tions.

Approximately 5 g of reacted clay-lime mixture were dispersed in 400 ml of a 0.2 M Na-

EDTA solution (EDTA tetrasodium tetrahydrate) and agitated overhead for 24 h. After 

renewal of the EDTA solution, a second extraction step was applied for another 24 h, fol-

lowed by three washing steps. The highly dispersed state of the extracted sodium ben-

tonite made it necessary to convert the extracted sodium bentonite back to its calcium 

form (4% CaCl2 solution). After the washing steps, material recovery was otherwise 

below 70%.

Table 3-2. Initial mass before and percentage of material 
recovery after extraction.

initial mass
[g]

material recovery
[%]

China Clay 4.5 - 5.3 95.7 ± 0.3

Volclay 4.5 - 5.1 93.7 ± 0.6
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3.1.8 (Environmental) Scanning electron microscopy (ESEM and SEM)
Electron microscopic investigations are based on the interactions of a focused electron 

beam with a sample surface. These interactions lead to emission of secondary electrons 

(SE) and back scattered electrons (BSE) from the surface. The electron beam scans the 

sample surface and the locally emitted electrons (SE, BSE) are detected. The SE are used 

to generate a picture of the sample surface. Additionally, local chemical variations in the 

sample surface are obtained by the detection of the BSE. The interaction of the electron 

beam with the sample surfaces produces also X-rays with an energy spectrum character-

istic of the (sub)surface’s chemical composition. This energy dispersive X-ray analysis 

(EDX) is used for the quantitative measurement of the chemical composition of small sub-

surface regions (several µm3 with modern electron microscopes).

Investigations of the samples were performed on an Environmental Scanning Electron 

Microscope (ESEM), Philips ESEM XL 30 FEG.

In the so-called ESEM-modus, the sample chamber is operated in contrast to conventional 

electron microscopes (high vacuum) under low vacuum and water vapor atmosphere 

(~1 Torr). One advantage of these operating conditions is that samples need not to be sput-

tered with gold or carbon in order to improve the electrical conductivity of the sample sur-

face and to prevent excessive charging of the surface. Discharge of the sample surface is 

partially accomplished by the water vapour atmosphere. The possibility of the investiga-

tion of e.g. humid materials without pre-drying is the most important advantage of the 

ESEM-modus.

3.1.9 Mercury intrusion porosimetry
Pore size distributions and porosities of the samples were determined with a mercury 

intrusion porosimeter (Pascal 140 and 440, CE Instruments). Such measurements are 

based on the intrusion of mercury into the open pore system of a sample and on the non-

wetting liquid property of mercury with a lot of solids. Mercury penetrates through the 

open pores of a solid sample under the effect of pressure. Cylindrical pores with diameter 

d filled at an specific pressure are inversely related to this pressure p by the Washburn-

equation [Washburn, 1921]:

(Eq. 3-2) d
4σ θcos–

p
----------------------=
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with the surface tension σ (480 mN/m) and the wetting angle of contact θ (with purified 

mercury, assumed to be 130° for clay minerals and cement [Winslow & Shapiro, 1959; 

Diamond, 1970]).

Measurements are performed in a volume calibrated glass vessel. Due to the high porosity 

(55% to 75%) of the samples studied, only ~0.1 g of sample could be used for each meas-

urement. The freeze-dried material was weighed to a precision of ± 0.1 mg inside a 

dilatometer and evacuated for ~15 min to about 0.01 bar in the macropore unit (Pascal 

140, CE Instruments). Mercury was then added to a marked level on the capillary tube. 

The pressure was raised continuously from vacuum to about 370 kPa. The dilatometer 

was then transferred to the micropore unit of the porosimeter (Pascal 440, CE Instru-

ments). The pressure was increased stepwise to 400 MPa using a special pressure trans-

mission oil. Penetration of mercury in the pores was followed by measuring the electric 

capacity along the capillary tube. The resulting volume values were corrected for the com-

pressibility of mercury determined in a similar experiment with mercury only. Pores with 

a radius down to 2 nm were measured over the applied pressure range.

3.2 Thermal gravimetry with evolved gas analysis

Thermal analysis summarises a group of methods which determine physico-chemical 

properties of pure substances but also of mixtures by heat treatment. In this study, only 

thermogravimetric (TG) measurements at a constant heating rate with simultaneous 

evolved gas analysis (EGA) were performed. The first derivative of the TG curves (DTG) 

leads to better resolution of the peak data. Thermal gravimetry with evolved gas analysis 

was performed on a thermal balance (Mettler TGA/SDTA 851e) coupled through a cap-

illary to a quadrupole mass spectrometer (Balzers ThermoStar). Between 20 to 100 mg of 

finely ground material was heated in a platinum crucible at a rate of 10°C min-1 and a gas 

flow (air or nitrogen) of 50 ml min-1. The evolved gas was analysed for water and carbon 

dioxide by their most abundant fragments of the two components, CO2
+ (m/e = 44) and 

H2O
+ (m/e = 18).

3.2.1 Evaluation model for quantification of TG-EGA data
For substances or mixtures of substances that show a well-resolved mass loss peak due to 

the decomposition and emission of volatile components, the analogy of mass loss data and 
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simultaneous EGA data is obvious from fig. 3-3. The schematic figure shows part of a TG 

mass loss curve and an associated EGA signal from the mass spectrometer and the rela-

tionship between the first derivative of the TG curve and the EGA signal.

Figure 3-3. Schematic representation of a mass loss and the associated signal from the mass spectrometer 
due to an evolved volatile component.

If (i) mass transport time of the evolved gases is negligible (no dead time), (ii) no adsorp-

tion phenomena occur in the capillary, (iii) the baseline is perfectly defined and (iv) no 

other interferences occur, the EGA signal is directly related to the first derivative of the 

TG data, the DTG curve. The ratio of EGA signal to DTG signal is then just a constant, 

termed here the effective sensitivity of the mass spectrometer. Effective only, because in 

such types of measurements, it is not known, which fraction of the evolved gas is actually 

transferred from the oven to the capillary1. Thus, the mass of gas transferred to the mass 

spectrometer is not equal to the mass lost during decomposition.

Figure 3-4. Calibration lines for the carbon dioxide evolving from decomposing calcite (left) and for the 
water from decomposing kaolinite (right); the slope of the lines is the effective sensitivity.

The linearity of the ratio of EGA peak area to differential mass loss is given in fig. 3-4 as 

determined by the decomposition of pure calcite and pure kaolinite. Calcite mass loss was 

1 The oven is an open system. Expansion of the gas inside the oven is free. Only part of the evolved gas is 
transferred through the capillary right above the heated sample to the mass spectrometer.
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determined between 600°C and 750°C and kaolinite mass loss due to evolved hydroxyl 

water between 400°C and 700°C. It is concluded that mass loss in a specified temperature 

range is proportional to the EGA signal and that mass transfer rate of the evolved gas to 

the capillary is thus independent of the amount evolved. Assuming that the effective sen-

sitivities (the slope of the lines in fig. 3-4) are independent of operation temperature 

between 25 and 1000°C, then the ratio of the effective sensitivities of two gas components 

is again a constant. This constant is the so-called ionization factor, which must be known 

if quantification is desired.

For mixtures of substances emitting only water and carbon dioxide upon heating, the asso-

ciated mass losses can be quantified using the approach described above. At each temper-

ature/time1 step, the sum of the two EGA signals, each multiplied with an appropriate 

constant, must match the differential mass loss:

, (Eq. 3-3) 

with ki the reciprocal effective sensitivity [mg nA-1] of the i-th component and Ii the mass 

spectrometer signal [nA] for this gas components. This equation is an overdetermined 

equation system (there are two variables and the number of equations is equal to the 

number of recorded time steps, usually more than 1000) and might be solved using matrix 

left division.

The solution of several TG-EGA data sets revealed that the primitive model (eq. 3-3) was 

insufficient in order to match the TG and EGA data. Typical results are shown in fig. 3-

5A and B for mixtures of clay minerals with calcite. A major problem is the tailing of the 

EGA data, which is probably attributed to sorption effects in the capillary. The inclusion 

of a physical attenuation model as an analogue for linear sorption did not improve results 

substantially. The best results were obtained by assuming that the reciprocal effective sen-

sitivity ki of each gas component is a linear function of time according to the following 

equation:

(Eq. 3-4) 

1 Time and temperature are equivalent in thermal analysis with a constant heating rate.

∆m T( )
∆T
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Figure 3-5. Two mixtures of clay and calcite analyzed by their evolved gases from decomposition; 
Volclay with calcite (a) fitted with the primitive model and (c) with the temperature dependent model; 
China Clay with calcite (b) fitted with the primitive model and (d) with the temperature dependent model.

A physical meaning can be attributed to this temperature dependency. Increase of the tem-

perature inside the oven will lead to a dilution of the atmosphere as the gas inside the oven 

is allowed to expand freely. A specific mass loss and emission of a gas component causes 

an increase in the partial pressure of this component with increasing temperature. The 

same mass loss at 100°C and 1000°C leads to a stronger EGA signal at 1000°C. Inserting 

eq. 3-4 into eq. 3-3 leads to:

(Eq. 3-5) 

which was solved using matrix left division:

(Eq. 3-6) 
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In some cases, physical meaningful solutions were only obtained when constraining the 

parameters to reasonable values (e.g. positive values). Prior to any solution procedure, 

basal lines have been subtracted using polynomials of different degree. Fig. 3-5 compares 

the results of the primitive model (eq. 3-3) and the temperature dependent model (eq. 3-

5). The data match judged by the mean square value of the residuals was for the latter 

model always better, however visual observation of fig. 3-5 still reveals problems from 

the tailing of the EGA data. Some results of the quantification procedure with this model 

are given in Table 3-3 for mixtures of clay and calcite. Fitting the predicted calcite con-

tents is very effective for significant deviations from zero. However, for low contents the 

relative error increases drastically. Therefore, the results given by this method for the usu-

ally low calcite contents in this study (< 2%) are only regarded to be semi-quantitative.

Nevertheless, the potential of this method is judged to be high. There is no restriction in 

the number of gas components. Much better results are expected if both a model for auto-

matic determination of the EGA base line and a model of non-linear sorption (e.g. by 

inverse modelling of the EGA data) be included. If one a perfect match of the DTG and 

EGA data is achieved, quantification with a high accuracy and precision is expected. 

Problems arise if chemical reactions occur as e.g. the combustion of organic matter: 

Chemical species responsible for the mass loss and detected species are not of the same 

stoichiometry. For combustion of organic matter, the mass loss is attributed mainly to 

carbon loss, but with full combustion, carbon dioxide is detected.

3.2.2 Determination of portlandite and clay minerals by their evolved 
crystal or hydroxyl water
The goal of determining clay mineral consumption in the reacted clay-lime mixtures with 

quantitative X-ray diffraction analysis was not achieved (cf. chapter 4.). Therefore, ther-

mal analysis had to give supplementary information on clay mineral consumption in order 

to check the plausibility of results obtained by the extraction and XRD techniques. The 

Table 3-3. Comparison of contents of added calcite with the fitted values.

sample
added calcite
[%]

fitted calcitea

[%]

a CO2 mass loss times the molar mass ratio M(CaCO3)/M(CO2) = 2.27

relative deviation
[%]

China Clay and calcite 22.6 22.4 0.1

Volclay and calcite 9.2 9.4 2.2

Volclay and calcite 4.5 5.2 15.6



39

3.2 Thermal gravimetry with evolved gas analysis

results of the chemical extraction procedure for the remaining clay minerals were used as 

a first estimate. Together with the XRD data on the consumption of calcium hydroxide, 

the extraction results gave an average mass ratio for the two reacted minerals.

Peak fitting of thermal analysis patterns is very complicated due to superposition of vari-

ous different effects and processes [Emmerich, 2000]. Estimation of the water evolved 

from decomposing portlandite and kaolinite in reacted mixtures was therefore performed 

as follows and is exemplified by the China Clay-lime mixture shown in fig. 3-6.

Figure 3-6. TA data for a 7 month reacted China Clay-lime-water mixture (15 g/70 g/100 g); calcite 
content 1.5%. Simulation of used mineral fractions per total ignited mass (CaO/oxideclay = 1.4) gives a 
consumed content of 12.0% for lime and 8.6% for the clay. The solid lines in the upper figure indicate the 
cut-offs used as a first estimate for the determination of lime water and China Clay hydroxyl water.

This figure shows the strong degree of overlap of water evolving from portlandite and 

kaolinite decomposition. The total amount of evolved water per ignited mass was deter-

mined from the onset portlandite decomposition (~370°C) to the end of kaolinite decom-

position (~650°C). A cut was set arbitrarily at the kink of the TG data (here at ~490°C). 

The amount of water evolved below this kink temperature was multiplied with the factor 

of 3.12 (molar mass ratio of CaO and water) to yield per cent CaO per ignited mass, the 
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water evolved above was multiplied with the factor of 7.41 (inverse hydroxyl water con-

tent per ignited mass) to yield per cent metal oxides from kaolinite. As the degree of over-

lap of the two peaks was not known, fractions of the clays’ hydroxyl water were 

transferred between the two compartments until the desired mass ratio was reached. For 

all the China Clay-lime mixtures analysed, 15 ± 2% of the kaolinite’s hydroxyl water had 

to be transferred to the lime water in order to match the aimed mass ratio (inferred from 

the extraction and XRD techniques). This seems justified as the investigated clay-lime 

mixtures contained high lime contents. Lime decomposition of pure lime shows a large 

tailing to temperatures greater than 500°C (cf. fig. 3-14). The same procedure was applied 

to the other reacted clay-lime mixtures.

3.3 Calculation of results

3.3.1 Calculation of consumed contents of clays and lime
All results are expressed as volatile free oxides per ignited mass. The consumption of clay 

minerals and CH is then just calculated by subtraction of their contents before and after 

reaction. Reacted fractions are calculated as the ratio of consumption and initial mineral 

content in the mixture (in percent).

Estimation of errors

For the extraction method, it was demonstrated that up to 7% of the initial clay material 

(Table 3-2) may be lost during the different washing/centrifugation steps. Clay material 

consumption was calculated by subtraction of the initial contents as well as those deter-

mined after reaction. Due to the small amounts of clay consumption the relative error may 

result in a up to 30% overestimation of clay consumption by this method.

The remaining CH content in reacted clay-lime mixtures was determined by XRD with 

the internal standard method. The relative error in quantitative XRD analysis is estimated 

to 5% [Klug & Alexander, 1974]. The consumption of CH was determined by the subtrac-

tion of initial contents as well as those determined after reaction. In mixtures with high 

initial CH content of e.g. 60%, the absolute error for the determined consumption may be 

as high as 3%. Taking into account that the difference between initial CH contents and 

those measured after reaction was only about 10%, the relative error of this method is also 

high.
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3.3.2 Standard deviation and standard error of the mean
Errors of repeated measurements xi are given as the standard error of the mean calculated 

from the standard deviation:

(Eq. 3-7) 

(Eq. 3-8) 

with M the mean of the sample, N the sample size, σ the standard deviation (unbiased esti-

mate), σM the standard error of the mean.

3.4 Materials and their characterisation

Selection criteria for the three clays were as follows:

(i) High clay mineral content.

(ii) Fineness to prevent grinding of reacted freeze-dried materials (clay minerals and 
cement hydrates are susceptible to grinding).

(iii) Frequently occurring clay minerals in natural soils and technical barrier systems.

Cation exchange experiments were performed with bentonite fractions freed of soluble 

salts by dialysis. In this way, remaining salts did not interfere with the analysis of 

exchangeable cations.

Pozzolanic tests were performed with the more or less raw clay materials. No major puri-

fication steps and also no extraction techniques were applied for carbonate or amorphous 

phases. The three clays were regarded as homogenous as indicated from X-ray diffraction. 

No difference in different subsamples could be detected. The chemical compositions, as 

measured in previous studies as well as in this study, showed no significant differences. 

Major purification and enrichment steps were set aside because of the amount of material 

needed for the pozzolanic tests (more than 300 g of each clay used in this study) and the 

great deal of work and time associated with clay mineralogical purification of even small 

amounts of just several grams.
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3.4.1 Kaolin ’China Clay’
The kaolin ’China Clay’ originates from Cornwall, England. The particle size distribution 

given in fig. 3-7 was estimated by mercury intrusion porosimetry (MIP). The China 

Clay’s median particle size is ~500 nm when determined by MIP [Kahr & Plötze, 2000]. 

Cation exchange capacity is 5 meq/100g.

Figure 3-7. Particle size distribution of the China Clay calculated from mercury intrusion porosimetry.

Mineral composition was determined from the combination of chemical analysis, thermal 

analysis and X-ray diffraction. The average chemical analysis of 4 determinations of the 

raw material is shown in Appendix I and compared to an analysis of Köster [in Jasmund 

& Lagaly 1993] and a theoretical analysis of pure kaolinite with the structural formula 

Al2[Si2O5(OH)4].

The chemical composition of the raw sample is very close to an ideal kaolinite, especially 

the loss on ignition, which is only due to evolved water (fig. 3-8). Thermal analysis of the 

raw material (fig. 3-8) indicates some water evolving between 30 to 200°C, which is 

attributed to interlayer or surface water of accessory phases (e.g. illite). The main mass 

loss between 400°C and 800°C is due to crystal structure breakdown and loss of the 

hydroxyl water (dehydroxylation) of the kaolinite. The mineral contents given by Köster 

indicate muscovite as the only hydrous mineral besides kaolinite. Köster determined the 

kaolinite content in the raw sample to 86.4 %. Assuming a K2O content of 8% in an aver-

age illite (cf. illite analyses given in Jasmund & Lagaly (1993) and references therein), 

87.5% kaolinite are calculated from the chemical analysis in Appendix I. This is in agree-

ment with Rietveld analysis of the diffraction pattern which indicated 88% kaolinite, 4% 

microcline, 7% muscovite/illite and minor (~1%) quartz.

10 0 10 1 10 2 10 3 10 4 10 5
0

20

40
re

la
tiv

e 
vo

lu
m

e 
[%

]

particle diameter [nm]
10 0 10 1 10 2 10 3 10 4 10 5



43

3.4 Materials and their characterisation

Figure 3-8. TG-MS data of the kaolin China Clay; the first water peak of the illite corresponds to ~1 % 
water loss.

3.4.2 Illitic clay from Massif Central (Le Puy)
The illitic clay is from Massif Central (MC), France. It was known from previous analyses 

[Müller Vonmoos et al., 1991], that the primary particles are extremely fine, however they 

are mainly found in a highly agglomerated state. 500 g of the raw material were therefore 

disperged in deionised water using ultrasonic treatment, followed by wet-sieving through 

20 µm and freeze-drying. All of the disperged material passed the 20 µm sieve after this 

treatment. The particle size distribution of the disperged, dry material is given in fig. 3-9 

as estimated by mercury intrusion porosimetry (MIP). The illite MC median particle size 

by MIP is ~60 nm. Cation exchange capacity is 27 meq/100g.

Figure 3-9. Particle size distribution of the illite MC calculated from mercury intrusion porosimetry.
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Mineral composition was determined from the combination of chemical analysis, thermal 

analysis (fig. 3-10) and X-ray diffraction. The average chemical analysis of three deter-

minations of this material is shown in Appendix I and compared to an analysis of the 

< 0.2 µm fraction reported by Müller Vonmoos et al. (1991).

Based on the Al2O3 content of the analysis of Müller Vonmoos et al. (1991) and of the raw 

material used in this study, only ~70 % of illite in the clay is calculated, whereas based on 

the K2O content it seems to be almost pure illite (cf. illite analyses given in Jasmund & 

Lagaly (1993) and references therein). Rietveld analysis of the diffraction pattern has 

given 87% illite and 13% potassium feldspar. A broad asymmetric basal peak at around 

10 Å indicates a significant content of expandable clay minerals.

Figure 3-10. TG-MS data of the illitic clay.

3.4.3 Bentonite Volclay
The bentonite Volclay is from Wyoming, USA. 40 g of a sodium exchanged < 2 µm frac-

tion of the Volclay were produced by sedimentation and ion exchange with 2 M NaCl 

solution (three times), followed by dialysis (until electrical conductivity stayed below 

10µS) and freeze-drying. This fraction was used for the cation exchange experiments. X-

ray diffraction revealed residual quartz (~5%) in this fraction.

500 g of the raw material was dry-sieved through 20 µm. This fraction was used for the 

pozzolanic tests. 40 g of this fraction were converted to the calcium form and salt remains 

removed by dialysis. The particle size distribution of the <20 µm fraction given in fig. 3-
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11 was estimated by mercury intrusion porosimetry (MIP). The bentonite’s median parti-

cle size by MIP is ~150 nm. However, the distribution is extremely broad compared to the 

other clays, possibly due to the aggregated state of the material. Cation exchange capacity 

of the <20 µm fraction is 85 meq/100g.

Figure 3-11. Particle size distribution of the bentonite Volclay calculated from mercury intrusion 
porosimetry.

Figure 3-12. TG-MS data of the < 20 µm sieve fraction of the bentonite Volclay.

Mineral composition was determined from the combination of chemical analysis, thermal 

analysis (fig. 3-12) and X-ray diffraction. The average chemical analyses of the raw mate-

rial and the <20 µm sieve fraction are given in Appendix I and compared to a chemical 

analysis performed by Mermut & Cano (2001) on the SWy-2 Source Clay, which is a 

comparable Wyoming bentonite. Loss on ignition of the material was determined at 
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750°C, as thermal analysis indicated no significant mass loss above this temperature and 

alkali ion losses due to evaporation were detected to be significant at 1070°C.

Quartz content in the <20 µm fraction determined by the standard addition method based 

on peak area determinations and also by Rietveld analysis is 5.6 % [Müller et al., 2002]. 

Additional phases are gypsum (~1%), calcite (~0.5%), magnetite (~0.5%), plagioclase 

(~5%) and 87% montmorillonite.

3.4.4 Decarbonated water
Milli-Q water (Millipore, USA) was boiled until two third of the initial volume was vapor-

ised in order to remove carbon dioxide. The hot water was transferred into bottles and then 

into the glove box. This water was used for all the mixtures prepared.

3.4.5 Calcium hydroxide
Figure 3-13. Particle size distribution of the calcium hydroxide calculated from mercury intrusion 
porosimetry.

Calcium hydroxide (CH) was prepared from the hydration of calcium oxide over humid 

nitrogen in an exsiccator in the glove box. The nitrogen was humidified with decarbon-

ated water. Completion of the hydration process was confirmed by X-ray diffraction and 

thermal analysis (fig. 3-14). Minor amounts of calcite (1.5%) could be detected by both 

methods. The particle size distribution of the calcium hydroxide given in fig. 3-13 was 

estimated by mercury intrusion porosimetry (MIP). The median particle size by MIP is 

~4 µm.
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Figure 3-14. TG-MS data of portlandite; the small loss of CO2 corresponds to ~1.5% of calcite.

3.4.6 Other chemicals
All other chemicals used (e.g. sodium chloride and sodium perchlorate) were prepared 

from Fluka “supra-pur” grade.

3.5 Sample preparation and handling

All materials and mixtures sensitive to carbon dioxide were prepared and handled in the 

glove box and mixed with decarbonated water in order to keep carbon dioxide away from 

the suspensions. The glove box was purged with nitrogen evaporated from a dewar with 

300 l liquid nitrogen which lasted for about three months.

3.5.1 Pozzolanic reaction of clay minerals I

Preparation of samples for the cation exchange experiment

Bentonite samples with different Na/Ca ratios were produced in Ca(OH)2 buffered solu-

tions by addition of NaClO4. The bentonite and the Ca(OH)2 were separated by a dialysis 

bag (Spectrum Spectra/Por 1, regenerated cellulose membrane tubing, molecular mass 

cut-off 6000-8000) to prevent mixing of the solids (fig. 3-15). 1.5 g of bentonite and the 

desired amount of NaClO4 were transferred together with 10 ml of decarbonated water 

into the dialysis bag. The closed bag was put into the centrifuge tube which was filled with 

1 g of Ca(OH)2 and 22 ml decarbonated water.
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Figure 3-15. Schematic picture of the experimental setup for the cation exchange experiment.

After approximately 90 h of equilibration, suspensions inside and outside the dialysis bag 

were centrifuged separately and the contact solutions analysed by ICP-AES. Bentonite 

samples were washed 5 times with ethanol (98%) to prevent carbonation of the solids and 

disturbance of the adsorbed sodium amount. One washing step with a small water to solid 

ratio (2 parts of decarbonated water to 1 part of solids by volume) was necessary in order 

to remove ethanol, which disturbed the freeze drying process. Both, metal concentrations 

in solution and adsorbed were measured. The results of the cation exchange experiment 

are therefore termed “direct determination” in chapter 5. The results from the rheological 

measurements on the cation exchange state are termed “indirect determinations”, as only 

the metal concentrations in aqueous solution were determined. Adsorbed concentrations 

are calculated by mass balance from the measured aqueous solutions.

Preparation of the dispersions for rheological measurements

The calcium exchanged, wet sieved <20µm size fraction was dialyzed and freeze-dried. 

The dispersions were prepared for each experiment series by mixing 2 g of calcium-ben-

tonite, 0.1 g of calcium hydroxide and 20 g of decarbonated water. The dispersions were 

twice disperged with a 5 min ultrasonic treatment. First, when the pure bentonite disper-

sion was prepared and second after both additives were added. The first additive was 

mixed into each dispersion by shaking thoroughly. Two different steps were distinguished 

for the addition of calcium hydroxide and NaCl. Thereby, the equilibrium position was 

approached from two different sides.
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Figure 3-16. Schematic adsorption isotherm showing the two different preparation steps.

(i) If NaCl was added first to the calcium bentonite dispersion, a 60 h equilibration step 
followed, before the calcium hydroxide was added. The agitated dispersions were 
given an additional 12 h equilibration step. The cation exchange state changes from 
point 3 to point 2 (fig. 3-16).

(ii) If calcium hydroxide was added first to the calcium bentonite dispersion, NaCl was 
added 5 h later, and then allowed to equilibrate for 40 h. The cation exchange state 
changes from point 1 to point 2 (fig. 3-16).

Fig. 3-16 shows the assumed effect of the two steps. Point 1 in Fig. 3-16 is the initial Ca-

Volclay. After addition of NaCl and equilibration for 24 h in the first step, point 3 will be 

achieved on the isotherm. Addition of calcium hydroxide will result, because of the 

increase of calcium in solution, in an desorption of sodium which ends at point 2, the equi-

librium amount of adsorbed sodium. In the second step, the system is assumed to go 

directly from point 1 to 2 without going over point 3 (cf. Fig. 3-16).

Preparation and handling of the samples for the swelling curves

The ethanol washed, freeze-dried powders of the cation exchange experiment were used 

for the XRD measurements of the swelling curves. Preliminary swelling measurements 

have, on one hand, shown that it is more favourable to perform the desorption measure-

ments prior to adsorption measurements: Expansion from the one- to the two-layer 

hydrate was found to be hindered sometimes if adsorption was performed first. On the 

other hand, the interlayer spacing did not always behave in an reproducible way for 

repeated measurements in humid air because samples were not equally carbonated. This 

effect was ascribed to progressive carbonation in the humid air flow. Calcium hydroxide 

species at the edges of the clay minerals (cf. results of cation exchange experiment) prob-

ably led to the Couture effect, to the blocking and cementing of individual clay mineral 
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layers to non-expandable ones [Couture, 1985]. These hydroxide-species will become 

progressively carbonated in humid air leading to an increased fraction of expandable clay 

mineral layers (evidenced by an increase in the basal spacing). Therefore, prior to the 

swelling measurements, the individual samples were carbonated for several weeks under 

a continuous flow of moist carbon dioxide (~50 ml/h). The swelling measurements were 

then conducted with the carbonated samples after an additional one week equilibration at 

72% RH and room temperature. The samples were mounted in the sample holder, fol-

lowed by desorption and adsorption measurements at constant relative humidity and con-

stant temperature between 25°C and 27°C. Intervals of 3% RH were applied between each 

individual measurement (fig. 3-17). Prior to each measurement, the sample was equili-

brated for one and a half hours in the chamber. A typical course of the RH during an des-

orption/adsorption experiment is shown in fig. 3-17. The diffraction pattern was recorded 

between 1.5° and 30° 2theta with a step width of 0.04° and a step counting time of 9s.

Figure 3-17. Automatic control of relative humidity and temperature during a desorption and adsorption 
measurement in the humidity chamber.

3.5.2 Pozzolanic reaction of clay minerals II
In general, the initial composition of each prepared clay-lime-water mixture is given as 

amounts in grams of the raw materials. 15/70/100 refers to a clay-lime mixture with 15 g 

of clay mineral, 70 g of lime and 100 g of water. All other mineralogical data (e.g. initial 

composition or consumption, both in percent) are given as the mineral’s metal oxides per 

ignited mass (cf. beginning of section 3.1).
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Preparation of mixtures for the pozzolanic tests

Inside the glove box, CH and clays were filled in the desired proportion into the centrifuge 

tubes and dry-mixed in the closed tubes by shaking. Then, decarbonated water was added, 

the tube closed again and the final mixtures shaken. Tubes were removed from the glove 

box, put in an overhead agitation unit and run at ~6 rounds per minute for the desired time 

of several months. The influence of clay mineral to lime ratio, water to solid ratio and 

reaction time was investigated in various preparations. After the desired reaction time of 

up to seven months, solids were separated from the contact solutions by centrifugation. 

Supernatant solutions were decanted in the Glove Box, and further hydration in the solids 

was stopped by freeze-drying.

Clay mineral and calcium hydroxide consumption were determined by a combination of 

X-ray diffraction, thermoanalytical methods and chemical extraction.

Preparation of specimen for porosity measurements

The pozzolanic reaction is not only a cementing, strength giving process, but also a pore 

refinement process as termed by Mehta & Monteiro (1993). In order to show the decrease 

of total porosity, clay-lime specimens have been prepared and put in stainless steel con-

tainers, stored at 100% relative humidity. After freeze-drying of the specimen, the total 

porosity and the pore size distributions were measured with mercury intrusion porosime-

try. Four clay-lime mixtures have been prepared with the following criteria: Firstly, the 

initial mixtures were desired to be in a pasty state in order to pour them in the specimen 

holders. Secondly, the four mixtures were desired to have approximately the same initial 

porosity. The initial porosity was calculated (assumption: added water equals pores) on 

the basis of literature data on minerals’ densities and volumes (Table 3-4) to be close to 

75%. Porosity changes are calculated as the total water porosity with the assumption of 

zero air void content. According to the Powers-Brownyard model, the total water porosity 

for a water saturated Portland cement paste is the sum of the capillary water and gel water 

porosities [Powers & Brownyard, 1948; Taylor, 1997]. In cement chemistry, it is esti-

mated through the so-called evaporable water, measured by the weight loss during freeze-

drying.
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Table 3-4. Molar volumes calculated from the mineral densities and their molar 
masses

density [g cm-3] molar mass [g mol-1] molar volume [cm3 mol-1]

dry Volclay 2.70 370 137

~20 Å Volclaya

a the basal distance in cementitious systems is assumed to be 20 Å; compare Lagaly (1993)

1.84 518b

b at 20 Å basal distance the water content is ~40% (Kraehenbuehl et al. 1987), 40% of the 
molar mass of Volclay gives the mass of the water, corresponding to ~8.2 moles of water in 
the structure

282c

c the volume per formula unit is calculated for a typical base plane (5.2 Å times 4.5 Å) of a 
monoclinic structure of montmorillonite times the basal distance of 20 Å assuming orthogo-
nal axes; multiplied with Avogadro’s constant NA = 6.02*1023 mol-1 leads to the molar vol-
ume

Chinaclay 2.70 258 96

Illite MC 2.70 402 149

CH 2.24 74 33

CxSH4
d

d TAYLOR (1997)

1.90 227 119

C4AH19 (AFm)d 1.80 669 371

water 1.00 18 18
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diffraction and calibration 
of internal standard 
method

Shortly after the discovery of X-rays by Wilhelm Conrad Röntgen in 1895, Hull (1919) 

pointed out that X-ray diffraction of powder samples would also offer the opportunity for 

quantitative analyses of crystalline phases in mixtures. He stated “that every crystalline 

substance gives a pattern; that the same substance always gives the same pattern; and 

that in a mixture of substances each produces its pattern independently of the others, so 

that the photograph obtained with a mixture is the superimposed sum of the photographs 

that would be obtained by exposing each of the components separately for the same length 

of time. This law applies quantitatively to the intensities of the lines, as well as to their 

positions, so that the method is capable of development as a quantitative analysis.”

4.1 Introduction to the internal standard method

Since Hull’s statements, various XRD methods for quantitative mineral analysis have 

been developed. Problems may arise from mass absorption1, microabsorption2, particle 

size and preferred orientation effects. Various XRD methods for quantitative mineral 

analysis were developed and designed to overcome these problems [summaries in Klug 

& Alexander, 1974; Snyder & Bish, 1989]. External standard methods determine or cal-

culate the mass absorption coefficient of the matrix from e.g. chemical analysis. The inter-

nal standard method is aimed at the elimination of mass absorption effects of the matrix 

[Snyder & Bish, 1989]. The reference intensity ratio method is a more general approach 

1 A strong X-ray absorbing phase in a matrix, which is less absorbing, results in a deeper penetration of the 
X-rays into the sample and a relatively higher intensity of this phase and thus an overestimation of this 
stronger absorbing phase [Allmann, 2003].

2 “Microabsorption is an effect that causes two or more phases in a mixture to contribute diffraction inten-
sities that are related to both their relative proportions and their mass absorption coefficients; it occurs in 
coarse powders; and causes the underestimation of the highly absorbing constituents;” [Bish & Reynolds, 
1989].
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of this method. The absorption diffraction method may be applied if analyte and matrix 

have identical mass absorption coefficient and the method of standard additions (also 

spiking method) is known from analytical chemistry.

The internal standard method is based on the addition of a known weight fraction of inter-

nal standard. The ratio of the measured diffraction line intensities I of the two crystalline 

phases, the standard st and the analyte a in a mixture is proportional to their weight frac-

tions X in the mixture, the influence of matrix absorption is cancelled out:

, (Eq. 4-1) 

with the proportionality constant K. This relation holds true irrespective of the number of 

other phases in a mixture. The weight fraction of an unknown can be calculated from the 

known addition (arbitrarily selected) of an internal standard and the measured intensity 

ratio of the two phases [Snyder & Bish, 1989].

Intensity information for a phase might be taken from the height or area of individual lines 

or a group of lines or from the whole diffracted intensity. The extraction of line height or 

area involves intensive manipulation of the XRD pattern as e.g. background subtraction 

and fitting of individual profile lines. Conventional internal standard methods all have the 

need of determining a calibration line in order to determine the constant K in eq. 4-1. With 

full-profile fitting methods, the full information of the pattern is used. A synthetic pattern 

is calculated and fitted by a least-square formalism to the measured pattern. The need of 

extracting reproducible intensity information (difficult for complex patterns) is automated 

and problems due to e.g. line overlap and preferred orientation are minimised [Snyder & 

Bish, 1989]. The synthetic pattern might be calculated from two approaches: either from 

crystal structure data or from a superposition of observed standard diffraction patterns 

[Snyder & Bish, 1989]. In the first case, the calculation of the synthetic pattern is based 

on the Rietveld method for crystal structure refinement [Rietveld, 1969]. The major work 

with the conventional Rietveld method is still the determination of both background 

curves and well-adjustable mathematical model profile functions for the diffraction lines 

[Allmann, 2003].

It was already suggested by Klug & Alexander (1974) however, that the shape of a dif-

fraction profile may be ascribed to and calculated from some few physical values without 

Ia

Ist
----- K

Xa

Xst
-------=
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the use of physically meaningless profile model functions. These physical values or so-

called fundamental parameters are the intensity distribution of the X-ray tube, the device-

dependent values (geometry and size of the diffractometer’s units) and the phase-specific 

values as absorption, crystal structure, mean crystallite size and crystallite microstrain 

[Allmann, 2003]. Analytical models for the description of these phase-specific values are 

well-established. Besides the numerical stability of this approach, advantages are e.g. the 

possibility of refining device-dependent values and the intrinsic description of asymmet-

ric line profiles. This approach combined with the internal-standard method eliminates the 

influence of the X-ray tube and device-dependent contributions. The remaining intensities 

are then only attributable to refineable crystal properties (crystal structure, size and 

strain). For perfect crystals described by well-characterised structure models, determina-

tion of a calibration line according to eq. 4-1 may be principally neglected. Exceptions are 

due to inadequate description of real crystals1 and the lack of real structure models. The 

use of fast detector systems and of stable refinement codes based on this fundamental 

parameter approach offers today the possibility of fast automatic routine quantitative min-

eral analysis.

4.2 Determination of portlandite content

4.2.1 Internal standard
In general, an internal standard should be of high purity, of a suitable crystallinity to give 

sharp diffraction lines and of a grain morphology not very susceptible to preferred orien-

tation. Analyte and standard should have similar mass absorption coefficients in order to 

minimise microabsorption effects. The internal standard’s diffraction lines have to be 

strong and near the strong lines of the analyte and have to show no superposition with 

lines of the analyte [Klug & Alexander, 1974].

In this study, three minerals were tested as internal standard for portlandite quantification, 

a calcite (Fluka), a rhodochrosite (CERAC) and a microcrystalline diamond (Rudolf 

Spring AG). The reddish-brown rhodochrosite and the black diamond powders addition-

1 “The intensity of X-ray radiation diffracted by typical powder samples is traditionally interpreted using 
the theory of X-ray diffraction for ideally imperfect crystals that have numerous lattice imperfections and 
small mosaic blocks (as opposed to ideally perfect crystals). However in some cases the intensities meas-
ured from real crystals are measurably less than would be predicted for ideally imperfect crystals. This 
effect is described by the term extinction;” [Bish & Reynolds, 1989].
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ally showed the advantage that the mixing progress of the internal standard could be con-

trolled through visual inspection. However, it was observed that the rhodochrosite powder 

showed microabsorption effects. This was evidenced from the dependency of the quanti-

fication results on the applied parameter for microabsorption (Brindley correction in the 

Rietveld program BGMN®). The artificial diamond powder was also not appropriate, as 

the line profiles could not be fitted sufficiently well with available structure models, prob-

ably due to the presence of stacking faults and inadequate description of the atomic dis-

placement factors in some of the structures in the ICSD [Gao & Peng, 1999].

It was then decided to use the calcite powder although it showed preferred orientation 

effects. A second disadvantage is that quantification with calcite as the internal standard 

could possibly interfere with calcite already present in the (cementitious) mixtures. It was 

necessary to verify by TG-EGA for each sample that its calcite content was negligible.

4.2.2 Calibration line for portlandite quantification
All the calculations were performed with the windows version of BGMN® (BGMNwin 

level 1.6.1 [Bergman et al., 1998]). A number of refinements were run on measurements 

of samples of known composition in order to test for the sensitivity of the quantification 

result on parameter and variable selection. Portlandite (CH) and calcite and diluents were 

mixed in different proportions and then measured, fractions are given always in per cent 

by weight. As only portlandite and calcite were fitted to the measured pattern, the sum of 

the two fractions always equalled 100%. Calibration was performed as if the weight frac-

tion of CH was not known. The weight fraction of CH in the sample with added standard 

(wunknown,CH) is calculated from the known fraction of internal standard in the sample (wtarget,st) 

and the fitted weight fractions of CH (wfitted,CH) and internal standard (wfitted,st):

(Eq. 4-2) 

and was then tested against the known added portlandite contents.

Although preferred orientation is typical for calcite and was evidenced in this study also, 

quantification results did not change significantly when using different spherical harmon-

ics up to the 6th order to correct for preferred orientation. The effect on quantification of 

portlandite by using different profile functions (lorentzian and/or squared lorentzian), or 

different orders of the background model, or different grain sizes for the Brindley micro-

wunknown,CH

wtarget,st
----------------------------

wfitted,CH

wfitted,st
---------------------        wunknown,CH⇔ wfitted,CH

wtarget,st

wfitted,st
------------------= =
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absorption correction was negligible. The variable for the description of strain was not 

used as it also showed no significant improvement in describing the profiles. The desired 

1:1 relationship between the added and measured portlandite contents was not reached. 

Portlandite content was systematically underestimated by about 5 - 15%.

A number of more complex structure models was run in order to improve the quantifica-

tion result. Two portlandites were fitted and refined independently but the quantification 

result showed no substantial improvement. Other structure models used were two-sub-

phase models with different crystallinity or with slightly different cell dimensions for 

each subphase and also a triclinic portlandite structure (cf. section 4.5). The best results 

with respect to a desired 1:1 relationship were obtained for a structure model with two 

independent crystallite sizes (the slope of the calibration line increased to 0.95). However 

one crystallite size always showed very high values (> 1 µm) which seemed not realistic. 

Sometimes, unexplained effects occurred, which resulted in an overestimation of portlan-

dite content. The model was therefore disregarded.

Figure 4-1. Calibration line for the measured portlandite content versus the actual content; error bars 
correspond to the 1-σ estimated standard deviation, as calculated by the program BGMN.

Matching the desired 1:1 relationship was not achieved. Therefore the calibration line 

parameters had to be determined. The linear relationship between known target and meas-

ured CH contents is shown in fig. 4-1 (slope of 0.91 and y-axis intercept of -1.5%). It was 

determined on various samples, which were diluted with a third phase (clays or C-S-H). 
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Refinement of a portlandite structure model (ICSD 15471) against a calcite structure 

model (ICSD 100676) yielded the values that were recalculated according to eq. 4-2. The 

calibration line contains two series of samples. The first one was determined in a nitrogen 

filled chamber. Counting statistics were unfavourable because of the low intensity emitted 

by the X-ray tube, which was at the end of its lifetime. However, the second series (cf. 

Table 4-1) was recorded with much improved counting statistics (average of at least 1000 

to 2000 counts per second) and did not show significant variation of the previously deter-

mined points. So reproducible quantification results are also obtainable for fast scans with 

low intensity [cf. Hill & Madsen, 1987].

4.2.3 Calculation of results in the reacted samples
In reacted samples, results for the portlandite content in the mixture with standard (wCH) 

were corrected with the calibration line parameters (wunknown,CH from eq. 4-2):

(Eq. 4-3) 

Because the original mixture is diluted by the internal standard addition, the final result, 

the measured portlandite content wCH,final is calculated as follows:

(Eq. 4-4) 

In order to express the portlandite content as percent CaO per ignited mass wCaO, the wCH,final 

were recalculated with the LOI and the molar mass ratio of CaO MCaO and Ca(OH)2 MCH:

(Eq. 4-5) 

Table 4-1. Second series of mixtures prepared for the calibration of portlandite 
quantification with XRD

CH to calcite ratio
CH
[mg]

calcite
[mg]

diluent Volclay
[mg]

~0.4 185.5 484.9 1880.0

290.0 783.4 1364.2

~0.8 397.3 526.6 1491.0

500.7 615.3 998.2

~1.5 1012.7 675.9 400.5

302.5 239.2 1931.5

~2.0 1025.8 525.5 616.0

422.6 198.9 1792.5

wCH wunknown,CH 1.5+( ) 0.91⁄=

wCH,final wCH
100

100 wtarget,st–( )
--------------------------------------=

wCaO wCH,final
100

100 LOI–( )
-----------------------------

MCaO

MCH
------------- 0.757wCH,final

100
100 LOI–( )

-----------------------------= =
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4.2.4 Summary

• In this study, the effect of using different degrees of preferred orientation, background 
polynomial order, various types of line profile functions was not very pronounced. It 
is indicated that the deviation from a desired 1:1 calibration line is a result of an inad-
equate description of the real structures of the minerals.

• The internal standard should be very well characterised in terms of imperfections. In 
this study, constraints have been put on the crystallite size of the internal standard 
(160 - 200 nm). This prevents the determination of unrealistic crystallite sizes and line 
broadening in complicated samples (e.g. superposition of the strongest line of calcite 
onto high amorphous background or broad lines of montmorillonite or C-S-H).

In order to use the internal standard method together with the fundamental parameter 

approach without calibration, much more work on the real structures of minerals is nec-

essary. Real structure models should only contain as few additional parameters as possi-

ble.

4.3 Flexible structure models

Development of a suitable model for the real structures of layered crystal structures (clay 

minerals and portlandite e.g.) was essential. In particular, it should be flexible in the sense 

that adjacent layers may be translated in any direction parallel to the layers without chang-

ing the geometrical arrangement of atoms inside the individual layers (atomic distances 

and angles between atoms must stay the same). Additionally, the ability of expanding 

interlayer space without changing the geometrical arrangement inside the solid layer 

(fig. 4-2) was of significant interest given prospective advantages.

Figure 4-2. The original montmorillonite structure of Tsipursky & Drits (1984) and the expanded ones in 
bc projection, with basal distances of 9.85 Å (left), 12.4 Å (middle) and 15.2 Å (right).

oxygen

hydroxyl oxygen

tetrahedral cations

octcahedral cations
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A first approach was performed in two dimensions by allowing for a variation of unit cell 

parameters c and β and thus translation of mineral layers in direction of crystallographic 

axis a and/or expansion of interlayer space. This was deduced trigonometrically and 

applied to the expansion of a montmorillonite structure by Tsipursky & Drits (1984). Such 

expanded structures (fig. 4-2) were successfully used for Rietveld refinement [Müller et 

al., 2002] and for the simulation of cations and water molecules inside the interlayer space 

[Müller et al., 2004a,b]. It was then decided to allow also for a translation of mineral 

layers in direction of axis b through variation of the angle α (fig. 4-3). This extended 

approach is based on coordinate system transformation from the triclinic coordinate 

system to the cartesian system and back again to another triclinic system, without chang-

ing the location of the origin. As cartesian atomic coordinates are held fixed, the intera-

tomic distances and angles stay constant. However, by changing the triclinic system, 

atomic environments across the interlayer space will change.

Figure 4-3. Schematic representation of a flexible structure model for a triclinic 2:1 layer clay mineral. In 
this example, the unit cell is defined (as commonly) such as the lower and upper half part of an individual 
solid layer may slide over each other with the interlayer as the sliding plane.

A schematic unit cell with oblique axes in a triclinic crystallographic system is shown in 

fig. 4-3. The coordinates in such a system can be transformed to orthogonal cartesian 

coordinates in several ways depending on the chosen orientation of the oblique system 

with respect to the cartesian one [e.g. Cowtan, 2005]. Triclinic fractional coordinates x:

(Eq. 4-6) 

and cartesian coordinates X:

α
β

c

b

a

tetrahedral sh
eet

tetrahedral sh
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(Eq. 4-7) 

are generally transformed back and forth with the following notation:

(Eq. 4-8) 

and

(Eq. 4-9) 

where M is the deorthogonalisation matrix and its inverse M-1 the orthogonalisation 

matrix. With the two coordinate systems having the same origin, the orthogonalisation 

matrix is:

(Eq. 4-10) 

and the deorthogonalisation matrix is:

(Eq. 4-11) 

with V the volume of the unit cell:

(Eq. 4-12) 

These formulas hold for the following conventions:

• cartesian axis A is collinear with crystallographic axis a,

• cartesian axis B is collinear with (a x b) x A,

• cartesian axis C is collinear with (a x b).

X 
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Z
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With these equations, via back and forth transformation, formulas were obtained for the 

recalculation of crystal coordinates dependent upon the changing cell parameters during 

the refinement process. For the new triclinic coordinates x, a shift is calculated as a func-

tion of the initial triclinic coordinates xi, the initial cell parameters ai, bi, ci, αi, βi, γi and 

the new cell parameters1 c, α, β. The resulting formulas are shown below (eq. 4-13 to 

eq. 4-19):

(Eq. 4-13) 

(Eq. 4-14) 

(Eq. 4-15) 

with

(Eq. 4-16) 

(Eq. 4-17) 

(Eq. 4-18) 

with

(Eq. 4-19) 

The xshift and yshift are independent of the new cell dimensions, however they depend on the 

new cell angles.

The principle and some results of including these equations in the Rietveld refinement 

process will be demonstrated in the following sections.

1 New triclinic coordinates were not calculated for changing a, b, γ as these are the parameters defining the 
geometry inside the solid layer and this was not intended to be changed.

x xi zixshift+=

y yi ziyshift+=

z zizshift=
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4.4 Flexible structure model of triclinic kaolinite

The kaolinite structure model refined by Bish & Von Dreele in 1989 (ICSD 063192) was 

used in this study. The flexible structure approach was implemented into this model. For 

the resulting flexible structure, all combinations of starting values for the crystallographic 

angles α and β from 66° to 114° and 75° to 115° (in 2° steps) were introduced into the 

structure file and refined on the kaolin China Clay. Starting value for the cell dimension 

c were adjusted in order to match the basal spacing d(001) of the original structure. This 

was done with the following equation derived from eq. 4-18 with zshift = 1:

(Eq. 4-20) 

Fig. 4-4 shows the starting values for α and β at the grid points, the refined angles are 

shown as dots, whereas the stars indicate the refined angles of the best fits judged by the 

Rwp values (< 0.7 of the mean Rwp). For an explanation of numerical criteria used to judge 

a Rietveld refinement see e.g. Hill & Madsen (1987) or Young (1993).

Figure 4-4. Starting crystallographic angles α and β and fitted ones (dots), the stars indicate the fits with 
the best Rwp values < 0.7 of the mean Rwp

If only these best fits are plotted as their associated shifts in crystallographic a and b direc-

tion, one observes only the following shifts (fig. 4-5): (0,0),(0,1/3),(1/2,1/2),(1/2,-1/6).
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These shifts can be further reduced by applying the centering vector (1/2,1/2) of the orig-

inal structure in spacegroup C1. Only the shift with + b/3 remains. Because - b/3 is also a 

very common stacking fault in kaolinites, the unit cells and associated diffraction patterns 

corresponding to crystals with only perfect ± b/3 shifts have been calculated.

Figure 4-5. Shifts in the crystallographic a and b direction calculated from the fitted unit cell parameters.

The associated cell parameters were calculated with eq. 4-16 to eq. 4-19 and xshift = 0, 

yshift = ± 1/3 and zshift = 1and are shown in Table 4-2. Projections onto the ac plane of the 

original structure and the two translationally disordered structures are shown in fig. 4-6 

(note the geometrically undisturbed environment of the atoms). Simulated diffraction pat-

terns of the three kaolinite structures for Bragg-Brentano geometry and a variable slit 

[Kraus & Nolze, 2000] are shown in Appendix II.

Table 4-2. Unit cell parameters for the original kaolinite structure and the -b/3 and +b/3 
translationally disordered ones.

Interlayer shift (0,0) (0,-1/3) (0,+1/3)

a [Å] 5.155 5.155 5.155

b [Å] 8.945 8.945 8.945

c [Å] 7.405 8.064 7.900

α [°] 91.7 113.4 69.5

β [°] 104.9 103.7 103.9

γ [°] 89.8 89.8 89.8
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Figure 4-6. The original kaolinite structure in bc projection and the -b/3 and +b/3 translationally 
disordered ones.

One observes clear differences in the 3 diffraction patterns, the clearest ones for the - b/3 

kaolinite. The basal spacing is constant as evidenced by the 001 line. The absolute inten-

sity of this line is also constant, whereas the intensity distribution but also the position of 

the other lines is modified. It has to be emphasised here, that these flexible structure 

models correspond to ideal structures with ± b/3 shifts. In order to simulate stacking faults 

with such shifts, a passable approach could be the formulation of a combined model which 

contains the three crystal structures as sub-phases. The Rietveld refinement plot where 

these three crystal structure were fitted independently (just a superposition of patterns) is 

shown in fig. 4-7. The fit looks almost perfect except for the 001 line, which is more 

intense than the 002 line (the reason for this is not known). The Rwp value of this fit is sub-

stantially improved (Rwp = 13.6%) compared to the one with only the original model 

(Rwp = 18.0%). Total refined kaolinite content was 94% with about an equal contribution 

of the original kaolinite structure (47%) and the + b/3 structure (44%) and only 3% of the 

- b/3 structure.

Figure 4-7. Rietveld refinement plot of the raw China Clay.
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4.5 Flexible structure model of triclinic portlandite

The same approach as for the original triclinic kaolinite was used for portlandite. The 

structure of portlandite was refined in the hexagonal spacegroup P3m1 [e.g. Petch, 1961]. 

This structure was transformed from initial spacegroup over spacegroup C2/m into P1 to 

the final spacegroup P1 and the formulas implemented as derived in the previous section. 

Again various combinations of starting values for the crystallographic angles α and β 

were refined. The best fits corresponded always to a full (xshift = 1 and/or yshift = 1) transla-

tional shift, as was expected.

Fig. 4-8 compares the Rietveld refinement plots of flexible structure models for a portlan-

dite with isotropic crystallite size, with anisotropic crystallite size and of the hexagonal 

structure (judge by the difference patterns of each refinement plot). It is indicated from 

these refinements that the formulation of a flexible structure model may improve the fit-

ting of individual lines (e.g. the fitting of the 001 line in the upper plot). But it has to be 

emphasised again that further improvements may be possible by formulating sub-phase 

models from these flexible models.

Additionally, there are some findings that the refined small deviations of the crystallo-

graphic angles α, β and γ from their ideal value of 90° have some physical meaning. 

Chaix-Pluchery et al. (1987) stated from the analysis of the powder diffraction line broad-

ening of single crystals at room temperature, that “strong lattice distortions take place in 

the stacking of the hexagonal layers or, more precisely, that there is a distribution of d00l 

spacings” and also a slight rotation of individual mosaic blocks around the c-axis. The 

flexible structure model might be an adequate average structure model of reduced sym-

metry to mimic crystal imperfections (e.g. contributions from stacking faults, subphases 

with slightly differing cell dimensions). Stanjek & Schneider (2000) used a similar 

approach in order to analyse anisotropic line broadening in an ideally cubic mineral.



67

4.5 Flexible structure model of triclinic portlandite

Figure 4-8. Three different structure models refined on the same profile. top: triclinic portlandite with 
isotropic crystallite size (Rwp = 24.8%); middle: triclinic portlandite with anisotropic crystallite size 
(Rwp = 22.7%); bottom: hexagonal portlandite with anisotropic crystallite size (Rwp = 23.2%).
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Figure 4-9. Portlandites from the ICSD (some numbers identified at the data points); left: cell dimensions 
a versus c; right: cell dimension c as a function of z coordinate of oxygen atom.

The number of refineable parameters increases significantly when transferring a structure 

model from the hexagonal system to the triclinic system. Calculation time may then 

increase to impracticable values for routine quantification analysis. However, it is known 

from the literature [e.g. Chaix-Pluchery et al., 1987; ICSD, 2001] that cell parameters of 

the portlandite structure are strongly correlated as is shown in fig. 4-9. Table 4-3 summa-

rises the linear regression relationships obtained for these data sets and additionally the 

ones obtained by plotting the displacement factors TDS of the calcium and oxygen atoms 

versus the cell dimension c. Implementing such relationships as constraints in a flexible 

model of low symmetry strongly reduces the number of refineable parameters, thereby 

decreasing calculation effort again.

Table 4-3. Linear relationships obtained by analysing crystal structure 
data of the portlandites in the ICSD

parameter (as function of) linear equation R2

c(a) [nm] c = 3.9288a - 0.9197 0.9373

z(c) [nm] z = -0.1465c + 0.306 0.5971

TDSa(c) [nm2]

a isotropic thermal displacement factor of the atoms

TDS(Ca) = 1.3494c - 0.654

TDS(O) = 1.3023c - 0.631
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4.6 Flexible structure models applied to swelling 
montmorillonite

The swelling measurements in this study were conducted in a relative humidity range, 

where the mineral is known to consist of interstratified layers of one- and two-layer 

hydrates. There is no experimental evidence for intermediate basal spacings between the 

one- and two-layer hydrate, i.e. there is supposed to be no such thing as a one and half 

layer hydrate. Measured intermediate basal spacings are a result of interstratified1 layers 

of different hydration states [Brindley & Brown, 1980; Moore & Reynolds, 1997] which 

gives rise to a non-rational series of basal reflections (the 00l lines occur as a non-integral 

series). X-ray diffractogramms of such interstratified samples may be modelled using sta-

tistical approaches used e.g. in Newmod [Reynolds & Reynolds, 2005]. Such models then 

give the percentage of interstratified layers for each type and the degree of order.

Uncertainties and errors of measuring d-spacings by the line position maximum may 

become very large when measuring in the low 2θ region, i.e. line maximum and line posi-

tion do not coincide any more [Allmann, 2003]. Line decomposition provides a better 

measure of peak position, width and intensity than manual stripping or “eye-ball” meth-

ods. The accuracy/precision of d-values in this region is also influenced by the flatness of 

the specimen, by a zero shift of the X-ray tube, by sample height position and penetration 

depth of the X-rays into the sample. All four factors may be changing through the course 

of such swelling measurements as the mineral volume and thus the packing density and/

or sample height increase. Such changing conditions are taken into account using a fun-

damental parameter approach where the three factors can be refined. For the use of this 

approach, one needs crystal structure models describing the intensity distribution and line 

positions of the profiles.

A new approach was undertaken in this study, using fundamental parameters together 

with two incomplete structure models for montmorillonite [Müller & Plötze, 2005]. The 

crystal structure data were taken from the intermediate montmorillonite model of Tsipur-

sky & Drits (1984), which was transformed to spacegroup C1. Interlayer contents were 

left empty. This is justifiable as Allmann (2003) states that a starting model for Rietveld 

1 The terms interlayering, mixed-layer and interstratification all describe phyllosilicate structures in which 
two or more layer types are stacked vertically to the layer planes.
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refinement must be correct, but may be incomplete in terms of missing atoms. These 

incomplete structure models were set up as flexible models. Only the cell parameters c, α 

and β were refined, cell dimensions of the solid layer were kept constant (a, b and γ), i.e. 

the models were freely expandable in terms of the basal spacing without changing the 

geometry inside the solid layer. Also refined in the 2θ range of 4° to 30° were zero shift, 

sample height, penetration depth, anisotropic crystallite size and a background polyno-

mial of the 5th degree, ending up with a small set of refineable parameters.

Figure 4-10. Schematic picture of the average development of an interstratified sample of one-and two-
layer hydrates of montmorillonite with increasing humidity

There is another basic assumption of this approach, besides that of using incomplete struc-

ture models. This is the perception that a montmorillonite powder at a given relative 

humidity consists of different types of crystallites (Fig. 4-10). There may be purely one-

layer hydrated crystallites (type I) coexisting with interstratified ones (type II and III) 

coexisting with purely two-layer hydrated ones (type IV). This is justified as it is known 

that montmorillonites are heterogeneous in terms of e.g. their charge density and crystal-

lite size, both of which influence the swelling state. So either one of the two models is 

assumed to represent either a discrete crystallite of a one- or a two-layer hydrate. The 

remaining model is used as an, admittedly primitive, place holder of an interstratified 

layer structure (type II and III).

increasing relative humidity

decreasing domain size of one-layer hydrates in a coherently scattering crystallite

increasing domain size of two-layer hydrates in a coherently scattering crystallite

type I type IVtype IIItype II
solid layer

water layer

one-layer hydrate

two-layer hydrate
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Figure 4-11. Basal spacing with relative humidity of the pristine Volclay material in desorption; open 
circles: desorption measurements of an at 75 % RH pre-equilibrated sample, crosses: basal spacing of 
either one of the flexible structure models supposed to represent discrete one- or two-layer hydrate 
crystallites; the arrow indicates the extracted transition point discussed in the text.

The goal of this new procedure was to define the transition point on the relative humidity 

scale, where the main fraction of crystallites is either composed of one-layer hydrate or 

two-layer hydrate. Fig. 4-11 shows an example of a swelling curve measured in desorp-

tion (more a shrinkage curve) on the pristine Volclay material. The two horizontal lines 

at ~12 Å and ~15 Å are the fitted basal spacings of one of the two structure models. The 

jump from the one- to the two-layer hydrate is clearly indicated at ~53% relative humidity 

(RH). Figures 4-12 and 4-13 provide examples of some results of this refinement proce-

dure on a sample of almost pure sodium montmorillonite (< 2 µm) from the cation 

exchange experiment. Fig. 4-12 shows the development of the basal spacings of the two 

structure models but also the development of their fractions with relative humidity. 

Remarkable effects include the constant fraction of quartz (~5%) and the smooth change 

in the fractions of the two montmorillonite models. It is also indicated that the transition 

point in terms of the basal spacing (~50% RH) does not coincide with the one from the 

associated fractions (~60% RH). The development of fitted basal spacings was more 

smooth in all the measured samples compared to the development of the fractions. There-

fore, fitted basal spacing was used as the indicator of the transition, as it allowed easier 

visual determination.
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Figure 4-12. Top: Basal spacing of the two flexible structure models with relative humidity; bottom: 
Fractions of quartz (crosses) and of the two flexible structure models with relative humidity.

Fig. 4-13 shows the development of fitted 001 line profiles of the sample in fig. 4-12. It 

is clearly indicated how the profile shape becomes asymmetric and symmetric again 

during the additional inclusion of a water layer between the mineral’s layers. With 

increasing RH, the line profile at ~12.4 Å develops an additional component at its left-

hand side (> 12.4 Å). This component starts to grow, until it is the main component at 

~58% RH. The profile becomes more and more symmetric with a maximum at ~15.4 Å.

Figure 4-13. Development of the basal spacing of a sodium montmorillonite with relative humidity; 
measured data in dark blue, baseline in red, fitted data in green and the residuals in light blue.
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4.6.1 Summary
Flexible structure models combined with the fundamental parameter approach may be 

successfully applied for the description of one-dimensional swelling effects in minerals. 

The first results look promising, but further systematic work has to be done in order to 

justify this approach (e.g. reproducibility, comparison with other methods, significance of 

the results obtained).

For the purpose of quantification, the use of such models should be the object of further 

research. Flexible structure models might be an appropriate and simple approximation of 

imperfections in crystals. The inclusion of flexible structure models into sub-phase 

models is expected to improve obtainable quantitative results substantially. The use of 

crystallographic constraints might improve the unambiguousness of refinement results 

[Baerlocher, 1993] and also minimise computational effort.
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5Pozzolanic reaction of clay 
minerals I: cation 
exchange, swelling and 
rheology

5.1 Results and discussion

5.1.1 Cation exchange

Direct determination of cation exchange state

Appendix III shows the sodium and calcium concentrations after 4 days inside and outside 

the dialysis membrane. The mean of the concentrations inside and outside has in most 

cases a standard error of below 10%, therefore the diffusion process was regarded as com-

pleted. A pH of 12.7 ± 0.2 during the experiment was calculated from ion charge balance. 

Calcium concentrations tend to rise with increasing ionic strength (Appendix III) due to 

the diverse ion effect. Addition of sodium (NaClO4) leads to an increased CH solubility 

[Duchesne & Reardon, 1995].

Figure 5-1. Double logarithmic plot of the sodium isotherm at constant calcium concentration but variable 
ionic strength.
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Fig. 5-1 shows, for two independent series, the measured concentrations of sodium in 

solution versus those on the ion exchanger in a double-logarithmic isotherm plot, both 

with their standard errors. The isotherm is plotted according to the work of Vulava (1998), 

who showed the equivalence of plotting cation exchange isotherms with the bound and 

solution concentrations expressed as (i) ratios or (ii) absolute concentrations. A slope of 

less than one for such a sodium exchange isotherm was also observed by Vulava. The kink 

and plateau at an amount of adsorbed sodium of ~8 mmol/100g (fig. 5-1) might be a result 

of different sites for adsorption (edge and interlayer sites), as this is exactly the same 

number of edge sites determined by Tournassat et al. (2004b) after modelling their titra-

tion data on montmorillonite (MX80). It is also indicated from the isotherm that very high 

sodium concentrations of > 1000 mM are needed in order to stabilise a sodium bentonite. 

This is partly due to the high solubility of CH, but also due to the aqueous speciation of 

calcium at a pH of 12.7. More than 40% of the total dissolved calcium exists as the com-

plex CaOH+ at this pH (fig. 2-2). This complex was proposed to have a much higher selec-

tivity against Na+ than does Ca2+ [Tournassat et al., 2004b], comparable to CaCl+, which 

was investigated by Sposito et al. (1983a, b).

Figure 5-2. Correlation between sorbed sodium and calcium amounts on the bentonite samples.

Fig. 5-2 shows the correlation between sorbed sodium and calcium amounts of the ben-

tonite samples. The sums of the sorbed molar amounts of sodium and calcium in each 

individual sample are constant at 154 ± 3 mmol/100 g (n = 17). This value is quite similar 

to that found by Tournassat et al. (2004a) on a MX80 montmorillonite fully exchanged 

with calcium at a pH between 11 and 12. They concluded that the measured sorbed 
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amount of calcium at a pH > 9 is mainly due to sorption of CaOH+ ionic pairs and to some 

extent due to the precipitation of a tobermorite-like phase.

Indications of such a phase and additional crystalline phases are gained from the results 

on the exchangeable cations but also from TG-EGA measurements. Table 5-1 lists the 

method from which the concentrations of the crystalline phases were estimated and also 

the equivalent amount of calcium per 100g of ignited bentonite. Small amounts of brucite 

(Mg(OH)2) and strontianite (SrCO3) were also indicated (Mg and Sr from dissolved 

montmorillonite and lime), the carbonate phases being the results of residual carbonate 

contents of the starting material but also of carbonation during sample handling (for an 

example see fig. 5-3).

Figure 5-3. TG-MS curve under nitrogen of the sample with sorbed sodium (7 mmol/100g) and calcium 
(142 mmol/100g).

Table 5-1. Crystalline Ca-phases and equivalent amounts of calcium

Method Crystalline phase Ca [mmol/100g]

exchangeable cations 2 ± 0.2 mmol Sia/100 g

a Attributed to C-S-H.

4b

b Assuming a maximum C/S ratio of 2 in a C-S-H phase [Taylor, 1997].

TG-EGA 1.9 ± 0.2% Ca(OH)2 (n = 11) 26

TG-EGA 1.4 ± 0.2% CaCO3 (n = 11) 14

200 400 600 800 1000

18

19

20

21

temperature [°C]

m
as

s 
[m

g]

200 400 600 800 1000

io
n 

cu
rr

en
t 5

 n
A

po
rt

la
nd

it
e 

+
 o

rg
an

ic
 m

at
te

r 
+

 C
-S

-H

ca
lc

ite
 +

 o
rg

an
ic

 m
at

te
r

st
ro

nt
ia

ni
te

br
uc

it
e

Sample mass
EGA(H O)2

EGA(CO )2



78

5 Pozzolanic reaction of clay minerals I: cation exchange, swelling and rheology

Subtracting all the calcium equivalent to these crystalline phases (44 mmol/100 g in 

Table 5-1) from the sum of adsorbed sodium and calcium (154 mmol/100 g), results in a 

value of ~110 mmol sodium plus calcium per 100 g of ignited mineral. After correcting 

this value with the hydroxyl content of the bentonite (5.1 % determined from TG-MS of 

the starting material) and providing that all of the calcium is adsorbed as CaOH+, an esti-

mate for the CEC at a pH of 12.7 is ~105 meq/100 g. After subtraction of the structural 

CEC value of 74 meq/100g1, an estimate for the pH dependent part of the CEC of 31 meq/

100g is obtained at a pH of 12.7.

Comparing the total mass losses between 220°C and 500°C of the starting material with 

0.9% to those of the exchanged bentonites with 3.9 ± 0.2%, it is clear that the difference 

of 3% is only partially attributable to portlandite decomposition (cf. fig. 5-3). The remain-

ing mass loss of 2-2.5% must be due to evolved water, as there is no carbonate decompos-

ing in this region and other volatiles can be excluded. Minerals expected to appear in the 

system studied (clay minerals, calcium silicate/aluminate hydrates) lose their adsorbed 

water below 220°C [Jasmund & Lagaly, 1993, Taylor, 1997]. Therefore, this water loss 

most probably originates from hydroxide species of calcium (and magnesium due to bru-

cite) adsorbed at the clay mineral’s surface, releasing their hydroxyl water over a wide 

temperature range.

In spite of uncertainties regarding the determination of the structural CEC (Tournassat et 

al. (2004b) estimated a 10% error), it is concluded from the results presented, that 

adsorbed calcium is mainly in the form of CaOH+ and edge sites amount to 8-30 meq/

100g, corresponding to 11 or 40% of the structural CEC. Estimates in the literature for the 

proportion of edge charge to the structural CEC range from low values of 20% at a pH of 

~12 [Tournassat et al., 2004b] to high values of 25% at a pH of 7 [Jasmund & Lagaly, 

1993]. Differences in edge charge contribution at a given pH are also a result of different 

crystallite sizes resulting in different specific edge surface areas.

Indirect determination of cation exchange state

Additional support for the importance of the species CaOH+ in the cation exchange exper-

iments at high pH is given by the dispersions used for the rheological experiments. Only 

1 Determined from the structural formula for the SWy-2 bentonite [Mamy & Gaultier, 1976]
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the aqueous compositions of calcium and sodium were determined, the adsorbed amounts 

of sodium are calculated by mass balance. Two different preparation techniques for the 

bentonite dispersions were applied (see section 3.5.1 and fig. 3-16).

Figure 5-4. Indirect adsorption data from measured solution values in addition with the direct data from 
Fig. 5-1 (without error bars); note: first sample series adsorbed sodium below detection limit.

The indirect adsorption data in fig. 5-4 show that the two techniques resulted in com-

pletely different cation exchange states. This difference in exchange behaviour could be 

explained by the following reaction for Na+-CaOH+ cation exchange, which was previ-

ously proposed as the main exchange reaction at high pH [Tournassat et al., 2004a, b]:

(Eq. 5-1) 

with  symbolizing a surface site to which the cation is bound. The estimate for the 

selectivity constant K is taken from Tournassat et al. (2004b).

For the first sample series, CH was added prior to the addition of NaCl, resulting in a pure 

CaOH+ montmorillonite, which had to desorb CaOH+ in order to adsorb Na+. This process 

did not take place in the 40 hours of equilibration time, as is evidenced by the adsorbed 

sodium, which was below the detection limit. For the second and third sample series, 

NaCl was added prior to the addition of CH, presumably resulting in a pure Na+ montmo-

rillonite, which had to desorb Na+ in order to adsorb CaOH+. After only 12 hours, these 

sample data matched the equilibrium data obtained after 90 hours.
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Chemical equilibria are dynamic in nature, i.e. both the forward and reverse reaction pro-

ceed even at equilibrium at distinct rates [Atkins, 1994]. Therefore the equilibrium con-

stant gives information about the relative reaction rates of the forward and reverse 

reaction. It can be deduced that the forward reaction (Na+ exchange by CaOH+) of the 

exchange equilibrium (eq. 5-1) is at least 200 times faster than the reverse reaction 

(CaOH+ exchange by Na+). Assuming pure reversible cation exchange with an appropriate 

time for equilibration, the end point of the two different types of experiments should be 

the same. This was not observed and may be explained by the kinetic effect described due 

to the equilibrium approach from two different sides.

An alternative explanation is that sorbed calcium might be irreversibly bound at specific 

(edge) surface sites. There have been interpretations in the literature that calcium hydrox-

ide is deposited on clay minerals’ surfaces in a fast reaction [Diamond & Kinter, 1965]. 

Such a surface coating might be hard to remove by cation exchange with sodium. How-

ever, the good correlation and the fact that the sum of the amounts of sorbed sodium plus 

calcium was about constant (fig. 5-2) still points to some interrelation between the two 

alternatives, adsorption and surface coating/precipitation.

5.1.2 Swelling measurements at controlled relative humidity
The ethanol washed freeze-dried bentonites from the cation exchange experiment were 

carbonated in humid air (cf. section  on page 49) and then subjected to swelling experi-

ments in order to investigate their swelling behaviour as a function of their adsorbed 

amount of sodium. Swelling measurements were performed at 26° ± 1°C and in control-

led relative humidity. The method for extracting the transition point from the one- to the 

two-layer hydrate is described in section 4.6.

Fig. 5-5 shows the transition point as a function of the sorbed sodium amount of the ben-

tonite. The transition in adsorption appears at higher relative humidities than in desorp-

tion, as is typically observed for sorption hysteresis of clay minerals. Linear regression 

down to the value at ~20mmol/100g yields a high correlation (R2 = 0.91 and 0.90) for both 

the ad- and desorption data. However, pure calcium montmorillonite has the same transi-

tion point as a montmorillonite with ~20 mmol/100g of adsorbed sodium. This might be 

explained in terms of “demixing” of adsorbed cation species [Shainberg & Kemper, 1966; 

Shainberg & Otoh, 1968]. These authors proposed for Na-Ca exchange that calcium 

shows a marked preference for inner tactoid surfaces. According to this proposal, sodium 
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is first sorbed on the outer surface of calcium montmorillonite tactoids. At an exchange-

able sodium percentage (ESP1) of 10% to 20%, calcium starts to be exchanged by sodium 

from the interlayers and the tactoids break open. The break-up of tactoids was fully 

accomplished at an ESP value of ~50 %. This is in agreement with the swelling measure-

ments in this study: at an amount of adsorbed sodium of ~20 mmol/100g, corresponding 

to an ESP value of ~20% of the estimated total CEC, the swelling behaviour differs from 

a pure calcium montmorillonite and starts to resemble sodium montmorillonite-like 

behaviour.

Figure 5-5. Transition from one- to two layer hydrate depending on the relative humidity as a function of 
the adsorbed amount of sodium.

5.1.3 Rheology
The dispersions for the rheological measurements have been prepared in two different 

ways as explained before (section  on page 48). These preparation techniques resulted in 

an unequal cation exchange state, adsorption of sodium was shown to be hindered. The 

unequal cation exchange state is also observed by the rheological data in fig. 5-6. The 

figure shows the Cross-Over Point (COP) or yield point (cf. section 3.1.6) against the cal-

culated amounts of adsorbed sodium. All the COPs of the first sample series, where 

adsorption of sodium was hindered, are very low and show no significant variation, irre-

1 Conventionally in soil sciences, the amount of adsorbed sodium is given by the ESP value with 
. It is the proportion to which the adsorption complex of a soil is occupied by 

sodium. The total CEC at a pH of 12.7 was estimated in the previous section to 105 meq/100g. Therefore, 
an ESP value of 20% is roughly equal to 20 meq/100g.
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spective of sodium addition, on average 2.2 ± 0.2 Pa. The COPs of the second and third 

sample series, with more than 1 mmol of adsorbed sodium per 100g of bentonite, are sig-

nificantly greater with 40.8 ± 13.7 Pa and show a pronounced discontinuity at ~20 mmol 

and COPs up to 271 Pa.

Figure 5-6. Cross-over points as a function of the calculated amounts of adsorbed sodium; note: first 
sample series adsorbed sodium below detection limit. The three tactoid regions refer to the schematic 
picture at the end of this chapter.

Such a discontinuity is often observed in conjunction with the critical coagulation concen-

tration of added salts [Penner, 1998]. However, this does not seem the appropriate expla-

nation here. Critical salt concentrations of Wyoming montmorillonite dispersions for 

NaCl lie in the range of 300 to 400 mM, whereas sodium montmorillonite dispersions 

already start to coagulate after addition of less than 1 mM calcium [Jasmund & Lagaly, 

1993]. Calcium concentrations in the presence of portlandite are high at a pH of 12.5 

(> 20 mM). It can therefore be concluded that dispersions in a cementitious environment 

are already in a coagulated state, independent of the applied sodium concentration.

However, an explanation might be given in terms of the different dispersion behaviour of 

calcium and sodium montmorillonite. It has been established that tactoids in calcium 

montmorillonite dispersions keep a constant basal spacing of ~20 Å up to calcium con-

centrations of more than 1 N [Norrish, 1954a, b]. This is in contrast to pure sodium 

montmorillonite dispersions, in which the basal spacing inside tactoids is known to 
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than 20 Å is found in dispersions with less than ~500 mM sodium [Norrish, 1954a, b; 

Norrish & Quirk, 1954] and water to solid ratios > 1 [Hight et al., 1962]. The swelling 

measurements in the previous section implied that up to an ESP value of ~20% (corre-

sponding with an aqueous sodium concentration of ~200 mM), the montmorillonite 

behaved like a pure calcium montmorillonite. Putting together this evidence results in a 

range between 200 and 500 mM sodium where all or some crystallites should be able to 

swell beyond the 20 Å limit. This drastically changes the state of the dispersion by 

increasing the solid (tactoid) volume through the consumption of “free” water for the 

swelling process, thus decreasing the volume of “free” water. This volume effect is prob-

ably intensified by a sudden increase of the external surface area at an ESP of 20%. 

Schramm & Kwak (1982) showed that the number of primary layers in tactoids of calcium 

montmorillonite suspensions suddenly decreases by a factor of 3 to 4 upon sodium 

exchange of ~20% and then remains constant. The break-up of tactoids exposes new basal 

surfaces to the solution, thus increasing the external surface area and immobilizing addi-

tional “free” water volume in the diffuse ion layer.

The evolution of tactoids with increasing sodium additions is schematically shown in 

fig. 5-7. The associated solid volume effects are responsible for the discontinuity of the 

yield point (fig. 5-6).

Figure 5-7. Schematic picture of the evolution of tactoids in dispersions with constant solid content 
(number of primary layers), constant calcium (solubility of CH) but varying sodium concentrations; the 
grey shaded area symbolises the diffuse ion layer.
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Tactoid I: Small additions of sodium to a montmorillonite disper-
sion containing CaOH+ and Ca2+ lead to cation exchange only on 
external surfaces, the basal spacing is constant at ~20 Å (symbol-
ised by four water layers).

Tactoid II: Further addition of sodium leads to cation exchange 
also from interlayer surfaces, resulting on the one hand in the 
break-up of tactoids, thereby increasing the external surface area 
and consequently the amount of water bound in the diffuse ion 
layer, on the other hand in an expansion of interlayer volume 
(basal spacing >20 Å), thereby decreasing the volume of “free” 
water. As a result, the Cross-Over Point is about one order of 
magnitude higher compared to dispersions with tactoids I and III.

Tactoid III: At high sodium additions (> 500 mM) the basal spac-
ing collapses again to ~20 Å. The diffuse ion layer shrinks to min-
imal values. The volume occupied by the solid and the diffuse ion 
layer is even lower than in dispersions with tactoids I.

5.2 Conclusions

The results of the multidisciplinary approach to the problem of sodium-calcium exchange 

in cementitious systems and related swelling and rheological behaviour are summarised 

as follows:

(i) The major adsorbed calcium species is most likely CaOH+ and precipitated Ca(OH)2.

(ii) The kinetics of the CaOH+-Na+ exchange or the coating of the surfaces by a calcium 
hydroxide layer prevented adsorption of sodium even after 40 hours, whereas des-
orption to an assumed equilibrium value was already accomplished after 12 hours. It 
is thus impossible to increase the amount of adsorbed sodium in a reasonable amount 
of time relevant to practical applications by solely adding sodium.

(iii) Exchange capacity of the montmorillonite edges amounts to 8 - 30 meq/100g at a pH 
of 12.7, the first value was deduced from the sodium exchange isotherm, the second 
one from the total amount of sorbed calcium plus sodium after correcting for crystal-
line phases.

(iv) The different exchange behaviour of edge and outer surface sites on the one hand, 
and interlamellar surface sites on the other hand, greatly influences the swelling and 
rheological behaviour, as evidenced by the discontinuity of the yield point at an 
exchangeable sodium percentage of ~20%.

(v) Crystalline swelling behaviour is continuously changing from calcium to sodium 
montmorillonite as soon as sodium is contained in the interlayers (demixing model).
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6Pozzolanic reaction of clay 
minerals II: dissolution, 
precipitation and pore 
refinement

6.1 Results and discussion

The three clays were dry-mixed with calcium hydroxide/lime (CH) in a glove-box prior 

to adding CO2-free water. The final shaken mixtures were agitated overarm at ~6 RPM for 

the desired reaction time of ~1.5, 3, 4, 5 and 6 months. The influence of water to solid 

ratio (w/s) between 1.3 and 12.5 (100 g of water with 78 g or 8 g of solids respectively) 

was investigated, as was the influence of mixing ratio of the two solids.

6.1.1 Comparison of initial and after reaction extracted clays
First of all, the initial and extracted clays were compared by their thermal analysis data 

(fig. 6-1) and by their X-ray diffractograms (fig. 6-2). If there were no changes, the pat-

terns (both XRD and DTG) for each material before and after reaction should look the 

same with respect to the peak ratios. In order to judge these peak ratios, the patterns are 

aligned vertically and scaled in arbitrary units. On a quantitative basis, each material 

before and after reaction was also compared by its hydroxyl water content which is indic-

ative of the amount of main clay mineral inside the clay material. These hydroxyl water 

contents show no significant variation before and after reaction (Table 6-1).

However, the DTG data in fig. 6-1 and the XRD data in fig. 6-2 show small changes. Dif-

ferences in peak temperature of the DTG data may arise from different initial sample 

weight and packing density [Emmerich, 2000]. These conditions could not be fixed in the 

measurements presented. This resulted from the different appearance of the raw powders 

before and the freeze-dried powders after reaction. Freeze dried powders were mostly in 

Table 6-1. Hydroxyl water content [%] referred to the ignited mass

China Clay Illite MC Volclay

before reaction 13.5 ± 0.1 4.6 ± 0.1 4.0 ± 0.1

after reaction (extract) 13.3 ± 0.1 4.7 ± 0.1 3.9 ± 0.1
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a fluffier state which favoured a looser packing density and less sample weight. For the 

illite (fig. 6-1a), and especially for the montmorillonite (fig. 6-1c), the difference in peak 

area of the adsorbed water lost below 200°C is caused by variable drying states, which 

were also not fixed as all analyses were referred to the ignited mass. The TA data of the 

extracted Volclay (fig. 6-1c) implies small remains of hydroxide species (due to incom-

plete extraction), which decompose between 300 and 500°C. Nevertheless, the changes 

observed are small and not significant with respect to the clay content of the materials 

before and after.

Figure 6-1. Comparison of thermal gravimetry patterns of initial and after reaction extracted clays: (a) 
illite MC, (b) China Clay and (c) Volclay. Y-axis: differential mass loss in arbitrary units.
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Figure 6-2. Comparison of X-ray diffraction patterns of initial and after reaction extracted clays: (a) illite 
MC, (b) China Clay and (c) Volclay. Y-axis: X-ray intensity in arbitrary units.
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of the basal reflections below 10° and at around 30° arise again from different drying 

states (fig. 6-2c). It is concluded that no selective dissolution of impurities in the reacted 

clay-lime mixture occurred (hydroxyl water content would be significantly elevated if 

only the impurities in the clays dissolved) and that the clay minerals in the clays were at 

least equally dissolved. In the following section, it will be therefore assumed that the 

whole clay material loss is due to clay mineral dissolution. This is justified because the 

main clay mineral constituted the major phase by at least 87% in the three clays examined.

Figure 6-3. Major reaction products after three months for reacted Volclay-lime mixtures at a water to 
solid ratio of 13, (a) lath-shaped AFm phase, (b) platy hexagonal AFm phase, (c) bundle of ettringite 
needles, (d) AFm and C-S-H phases intergrown, (e) foil-shaped C-S-H phase and (f) huge hexagonal AFm 
phase in an aggregate of a China Clay-lime mixture at a water to solid ratio of 2.

5µm

2µm

2µm 2µm

0.5µm

a b

e

c d

f



89

6.1 Results and discussion

6.1.2 Reaction products
Major reaction products in all of the samples were so-called AFm and C-S-H phases, as 

abbreviated in cement chemistry. The AFm phases are hydrated calcium aluminate phases 

with a layer structure derived from portlandite. Ideal crystals show platy hexagonal or 

lath-shaped morphology (fig. 6-3a, b, d and f). Their permanent positive layer charge 

results in anion exchange properties and associated swelling properties [Aruja, 1960, 

1961; Dosch, 1967; Pöllmann, 1991; Francois et al., 1998; Rapin et al., 1999a, 1999b, 

2000, 2001; Renaudin & Francois, 1999]. The general formula is C4(A,F)X2Hx or 

[Ca4(Al,Fe)2(OH)12]·2X·xH2O where X denotes one formula unit of a singly charged anion  

[Taylor, 1997]. The Ca/Al ratio in the solid layers is fixed at 2, which has been verified 

for the AFm phases in this study by energy dispersive X-ray spectroscopy in the (E)SEM. 

C-S-H is the abbreviation for hydrated calcium silicates of varying structure and compo-

sition. Its chemical and structural nature is still subject to scientific debates; its nanostruc-

ture is most probably related to the layer structures of tobermorite and/or jennite 

depending on the C/S ratio in the C-S-H [Taylor ,1997; Merlino at al., 1999; Bonaccorsi 

et al., 2004]. Fig. 6-3E shows an example of a C-S-H phase in crumpled foil morphology.

Ettringite appeared only in the Volclay-lime mixtures as a third major phase. Ettringite is 

termed the AFt phase or trisulphate phase in cement chemistry [Taylor, 1997]. The 

appearance of ettringite is a result of the minor sulfate (due to gypsum) content in the Vol-

clay. Fig. 6-3c shows an example of this phase in typical needle-like morphology.

AFm and C-S-H phases are detected also from XRD and TA, whereas ettringite can only 

be determined from visual observation by SEM/ESEM. X-ray evidence is given in fig. 6-

4 for AFm and C-S-H in clay-lime mixtures, which have reacted for 3 months at a water 

to solid ratio by weight of 2. According to Taylor (1997), AFm phases usually show the 

first and second order of the basal lines (001 and 002) and sometimes lines at 2.89 Å and 

1.67 Å. C-S-H may show reflections at 12.5 Å, 3.04 Å, 2.80 Å and 1.85 Å. Fig. 6-4 shows 

the XRD patterns of the clays before and after a reaction of 3 months with added portlan-

dite (CH). Remaining CH is indicated and also the lines of the reaction products, C-S-H 

and AFm.
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Figure 6-4. X-ray diffractograms of the three initial clays and clay-lime mixtures (39/13/100) reacted for 3 
months: (a) illite MC, (b) China Clay and (c) Volclay. Y-axis: X-ray intensity in arbitrary units.

Fig. 6-5 shows the corresponding differential mass loss curves of these materials. Typical 

mass losses of AFm and C-S-H are indicated. The aqueous solution compositions of the 

clay-lime mixtures (Appendix IV to V) are also supportive. The Si and Al concentrations 

were mainly below 300 µM, which, together with the other evidence, is indicative of AFm 

and C-S-H phases by comparison with thermodynamical calculations in the pure CaO-

Al2O3-SiO2-H2O system [Damidot & Glasser, 1995].
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Figure 6-5. TG-MS data of the initial and clay-lime mixtures in fig. 6-4: (a) illite MC, (b) China Clay and 
(c) Volclay. Y-axis: differential mass loss in arbitrary units.

6.1.3 Extent of pozzolanic reaction and passivation effects
The results on clay mineral and lime consumption are summarised in Appendix VI, VII 

and VIII. Consumption of clay minerals and lime were calculated by the difference in ini-

tial contents and those determined after reaction. No significant differences in mineral 

contents consumed were detected in the reacted mixtures. Table 6-2 summarises the aver-

aged values for clay mineral and lime consumption in all of the clay-lime mixtures for 

before

reacted

m
a

in
ly

 C
H

C
-S

-H
AF

m

before

reacted

AF
m

AF
m

C
-S

-H
A

Fm

0 100 200 300 400 500 600 700 800 900 1000

temperature [°C]

C
H

before

reactedA
Fm

AF
m

C
-S

-H
AF

m

m
a

in
ly

 C
H



92

6 Pozzolanic reaction of clay minerals II: dissolution, precipitation and pore refinement

each clay. Consumption was independent of time between 1.5 and 6 months, of water to 

solid ratio between 1 and 13 and of mixing ratio between 0.5 and 3.5 (clay/CH) of the two 

components.

Figure 6-6. Reacted fractions of China Clay and lime with their initial contents in the solid mixture: upper 
figure metal oxidesChina Clay from extract, lower figure CaOCH from XRD. The number at each data point gives 
the reaction time in days.

As consumption was constant for the conditions investigated, it is clear that the reacted 

fractions of each initial mineral component decreases independent of reaction time with 

Table 6-2. Averaged consumption of clay minerals and lime in all of the clay-lime mixtures 
of each claya

a The consumption of clay minerals and lime was also determined by TA in order to check the more 
direct measurements (XRD, extraction). Results are considered to be the same when falling within the 
error limits of each method (Appendix VI, VII and VIII).

consumption CaOCH

[g/100g]
consumption metal oxidesclay

[g/100g] mass ratio 

mixture of clay with lime from XRD from extraction CaOCH/oxideclay

Illite Massif Central 8.9 ± 0.5 9.2 ± 1.3 1.0

China Clay 11.0 ± 0.6 8.0 ± 0.8 1.4

Volclay 20.0 ± 0.4 7.2 ± 0.7 2.8

182
125
166

182

182 96

91

0

10

20

30

40

50

60

10 20 30 40 50 60 70 80

220

220

0

10

20

30

40

50

60

10 20 30 40 50 60 70 80
Initial content CaO  [%]CH

R
ea

ct
ed

 f
ra

ct
io

n 
C

aO
 [

%
]

C
H

96
96
91
91
91
91

48

48
91

182
182

125

166
182

182

220

220

Initial content metal oxides  [%]China Clay

R
ea

ct
ed

 f
ra

ct
io

n 
m

et
al

 o
xi

de
s

 [
%

]
C

hi
na

 C
la

y



93

6.1 Results and discussion

the initial content of the respective component (exemplified by the China Clay-lime data 

in fig. 6-6). In a chemical reaction that is controlled by the dissolution rate and the surface 

area of one of the reactants, the reacted fractions would be constant for equal reaction time 

(independent of the mixing ratio) and would increase with reaction time. It is therefore 

concluded that the behaviour observed in the clay-lime mixtures is due to a cessation of 

the pozzolanic reaction. Between 1.5 to 6 months, the reaction does not proceed or just so 

slow that it was undetectable with the analytical approach undertaken.

Figure 6-7. Aggregates of reacted clay-lime mixtures after three months cemented and surrounded by 
pozzolanic reaction products (w/s = 13). (a) Illitic clay-lime mixture, (b)-(d) Volclay-lime mixture.

This cessation is explained by the passivation of the reactive surfaces of clay minerals and 

lime through the overgrowth of the pozzolanic reaction products. Fig. 6-7 shows exam-

ples of huge aggregates (up to ~80 µm in diameter) cemented and overgrown with reac-

tion products. A similar cessation of the lime slaking reaction was observed by Xu et al. 

(1997) and attributed to the passivation of the reactive lime surfaces by calcium aluminate 

hydrates. Diffusion of reactive species from dissolving surfaces is however still expected 

to occur, but at a much reduced rate. Chemical species have to diffuse through the 

hydrated solids or the nano-pores of these solids.
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The released amounts of structural silicon, aluminium and iron were calculated from the 

chemical formulas of the three clay minerals in Table 6-3 and their consumption data in 

Table 6-2. It is shown from these calculations that the amount of silicon released is very 

similar for the three clay minerals (Table 6-4) in contrast to the other two metals. This 

suggests that the major cementing and passivating phase is the C-S-H (which is plausible 

because of its gel character). Additionally, the released values of silicon show a correla-

tion with the median particle diameter of the three clay minerals (fig. 6-8). This diameter 

is taken here as a relative indicator of edge surface area (the smaller a platelet gets, the 

higher the specific edge surface area). At least for the cessation of clay mineral dissolu-

tion, it is hypothesised that the C-S-H, which is formed from the silicon from the edges of 

the clay minerals, is the major passivating phase. However, this should be subject to fur-

ther investigation and proof.

Table 6-3. Chemical formulas of the minerals with the molar masses of the ignited 
dehydroxylated minerals

Chemical formula Molar mass of ignited mineral

CHa

a ideal formula

Ca(OH)2 56

Na-Volclayb

b Mamy & Gaultier (1976)

Na0.26 (Al1.54Fe0.18Mg0.26) Si3.95Al0.05O10(OH)2 · xH2O 352

Ca-Volclayb Ca0.13 (Al1.54Fe0.18Mg0.26) Si3.95Al0.05O10(OH)2 · xH2O 351

Illitec

c Müller-Vonmoss et al. (1991)

Ca0.04Na0.12K0.64(Al1.17Fe0.49Mg0.33)Si3.52Al0.48O10(OH)2] 384

China Clayd

d ideal formula

Al2Si2O5(OH)4 222

Table 6-4. Released amounts of silicon, aluminium and iron by clay mineral dissolution

clay Si [mmol/100g] Al [mmol/100g] Fe [mmol/100g]

China Clay 72 72 -

Volclay 81 33 4

Illite Massif Central 84 40 12
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Figure 6-8. Released silicon with median particle diameter of the clay mineral.

6.1.4 Estimation of reaction equations
In order to estimate porosity changes that occur during the pozzolanic reaction the chem-

ical composition of the reaction products was calculated from the mineralogical data pre-

sented (proportion clay mineral and lime consumption). This is done using the chemical 

formulas and the molar masses of the clay minerals given in Table 6-3. Assuming a fixed 

Ca/(Al+Fe) ratio of two in the major aluminate reaction product (AFm), the Ca/Si ratio in 

the other major reaction product (C-S-H) may be estimated. According to these calcula-

tions, each mole of China Clay releases 2 moles of aluminium and silicon each, which 

react with 5.4 moles of calcium. 4 moles of this calcium are bound by the aluminium, the 

remaining calcium combines with 2 moles of Si to form a C-S-H phase with a Ca/Si ratio 

of 0.7. The same Ca/Si ratio is calculated for the illitic clay. The following equations are 

based on these calculations and are balanced with respect to water and water contents of 

an assumed AFm phase (C4AH19) and C0.7SH4 taken from Taylor (1997) (recall: H equals 

H2O):

(Eq. 6-1) 

(Eq. 6-2) 

For the montmorillonite (Volclay) however, an unrealistic Ca/Si ratio of 3.6 is calculated. 

Ca/Si ratios of known C-S-H in cements range from 0.6 to 2.0 [Taylor 1997]. In order to 

decrease this value to a realistic one, another sink for CaO must be present. One sink is 

the ettringite identified in the Volclay products. Ettringite has a higher Ca/Al ratio than 

the AFm phases. However, even if all of the aluminate hydrates were ettringite, a realistic 

Ca/Si ratio would not be reached. An additional sink might be lime adsorbed as a monol-

ayer on the clay minerals’ external surfaces as proposed by Diamond & Kinter (1965). 
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The cation exchange experiment in this study has revealed also that a large amount of cal-

cium hydroxide species may be bound to montmorillonite. After 4 days, 8.4% CaO (in 

samples with no adsorbed sodium) were extracted by the cation exchange technique. The 

sorption of lime might be responsible for the unrealistic result calculated on C-S-H com-

position. However, the sorption on the external surfaces only does not seem to be the 

proper explanation. Otherwise, the same effect as for Volclay should have been observed 

for the other clays as well. An alternative explanation might be inclusion of lime into the 

interlayers of expandable montmorillonite. This could only be verified by further investi-

gations.

6.1.5 Pore refinement
It is known from the literature that addition of lime to clayey soils leads to immediate 

microstructural changes in the soil [Caprez, 1984]. This is evidenced by the sudden shift 

of a soil’s grain size distribution to higher diameters, which appeared mainly for the grain 

size fractions < 100µm [e.g. Croce & Russo, 2003]. Accordingly, the pore size distribu-

tions are also expected to change to larger pore sizes. It was concluded in a previous sec-

tion that mainly the overgrowth of the aggregates’ surfaces by reaction products leads to 

the cessation of the pozzolanic reaction. The size of the immediately formed aggregates 

must therefore increase with pozzolanic reaction progress due to the overgrowth, thereby, 

at sufficient low water contents, cementing the aggregates together and filling the macro-

pore spaces.

Various clay-lime specimens were prepared for the purpose of porosity measurements by 

mercury intrusion porosimetry (MIP). Table 6-5 gives a phenomenological description of 

the prepared specimen. All fresh pastes were capable of flowing. After reaction and 

Table 6-5. Phenomenological description of the specimen.

Hydration time 
[months]

kaolinite/lime/water [g] montmorillonite/lime/water [g]

50/40/100 (A) 15/70/100 (B) 39/13/100 (C) 7/70/106 (D)

fresh highly viscous paste, slowly flowing thixotropic, capa-
ble of flowing 
when agitated

capable of flow-
ing

1 shrunk, not hardened, breaks apart easily, but dimensionally stable, porous

2 slightly hardened, withstands higher forces, dimensionally stable, porous

3 hardened

7 hardened, dense
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drying of the samples, the one- and two-month hydrated specimen showed an open porous 

structure that easily broke apart; the older specimen however, showed a dense appearance, 

a plane fractured surface and withstood higher forces (fig. 6-9).

Figure 6-9. Fragments of freeze-dried China Clay-lime specimens (15/70/100), reacted for 1 month (left), 
2 months (middle) and 7 months (right); scale is in centimeters.

Fig. 6-10 shows the temporal development of selected pore properties exemplified on a 

China Clay-lime mixture. Total porosity, as indicated by the total specific pore volume, 

decreases with time, in accordance with the known pore refinement process [Mehta & 

Monteiro, 1993]. The lower pore volume of the sample in fig. 6-10a is probably due to 

sample preparation problems of the relatively fresh, weakly cemented material (reacted 

for one month). However, the pore size distribution of this sample shows marked differ-

ences to the one reacted for two months (fig. 6-10b). The first one is a bimodal distribu-

tion, the latter tends more to a broad unimodal distribution. The contribution of macro-

pores (> 1000 nm) decreases generally with time. These pores are related to inter-aggre-

gate pores in clays [Nüesch, 1992]. From 3 to 7 months (fig. 6-10c, d), the pores between 

200 and 1000 nm start also to change, the pores with greater diameters disappear, the pore 

size distribution becomes more narrow and the main pore diameter shifts to lower values. 

The overgrowth of clay mineral-lime aggregates by reaction products leads to a decrease 

in porosity caused by either a filling of the inter-aggregate pores or a closure of the macro-

pore entries. Later on, the smaller intra-aggregate pores become also filled or closed.
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Figure 6-10. Temporal development of the pore size distribution in the China Clay-lime mixture                
(15/70/100); (a) 1 month, (b) 2 month, (c) 3 month, and (d) 7 month hydrated samples. Relative pore 
volume shown as histogram.
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6.1 Results and discussion

There is some debate in the cement literature regarding the mode of action of pozzolans 

in cements and the associated pore refinement [Taylor, 1997; Cook & Hover, 1999], 

whether the refinement is pore-filling or pore-closing. The results presented, rather point 

to a pore-closing action. It was shown that the dissolution reaction ceases due to the over-

growth. For sufficient low water to solid ratios, the overgrown aggregates will touch each 

other and this should be the reason for the cementation of the material. For concentrically 

growing aggregates it seems probable that inter-aggregate pores entries become first 

closed, before the pores become filled completely.

6.1.6 Porosity development
Fig. 6-11 shows the results of the total porosity measurements with time for the clay-lime 

specimens prepared. Their composition is given in Table 6-5. The calculated porosity of 

the fresh pastes at the beginning of the time scale is also indicated (calculation1 from the 

initial mixing ratio and the densities given in Table 3-4). All the mixtures show a substan-

tial decrease of the total porosity beginning in specimens hydrated over 2 or 3 months. 

Total porosity decreases by about 10% to 20% absolute, to values of 65% to 55%, irre-

spective of the mixing ratio or the clay used (China Clay or Volclay). The degree of poros-

ity loss can be estimated from the molar volumes of the minerals (Table 3-4) and the 

chemical equations derived earlier (eq. 6-1 and eq. 6-2). The volume changes associated 

with the chemical equations are tabulated in Table 6-6. Volume changes are calculated 

from subtraction of product minus educt side. For complete reaction, there is no water left 

on the product side, however, the total volume of the solids after reaction is smaller than 

the water plus the solid volume before reaction. The specimens shrink (chemical shrink-

age). In contrast, the solid volume increases, as water is incorporated into the solids.

1 Porosity is calculated as the total water porosity with the assumption of zero air void content.

Table 6-6. Estimated volume changes per mole of clay mineral due to the pozzolanic 
reaction.

educt side [cm3] product side [cm3] product minus educt side [cm3]

solids volume water volume solids volume total only solids 

China Clay 274 389 609 -54 335

Volclay 367 509 825 -51 458
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Figure 6-11. Development of total porosity in mixtures with compositions given in Table 6-5; the error 
bars correspond to the standard error of the mean, missing error bars indicate a single determination only.

As an example, the porosity loss (until cessation occurs) of a China Clay-lime mixture 

(50/40/100) will be estimated with the volume changes given in Table 6-6. The initial 

porosity is calculated from the amount of solids divided by their density (50 g/2.7 g cm-3 

+ 40 g/2.24 g cm-3), giving the volume of the solids, and with the volume of water added: 

36.4 cm3 solids are in 100 cm3 water, which is equal to a total initial porosity of 73% 

(water volume divided by total volume assuming that pores are fully saturated with 

water). According to Table 6-6, the China Clay reaction consumes 389 cm3 of pore water 

and produces 335 cm3 of additional solid volume, both per mole of China Clay. China 

Clay equivalent to 8% of an ignited mixture will dissolve until cessation occurs (Table 6-
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6.2 Conclusions

2). The dissolved China Clay species in this mixture (ignited mass 73.3g) are equal to 

0.026 moles and consume 10.1 cm3 of pore water (0.026 moles times 389 cm3 per mole) 

and produce 8.7 cm3 of new solid volume (0.026 moles times 335 cm3 per mole). That is, 

the solid volume is increased from 36.4 cm3 to 45.1 cm3 and the water volume decreased 

from 100 cm3 to 89.9 cm3, which equals a total porosity of 66% with the assumption of 

water saturated pores. The calculated porosity loss from 73% to 66% can explain about 

one third of the maximum measured one (lowest value is 53%). The other two thirds might 

be due to shrinkage effects and the closure of the pore entries by cement hydrates (cf. pre-

vious section). If pores are closed and not accessible to the mercury during the intrusion 

experiment, the measured porosity will be lower than the actual one.

6.2 Conclusions

(i) Addition of lime to clay minerals leads to immediate microstructural changes and 
shifts in the aggregate size distribution of clay minerals to larger sizes (this is con-
cluded from literature data [Ho & Handy, 1963; Caprez, 1984; Croce & Russo, 
2003]).

(ii) Between 30 to 60 days following mixing, the prepared clay-lime specimen showed 
coherence due to cementation by the pozzolanic reaction. This was concluded from 
phenomenological observations of the specimen but also during porosity measure-
ments.

(iii) In the observed time range of 48 to 182 days, a cessation of the pozzolanic reaction 
of clay minerals and lime is observed. This was concluded from (i) the observation 
that clay mineral and lime consumption was independent of the solid’s mixing ratio 
and of reaction time in that time range and (ii) from visual observations by ESEM/
REM. The aggregates’ surfaces become overgrown with pozzolanic reaction prod-
ucts. This markedly slows down further dissolution of reactants, the solid products 
form a diffusion barrier.

(iv) Mass balance calculations showed that calculated product compositions were in a 
realistic range and that cessation of the pozzolanic reaction occurred when about the 
same amount of silicon was released from the clay mineral. This silicon was 
assumed to be exclusively precipitated as the C-S-H gel that was detected by TA, 
XRD and ESEM. This gel is regarded to be most effective in the formation of an 
overgrowth phase. The measured decline in porosity was partially explained by these 
calculations. An exception is found for montmorillonite-lime mixtures. Calculated 
product compositions are only realistic, if an additional large sink for lime is 
assumed. This sink may be lime contained in the interlayer spaces of the mineral.

(v) The reaction mechanisms could not be elucidated completely. An effect of different 
total surface areas through variation of the clay-lime mixing ratio was not observed. 
Reaction yield (mineral consumption) was proportional to the whole mixtures’ sur-
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faces. The similarity of (reactive) surface areas of clay minerals and lime might 
explain this. A specific edge surface area of 8.5 m2/g for a montmorillonite in sus-
pension is given by Tournassat et al. (2003), which is very close to the specific sur-
face area of 12.2 m2/g of the dry lime powder in this study. Nevertheless, the 
correlation of released silicon with the median particle diameter of the clay minerals 
implies some contribution of the clay minerals’ edges. The primary fast reaction 
might be an adsorption/surface precipitation type of reaction. Lime is deposited on 
the clay mineral’s surfaces, leading to the formation of aggregates. This lime is 
transformed with at the edges’s released silicon and aluminium into C-S-H and 
AFm. Simultaneously, the formation of the reaction product shells around the aggre-
gates starts and causes cessation of further dissolution. For the three clay minerals, 
cessation occurs when about the same volume of reaction products is accumulated 
on the aggregates surfaces (inferred from the porosity measurements). By analogy to 
the last stage of cement hydration, the pozzolanic reaction is expected to proceed 
further much more slowly under diffusion control. This is also implied by the usual 
observed strength increase of lime stabilised soils. This increase may continue for 
several years [e.g. Taylor & Arman, 1960].
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7Relevance of results to 
geotechnics

7.1 Pozzolanic reaction of clay minerals I: cation 
exchange, swelling and rheology

7.1.1 Cement-stable bentonites
When using a sodium bentonite in conjunction with cements or lime, it is desirable to uti-

lise its beneficial properties and to prevent transformation to the calcium form with its 

unfavourable rheological properties, such as low dispersion stability and low yield point. 

Otherwise, a cheaper calcium bentonite would be preferred in the first place. This study 

has shown the importance of sodium-calcium cation exchange on describing the rheolog-

ical behaviour of bentonite dispersions containing lime (note that Portland cement con-

tains also a high proportion of lime). The solubility of lime defines the calcium 

concentration in solution. At a pH of 12.5, this calcium concentration is high (~20mM) 

and approximately constant. The sodium calcium cation exchange state of any bentonite 

dispersion containing lime will therefore mainly depend on the aqueous sodium concen-

tration in the system. It follows that, for a fixed amount of sodium in the system, Na-Ca 

cation exchange state will depend on the water content or solid content of the bentonite 

dispersion. Loss of water will increase sodium in solution (but not calcium) and thereby 

also the amount of adsorbed sodium. The diagram in fig. 7-1 shows these interrelation-

ships. It was calculated1 from the isotherm data in Figure 5-1 on page 75 assuming that 

the relation obtained is independent of the bentonite’s solid content (which may not be 

strictly true). The straight line “sodium bentonite” in fig. 7-1 shows the amount of sodium 

introduced to the system through the addition of a pure sodium montmorillonite with a 

CEC = 100 meq/100g. The two isolines show the total sodium concentration in the 

system necessary to maintain constant exchangeable sodium percentages (ESP) values of 

15 and 25 % on the montmorillonite.

1 These isolines for the exchangeable sodium percentage (ESP) were calculated from the sum of the 
sodium concentration in solution Naaq [mM] and on the bentonite Nasorb [meq/100g] multiplied with the 
solid content S [g/L], , with Nasorb for a specified ESP calculated from this ESP 
value and a total CEC [meq/100g], .

Natot Naaq Nasorb S×+=
Nasorb CEC ESP×=
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Figure 7-1. Diagram showing the bentonite content versus the total amount of sodium (i) introduced 
through a pure sodium bentonite, (ii) necessary to maintain an exchangeable sodium percentage ESP of 15 
or 25 % in the presence of lime.

The figure clearly shows that:

(i) the cation exchange state in the presence of portlandite depends on the solid content 
of the bentonite as long as sodium is not added.

(ii) without sodium additions, the montmorillonite reaches its ideal ESP at solid contents 
between point 1 and 2, i.e. between ~20 % and ~40 % bentonite content.

(iii) below ~20% solid content, the additions of sodium necessary to obtain favourable 
ESP values may be read from the diagram.

(iv) above ~40 % solid content, so much sodium is introduced to the system through the 
bentonite, that the boundary at 500 mM is crossed [Norrish, 1954]. From this point 
on, the effect observed on the yield point at an ESP of ~20% is expected to vanish 
due to volume decreases of the solids and the diffuse ion layer. 

Such high solid contents of 20 to 40 % are not common for bentonite dispersions used in 

the construction industry. One can thus conclude that many dispersions used in conjunc-

tion with cements or lime would be, without sodium additions, in a cation exchange state 

that is calcium montmorillonite-like. In practical applications, additions are either applied 

in the form of soda (Na2CO3) or NaOH in order to raise the amount of adsorbed sodium. 

It is expected, that both additions might have similar effects on the rheology, but with 

quite different chemical mechanisms.

NaOH will increase pH, thereby decreasing the calcium concentrations in dispersion due 

to the decreased solubility of CH at higher pH [Duchesne & Reardon, 1995; Königsberger 
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et al., 1999]. This should favour desorption of calcium species from and adsorption of 

sodium onto the bentonite. To some extent, this might be impaired by the speciation of 

calcium as the fraction of CaOH+ increases with pH.

Addition of Na2CO3 will force CaCO3 to precipitate. The coexistence of portlandite and 

calcite markedly influences the calcium concentration, which will be governed by the par-

tial pressure of CO2 [Königsberger et al., 1999]. Total calcium concentration will be 

reduced from ~20 mM to values as low as 0.2 mM.

Interestingly, both additions act through the reduction of the aqueous calcium concentra-

tion. It was shown in this study that NaCl as an alternative sodium source can not improve 

rheological behaviour in a time relevant to practical applications (section 5.1.1). The 

cation exchange reaction is inhibited either due to a kinetic effect or to the irreversible 

sorption of calcium species at high pH. In order to avoid this inhibition, NaCl might be 

added to the bentonite dispersion prior to the cement addition. Taking into account all the 

sources of sodium immediately available in the system (bentonite, cement, water), the 

amount of NaCl needed can be estimated from fig. 7-1. It is worth mentioning here that 

the effects described might be modelled using common programs based on chemical equi-

libria and solubility data (except for the kinetic or irreversible effect).

In principle, the same conclusions apply to swelling soils, but also to such soils or ben-

tonite dispersions containing gypsum or calcite instead of lime. CaSO4 containing phases 

(gypsum) or calcite are very often present in natural systems. The main governing param-

eters are the CEC, the solubility of the Ca-containing phases, the partial pressure of CO2 

and the total amount of sodium and water present in the system.

These findings apply e.g. to the comparison of so-called activated calcium bentonites with 

natural sodium bentonite. Such activated bentonites were transformed by the addition of 

soda into a (partial) sodium bentonite, the released calcium is converted to calcite [Jas-

mund & Lagaly 1993]. For a bentonite dispersion without calcite, the ESP value will 

remain more or less constant. For a dispersion with calcite however, the ESP value will 

increase with increasing solid content if sodium is only introduced through the bentonite. 

An activated bentonite is therefore expected to change its cation exchange state continu-

ously to higher ESP values with increasing solid content. The activated bentonite contains 

calcite and will show a stronger dependency on solid content due to the continuous 

improvement of the ESP value.
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7.2 Pozzolanic reaction of clay minerals II: dissolution, 
precipitation and pore refinement

7.2.1 Soil lime solidification
The results obtained allow conclusions to be drawn about the minimum lime content nec-

essary for a sustainable and long-lasting lime-soil solidification. They may be also appli-

cable to waste solidification problems with cement, as lime is always present in Portland 

cement and thought to be the major reaction partner of pozzolans in cements [Taylor, 

1997]. The amount of lime necessary to obtain complete cementation and coating of the 

clay mineral-lime aggregates will be defined as the lime content sufficient for long-lasting 

solidification. The complete coating was reached when cessation of the pozzolanic reac-

tion occurred. Consequently the lime contents (> 9%) determined in this study for three 

different clay minerals can be described as ’the sufficient lime content’. Thus the lime 

contents (~4%) defined as ’the lime fixation point’ [Bergado, 1996] or minimal lime con-

tent [SN 640 503a] are not sufficient by far for achieving a sustainable solidification. Cer-

tainly, the influence of other grains that are always present in a soil (e.g. quartz grains in 

the silt fraction) and that may not participate in the pozzolanic reaction was not investi-

gated. The presence of such relatively inert grains might lower the necessary lime content 

due to a dilution of the clay-lime mixture. By analogy to cement hydration however, it is 

inferred that the whole systems’ surfaces are covered with reaction products. The interfa-

cial zone between (inert) aggregate in concrete and the cement matrix is even of primary 

importance to the strength of the concrete as a whole [Taylor, 1997]. In order to prove this 

proposition, the effect of adding inert grains as e.g. quartz to clay-lime mixtures should 

be investigated.

7.2.2 Cut-off wall materials
The use of clay minerals in conjunction with cements raises some concern about the phys-

ico-chemical stability of clay minerals in the highly alkaline environment of cements. The 

results of this study show that clay minerals react significantly but not extensively until 

further dissolution is shut down. However, as clay contents in such barrier materials are 

usually high [Hermanns, 1993], the partial loss of these active components is not judged 

critical. It could not be established whether the dissolution proceeds slowly as long as lime 

is present, but it may be inferred from observed strength increases in soil-lime mixtures, 

which occurred for several years in some instances. It has to be emphasised when clay 
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mineral-lime aggregates become coated by cementitious reaction products, it will be these 

products that provide the direct sorption sites for contaminants diffusing into the barrier 

material. Only the slow diffusion of contaminants through these cementitious products 

will bring the contaminants into contact with the clay minerals. Efficiency of the sorption 

process in the whole barrier system is expected to be influenced mainly by the sorption 

behaviour of the cement hydrates. As those are also strong sorbents for many contami-

nants [Tits et al., 2006], the passivation of the active clay minerals’ surfaces is not 

expected to critically affect the functionality of the technical barrier.

More important for permeation through the barrier is the pore refinement process associ-

ated with the pozzolanic reaction. Porosity, more precisely the main pore diameter [Her-

manns, 1993], is closely related to permeability in such barrier materials and the lower 

these values are, the lower the transport of contaminants is. Marsh et al. (1985) demon-

strated the effectiveness of fly ash substituted Portland cement on reducing the permea-

bility. A 30% substitution of cement by fly ash resulted in a permeability reduction from 

2 x 10-12 m s-1 in the control cement (no fly ash, only cement) to 4 x 10-16 m s-1 in the 

blended cement after 1 year. Historical sources even claim, that pozzolanic products grew 

out of the splices of underwater masonry [Ziegler, 2004], which indicates the dense nature 

of pozzolan-lime mortars.

For any substitution of cement by a pozzolan, it has to be emphasised that the higher the 

substituted fraction of cement is, the lower the lime content formed during cement hydra-

tion will be1. Pore refinement potential due to the use of lime for the pozzolanic reaction 

will therefore be lower. So the options include (i) reducing the Portland cement content 

in barrier materials to as low values as necessary to fulfil given requirements for e.g. 

strength and (ii) adding lime in order to use the high pore refinement potential in the pres-

ence of high lime contents. Certainly, legal requirements should account for the slow 

progress of the pozzolanic reaction and the slow and difficult to quantify improvements 

of the parameter that is currently regulated as a minimum value by law (e.g. permeability). 

1 The hydration of tricalcium silicate may be used as an conservative estimate for the maximum lime con-
tent produced during cement hydration: . From this equation and the data 
given in Table 3-4, it is calculated that up to 30% of CH may be produced from cement hydration. A mix-
ture containing e.g. only 30% of cement, may then produce 9% of lime; i.e. lime becomes limiting for the 
pozzolanic reaction.

C3S + 5.3H C1.7SH4 + 1.3CH→
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For example, prepared clay-lime specimens showed no strong cementation and coherence 

until after about one to two months.

However, by reducing the cement content in typical cut-off wall barrier materials, a 

common problem of such materials is also addressed. Barrier materials made of cement 

and clays are often too brittle to deform in the case of movement in the soil [Brinkmann, 

2000]. Reducing the cement content should increase the contribution of the plastic defor-

mation behaviour of the clays. The composite may be more adaptive to deformation. 

Ensuring a high pore refinement potential by the additional dosage of lime might ensure 

crack healing properties of these composites and continuous pore refinement due to the 

pozzolanic reaction. There must have been a reason why up to 43% of lime was mixed 

into mortars for the construction of underwater walls in e.g. the Netherlands in the 18th 

century, and this could provide an explanation.
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8.1 Summary

The addition of lime to aqueous sodium-montmorillonite-dispersions results in a high 

aqueous calcium concentration and in the short-term in an equilibrium shift towards the 

calcium form of the montmorillonite. An intensifying effect due to the calcium speciation 

at high pH and preferred sorption of CaOH+ appeared very probable. In either case, re-

adsorption of sodium on lime-treated montmorillonite was hindered. The different sorp-

tion behaviour of the clay mineral’s edge and outer surface sites on the one hand and inter-

layer sites on the other hand greatly influenced the crystalline swelling behaviour of the 

montmorillonite and the yield point of its dispersions. Calcium is preferentially sorbed 

into the interlayers and forces sodium to stay primarily on the outer surfaces of the clay 

mineral. Only after occupancy of these outer surfaces will sodium enter the interlayer 

space and cause interlayer expansion. These effects resulted in a significant increase of 

the dispersions’ yield point at around 20% of adsorbed sodium. Further addition of 

sodium reduced the yield point again due to the contraction of interlayer space and of the 

diffuse ion layer in response to increasing ionic strength.

In practical applications, sodium-montmorillonite dispersions in the presence of lime are 

therefore in a calcium-montmorillonite-like state without additional sodium dosages. 

Even with subsequent sodium additions, this state is irreversibly fixed on the time-scale 

relevant for practical applications. Sodium salts, which reduce the calcium concentration 

in equilibrium with lime (e.g. Na2CO3 and NaOH), seem to be an exception. It is known 

from practice, that these salts are capable of increasing the yield point even after lime has 

been added. The inclusion of other sodium salts with no such effect (e.g. NaCl) prior to 

the addition of cement or lime would be an alternative approach to increase the disper-

sion’s yield point. For this purpose, the necessary amount can be estimated from the 

cation exchange behaviour determined in this study.
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The continuous dissolution of clay minerals in the presence of lime leads, in the long-

term, to the cementation of the materials. The cementation has proceeded after one to two 

months until the surfaces of the clay mineral-lime aggregates were completely covered 

with reaction products. This led to the cessation of the dissolution reaction. Whether dis-

solution proceeds further after the seven months investigated (e.g. through the develop-

ment of steady-state diffusion profiles), was not resolved in this study. In analogy to long-

term investigations on the strength development of lime-stabilised soils, this seems how-

ever very probable. In either case, the precipitation of reaction products led to a reduction 

of porosity as a result of the filling or closure of the macro- respectively interaggregate 

pores. Mass balance calculations allowed reaction equations to be estimated for the three 

clay minerals. These equations show, that the composition of the reaction products is real-

istic in comparison with data from the literature and that a major part of the measured 

porosity reduction can be ascribed to the pozzolanic reaction.

It follows with respect to soil solidification techniques, at least for fine grained soils with 

mainly clay minerals, that the lime fixation point as defined for soil improvement (~4%) 

is not sufficient by far for a sustainable, long-lasting solidification. At least 9% of lime for 

illite and 11% for kaolinite have to be added in order to solidify the material sustainably. 

For montmorillonite, the necessary lime content is even 20%. Only a fraction of this 20% 

is actually used for the solidification by the pozzolanic reaction. However, the size of this 

fraction and the nature of the sink for the rest of the lime was not determined. Therefore, 

implications of this significantly increased lime demand can not be discussed with the 

results obtained.

With respect to barrier materials rich in clay minerals, it follows that no extensive disso-

lution of these active components is to be expected. The content of the three clay minerals 

was reduced in the first three to seven months by 7% to 9% in absolute terms which is not 

judged critical due to the usually higher clay mineral contents. Much more crucial for the 

choice of clay minerals as active components in barrier materials is the passivation of their 

reactive surfaces. Contaminants entering the barrier can only contact the clay minerals’ 

surfaces by slow diffusion through the overgrown reaction products (cement hydrates). 

This has to be considered for the design of engineered barriers. The retention of contam-

inants by cement hydrates is therefore an important issue for such barrier materials next 

to their pore-filling and permeability-reducing properties.
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For mixtures of clay and cement in general, there are consequences for further necessary 

lime addition in some instances. If the cement content in the mixture is chosen to be low 

(< 30%), the lime content produced during cement hydration (< 9%) may become limiting 

for the pozzolanic reaction. Thus, additional benefits arising from the cementing and pore 

refinement potential of the pozzolanic reaction can not be fully used. In that case, lime 

addition to the clay-cement mixture should be carried out.

8.2 Outlook

Methodology

(i) One methodological goal of this study was the quantitative determination of clay 
minerals’ content against an internal standard, without the need for calibration. This 
goal would simplify quantitative mineral analysis substantially, and might improve 
accuracy of results even in complicated studies. Such studies could be the observa-
tion of mineral reactions where structural parameters of minerals change while the 
reaction proceeds. In this case, traditional methods (which make use of calibration) 
might fail due to changes in the mineral’s diffraction pattern. This study has shown 
that much more work on the real structures of clay minerals has to be done. Even for 
portlandite with a relative simple structure, quantification without calibration was 
not possible against the internal standard calcite. The use of flexible structure models 
developed in this study can account for a simplified, idealised description of transla-
tional disorder and anisotropic broadening of diffraction lines. The implementation 
of several (constrained) flexible structure models into existing subphase models is a 
promising way in order to improve quality of the fitting procedure. This should be 
subject to further work.

(ii) This study has also shown that accuracy and precision of results obtained on weakly 
pozzolanic materials (such as clay minerals) should be improved. This could be done 
by inclusion of additional data on the chemistry of the extracted solutions and on the 
water bound inside the reaction products. Together with obtained results on portlan-
dite and clay mineral consumption, an overdetermined equation system could be set 
up with all the information from the various analytical techniques. Solution of these 
equations substantially improves results [Allmann, 2003]. In order to determine the 
chemistry of the extracted solutions, the extractant should be changed (e.g. acid) to 
ease the analysis of the aqueous solution composition. The total amount of the 
cementitious reaction products may be determined by the non-evaporable water as 
termed in cement chemistry [Taylor, 1997].

Pozzolanic reaction of clay minerals I

(i) The question whether a portlandite surface coating or the kinetically slow desorption 
of CaOH+ species were responsible for the hindered sodium adsorption on lime-
treated montmorillonite will be difficult to address. This question is probably also 
related to the open question on the nature of the calcium sink in the montmorillonite-
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lime pozzolanic reaction. Long-term adsorption experiments could help to investi-
gate whether the observed effect is due to reversible (adsorption) or irreversible (pre-
cipitation) processes. However, this will be complicated by the progression of clay 
mineral dissolution and the parallel cement hydrate precipitation, which was already 
indicated after four days. Spectroscopic techniques which are able to determine the 
chemical environment of calcium might offer a possibility for distinction of 
adsorbed or precipitated calcium. In either case, the separation of the two mineral 
compartments by dialysis bags is an appropriate way to investigate processes on 
montmorillonite in a lime-equilibrated system. Inclusion of a third empty dialysis 
bag helps to clarify whether calcium is solely sorbed on the montmorillonite surfaces 
or is also precipitated from the aqueous solution. Additionally, analysis of the lime’s 
surfaces would give information on the precise passivation mechanism.

(ii) With respect to practical applications, the cation exchange and rheological behaviour 
of different types of bentonites should be investigated in the presence of lime and 
also the temperature dependency of these phenomena. This would clarify if different 
bentonites behave in a similar way. Then, the amount of sodium needed in order to 
increase the yield point of bentonite dispersions is predictable in practical applica-
tions.

Pozzolanic reaction of clay minerals II

(i) The proposition that C-S-H is the major phase responsible for the passivation 
observed could be addressed by using clay minerals of different chemistry and sili-
con content. Using magnesio- (e.g. serpentine minerals or talcum) instead of alumi-
nosilicates could give additional information. Otherwise, this might be circumvented 
by reaction products of magnesium (magnesium hydroxide type minerals), which are 
also probable passivating phases.

(ii) There are still open questions regarding the pozzolanic reaction progress of clay 
minerals: how does the reaction proceed in mixtures of different clay minerals? How 
does it proceed in the presence of Portland cement? And how would the presence of 
diluting mineral phases (e.g. silt grains of quartz), which hardly dissolve but also 
offer nucleation sites for pozzolanic reaction products, affect the reaction? How long 
does the reaction proceed, is it finished after six to seven months or does it continue 
and if, for how long is this significant? All these questions should be addressed in 
further research in order to reach the final goal of modelling clay-lime interactions in 
complex environmental geotechnical systems including soils or barrier materials. 
Then, questions concerning the minimum lime content in soil solidification or mix-
ture design of barrier materials can be answered. Investigations can be performed 
using the methodology proposed in this study.
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Appendix I

Chemical composition of the three clay materials as determined by X-ray fluorescence spectroscopy

China Clay illite Massif Central Volclay

XRF froma

a Jasmund & Lagaly (1993) and references therein

idealb

b from the ideal formula Al2[Si2O5(OH)4] or Al2O3 2 SiO2 2 H2O

XRF fromc

c Müller Vonmoos et al. (1991)

fromd

d Old laboratory analysis of the < 2 µm fraction

<20 µm
XRF

total
XRF <2µme

e Data from Mermut & Cano (2001) for the SWy-2 standard clay recalculated with the water content 
from TG data [Guggenheim & Koster Van Groos, 2001].

SiO2 47.43 (8) 47.66 46.54 50.26 (4) 51.70 57.3 57.10 (61) 57.86 56.17

TiO2 0.02 (0) 0.03 - 0.69 (7) 0.72 0.13 0.14 (5) 0.17 0.08

Al2O3 37.08 (6) 37.3 39.49 20.10 (2) 28.55 18.5 18.94 (5) 19.00 20.15

Fe2O3

/FeO
0.58 (4) 0.51 - 7.08 (7) 2.73/0.52 3.5 3.41 (9) 3.37 3.99

MgO 0.26 (0) 0.26 - 3.84 (13) 4.70 2.6 2.21 (6) 2.16 2.69

MnO - - - 0.05 (0) 0.03 0.01 - - -

P2O5 0.09 (0) - - 0.09 (0) 0.24 0.06 0.04 (0) 0.03 0.00

CaO 0.03 (0) 0.03 - 0.64 (0) 0.88 0.5 1.03 (0) 1.04 1.08

SrO 0.01 (0) - - 0.02 (0) - 0.03 (0) 0.03 -

Na2O 0.04 (0) 0.06 - 0.08 (1) 0.10 2.0 2.12 (5) 2.07 1.34

K2O 1.06 (4) 1.53 - 7.77 (1) 8.45 0.6 0.43 (0) 0.52 0.18

Rb2O 0.01 (0) - - 0.06 (0) - - - -

SO3 - - - - - - 0.40 (5) 0.43 -

LOI 13.83 (15) 12.38 13.96 8.55 (7)f

f determined at 750°C

6.6 14.9 13.90 (17) 13.7 13.89

sum 100.43 (8) 99.76 100 99.23 (1) 99.4 100.1 99.77 (54) 100.38 99.59



Appendix II

 

Diffraction patterns of the original kaolinite structure of Bish & von Dreele (1989) and the two flexible 
structure models with perfect ±b/3 shifts (Bragg-Brentano, variable slit)
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Appendix III

Sodium and calcium concentrations after 4 days inside and outside the dialysis bag for two independ-
ant series measured with ICP-AES

Na+ outside
[mM]

Na+ inside
[mM]

standard error
[%]

Ca2+ outside
[mM]

Ca2+ inside
[mM]

standard error
[%]

3.4 3.2 2.6 21.5 18.6 7.3

5.8 5.1 5.9 21.3 18.0 8.3

6.5 6.4 0.5 20.2 17.7 6.7

13.1 12.5 3.4 18.3 14.9 10.2

18.5 20.1 4.1 19.3 16.9 6.8

32.3 25.1 12.5 19.6 16.6 8.3

51.0 51.6 0.6 22.3 19.2 7.5

80.0 74.0 3.9 23.4 18.7 11.2

238.4 211.6 5.9 30.5 23.9 12.1

622.3 575.5 3.9 36.6 29.5 10.8

634.4 611.3 1.9 26.2 21.5 9.7

870.9 849.8 1.2 25.6 24.0 3.3

1085.8 1061.6 1.1 25.0 22.5 5.1

1245.4 1244.1 0.1 23.5 21.7 4.0

1329.2 1257.9 2.8 36.6 28.8 12.0

1329.9 1272.9 2.2 23.1 21.6 3.3

1630.3 1453.7 5.7 22.4 19.2 7.7



Appendix IV

 

Chemical analysis of the solutions in contact with the pristine bentonite Volclay

concentrationa

a first values are averaged values, the values inside the brackets indicates the standard error 
of the mean of the last digits; the value after the semicolon is that of the sample with the 
highest clay content

contact time

 45 days 90 days 120 days 150 days 180 days

Na [mM] -b

b varying values, depending on the cation exchange state

K [mM] -

Ca [mM]
c

c the calcium concentration is also a function of the system’s pH; when sodium is exchanged 
from the bentontite, the pH increases which is responsible for the decrease in the calcium 
concentration

Mg [µM] 4 (3) 2 (1) -

Sr [µM] 56 (0) 75 (12) 74 (3)

Al [µM]
132 (78) 149 (81) 63 (9); 382 

(64)

Fe [µM] 6 (4) 9 (5) -

Si [µM]
112 (73) 171 (20) 262 (56); 

2435 (521)

Chemical analysis of the solutions in contact with the Ca-form of the bentonite Volclay

concentrationa

a first values are averaged values, the values inside the brackets indicates the standard error 
of the mean of the last digits; the value after the semicolon is that of the sample with the 
highest clay content

contact time

 45 days 90 days 120 days 150 days 180 days

Na [mM] 0.4 (0) 0.8 (2) 0.48 0.53 0.57

K [mM] 0.2 (0) 0.3 (1) 0.41 0.46 0.49

Ca [mM] 20.4 (5) 19.9 (6) 20.8 20.0 21.1

Mg [µM] 32 (24) 9 (2); 106 3 1 37

Sr [µM] 36 (0) 41 (4) 99 98 100

Al [µM]
118 115 (24); 

3758
241 183 326

Fe [µM] 24 (16) 7 (1); 227 12 8 23

Si [µM]
137 161 (25); 

2198
61 48 430



 

Appendix V

Chemical analysis of the solutions in contact with the illitic clay from Massif Central

concentrationa

a first values are averaged values, the values inside the brackets indicates the standard error 
of the mean of the last digits; the value after the semicolon is that of the sample with the 
highest clay content

contact time

 [mM]  45 days 90 days 120 days 150 days 180 days

Na [mM] 0.2 (0) 0.2 (0) 0.35 0.40 0.44

K [mM] 2.3 (0) 3.0 (3) 4.85 5.81 6.60

Ca [mM] 20.2 (4) 19.3 (1) 18.4 18.4 19.4

Mg [µM] 46 (29) 3 (1); 29 5 3 70

Sr [µM] 103 (0) 93 (10) 147 155 155

Al [µM] 86 88 (3); 259 42 42 235

Fe [µM] 30 (18) 2 (0); 23 3 3 44

Si [µM] 137 64 (9); 303 92 56 456

Chemical analysis of the solutions in contact with the kaolin China Clay

concentration contact time

 [mM] 45 days 90 days 120 days 150 days 180 days

Na [mM] 1.5 (0) 2.7 (8) 1.51 1.58 1.4 (1)

K [mM] 0.9 (0) 1.5 (3) 1.31 1.40 0.9 (1)

Ca [mM] 20.2 (2) 21.3 (5) 19.6 19.5 21.1 (9)

Mg [µM] 3 (2) 3 (1) 11 4 31 (17)

Sr [µM] 84 (0) 69 (11) 150 152 167 (33)

Al [µM]
345 (0) 359 (69) 1063 390 305 (80); 

1751

Fe [µM] 2 (0) 5 (1) 10 2 3 (1); 17

Si [µM]
203 (4) 177 (59) 831 293 810 (84); 

3505



Appendix VI

 

Consumption of China Clay oxides and CaO from CH in China Clay-lime mixtures at varying 
water to solid, varying lime to clay ratios and also different hydration times

mineral oxides used per ignited 
mass [g/100g]

Initial amount of 
minerals
[g/100mL]

content
[%] oxideclay CaOCH

hydration 
time 
[days] clay CH  CaOCH TA extract XRD TA

48 10 5 30.6 4.4 8.5 6.1

48 10 5 30.6 4.7 12.0 6.6

96 39 13 22.7 4.9 8.2 11.3 7.0

96 39 13 22.7 4.8 10.1 6.8

91 24 8 22.7 5.6 8.7 7.7

91 12 4 22.7 5.2 7.8 7.3

91 9 3 22.7 5.0 10.2 6.8

91 6 2 22.7 4.3 10.0 6.3

125 9 9 46.8 4.8 8.0 13.0 6.7

166 9 9 46.8 6.2 8.0 10.8 8.6

182 39 26 37.0 7.2 7.9 14.3 10.1

182 6 14 67.3 8.1 15.7 11.1

182 6 9 56.9 7.2 8.8 12.0 9.8

182 6 4 37.0 7.4 11.2 12.9 10.4



 

Appendix VII

Consumption of Volclay oxides and CaO from CH in Volclay-lime mixtures at varying water to 
solid, varying lime to clay ratios and also different hydration times (data in the upper part of the 
table are reported for the Ca-form, in the lower part for the pristine Volclay)

mineral oxides used per ignited 
mass [g/100g]

Initial amount of 
minerals
[g/100mL]

content
[%] oxideVolclay CaOCH

hydration 
time 
[days] Ca-clay CH CaOCH TA extract XRD TA

48 10 5 30.8 7.1 16.8

48 10 5 30.8 6.5 14.6

93 40 20 30.8 8.3 6.2 20.6 20.6

93 20 10 30.8 8.1 17.2 20.6

93 10 5 30.8 7.8 6.1 18.2 20.2

93 6 3 30.8 8.4 5.7 18.3 21.7

125 6 10 59.7 7.2 10.3 20.1 18.0

166 6 10 59.7 7.7 5.1 16.3 18.9

182 6 10 59.7 8.8 23.1 22.4

clay

97 6 13 65.6 7.8 19.7

97 6 10 59.5 7.9 19.5 19.8

97 6 5 42.3 7.8 21.2 19.1

97 6 4 37.0 7.9 18.4 20.1

95 39 13 22.7 7.8 8.9 19.8 20.6

95 15 5 22.7 7.8 8.4 20.2 21.2

97 12 4 22.7 7.7 20.6 22.6

97 9 3 22.7 7.9 20.6 22.9

97 7.5 2.5 22.7 7.9 20.6 23.4

95 6 2 22.7 7.8 10.2 20.7 23.7

182 39 39 46.8 7.8 4.1 23.4 18.8

182 15 15 46.8 7.9 6.8 22.1



Appendix VIII

 

Consumption of Illite oxides and CaO from CH in Illite-lime mixtures at varying water to solid, 
varying lime to clay ratios and also different hydration times

mineral oxides used per ignited 
mass [g/100g]

Initial amount of 
minerals [g/100mL]

content 
[%] oxideclay CaOCH

hydration 
time 
[days] clay CH CaOCH TA extract XRD TA

48 10 5 29.6 10.4 8.3 10.5

93 6 2 21.9 10.2 10.5 8.9 9.5

93 6 2 21.9 9.6 9.3

93 9 3 21.9 8.8 8.8

93 9 3 21.9 9.1 8.7

93 12 4 21.9 5.6

93 15 5 21.9 10.4 9.7

93 24 8 21.9 9.2 9.1

93 39 13 21.9 9.0 9.5 8.0 9.1

125 9 9 45.7 12.5 10.2 11.9

166 9 9 45.7 12.2 11.3 11.5





Curriculum Vitae

Christian Müller

1969 born in Esslingen (Germany)

1980-1989 High School Schelztorgymnasium Esslingen

1989-1990 Civil Service in Stetten im Remstal

1991-1993 Restorer for archeological objects in Schwäbisch Gmünd and Karlsruhe

1993-1997 Studies in Mineralogy at the University of Karlsruhe

1997-1999 Studies in Water Chemistry and Earth Sciences at the ETH Zurich

1999-2000 Diploma Thesis at the EAWAG, ETH Zürich

2000-2002 Scientific Assistant at the IGT, ETH Zurich

2002-2005 Ph.D. Thesis at the IGT, ETH Zurich



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




