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Abstract

The aimed reduction of carbon dioxide emission resulting from cement production requires an
increasing substitution of cement clinker by supplementary cementitious materials (SCMs).
The group of materials that holds the greatest potential in serving this demand are calcined
clays, which therefore attracted much attention from researchers during the past decade.
However, the great diversity of clay resources together with their mineralogical complexity on
the one hand and open questions regarding their impact on hydration mechanisms on the
other, are still factors preventing a more widespread use. This thesis therefore aims at
improving the knowledge concerning the influence of clay mineralogy on the pozzolanic
reactivity and the mechanisms regarding the impact of calcined clays on the early cement
hydration.

The first part of the work presents an evaluation of methods for the characterization and
reactivity assessment of common clays that are available as raw materials for calcined clays.
While a major part of previous studies focused on kaolinitic clays, this study also includes
common clays dominated by 2:1 cay minerals. A multiple-technique approach comprising
guantitative XRD analysis implementing structure models that consider different types of
disorder, complemented by thermal analysis and infrared spectroscopy, enables a reliable
mineralogical characterization of the raw clays. The influence of 2:1 clay minerals on the
pozzolanic reactivity is clearly verified while stacking disorder in kaolinite influences the rate of
heat development but not the cumulative heat during R3 test. Solubility measurements of
aluminum and silicon and R3-test provide consistent results and are proven to be suitable for
the assessment of common clays in a wide range of mineralogical compositions.

The second part of the work deals with the influence of calcined clays on early cement
hydration, with a special focus on the aluminate reaction. Investigations in a CsA model system
containing calcium sulfate allow the examination of their exclusive impact on the early
aluminate reaction. Calcined kaolinite and illite are shown to drastically accelerate the CsA
dissolution and the associated ettringite formation, while limestone does not. This observation
is related to a preferable adsorption of calcium and sulfate ions or ion pair complexes onto the
surface of the calcined clay minerals, which is strongly related to their surface charge and area.

The acceleration of the aluminate reaction in a blended Portland limestone cement is attributed
to the same mechanisms so that previously produced theories based on the SCM’s alumina
content or accelerated C-S-H precipitation through the filler effect have to be extended by
direct ion adsorption onto calcined clays. The filler effect of calcined clays is lower than it would
be expected based on their large specific surface area in comparison to limestone. The
influence of aluminum ions provided by the metakaolin is considered minor with regard to the
acceleration of sulfate depletion but enhances the sulfate requirement for a proper resulfation
of blended cement. This effect is most evident in the CsA model system.

The new findings can improve the assessment of potential raw materials for the production of
calcined clays and increase the knowledge required for an optimal mix design of calcined clay
blended cement.
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Kurzfassung

Calcinierte Tone gelten als die aussichtsreichsten Kandidaten, um die steigende Nachfrage
nach Zementersatzstoffen im Zuge der CO:-Reduktionsstrategie der Zementindustrie zu
bedienen. Da Tone aufgrund ihrer diversen mineralogischen Zusammensetzung ein breites
Spektrum an Eigenschaften aufweisen, stellen die Bewertung der Reaktivitdit und der
veranderten Reaktionsmechanismen in zementaren Systemen eine grof3e Herausforderung
dar. Die vorliegende Arbeit zielt ab auf ein verbessertes Verstandnis der Zusammenhénge
zwischen Tonmineralogie und puzzolaner Reaktivitdt sowie der Mechanismen, welche den
Einfluss calcinierter Tone auf die frihe Zementhydratation erklaren.

Im ersten Teil der Arbeit werden Methoden fiir die Charakterisierung und Beurteilung der
Reaktivitat von potentiellen Rohstoffen fur die Produktion calcinierter Tone evaluiert. Wahrend
sich ein Grof3teil friherer Studien auf kaolinitische Tone konzentrierte, umfasst diese Studie
auch Tonvorkommen mit hohen Anteilen an Dreischichttonmineralen. Die Anwendung von
gquantitativer XRD-Analyse unter Verwendung von Strukturmodellen fur fehlgeordnete
Tonminerale liefert, erganzt durch Thermoanalyse und Infrarotspektroskopie, eine
zuverlassige und umfangliche mineralogische Charakterisierung der Rohtone. Der Einfluss
von 2:1-Tonmineralen auf die puzzolane Reaktivitat wird eindeutig nachgewiesen, wéahrend
der Fehlordnungsgrad in Kaolinit vor allem die Geschwindigkeit der Warmeentwicklung, nicht
aber die Gesamtwarme wahrend des R3-Tests beeinflusst. Die Bestimmung der Loéslichkeit
von Aluminium und Silizium und der R3-Test liefern konsistente Ergebnisse und eignen sich
nachweislich fir die Bewertung von Tonen mit einem breiten Spektrum an mineralogischer
Zusammensetzungen.

Der zweite Teil der Arbeit befasst sich mit dem Einfluss von calcinierten Tonen auf die frihe
Zementhydratation, wobei der Schwerpunkt auf der aluminatischen Reaktion liegt. Die
Entwicklung eines CsA Modellsystems ermdglicht die Untersuchung der Auswirkungen
ausschlief3lich auf die frihe aluminatische Reaktion. Es zeigt sich, dass die Auflosung von
CsA und die damit einhergehende Ettringitbildung durch calcinierten kaolinitischen und
illitischen Ton gleichermal3en beschleunigt wird, wahrend dies flr Calcit nicht beobachtet wird.
Diese Mechanismen werden einer bevorzugten Adsorption von Calcium- und Sulfationen oder
lonenpaarkomplexen auf der negativ geladenen Oberflache der calcinierten Tonminerale
zugewiesen. Die  Beschleunigung der aluminatischen  Reaktion in  einem
Portlandkalksteinzement, substituiert mit 30 % calciniertem Ton, bestétigt die im Modellsystem
beschriebenen Mechanismen. Theorien aus vorangehenden Studien, welche auf dem
Aluminiumgehalt des SCM oder der beschleunigten C-S-H-Bildung basieren, missen somit
um die direkte Adsorption von Sulfat auf den Oberflachen calcinierter Tone erweitert werden.
Der Einfluss von zusatzlichem Aluminium aus dem Metakaolin wird im Hinblick auf die
Beschleunigung der Sulfattrdgerauflosung als gering eingestuft, erhdht jedoch den
Sulfatbedarf flr eine optimale Resulfatisierung des Zements. Dieser Effekt zeigt sich am
deutlichsten im C3:A Modellsystem.

Die Erkenntnisse dieser Arbeit ermdglichen eine systematische Bewertung potentieller
Rohstoffe fur die Herstellung calcinierter Tone. Ferner liefern sie wichtige Grundlagen fur die
gezielte Einstellung der Eigenschaften von Kompositzementen mit calcinierten Tonen.
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Cement chemistry notation

O WMITIT>W0NO

CaO
SiO;
AlO3
Fe O3
H.O
SOs
CO;

Cement phase notation

CsS

C.S

Cs3A
C.AF
C-S-H
C-A-S-H
CAH

CH
CsACH11
CsAcosH115
Cs3AHs
CS
CSHos
CSH>
AS,

Tricalcium silicate (alite)

Dicalcium silicate (belite)
Tricalcium aluminate

Tetracalcium aluminoferrite
Calcium silicate hydrate

Calcium aluminum silicate hydrate
Calcium aluminate hydrate
Calcium hydroxide (portlandite)
Monocarboaluminate (AFm-Mc)
Hemicarboaluminate (AFm-Hc)
Monosulfoaluminate (AFmM-Ms)
Ettringite (AFt)

Hydrogarnet (katoite)

Calcium sulfate (anhydrite)
Calcium sulfate hemihydrate (bassanite)
Calcium sulfate dihydrate (gypsum)
Metakaolin

Methods abbreviations

ATR
BET
FTIR
(hkl)
ICP-OES
TG/DTG
PSD

R3

SEM
SSA
XRD

Attenuated total reflection

Specific surface area after Brunauer, Emmett and Teller
Fourier transformed infrared spectroscopy

Miller indices

Inductively coupled plasma optical emission spectrometry
Thermogravimetry / differential thermogravimetry
Particle size distribution

R3 reactivity test

Scanning electron microscopy

Specific surface area

X-ray diffraction

Other abbreviations

AGFI
CC

Cl

CKc
CKf

di

DoH
FWHM
LC3

Aparicio-Galan-Ferrell index
Calcined clay

Calcined illitic clay

Calcined coarse kaolinitic clay
Calcined fine kaolinitic clay
Dioctahedral

Degree of hydration

Full width at half maximum
Limestone calcined clay cement
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LS Limestone

uLS Micro limestone

MK Metakaolin

OPC Ordinary portland cement

Po FTIR-based index for degree of disorder in kaolinite

PLC Portland limestone cement

SCM Supplementary cementitious material

tri Trioctahedral

wit% Percentage by weight

g

Layer charge
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1 Introduction
1.1 Background

Concrete is the most manufactured product on earth on a volumetric scale [1]. Cement, the
commonly used binder in concrete, is currently produced in a quantity of 4 gigatonnes (GT)
per year [2]. Neither common construction materials can be increased in a quantity that would
be sufficient to replace a major part of currently used concrete, nor alternative clinker or binder
are believed to replace a significant amount of cement in the short- or mid-term [3]. For this
reason, and in the face of the huge demand for building materials in emerging countries,
cement production is expected to further increase between 12 and 23 % by 2050 [1]. The
production of one ton of Portland cement clinker generates about 0.84 tons of CO, on average,
of which about two thirds are ascribed to limestone decomposition [3]. Since cement producers
are therefore currently responsible for about 6 — 7 % of global anthropogenic CO2 emissions
[4], their sense of urgency is obvious with regards to the goal of greenhouse gas neutrality by
2050. In order to meet this obligation, cement industry focuses on different strategies, following
the technology roadmap provided by the International Energy Agency (IEA) [1]. One of them
is the implementation of carbon capture, usage and storage technology (CCUS), which is
however considered as a mid-till-long-term solution and, due to the high expense, the least
favored option.

The short-term solution with the greatest potential of CO, mitigation is a further reduction of
the clinker content in cement. Until today, this was achieved for the most part by using two
groups of industrial side streams as supplementary cementitious materials (SCMs) [5]: fly ash
from coal combustion and ground granulated blast furnace slag from pig iron production. As
the availability of these materials is going to decline or even disappear in a carbon neutral
economy, there is an urgent need for alternatives.

The only suitable materials, which are available in a sufficient quantity during the next decades
are natural fillers (e.g. limestone powder) or calcined clays. While the replacement of cement
through limestone powder or other fillers is limited concerning strength and durability, the
implementation of calcined clays alone or in combination with limestone can provide significant
contribution to strength development by densifying the microstructure [6, 7]. Even though a
strong focus of the cement research community on this subject has increased knowledge
regarding reactivity assessment and reaction mechanisms of calcined clays in cementitious
systems dramatically during the past decade (e.g. [8-11]), there are still important gaps to be
closed.

These include on the one hand the suitability of available resources of common clays as SCMs
and appropriate assessment methods. This issue is addressed in the first part of the thesis,
where clays from geologically diverse deposits are extensively characterized concerning their
mineralogical composition and assessed regarding their pozzolanic reactivity. On the other
hand, the influence of calcined clays on the early hydration of blended cements, which is still
considered as one of their challenges, is not yet completely understood. This concerns
especially the aluminate clinker reaction, which is significantly altered in the presence of
calcined clay minerals, particularly metakaolin. Consequently, the second and major part of
this thesis focusses on the mechanisms that influence the Cs;A hydration in calcined clay
blended cementitious systems.
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1.2 Objective of the thesis

The general objective of this thesis is to improve the understanding of suitability of common
clay resources as raw materials for the production of calcined clays as SCM on the one hand,
and on the other to gather further insights into the influence of calcined clays on the early
cement hydration, with focus on the aluminate reaction. Therefore, the following research
questions were addressed:

1. How is the pozzolanic reactivity after calcination linked to the mineralogical characteristics
of the raw clays?

2. Which methods are suitable to assess these parameters?

How do different types of calcined clays influence the hydration of the clinker phases in
blended cement?

4. What are the mechanisms behind the accelerated aluminate reaction and the associated
increased sulfate demand in calcined clay blended cement?

These questions were processed in three peer-reviewed journal papers that are provided in
chapter 8. The main outcomes of these papers are discussed in chapter 4.
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2 State of knowledge
2.1 Clays
2.1.1 Definition and classification of clays

The definition of the term clay has been widely discussed throughout the past, however, today
most clay scientists unite behind the definition proposed by the “Association International pour
'Etude des Argiles” (AIPEA) and the “Clay Mineral Society” (CMS) [12]. They define clay as
“naturally occurring material composed primarily of fine-grained minerals, which is generally
plastic at appropriate water contents and will harden when dried or fired”. This definition is
mainly based on the technical properties that make clays very suitable raw materials for the
production of ceramics. In the field of soil science, the term clay is applied to classify the size
fraction smaller than 2 pum [13] or the fraction between 1 and 4 pm according to the Wentworth
scale [14].

Clays are usually composed of clay minerals and non-clay minerals. The latter are either non-
weathered residual minerals, such as quartz, micas or feldspars, newly formed minerals like
calcite, dolomite, siderite or pyrite, or weathering products which do not belong to the group of
clay minerals, e.g. goethite and hematite. The term clay mineral is used for the hydrated
phyllosilicates that give clays their characteristic properties that are specified in the definition
of clay [12, 15].

The classification of clay types is manifold and can be applied based on the dominant clay
minerals, the geological formation, the technical application or other properties [16]. Clays that
are considered as potential SCM are usually divided into kaolinitic clays (low and high grade),
common clays or illitic clays and bentonites or smectitic clays [17, 18].

2.1.2 Formation and occurrence of clay deposits

Clays make up the major part of sedimentary rocks [19], as they represent the products of the
weathering process of rockforming silicates. This explains their geological abundance and
world wide availability. The geological setting for the genesis of clay deposits can be diverse.
The formation of clay deposits generally starts with the physical degradation and chemical
dissolution of the primary minerals [20]. A principal distinction can be made in primary clay
deposits, where the newly formed clay minerals stay at the position of formation, and
secondary clay deposits, where the clays go through the processes of erosion, transportation
and sedimentation. These processes can cause segregation of the various clay minerals as
well as mixing with other minerals or uptake of alkalis [21]. The kind of clay mineral formed
depends on the primary rocks, climatic conditions, pH and vegetation at the time of formation
on the other hand. The climatic areas with the highest clay formation rates are the Taiga-
podsol-zone and the Tropic forest zone [22]. In the latter, the weathering mantle can reach a
thickness up to 120 m. The described formation processes result in a diverse and heterogenic
distribution and composition of clay deposits over the globe, which was comprehensively
visualized by Ito and Wagai [23] (Figure 1).
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Figure 1 Global distribution of clay-sized mineral groups in the top- and subsoil (modified

after Ito & Wagai [23])

In the case of Germany, the distribution of clay resources is provided by the map of mineral
resources of Germany [24]. This map was combined with the geological map of Germany [25]
and supplemented by active clay pits and cement plants in Figure 2 [26]. This presentation can
help to identify possible resources for the production of calcined clay blended cements on the
basis of existing clay pits or potential clay deposits.
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2.1.3 Structural characterization of clay minerals

Clay minerals belong to the group of phyllosilicates. The basic structural unit of phyllosilicates
is a continuous sheet of corner-linked tetrahedrons (Figure 3a). The center of the tetrahedron
is usually occupied by Si** cations, which can be substituted by AI** or less frequently by Fe®*
[27]. These cations are coordinated by four oxygen atoms. The basal oxygen atoms connect
the tetrahedrons while the apical ones are oriented towards an octahedral sheet and are
shared with the octahedrally coordinated cation [28]. The center of the octahedron can be
occupied by a range of cations, among which the most common are AI®*, Fe®*, Mg?*, and Fe?*
[29]. The octahedral sheet is connected via shared edges (Figure 3b). Octahedrons can occur
in cis- and trans-orientation, depending on the position of the hydroxyl (OH) groups. Different
types of phyllosilicates can be distinguished concerning the arrangement of the single sheets.
In the 1:1 layer type (one tetrahedral and one octahedral sheet: T-O), one side of the
octahedral layer is connected to the apical oxygen atoms of the tetrahedral sheet, while the
other side is occupied by OH groups. The 2:1 layer type (T-O-T) is characterized by a second
sheet of tetrahedrons connected by their apical oxygen atoms with the other side of the
octahedron.

a)

Figure 3 The basic structural components of clay minerals: a) a sheet of corner-linked
tetrahedra, where the red spheres represent oxygen atoms and the sphere in the center of the
tetrahedra show silicon atoms and b) the edge-sharing octahedral sheet with a six-fold
cordinated cation (e.g. AB*) in the center of the octahedra. The figures were drawn using the
VESTA software on the basis of the kaolinite structure model [30].

The layer types are further differentiated into groups, based on their layer charge, and into
subgroups, based on the occupation of the octahedral position [28] (Table 1). Layers in clay
minerals are either neutral or negatively charged. A negative layer charge is induced by
vacancies or isomorphic substitutions in the tetrahedral (e.g. AP* for Si**) or octahedral sites
[29]. The layer charge is a characteristic value for 2:1 clay minerals and responsible for
important properties. In dioctahedral clay minerals the octahedral positions are occupied by
trivalent cations (e.g. AP* or Fe®*) so that a neutral layer charge requires the occupation of two
out of three sites. Trioctahedral layers are characterized by divalent cations (e.g. Mg?* or Fe?")
which occupy three out of three positions [28].

The T-O or T-O-T layers form stacks in which the space between the single layers is referred
to as interlayer. The interlayer distance is another characteristic attribute of clay minerals also
termed as basal spacing. In the case of electric neutral layers, the interlayer space is usually
empty. If the layer is negatively charged, an occupation of the interlayer by cations is required
for charge compensation [18]. In swellable clay minerals these cations can reach variable
hydration states that induce a change in the interlayer distance. In the case of chlorite group
(2:1:1 clay minerals), the interlayer is occupied by an additional octahedral sheet.
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Table 1 Classification of clay minerals, revised and shortened following [16] (¢ = layer charge)

Layer Group Subgroup/ Species (examples) Interlayer
type octahedral cation
character
11 Serpentine- Serpentine (tr) Chrysaotile, antigorite
T-O kaolin (§=0)  Kaolin (di) Kaolinite, halloysite
2:1 Talc- Talc (tr) Talc
T-O-T pyrophyllite  pyrophyliite (di)  Pyrophyliite
(€=0)
Smectite Smectite (tr) Saponite Na*, Ca?*,
(§=0.2-0.6) Smectite (di) Montmorillonite Mg*", (K", AP,
Fe2+/3+’ H30+)
hydrated
Vermiculite Vermiculite (tr, Mg?*, Ca?*
(€=0.6-0.9) di) hydrated
Interlayer Interlayer lllite, glauconite K*, HsO* (Na*,
deficient mica deficient mica Ca?*) non-
(¢=0.6-0.85) (tr, di) hydrated
Mica Mica (tr, di) Biotite K* (Na")
(6~0.9-1.0) Muscovite (>50%)

non-hydrated

An arrangement of the layers in various sequences can generate different polytypes of one
clay mineral. In many naturally occurring clay minerals, the crystal structure can furthermore
possess a certain degree of disorder due to stacking faults or in the form of turbostratic
disorder. Furthermore, structurally similar minerals, e.g. illite and smectite, can occur as
mixed-layer clay minerals, resulting from interstratification of their layers in more or less
ordered sequences [31].

2.1.4 Thermal treatment of clay minerals

During heating of clay minerals, three main reaction processes can take place: dehydration up
to 300 °C, dehydroxylation between 400 and 900 °C, and formation of new crystalline phases
at temperatures of 800 °C and higher [17]. While especially the second process is desired in
order to receive reactive phases, the latter should be avoided, as the formation of crystalline
or glass phases usually goes along with loss of reactivity [32, 33], as illustrated in Figure 4. An
overview of reactions that can take place during heating of a common clay is given in Table 2.
Concerning the optimum activation temperature, one has to differentiate between the different
clay minerals. The following equations describe the dehydroxylation reactions in kaolinite, as
an example for a 1:1 clay mineral (1), and illite, as an example of a 2:1 clay mineral (2):

A|4Si4010(OH)8 — AlSisOn + 4 Hon (1)

Ko.65Al2.0Al0.65Si3.35010(OH)2 — Ko.5Al2.0Al0.65Si3.35011 + H201 (2)
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Table 2 Typical reactions taking place during the thermal treatment of common clays and their
respective temperature range [34]

Temperature Enthalpy Reaction

80 —225°C Endothermal  Evaporation of free water and dehydration of clay minerals
220-450°C Exothermal Combustion of highly volatile organics

225-450°C Endothermal Decomposition of hydroxides

380 -420°C Exothermal Decomposition of pyrite

450 -700°C Exothermal Combustion of low-volatile organics

400 - 850 °C Endothermal Dehydroxylation of clay minerals

650 — 850 °C Endothermal Decomposition of carbonates

> 850 °C Exothermal Formation of new crystalline phases

The gain of pozzolanic reactivity through calcination results from a change of coordination of
Al and Si due to the loss of OH groups. This can be followed by 2’Al NMR before and after
calcination. In kaolinite, the coordination changes from Al to Al® and Al as a consequence
of the release of OH-groups that were initially bound to the Al [35]. In the FTIR spectra, this is
indicated by a disappearance of the OH stretching bands and Al-OH bands [36]. Dietel et al.
[37] observed for a common clay containing about 50 wt% 2:1 clay minerals and 12 wt%
kaolinite a continuous shift from Al via Al to A, While Al®! reached a maximum at 650 °C,
it decreased with elevating temperature and disappeared at 925 °C. This went along with a
renewed increase of Al due to formation of crystalline phases. The Al in five-folded
coordination reveals a preferential dissolution under alkaline conditions, which can explain the
high reactivity of metakaolin [32]. The silicon environments change from Q3 sites in the intact
silicate sheets to a range of different environments from Q!-Q* that is typical for a strongly
disordered material [38]. This is also apparent from the change of FTIR spectra after
dehydroxylation, where characteristic sharp Si-O adsorption bands merge to a broad single
band representing amorphous SiO; [36]. In the case of kaolinite, the dehydroxylation induces
the loss of long range order, which can be revealed by disappearance of the characteristic
bragg reflections and the occurrence of an amorphous hump in the diffractograms.

Crystalline Sintering and
structure recrystallization
2| with hydroxyl - Low reactivity
2| groups
S| > Low Dehydroxylated
&} reactivity ang%?gl?tl))us
structure
- High
reactivity

Calcination temperature

Figure 4 Simplified illustration of the course of the calcined clay’s pozzolanic reactivity as a
function of calcination temperature (Modified after [39]).
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That is why metakaolin is considered as an amorphous material, while it is important to state
that it differs fundamentally from glassy amorphous materials such as fly ash. At temperatures
above 900 °C, the crystallization of a cubic spinel-type phase sets in, which subsequently
reacts to mullite. The recrystallization process marks a significant decrease in the material’s
pozzolanic reactivity. The dehydroxylation peak temperature of kaolinite depends on the
degree of disorder in the kaolinite structure and can vary between 500 and 600 °C. Disordered
kaolinite favors the diffusion of hydroxyls due to a mismatch between the layers, which leads
to an accelerated dehydroxylation [40]. In 2:1 clay minerals, the loss of OH groups is a more
diverse process. Swellable 2:1 clay minerals (e.g. smectites or illite-smectite mixed layer
minerals) lose their interlayer water usually below 200 °C. Even though this process has an
influence on the crystal structure by reducing the interlayer distance in (00l)-direction, it must
be differentiated from the dehydroxylation process, which induces change of coordination of
Si and Al sites. The dehydroxylation of 2:1 clay minerals can vary in a wide temperature range
[41] and depends on the interlayer cation, the octahedral cations as well as trans- and cis-
vacancies in the octahedral sheet [42].

2.1.5 Properties of (calcined) clay particles in suspensions

The properties of clay suspensions are profoundly studied, as they are the basis for a variety
of ceramic forming processes [43, p. 568 ff.]. However, lack of data exists concerning the
behavior of dehydroxylated clay minerals in aqueous suspensions. When applied as SCMs,
the surface properties of calcined clays are of great significance regarding the interaction with
the cementitious pore solution. This is why the knowledge about the reactions at the interface
between solid surfaces and the liquid phase in raw clay suspensions shall be reviewed here in
order to discuss possible mechanisms in calcined clay systems.

When oxides are dispersed in water, they usually reveal a pH-dependent, variable electric
surface charge due to unsaturated bonds at the particle surface [43, p. 568 f.]. In clay minerals,
isomorphous substitutions in the tetrahedral and octahedral sheet additionally induce a
permanent surface charge in the siloxane surface. This surface is present on both basal planes
of 2:1 clay minerals and on the tetrahedral side of 1:1 clay minerals (silica facet) [44]. The
gibbsite facet, which is the hydroxide surface of the octahedral sheet in 1:1 clay minerals,
possesses a negative surface charge at a pH above 7 [45]. Clay minerals therefore reveal a
permanent charge on the basal planes and a variable charge on the edges.

In aqueous suspensions, charged particles are surrounded by dissolved ions. The charged
particle surface attracts ions with contrary charge that form a rigidly attached layer, the
so-called Stern-layer [43, p. 572]. This layer is in turn surrounded by the diffuse layer, which is
built up by co- and counter-ions, where the concentration of the latter decreases with the
distance from the charged surface [46]. When a suspended particle is in motion, a shear plane
evolves between the Stern layer and the diffuse layer. The charge potential between the shear
plane and the diffuse layer can be measured directly and is specified as zeta potential (),
which is often used as approximation for the charge potential of the particle surface [46]. The
zeta potential of clay minerals is known to be strongly negative under alkaline conditions, while
the presence of Ca?* induces a rapid charge reversal due to adsorption onto the surfaces of
the clay particles. This charge reversal was also measured in synthetic pore solution [47]. The
shift of an initially strongly negative zeta potential at a pH above 12 to less negative or positive
values as a result of Ca-adsorption was also proved for calcined clays [48-50]. Since several
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studies emphasized the role of ion adsorption during Portland cement hydration [51-53], the
described behavior of calcined clays needs to be addressed, when discussing their impact on
cement hydration.

2.1.6 Particle characteristics of clay minerals

A clay mineral particle is generally formed by an assemblage of several layers. In the case of
kaolinite, stacks between 70 and 200 layers are assumed to build up an average patrticle,
based on the typical crystal thickness and the thickness of an individual layer [54]. Bergaya
and Lagaly [16] recommended to use the term particle for an assembly of layers and the term
aggregate for an assembly of particles. The particles and aggregates in clays can arrange in
various ways, leading to different types of available spaces (Figure 5). The specific surface
area (SSA) as determined by the BET method therefore represents to a large part internal
surfaces. These internal surfaces can appear in the form of interparticle and interaggregate
space, while the interlayer space is usually not accessible for N> molecules [55]. This is one
reason, why there is no clear correlation between SSA and particle size distribution, since it is
difficult to dissolve all pores and interparticle spaces before and during measurement. Apart
from that, assessment of particle size of clays is a challenge itself, since the assumption of
spherical particles, on which most established methods (laser diffraction, sedimentation) are
built up, does not apply for clay particles and therefore calculated equivalent diameters differ
significantly from the true particle dimensions [56]. There are furthermore methodical
differences, so that clay minerals are interpreted larger by laser diffraction compared to
methods based on sedimentation [57].

a) Layer c) Aggregate d) Assambly of Aggregates

[

Y
)
7

Interparticle g:;aeg(%roer%?te
b) Particle space
[—
|:|< Interlayer // /
space _
| — %
Figure 5 Simplified illustration of the arrangement of clay layers (a) to form particles (b),

aggregates (c) and assamblies of aggregates (d), leading to different kinds of pores in clays
(redrawn after [16]).
Typical values for the SSA of common clay minerals are 10— 20 m?/g for kaolinite,
50 — 100 m?/g for illite and 10 — 800 m3/g for montmorillonite [58]. The surface area decreases
significantly during thermal treatment of 2:1 clay minerals while it is nearly unaffected for
kaolinite up to the recrystallization temperature.

2.1.7 Mineralogical characterization of clays by X-ray powder diffraction

A comprehensive overview of the methods for characterization of clay resources is given by
RILEM Technical Committee 282-CCL [59]. The most important and widespread method
applied for the mineralogical analysis of clays is X-ray powder diffraction. This method is
mandatory when aiming at quantitative phase analyses of clays, but may well be supplemented
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by further methods. Clays belong to the most challenging materials to be studied by XRD, due
to their complex structures that often possess a certain degree of disorder. However,
significant progress has been made during the past decades [60]. A special sample
preparation, which includes size fractioning and preparation of texture specimen of the smaller
2 um fraction that are measured in air dried condition and after ethylene glycole treatment, is
compulsory for a correct mineral identification. Quantification can be carried out on powder
diffractograms from the bulk samples. Rietveld refinement is the most common method, while
it includes some difficulties associated with clay minerals’ nature. The first one is the preferred
orientation of clay minerals along the (00I) lattice plane that causes increased intensities of the
(00l) reflections. This can be reduced by special sample preparation techniques as side
loading, or even more sophisticated, spray drying [61]. Furthermore, a correction during
Rietveld refinement is possible through the March-Dollase model [62] or by algorithms using
spherical harmonics functions [63]. There have been different approaches for modelling
strongly disordered structures with the goal of their quantification. One quite successful
approach is the full-pattern summation of X-ray powder diffraction data [64]. In this approach,
pure mineral standards are measured and their diffractograms are fitted to the diffractograms
of the investigated sample. This method, however, requires a large amount of pure mineral
standards as well as an elimination of preferred orientation as far as possible. The second
approach, Rietveld refinement, does not require the collection of a database of pure reference
materials, but is able to calculate the diffractogram based on structural and instrumental
parameters [65, 66]. Its drawback is however that common structural models are unable to
implement defects or interstratification. Nevertheless, progress has been made in modelling
these kinds of disturbed crystalline structures [67-70] and implementation in common program
codes, e.g. Profex-BGMN [71, 72] or TOPAS [73] enables their quantification. Furthermore,
also the PONKCS approach [74] can be applied successfully for modelling strongly disordered
phases during Rietveld refinement, as has already been shown by Taylor and Matulis [75],
long before the method became popular for quantifying amorphous phases. Lorentz et al. [76]
revealed that the stacking faults in kaolinite can be adequately modeled by using a combination
of kaolinite, nacrite and dickite structures. Apart from quantitative analysis, XRD is also
capable of defining the degree of disorder in kaolinite based on different established indexes,
e.g. Hinckley index [77] or Aparicio-Galan-Ferrell index (AGFI) [78].

2.2 Portland cement hydration
2.2.1 Cement hydration in general

During the past decade, enormous progress in experimental methods and evaluation routines
on the one hand and thermodynamic modelling on the other have improved the understanding
of Portland cement hydration enormously. As soon as the complex multiphase mixture
Portland cement gets in contact with water, different chemical and physical processes start to
run off in parallel. These processes involve dissolution, diffusion, nucleation, growth,
complexation and adsorption [79]. Based on the heat development (Figure 6), the early
hydration of Portland cement can be divided into different phases. Immediately after mixing, a
short and intense heat flow peak appears. During this period, an initial dissolution of the clinker
phases - specifically CsS and Cs:A - and sulfates takes place together with a coincident
precipitation of ettringite [79, 80]. A rapid slowdown of reaction initiates the so-called “induction
period®, which however can be rather recognized as a short minimum in the heat flow curve.
The mechanisms behind this slowdown of hydration have been heavily debated among the
cement research community during the past decades [81]. The two maost popular theories can
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be referred to as the “protective layer (membrane) theory” and the “geochemical (dissolution
controlled) theory” [82, 83]. The “protective layer theory” describes the formation of an early
hydration product on the surface of the Cs3S grains, inhibiting their further dissolution,
comparable to the formerly assumed AFt or AFm layer on the surface of CsA. However,
meanwhile most evidence supports the “geochemical theory”, which claims that the induction
period is a consequence of the slowed down CsS dissolution due to a lower degree of
undersaturation as the system approaches equilibrium [82-85]. C-S-H starts to precipitate as
X-ray amorphous, colloidal material [86]. With a temporal offset in relation to the onset of
accelerating period, the short-range ordered C-S-H converts to a long-range ordered C-S-H,
which is detectable by XRD, as described by Bergold et al. [87]. This precipitation coincides
with a significant drop in Ca concentration in the pore solution, which was assigned to a newly
emerging equilibrium corresponding to the solubility product of C-S-H [51]. The strong heat
development during the main period is associated with a rapid dissolution of CsS and
precipitation of C-S-H.
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Figure 6 Exemplary heat flow curve during the early hydration of an ordinary Portland
cement including the shoulder peak corressponding to secondary ettringite precipitation and
the subsequent broad peak representing AFm phase formation (redrawn after [79] and [88].
I: initital period, II: dormant or induction period, Ill: main period, llla: accelerating period,
llib: decelerating period.
In a properly sulfated Portland cement, a second heat flow peak appears during decelerating
period. This peak, which is often rather recognized as a shoulder of the alite peak, corresponds
to the depletion of the solid sulfate carrier [89], which triggers an accelerated ettringite
formation. A third, usually broader peak is associated with the formation of AFm at the expense
of C3A and ettringite or carbonate, if present. The occurrence of deceleration period is often
connected to a change from dissolution- to diffusion-controlled hydration, however, there are
more possible mechanisms to consider, such as consumption of small particles, lack of water
and space and change in the growth mechanism of C-S-H [79].

2.2.2 Aluminate reaction

The hydration of tricalcium aluminate (CsA) in Portland cement is referred to as aluminate
reaction. CsA occurs in cement clinker in the form of two different polymorphs: cubic and
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orthorhombic CsA. The crystal structure depends on the amount of sodium available in the raw
material [90]. Pure C3A crystalizes in the cubic structure. At a substitution level of 2.4 — 3.7 wt%
of Ca?* by Na*, cubic and orthorhombic CsA usually co-exist [91]. This is mostly the case in
common cement clinker. The two polymorphs differ significantly with respect to their dissolution
behavior and hydration kinetics [92, 93]. The reaction of CsA with water results in a strong
exothermic dissolution, immediately followed by a formation of calcium aluminate hydrate
(CAH) phases, which initially precipitate as C4AH19 and C2AHs, or most likely solid solutions or
intercalated mixtures of both [79]. Since these phases are thermodynamically unstable, they
further react to form hydrogarnet (CsAHs) [94]. As the precipitation of the mentioned phases
proceeds rapidly and forms large crystals, it would induce flash set of the cement paste. Hence,
calcium sulfate is added as setting regulator. The retarding effect of calcium sulfate on the CsA
hydration has often been attributed to an ettringite layer that forms a diffusion barrier [95]. This
mechanism was meanwhile refuted by several authors due to two observations: first, the
network of ettringite crystals is too porous to act as a physical barrier against ions [81, 96] and
second, the renewed C3A hydration starts before ettringite is consumed to form AFm phases
[79]. Geng et al. [96] ruled out any diffusion barrier to control the rate of CsA dissolution. Even
though, they provided evidence for a rapidly formed layer of amorphous AFm phases on the
C:sA surface, they could prove that these phases do not act as a diffusion-barrier. Despite the
mechanisms are still matter of debate, evidence was gathered during recent years supporting
the theory of an adsorbed ionic species, resulting from the dissolution of calcium sulfate, that
hinders the further dissolution of C3A [52, 97]. Myers et al. [93] described the formation of an
Al-rich leached layer as a consequence of incongruent dissolution at the CsA/solution interface
and identified the adsorption of Ca-S ion pair complexes onto this layer as the key inhibitor of
CsA dissolution in presence of CaSO, [52]. In this context, it is important to mention that a
retardation by sulfate ions alone does not take place. Liu et al. [98] found, that Na>SO4 only
slightly retards CsA hydration, while CaSQO, (CS) shows a significantly stronger effect and the
strongest retardation is induced by MgSQ.. As long as CS is available for dissolution, the phase
resulting from C3A hydration at ambient conditions is ettringite (CséAS3H32). The precipitation of
ettringite takes place at different rates. A fast initial precipitation is observed shortly after the
mixing with water. The precipitation rate subsequently slows down until the solid sulfate carrier
is depleted. Jansen et al. [51] could show, that the amount of initially dissolved C3A is sufficient
for the ettringite precipitation until this point. Eventually, sulfate gets desorbed from the CsA
surface and ettringite precipitation rate increases again. After all sulfate is bound by ettringite,
monosulfate (CsASH1,) precipitates at the expense of ettringite and the remaining CsA. If
carbonate ions are present in the pore solution, which is the case for cements containing
limestone, ettringite is stabilized and carboaluminates form instead of monosulfate [99].

2.3 Supplementary cementitious materials (SCMs)
2.3.1 Classification of SCMs

SCMs are commonly differentiated into inert, pozzolanic and latent hydraulic materials [100].
This classification however is not always clear, as materials generally classified as inert can
influence cement hydration to different extends and the pozzolanic reaction can differ
significantly between various materials with regard to reaction kinetic and hydrate phase
formation [33]. One can generally distinguish between two principal reaction mechanisms of
SCMsin blended cement: physical effects, which occur for all kinds of materials and are usually
comprised under the term “filler effect” and a chemical contribution through the release of ions,
which contribute to the formation of hydrate phases.
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2.3.2 Reactivity tests for SCMs

A wide range of testing procedures has been developed during the past decades, with the
objective of a fast and reliable assessment of the reactivity of SCMs. According to Snellings
and Scrivener [101], the reactivity of an SCM can be determined based on the following
parameters: consumption of portlandite, reaction degree of the SCM, amount of bound water
and heat release or volume change during the reaction. The most popular tests using the
parameter of portlandite consumption are (modified) Chapelle and Frattini test, of which the
latter is the basis for the current standard DIN EN 196-5 [102]. The drawback of DIN EN 196-
5is, however, that it is not recommended as a quantitative assessment of pozzolanity but only
differentiates between pozzolanic or non-pozzolanic behavior. From this it is also apparent that
the method is not designed for latent hydraulic materials. A round robin organized by RILEM
TC 267-TRM including 11 different SCMs revealed insufficient correlation with 28 days
strength activity index and poor interlaboratory reproducibility of the current standardized
methods [103]. In combination with an increasing use of SCMs, which tend to become more
complex and diverse, raised the need for rapid screening tests, which have the ability to
guantitatively asses and compare the reactivity of SCMs with different reaction mechanisms.
The R3 test, developed by Avet et al. [104], provides the greatest potential in this context, as it
shows a good correlation to 28 days strength and requires a short preparation time together
with a moderate duration of the testing procedure (3 — 7 days) [105]. The method uses a model
system consisting of portlandite and an alkali-sulfate (KOH, K>SQO,) solution. This provides
enough CH for the pozzolanic reaction and a high enough alkalinity to ensure hydration of
latent hydraulic materials. Additionally, calcite is added, in order to provide carbonate ions,
which, in combination with sulfate, ensure an efficient reaction of the aluminum provided by
the SCM. In order to accelerate the reactions, the test is performed at 40 °C. The reactivity can
be assessed either by determination of the bound water or by isothermal calorimetry. Even
though, this test retrieves even after one day quite good correlations with relative strength for
kaolinitic clays, it has been shown that slower SCMs require at least 3, better 7 days. Suraneni
and Weiss [106] proposed a modified R? test that excludes K,SO. and calcite, raises the
temperature to 50 °C and the test duration to 10 days and determines the CH consumption in
addition to the heat release. This allows a differentiation of the SCMs based on their reaction
mechanisms. A more direct way of determining the reactivity is to measure the solubility of
ions, that take part in strength contributing reactions. The measurement of reactive SiO; as a
standardized parameter in DIN EN 197-1 [107] has been proven to be unreliable, especially
regarding the assessment of calcined clays [105, 108]. This can be drawn back, inter alia, to
the neglect of reactive aluminum. Buchwald et al. [109] therefore established a testing
procedure for metakaolin, where 1 g of material is eluted for 20 h in 10 % NaOH solution and
the dissolved Al and Si is measured via ICP-OES. This method was shown to correlate well
with the strength activity index for a clay calcined at different temperatures [6].

2.3.3 Physical reaction mechanisms

The mechanisms behind the filler effect have been studied by several working groups and are
summarized in Figure 7 following the descriptions of Zhang et al. [110]. Besides the hereafter-
explained enhancing effects on the clinker hydration, the replacement of clinker with an inert
SCM reduces the reactivity (e.g. represented by the heat flow) normalized on the whole
system, simply due to the replacement of reactive clinker with less reactive materials [111].
The enhancing effects on the clinker hydration become visible by normalizing the heat flow on
the clinker content.
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Figure 7 Mechanisms explaining the filler effect of SCMs in blended cement (drawn
according to descriptions in [110, 112-114]).

Part of the influence of inert fillers on the clinker hydration can be traced back to the increased
water to clinker ratio [112]. When cement clinker is partly replaced by an inert SCM and the
water to binder ratio remains unchanged, there is more water available for dissolution of clinker
phases and more space for hydrates to precipitate. Furthermore, depending on its fineness
and available surface area, the SCM provides additional nucleation sites for the crystallization
of hydrate phases [113]. Several studies have shown that this effect is strongly controlled by
the type of surface. Limestone, for instance, acts as a more efficient nucleation site compared
to other fillers [113, 115, 116]. A further effect induced by the addition of fine fillers was
revealed by Berodier and Scrivener [114], who could identify a higher shear rate induced by
the reduction of interparticle distance as the mechanism accelerating the dissolution of clinker
phases. Kumar et al. [116] pointed up a correlation between SSA and replacement level of the
SCM with the heat flow rate during CsS hydration.

2.3.4 Chemical reaction mechanisms

Lothenbach et al. [112] named physical effects as the dominating ones during the first day of
hydration, since the chemical reactivity highly depends on the alkalinity of the pore solutions,
which only builds up slowly. However, highly reactive SCM, such as metakaolin or blast furnace
slag (BFS) can reveal significant reaction degrees within one day, as shown in Figure 8 [33] or
by Naber et al. [117] for metakaolin or microsilica. The chemical reactivity of established SCMs
usually originates from amorphous phases, largely composed of SiO. and AlO, tetrahedrons,
which partly dissolve under alkaline conditions [33]. If portlandite is consumed during SCM
hydration, one speaks of a pozzolanic reaction, while hydraulic and latent hydraulic materials
hydrate on their own or, in case of the latter, after alkaline or sulfate activation [91, p. 261 ff].
The beneficial effect of chemical reactive SMCs results from the formation of additional hydrate
phases that fill up pore space and hence create a denser microstructure [112]. Furthermore,
the C-S-H composition is altered in presence of SCM, usually revealing a lower Ca/Si ratio and
incorporating Al. The pore solution in blended cementitious systems possesses a lower pH
compared to pure OPC systems.
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Figure 8 Reaction degree of different SCM in comparison to alite provided by Skibsted and

Snellings [33].
2.3.5 Impact of calcined clays on early hydration

Calcined clay is a collective term for a considerably heterogeneous group of materials, facing
the fact, that the composition and properties of clays vary widely (see chapter 2.1). Calcined
clays used as SCM retrieve their pozzolanic properties from (partly) dehydroxylated clay
minerals. The reactivity therefore depends to the most part on type and amount of clay minerals
as well as material temperature and dwell time during calcination. The typical LC? formulations
usually incorporate calcined kaolinitic clays with a metakaolin content of at least 40 wt% [7].
Beuntner and Thienel [118] found significant differences in the reaction mechanisms of a
calcined common clay and MK during early hydration. While MK strongly accelerates the
silicate and aluminate reaction, the former tends to be delayed and the latter is slightly
promoted in the presence of calcined common clay. The impact of calcined clays on the silicate
reaction can be well explained by the physical mechanisms referred to in 2.3.3. However, their
impact on the aluminate reaction has led to some controversy in the literature. In the pioneering
work of Antoni et al. [10], the discussion was opened, whether the acceleration is driven solely
by the additional surface area or if aluminates originating from MK already play a role at this
stage. Either way, the authors emphasized the need for additional gypsum addition to ensure
a proper hydration of C3S. Several subsequent studies referred to the aluminum released by
MK as the trigger for an accelerated and enhanced aluminate heat flow peak [90, 119, 120].
While this seems logical at first, evidence proving this mechanism in blended cement has never
been brought up. Zunino and Scrivener [121] compared a nearly pure metakaolin with a
moderate SSA with a calcined clay with 50 wt% MK and high SSA. As the latter provoked a
much stronger acceleration of the aluminate peak, they emphasized the SSA as the dominant
factor. This was supported by observations made with limestone blended systems, that were
adjusted to the MK blended ones, showing a similar acceleration. The faster sulfate depletion
in blended cements was therefore related to the faster C-S-H precipitation induced by the filler
effect and the adsorption of sulfate onto the C-S-H. The uptake of sulfate into C-S-H has been
proven in previous studies [122, 123]. However, recent investigations in clinker free systems
with different calcined phyllosilicates revealed a pronounced aluminate heat flow peak together
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with an enhanced ettringite formation [124]. Even though this may not be transferred directly
to cementitious systems, it still proves that metakaolin is capable of forming ettringite in
presence of calcium sulfate and absence of C3A at an early stage of hydration.

2.3.6 Impact of calcined clays on phase assemblage

In addition to the classical pozzolanic reaction, where SCM consume CH to form C-S-H,
calcined clays supply a significant amount of aluminum that is to a certain extend incorporated
into C-A-S-H, but to a large part available for the precipitation of AFm phases and AFt. This
results in the formation of additional ettringite when sufficient sulfate is available. When sulfate
is depleted and carbonate ions are present in the pore solution, the aluminum is further
consumed by carboaluminates. Only at a AS,/CH ratio of above 1, strétlingite becomes
thermodynamically stable [11]. The stabilization of ettringite by carbonate ions is the
prerequisite for the synergetic effect of limestone and calcined clay in LC? cement. While in
limestone free cements monosulfate is formed at the expense of ettringite after sulfate
depletion, the latter is stabilized in presence of carbonates and carboaluminates form instead
[99]. This increases the total volume of hydrate phases. In binary Portland limestone cements,
this reaction can take place only until the aluminates from the clinker are depleted. In ternary
LC3 cements, the supply of aluminum ions is maintained by the MK or other calcined clay
minerals. This leads to an increased amount of hemi- and monocarboaluminate which in turn
reduces porosity and permeability and enhances strength [7]. During isothermal calorimetry,
this reaction is visible as a third heat flow peak after the silicate and aluminate peak [125].
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3 Summary of the methods applied

X-ray diffraction (XRD)

All XRD measurements were carried out in Bragg Brentano geometry in a PANalytical
Empyrean diffractometer, operated with CuKa radiation (A = 1.5406 A) at 40 kV and 40 mA.
The instrument is equipped with a PIXcellD linear detector and a primary Bragg-Brentano*P
monochromator. A secondary Ni-filter was applied instead during measurements of texture
specimen, where a variable divergence slit was used. XRD served as main method to
characterize the raw clays. Texture specimen were prepared using the <2 um fraction.
Therefore, the sample was desagglomerated using ultrasonic treatment and a small amount
of sodium pyrophosphate as dispersing agent. The suspension was filled in a beaker and left
for the appropriate settling time according to stokes law. Texture specimen were prepared
following the glass slide method and measured in air dried and glycolated condition. A detailed
description of the sample preparation can be found in [59] and [126]. Powder specimen of the
bulk samples were prepared in a side loading tool in order to reduce preferred orientation. In
situ XRD was carried out on cement pastes that were prepared in special sample holders,
placed on a temperature control device and covered by a Kapton film. Four scans per hour
were taken in a range between 6° to 40° 20. The pattern of the Kapton film was fitted according
to [127]. Quantitative phase analysis was carried out using Rietveld refinement [128] extended
by the external standard approach [129, 130] using the software Profex-BGMN [71, 72].
Diffractograms with identical phase assemblage were handled in batch refinements. Lattice
parameters and crystallite sizes of the starting materials were obtained from measurements of
the dry powders and usually kept fixed during refinement of the pastes but refined for the
precipitating hydrate phases. Recrystallized Zircon functioned as external standard and the
mass attenuation coefficient (MAC) of each sample was calculated from the MACs of the single
elements and their weight fractions obtained by chemical analysis.

Thermal analysis (TGA)

Thermal analysis was applied in order to analyze the dehydroxylation reaction of the
investigated raw clays. Measurements were conducted in a Netzsch STA 449 F3 Jupiter. An
amount of approx. 200 mg of the ground sample was filled into Al.O3 crucibles and measured
from room temperature to 1000 °C at a heating rate of 10 K/min. Data was processed in Origin
2018b. The mass losses due to dehydration, dehydroxylation and decarbonation were
determined using the tangent method [131].

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)

Infrared spectroscopy supplemented the qualitative raw clay analysis before calcination, and
allowed an evaluation of the dehydroxylation process based on the disappearance of the OH
bands after calcination. FTIR spectra were collected using a Nicolet iS10 FTIR spectrometer
(ThermoFisher Scientific) in ATR mode. The spectrometer was equipped with a mid-infrared
KBr beamsplitter, an EverGlo TM MIR radiation source (v = 15,798cm™), a diamond ATR
crystal and a dTGS detector.

Isothermal calorimetry

A TAM Air isothermal calorimeter (TA instruments) was used for heat flow measurements of
hydrating pastes at 25 °C and for the RS reactivity test [132] at 40 °C. External sample
preparation was carried out by stirring the pastes manually with a spatula for 60 seconds. The
ampules were transferred into the calorimeter chamber within 2 minutes after water addition.
Data evaluation was carried out in Origin 2018b/2019b. The cumulative heat was derived by
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integration of the heat flow curve and converting the unit to J/g by multiplying the received
values with the factor 3.6.

Inductively coupled plasma — optical emission spectroscopy (ICP-OES)

ICP-OES was employed on lithium metaborate flux fusions in order to determine the chemical
composition or on eluates gained by elution of calcined clays in 10% NaOH solution. The latter
were prepared by eluting one gram of sample in 400 ml solution for 20 h on an interval agitator,
filtering the suspensions and acidifying the eluate to pH 1. The solutions were measured in a
Varian 720 ES spectrometer (Agilent Technologies, Santa Clara, CA, USA) according to [133].

Scanning electron microscopy (SEM)

SEM analysis was performed with a Zeiss EVO® LS 15 microscope operated at an acceleration
voltage of 20 kV and a working distance between 7.5 and 9 mm. Samples were sprinkled either
on two-component adhesive or adhesive carbon tabs and coated with gold.

Zeta potential

The zeta potential of calcined clays was investigated with a DT-310 spectrometer (Dispersion
Technology Instruments) using the electroacoustic method [134]. Depending on the
experimental setup, samples were either dispersed manually at a solid content of 50 wt% and
measured under static conditions, or dispersed by a magnetic stirrer in suspensions with a
solid content of 25 wt% and measured during agitation. Titration experiments were performed
using an automatic titration unit, while the pH was kept constant through dropwise addition of
1M KOH solution.

Thermodynamic modelling

Gibbs Energy Minimization Software for Geochemical Modeling (GEMS) [135] was applied in
combination with the Cemdatal8 database [136] in order to calculate phase assemblage in
the C3A model systems at thermodynamic equilibrium.

Calculation of reaction enthalpies

The theoretical heat evolution based on the amount of dissolved clinker phases and
precipitated ettringite was calculated using the enthalpies for the underlying reactions following
Jansen et al. [89].
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4 Main results

The main scientific contributions of this thesis have been published in three peer-reviewed
publications presented in chapter 8. The key outcomes of these contributions are summarized
and put into context in the following part. Chapter 4.1 summarizes the new findings concerning
the assessment of clays for the use as SCM and correlation of raw clay mineralogy with the
reactivity after calcination. The parameters influencing the early cement hydration in presence
of calcined clays are elucidated in Chapter 4.2, with special attention on the aluminate reaction.
Chapter 4.3 illuminates the derived mechanisms that are brought up as reasons for the
increased sulfate demand of calcined clay blended cements.

4.1 Mineralogical properties determining the reactivity of calcined clays

As described in chapter 2, it is of vast importance, to correlate raw material properties with
reactivity after thermal activation in order to assess potential clay deposits for production of
calcined clays. Apart from that, the methods evaluated in this chapter are important tools to
characterize the raw and calcined clays used in the further course of the present work.
Therefore 13 different raw clays were investigated concerning their mineralogical properties
and reactivity after calcination. Special sample preparation was applied in order to reliably
distinguish between the different contained clay minerals. Implementation of structure models
considering turbostratical and stacking disorder allowed a reliable quantification of the raw
clays. Supporting techniques such as thermal analysis and FTIR spectroscopy were applied
to verify the results. The degree of kaolinite disorder in the kaolinite-rich clays was assessed
using different methods based on XRD and FTIR.

4.1.1 Mineralogical characterization of the raw materials

Common clays usually represent complex multiphase-mixtures of clay- and none
clay-minerals, often including disordered structures, as for instance irregular
interstratifications. In order to determine the contribution of the individual clay minerals to the
reactivity and their influence of reaction kinetics, an extensive and reliable mineralogical
characterization was considered as an important prerequisite. The first step in doing so was to
identify the clay minerals in oriented specimen of the separated < 2 um fraction. In order to
verify swellable 2:1 clay minerals, the samples were measured in air-dried and ethylene glycol
saturated condition. These measurements are exemplarily shown for a smectite-rich marl
(MOSM) in Figure 9. The intercalation of ethylene glycol into the smectite interlayer induces a
shift of the (001) reflection from 6.2 °20 (doo1 = 14.3 A) t0 5.2 °20 (door = 17.0 A). The respective
diffractograms for further 2:1 clay mineral dominated clays are provided in chapter 8.1, Fig. 1.
Qualitative phase analysis was furthermore supported by assessing the characteristic
absorption bands of the FTIR spectra.
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Figure 9 Diffractogram of a texture specimen of the < 2 um fraction of a smectite-rich marl

(MOSM) under air-dried (AD) and glycolated (EG) conditions.

For the correct quantification of kaolinite, occurrence of stacking disorder has to be identified.
This parameter is known to affect dehydroxylation behavior as well as pozzolanic reactivity
after calcination [38, 137, 138]. While different methods based on empirical indexes have been
established, the one that is the least prone to disturbance by other phases is the AGFI [78].
This index equals the sum of the (110) (A) and the (111) (B) peak heights divided by two times
the (202) peak height (C). The determination of the correct heights requires a peak
deconvolution procedure that is provided in Figure 10 for one highly (“KK”), one moderately
(“KBZ”) and one poorly ordered kaolinite (“FUP”). The excerpts from the diffractograms
between 19 and 23 °26 (Figure 10) reveal that the (110) and (111) reflections are heavily
disturbed by the stacking disorder and merge to one broad diffuse peak in the case of the
strongly disordered sample. This has to be considered during Rietveld refinement, where the
usage of ideal structure models leads to unsatisfactory results. The refinement of moderately
disordered kaolinites yields the most adequately results when combining an ideal and a
disordered structure model (Figure 11b). It is not distinguishable if this is associated with a
physical phase mixture or segregation of different domains.

a Qtz (100) b Qtz (100) C Qtz (100)

o

Intensity

°2Theta

Figure 10 Peak deconvolution according the proposed procedure by Aparicio et al [78] for a
poorly (a, FUP), a moderately (b, KBZ) and a highly ordered kaolinite (c, KK) using the
program Fityk [139]. The green line represents the fitted kaolinite peaks and the light grey line
the fitted peaks of secondary phases and the background. The red line marks the sum of the
curves and the dark grey line the difference between measured and fitted curve.
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The correct quantification of illite-smectite interstratifications requires a different approach. The
type of interstratification was identified by trying models with different degrees of long-range
ordering according to Ufer et al. [68, 140] first in one-dimensional fits of the texture specimen
and eventually by implementing them into the Rietveld refinement of the powder patterns. The
refined pattern of a common clay containing illite-smectite interstratifications together with
disordered kaolinite is illustrated in Figure 11a.
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Figure 11 Rietveld refinement for a common clay containing illite-smectite interstratifications

(a, “AC”) and a kaolinite-rich clay with moderately disordered kaolinite modeled by a

combination of an ideal and a disordered kaolinite structure (b, “KBZ”) [141].
The results from quantitative XRD analysis were verified using TG/DTG. The tangent method
allows a quantification of the clay minerals based on the mass loss and the theoretical amount
of crystalline bound water. However, in practice, especially when analyzing complex clays,
strong overlap of the dehydroxylation processes hinder an accurate quantification. This applies
in particular for 2:1 clay minerals, which contain less OH-groups than for instance kaolinite.
However, in case of the latter, quantitative XRD and TG/DTG yielded comparable results
(chapter 8.1, Fig. 6). It is therefore recommended to verify the determined phase contents by
both methods.

4.1.2 Assessment of reactivity

As demonstrated by Avet et al. [104], the reactivity of calcined clay is largely controlled by the
kaolinite content (Figure 12). However, when considering the clays with a kaolinite content less
than 30 wt%, the impact of 2:1 clay minerals becomes significant. This is of major importance,
since many of the economically viable clay resources lie in this range. The R3 test, which was
initially established for the reactivity assessment of calcined kaolinitic clays, was applied for
the first time on calcined common clays with a broad range of mineralogical composition, where
it was shown to reflect the contribution of calcined 2:1 clay minerals as well. The calculation of
the calcined kaolinite content as outlined in 8.1 can be carried out adequately based on values
calculated by TGA or XRD, as apparent from Figure 12.
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Figure 12 Correlation between calcined kaolinite content determined based on the initial

kaolinite content as determined by TGA and XRD and the reactivity based on the evolved heat

after 3 days R3 reactivity test (modified after [141]).
It was further revealed for the first time that that the R3 calorimetry test is not only capable to
differentiate between the general reactivity of calcined clays, but also allows conclusions on
the reaction kinetic of different SCMs based on the determination of the heat flow peak. In the
case of kaolinitic clays, the position of the latter was proven to be strongly influenced by the
degree of disorder, while this parameter has no significant effect on the total heat after 72 h.
Since the Hinckley index is prone to interference by quartz and other accompanying minerals
[78] and the Po-index determined by FTIR is influenced by the presence of other clay minerals,
the AGFI index was identified as the most reliable one (Figure 13). These correlations can
further improve the assessment of clays not only based on their overall reactivity but also
based on reaction kinetic, which is a decisive parameter with regards to early hydration
behavior and strength development.
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Figure 13 Connection between degree of order in kaolinite determined by the amount

quantified by the ordered structure model (a), the AGFI index (b) and the Po-index (c) and heat
flow maximum during R3 calorimetry test.
The reactivity assessment by the R3 test as well as Al and Si solubility provided consistent
results (Fig. 5 in chapter 8.1). Both methods revealed that common clays with moderate
kaolinite content and significant amount of 2:1 clay minerals can perform in the range between
the established SCMs fly ash and slag [142] after proper thermal activation.
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4.2 Impact of calcined clays on the early cement hydration

The silicate and aluminate clinker reaction alters significantly in presence of calcined clays.
Especially the aluminate heat flow peak during isothermal calorimetry is clearly accelerated
and enhanced, often resulting in a superposition of the silicate peak (Figure 14a). A restoration
of two separated heat flow peaks, which is necessary for an unimpeded alite hydration,
requires an addition of a significantly higher amount of sulfate carrier (4-5 wt%) based on the
clinker content (Figure 14b). This chapter aims at revealing the underlying mechanisms by
using two different experimental approaches.
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Figure 14 Heat flow curves of a) PLC blended with 30 wt% of calcined clays and limestone
without extra sulfate dosage and b) PLC_CC82 with different amounts of added sulfate carrier

[143].

The aluminate reaction was isolated in a CsA model system (chapter 8.2) containing cubic CsA,
a mixture of gypsum and bassanite (3:1), and quartz powder in order to simulate unhydrated
clinker phases. An alkaline mixed hydroxide solution (“MOH”, pH = 13.6) served to generate a
reactive environment for the calcined clays in absence of portlandite. A reference system
containing 10 wt% CsA, 5 wt% gypsum and bassanite and 85 wt% Quartz was established and
designated as C3A 5CS. The impact of four different materials, namely a fine (CKf) and a
coarse (CKc) calcined kaolinitic clay, an illitic clay (Cl) and a nanolimestone (nLS), was
investigated by replacing the quartz at different levels. The influence on a real cementitious
system (chapter 8.3) was explored using a Portland limestone cement (PLC) blended with
30 wt% of four different calcined clays with different calcined kaolinite contents and SSA
(CC23, CC41, CCh9, CCB82) resulting in LC3-type cements, and a microlimestone (ULS) in
order to examine an exclusive filler effect. An overview of the investigated systems is provided
in Table 3.



Main results 24

Table 3 Overview of the investigated systems in the CsA model systems (top) and the PLC
system (bottom).

Quartz  Cs3A CcS SCM* w/s
CsA 5CS (Ref) 85 10 5 - 0.63
C3A 5CS _xSCM 85-x 10 5 5, 10, 15, 20, 30 0.63
CsA_xCS_20SCM 70-x 10 10, 15, 20 20 0.63
PLC cS SCM
PLC 100 2.7 - 05
PLC_CCXX/uLS 702 1.9% 3.0,4.0,5.0 307 0.5

1) included in the PLC; @ minus the added CS; ® MOH solution

The calcined clays chosen for the investigations in both systems were selected with regards
to a preferably wide range of chemical reactivity. This was achieved by using four calcined
clays with different calcined kaolinite contents in the PLC system and a calcined illitic and two
calcined kaolinitic clays with different degree of disorder in the CsA model system. The
assessment regarding chemical reactivity according to the methods described in chapter 8.1
is provided in Figure 15 for Cl, CKc and CKf. Despite CKc containing a higher amount of
calcined kaolinite than CKf, it provides a significantly lower amount of dissolved aluminum and
silicon in the used MOH solution. This can well be explained by the difference in degree of
order and SSA, as outlined in chapter 4.1.1.
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Figure 15 Chemical reactivity of the investigated clays in the CsA model system using R? test

and solubility in the alkaline model solution (MOH) [144].
4.2.1 The relation of surface area and filler effect

The investigations presented in chapter 8.3 reveal that, other than in the case of fillers like
quartz or limestone, there is no simple correlation in calcined clay blended cements between
SSA (usually determined by nitrogen adsorption using the BET method) and acceleration of
the silicate reaction. This can partly be drawn back to the strong agglomeration of clay platelets
and stacking of several layers, which form a single particle (see Figure 5). This is evident from
Figure 16, where no further acceleration of the silicate peak is observed between the two points



Main results 25

on the right. A major part of the surface of the clay platelets, which is often described as inner
surface, is not available to act as nucleation area for hydrate phases, as there is too little space
available. Furthermore, as the primary clay particles tend to form agglomerated, larger
particles, the ability to decrease interparticle distances between the clinker grains, and thereby
accelerate clinker dissolution is reduced, compared to limestone or quartz with similar SSA.
Since calcined clays are able to absorb high amounts of water [124, 145] , the dilution effect
might be reduced as well. These mechanisms and the fact that calcite acts as preferred
nucleation site for C-S-H (see chapter 2.3.3) explain, why the acceleration of the silicate peak
is significantly stronger in the system with added pLS compared to the systems with calcined
clays, even if the calcined clays provide a surface area many times higher, as apparent from
Figure 16. Kumar et al. [116] already observed in C3S blends with limestone and quartz, that
when the available surface area exceeds that of C3S by a factor of 2.5, the acceleration of the
hydration becomes less efficient, due to increasing agglomeration of the particles. Thus, the
filler effect of calcined clays cannot be assessed by the increase of SSA alone.
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Figure 16 Correlation of the SSA of the systems blended with uLS and different calcined

clays (CC) with the appearance of the heat flow maximum of the silicate reaction. The maxima

were determined in the systems with adjusted sulfate carrier from chapter 8.3.
The strong agglomeration of calcined clay particles becomes evident from the SEM images in
Figure 17. The pLS forms scattered particles that provide a higher fraction of their measured
SSA as possible nucleation area. Furthermore, the scattered particles can act more efficiently
in reducing the interparticle distance. CC69 provides a significantly higher SSA, which is,
however, only to a small extend available as nucleation area. This is clearly identified as a
further reason for the poorer physical effects of calcined clays compared to limestone with
identical SSA. The physical mechanisms of SCMs reviewed in chapter 2.3.1 therefore need to
be adapted for calcined clays, concerning their special surface properties that are summarized
in chapter 2.1.5. These new findings mark an essential basis for the following discussions on
the correlation between filler effect and accelerated aluminate reaction. Furthermore, they
indicate the potential of an optimized dispersion of calcined clays, regarding enhanced early
age properties.
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Figure 17 SEM images of the used pLS (a) and CC69 (b), underlining the strong
agglomeration of the clay platelets to form larger particles (the scale applies for both images;
modified after [143])

4.2.2 Acceleration of the aluminate reaction

The acceleration of the aluminate peak in heat flow curves of calcined clay blended cement
without adjusted sulfate carrier is often explained by the additional alumina provided by the
calcined clay minerals, in particular metakaolin, as discussed for instance in [90]. This
connection is not supported by the results obtained in the CsA model systems. When
comparing the influence of the calcined illitic clay with the calcined kaolinitic clays on the
isolated CsA hydration in the presence of calcium sulfate, the acceleration is apparently much
more driven by the specific surface area (chapter 8.2). CKf and CI induce a significantly
stronger acceleration of C3A hydration compared to CKc due to their higher SSA and despite
their lower metakaolin content (Figure 18). These observations also contradict the theory that
the acceleration of sulfate depletion is dominantly caused by adsorption of sulfate onto C-S-H,
which is faster precipitated due to the filler effect [121], as they were made in absence of a
silicate reaction.
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Figure 18 Phase development and heat flow curves in the C3A model systems with 5 wt% CS
a) without calcined clay (Ref 5%), b) with 20 wt% CKf, ¢) with 20 wt% CI and d) with 20 wt%
CKc [144]

A sole explanation of the observations by the additional supply of surface area as nucleation
site was furthermore refuted by a correlation of the combined surface areas of the systems
with the sulfate depletion peak, revealing that there are significant differences depending on
the type of calcined clay (Figure 19). Evidence for a chemical contribution of the calcined clay
could only be gathered in the systems with CKf, where formation of stratlingite follows sulfate
depletion (Figure 18). However, it is remarkable that the formation of monosulfate is
suppressed in the systems with Cl and CKc. This was led back to a stabilization of ettringite
as it was found by XRD measurements after 7 days, where the thermodynamic stable
AFm phase was found to be stréatlingite. The reason why this phase could not be detected
during the first 24 h of hydration is the lower solubility of silicon from CI and CKc compared
to CKf (Figure 15).
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Figure 19 Correlation between combined SSA of CsA model systems Ref, CKc, CKf and ClI
and the maximum of sulfate depletion peak (SDP) (modified after [144]). Variation of SSA was
realized by using different replacement levels between 5 and 30 wt% Further details are given
in chapter 8.2.

These findings are corroborated by results obtained in the PLC system blended with 30 wt%
of calcined clays or ULS, respectively (chapter 8.3). Even though the ULS induces a significant
acceleration of the aluminate peak as well, which can be well explained by the theory
elaborated in [121], the effects of the metakaolin-rich calcined clays exceed this mechanism.
This becomes most evident from Figure 20, which was compiled based on the results obtained
by quantitative XRD (chapter 8.3, Fig. Al). This figure considers the amount of sulfate that is
bound by ettringite at the onset point of the aluminate reaction. The remaining sulfate needs
to be assigned to other solid sulfate hosts or the pore solution. Based on the amount of C3S
reacted until aluminate onset, a S/Ca ratio of 0.04-0.06 [146] and a C-S-H composition of
C17SH26-4.0, @ grey area that represents the amount of sulfate possibly adsorbed onto C-S-H
was calculated. The intercept of this area with the x-axis considers a theoretical amount of
0.1-0.2 wt% SO3 dissolved in the pore solution, which matches with the intercept of the
extrapolated lines that connect the differently sulfated systems (PLC uLS and
PLC_CC69/CC82). This approach indicates that there exists at least one other significant
sulfate host in the metakaolin-rich systems (PLC_CC69/CC82). This can however not be
assigned to additionally formed ettringite as the difference between the blended systems is
minor and this amount is already considered in the calculation. As elaborated in chapter 8.2,
most evidence can be gathered for an adsorption of sulfate onto the metakaolin surface (or the
surface of other dehydroxylated clay minerals, respectively). Calcined clay minerals reveal a
negative surface charge, which is reflected by their strongly negative zeta potential. It was
proven by other authors before (e.g. in [48]) and also in the present work, that Ca?* is strongly
attracted by this surface. The positively charged calcium layer then provides the ability to
adsorb SO.#. The adsorption capacity increases with surface area and charge. Other than
C-S-H, which only starts to form significantly during acceleration period, this surface is
available right from the start of CzA hydration.
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Figure 20 Correlation of SOs content (taking into account the SOz bound by ettringite) and
amount of reacted CsS at the aluminate onset [143].

Another observation indicating a different reaction mechanism in the PLC_CC systems and
the PLC_pLS is the difference in the shape of the aluminate heat flow peak. This peak usually
becomes narrower when appearing earlier and broader when it is retarded by additional sulfate
(Figure 14). When comparing PLC_CC with PLC_uLS, the latter always reveals a broader
aluminate peak even when occurring at the same position in time (chapter 8.3, Fig. 9). This
indicates a faster ettringite precipitation in the calcined clay blended systems when the solid
sulfate is depleted. Three possible reasons were found for these observations, namely a
preferred nucleation site for ettringite on the MK surface, a slightly increased amount of
aluminum in the pore solution through the beginning dissolution of MK and a faster release of
adsorbed sulfate by the MK compared to C-S-H.

4.3 Mechanisms behind the increased sulfate demand of calcined clay
blended cements

A comparison of results obtained in chapter 8.2 and 8.3 reveals an adsorption of sulfate or,
more likely, Ca-SO4 complexes onto the surface of the calcined clay minerals as the most
evident mechanism explaining the discrepancy in the acceleration of sulfate depletion between
limestone (or other fillers respectively) and calcined clays. This is illustrated in Figure 21, where
the reference system from chapter 8.2 (a) is compared with the corresponding system
containing MK (b). The weaker surface charge and the significantly lower SSA of quartz (or
possibly other fillers) only yields a marginal adsorption of Ca and SO, ions. The surface of the
MK on the other hand competes strongly for sulfate ions with the CsA surface and thereby
inhibits its retardation. Consequently, CsA dissolves faster and supplies more aluminum to the
pore solution. This in turn leads to a faster consumption of sulfate by ettringite, which
accelerates CsA dissolution on top.
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Figure 21 Model of adsorption mechanisms inhibiting the retardation of CsA hydration in the
CsA-Quartz-Gypsum system (a) and the CsA-Quartz-Gypsum-MK system (b).

The findings from the sulfate adjustment experiments in chapter 8.2 however cannot be
explained solely by the adsorption mechanisms. While a further dissolution of CzA can be
inhibited by sulfate addition in the system with ClI, the system with CKf allows no retardation at
all. This is evident from Figure 22a,b, where in the system with CKf an addition of sulfate just
leads to increased heat development due to more precipitation of ettringite, while in the
presence of Cl the C3A hydration is inhibited above 10 wt% of CS. This indicates, that at this
point, a chemical contribution from the MK may be assumed. The incongruent dissolution of
CsA [93], which leads to the formation of the Al-rich leached layer [52], causes a deficit of Al
compared to Ca with respect to ettringite formation. This deficit is eliminated, when the MK
acts as a secondary Al source. As this Al reacts with Ca leached from or adsorbed onto the Al-
rich layer at the CsA surface, the inhibiting mechanism is overcome and CszA dissolution
continues on a high level until its depletion (chapter 8.2, Fig.11B). This is further supported by
Figure 22c, where the development of ettringite content in the C3A model system with 20 wt%
CS and 20 wt% CKf or 20 wt% Cl is depicted. Based on the C3A (10 wt%) and the CS content,
a theoretical ettringite content of 28.5 wt% can be calculated, which is reached in the CKf
system, but by far not in the Cl system. Even though, both types of calcined clay lead to a
similar acceleration of the aluminate reaction in the systems with 5 wt% CS, the system with
Cl allows a retardation through sulfate addition, while the one with CKf does not.
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Figure 22 Evolved heat of the C3A model systems with a) 20 wt% calcined fine kaolinitic clay

(CKf) and b) 20 wt% of calcined illitic clay (Cl) and different amounts of CS. (c) provides the

ettringite formation in the C3A model systems with 20 wt% CS and 20 wt% CKf or 20 wt% CI.
The findings from the model systems can also hold as one reason for the increased amount of
sulfate required for an optimum sulfation in the calcined clay blended PLC systems compared
to the PLC_pLS. Even though the sulfate depletion peak in the systems PLC_uLS and
PLC_CC69/82 without sulfate adjustment occur almost simultaneously, the latter two systems
require between 4 and 5 wt% of CS for a proper sulfation, while PLC_uLS only demands
3 wt%. It is already known that if sufficient sulfate is available, the aluminum provided by the
metakaolin can contribute to ettringite formation [125]. The calcined clay’s reactivity depends
on the amount of metakaolin (or to a lower extend other calcined clay minerals) on the one
hand but also on the degree of disorder and SSA on the other (see Figure 12, Figure 13 and
Figure 15). A possible additional ettringite formation through consumption of aluminum from
the metakaolin was found not to be the main driving force for the acceleration of the aluminate
reaction in undersulfated systems in the presented thesis. However, it may well be considered
as a factor explaining the higher sulfate demand for proper sulfation in the calcined
kaolinite-rich systems, since the effect becomes more significant when the sulfate depletion
peak is shifted to later points in time.
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5 Conclusion

The findings presented in this thesis contribute to an improved understanding of the relation
between mineralogical composition of clays and their pozzolanic reactivity after calcination.
They further provide a significant extension of the so far known reaction mechanisms of
calcined clays during early hydration and their impact on clinker reaction and sulfate demand.

An extensive mineralogical characterization of 13 different clay-rich raw materials laid the
groundwork for a correlation of raw clay properties and pozzolanic reactivity after calcination.
A separate XRD analysis of the < 2 um fraction in air-dried and glycolated condition and the
implementation of structure models for strongly disordered clay minerals during Rietveld
refinement of the bulk samples, supported by FTIR and TG/DTG measurements, allowed a
reliable discrimination and quantification of the clay minerals contained. This is crucial in order
to assess their particular influence on the reactivity after thermal activation. Especially for clays
with a kaolinite content below 30 wt%, the influence of 2:1 clay minerals like smectites or
lllite-smectite interstratifications becomes significant. These kinds of clays exhibit reactivity in
the range between established SCMs like fly ash or slag. Solubility of aluminum and silicon
ions in alkaline solution and R3 calorimetry test yielded consistent results, while the latter was
shown to allow conclusions on the reaction kinetics as well, based on the rate of heat
development. The degree of kaolinite disorder, which was shown to be characterized most
reliably based on the AGFI derived from XRD, was identified as the most significant parameter
determining the reaction rate of calcined kaolinitic clays.

The impact of calcined clays on the aluminate clinker reaction was initially examined in a model
system containing cubic CzA and calcium sulfate in an alkaline model solution. Calcined
kaolinitic as well as illitic clay strongly accelerates the hydration rate of cubic CsA and the
associated ettringite formation, while limestone does not. The most likely mechanism for this
acceleration was found to be the adsorption of calcium and sulfate ions or ion pair complexes
onto the surface of the clay minerals, disabling the retardation mechanisms on the surface of
CsA. Thus, this mechanism, which was previously attributed to C-S-H only, can also take place
in absence of a silicate reaction. The calcined kaolinitic clays revealed a stronger acceleration
compared to the illitic clay normalized with respect to the surface area. An adjustment of the
sulfate content reveals a diverse impact depending on the respective calcined clay,
demonstrating that a retardation of a highly reactive calcined kaolinitic clay is not possible in
the investigated model system. This can be attributed to the supply of aluminum by the
metakaolin, consuming further calcium and sulfate. A chemical contribution of the metakaolin
in this system was further proved by the formation of stratlingite, already after 6 h.

The findings obtained from the synthetic CsA systems are supported by investigations in a
blended Portland limestone cement. The ratio of acceleration of aluminate reaction to the
acceleration of silicate reaction is significantly higher in calcined clay blended cements
compared to cements with a fine limestone filler, which confirmed another significant sulfate
host in calcined clay blended cements that was assigned to adsorption mechanisms onto the
calcined clay minerals. Sulfate consumption by ettringite including aluminum from the
metakaolin only plays a role at later times but can increase the sulfate demand needed for a
proper retardation. It was shown that the systems blended with the calcined kaolinite-rich clays
need an overall amount of up to 5 wt% calcium sulfate to reach proper sulfation, which is a
further argument for using clays with kaolinite contents below 50 wt%.
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6 Perspectives

The first part of this thesis revealed a broad range of suitable clays for the production of SCMs
and methods to characterize them and assess their reactivity. Especially for the economically
interesting and in Central Europe widely available 2:1 clay mineral resources, an elaboration
of classification criteria and exploration guidelines needs to be provided in order to promote
their application. Even though the applied reactivity tests were shown to work and correlate
well, accelerated test methods would be desirable, especially regarding production control.

The results obtained in the second part of this thesis have shown that calcined clays can
behave significantly different than established SCMs during early hydration, to a large extend
due to their complex surface properties and the resulting interaction with ions from the pore
solution. The surface chemistry of dehydroxylated clay minerals is not yet adequately studied
and requires further fundamental research. This is not only an important requisite for an
improved understanding of the interaction between calcined clay minerals and ionic species
provided by the dissolution of cement phases but also regarding the interaction with
superplasticizer.

A quantification of the dissolving cement phases and precipitating hydrates could be partly
used for a differentiation between chemical and physical effects. However, a clear delimitation
is not possible based on the obtained data. In order to assess the impact of ions — especially
aluminum - provided by the dissolution of calcined clay minerals before the onset of the
aluminate reaction, their quantification during the first hours by the PONKCS method is
mandatory. This is however challenging due to the complex phase assemblage in calcined
clay blended or LC3-cements and needs to be established using simplified model cements.

In the investigations, cements blended with highly kaolinitic clay were required up to 5 wt% of
CS to reach an optimal sulfation based on the calorimetry curves. In the light of normative
limits, other options to adjust the time of the aluminate reaction should be explored. In case of
calcined kaolinite-rich clays, it might be favorable to dilute them with fillers that could enhance
the early alite reactivity without accelerating the aluminate reactivity to such an extend as
metakaolin.

The lower acceleration of the silicate reaction by the calcined clays compared to limestone
was partly attributed to the strong agglomeration of the calcined clay platelets. An optimum
dispersion of the mixtures, for instance through additives or high shear mixing, might further
accelerate the silicate reaction and thereby improve early age properties.

Mechanisms explaining the sharper peak shape of the aluminate heat flow peak in the
presence of calcined clays have been discussed, however, they need to be further examined
in future studies. The adsorption of calcium and sulfate onto the surface of calcined clay
minerals requires further exploration and quantitative assessment. A quantitative comparison
between sulfate uptake by C-S-H and metakaolin could further clarify the acceleration
mechanisms of the aluminate reaction in calcined clay blended cement.
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The most abundant clays in the northern hemisphere are dominated by 2:1 clay minerals. However, compared to
kaolinite-rich clays, these common clays have been less addressed by recent research on calcined clays. This
study investigated 13 different clay-rich raw materials, focussing on available common clays from German de-
posits, with respect to their mineralogical composition and pozzolanic reactivity after calcination. It has been
shown, that besides kaolinite content, for which X-ray diffraction (XRD) and thermogravimetry (TGA) yielded
similar results, other parameters as type and quantity of 2:1 clay minerals and degree of kaolinite disorder must
be considered in order to assess the potential of the raw materials. Therefore, structure models incorporating
mixed layering and disorder were applied during raw clay quantification. Regarding the assessment of pozzolanic
reactivity, the R® calorimetry test and solubility of silicon and aluminum ions in alkaline solution provided
comparable results. In the range of kaolinite contents below 30 wt%, the influence of 2:1 clay minerals on the
reactivity becomes significant, which makes a reliable quantification of illite, smectite or mixed layer minerals
mandatory for the classification of common clays as raw materials for supplementary cementitious material

(SCM).

1. Introduction

Unprocessed common clays (Murray, 2007) form the most promising
raw material for the production of calcined clay as supplementary
cementitious material (SCM) due to their widespread availability and
economic benefit. Since kaolinite is proven to be the most reactive clay
mineral after calcination (Fernandez et al., 2011; Hollanders et al.,
2016), most of the recent studies investigated the influence of the
amount and properties of kaolinite on the reactivity. Calcined kaolinite
content was identified as the main factor for pozzolanic reactivity in
calcined clays (Avet and Scrivener, 2018; Avet et al., 2016; Tironi et al.,
2012). The relative order of reactivity of muscovite < illite < smectite <
kaolinite is commonly stated in literature (Fernandez et al., 2011; Hol-
landers et al., 2016; Scherb et al., 2018; Schulze and Rickert, 2019).
However, further authors have proven a significant influence provided
by 2:1 clay minerals present as main components in clays on the reac-
tivity and the type of hydration products (Alujas et al., 2015; Beuntner,
2019; Danner et al., 2019; Scherb et al., 2018). Especially in the
northern hemisphere, the most abundant clay-sized mineral groups in
the topsoil and subsoil belong to the illite/mica or smectite group,

* Corresponding author.
E-mail address: matthias.maier@unibw.de (M. Maier).
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whereas kaolinite group minerals are dominant south of the equator (Ito
and Wagai, 2017). Bergaya and Lagaly (2013) classified the group of
‘common clays’ as one amongst four types of industrially applied clays,
which “often contain illite-smectite mixed-layer minerals and are
largely used for ceramics”. In recent literature, these types of clays have
also been referred to as ‘illitic clay’ or ‘brick clay’ (Dietel et al., 2017;
Irassar et al., 2019; Msinjili et al., 2019). They make up about 90% of
industrially used clay mineral-rich raw materials (Galan and Ferrell,
2013). Another promising group of materials in this context are sec-
ondary clay-bearing raw materials, as they accrue during industrial
washing processes of sand (Maier et al., 2020), gravel or other mineral
raw materials. In the light of a declining availability of traditional SCM
(Schwarzkopp et al., 2019) and the increasing substitution of cement
clinker as a main approach to lower the ecological impact of the cement
industry (Favier et al., 2019; Schneider, 2019; Scrivener et al., 2018), it
would be negligent to disregard these groups of materials.

Common clays usually contain 2:1 and 1:1 clay minerals in varying
proportions, as well as inplastic components. The most common 1:1 clay
mineral, kaolinite, is built up by a tetrahedral and a octahedral sheet,
which share a common plane of oxygen atoms and hydroxyls (Bookin
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etal., 1989). Raw kaolinites usually possess a certain degree of disorder,
due to faults in layer stacking (Brigatti et al., 2013; Ufer et al., 2015).
There are different methodical approaches to characterize the degree of
disorder in kaolinite using FTIR (Bich et al., 2009; Vaculikova et al.,
2011) or XRD (Aparicio and Galan, 1999; Aparicio et al., 2006; Hinck-
ley, 1963). These approaches become less reliable for clays with low
kaolinite content due to overlapping of IR-bands and Bragg-reflections.
There are however approaches, that consider stacking disorder during
Rietveld refinement (Lorentz et al., 2018; Ufer et al., 2015). It is essential
to include the degree of disorder into the characterization of the raw
material, as this parameter influences the dehydroxylation behavior
(Bich et al., 2009; Meinhold et al., 1992) as well as the pozzolanic
reactivity after calcination (Hollanders et al., 2016; Tironi et al., 2014).
Apart from this, regular structure models do not allow an adequate fit of
the broad and asymmetric reflections resulting from the high degree of
disorder (Lorentz et al, 2018) and thus may lead to incorrect
quantifications.

The basic structures of the group of 2:1 phyllosilicates are exten-
sively described e.g. by Brigatti et al. (2013) or Moore and Reynolds
(1997). 2:1 clay minerals exist in different structures, with different
chemical compositions, layer charges and degrees and types of disorder.
They can be differentiated in swellable and non-swellable clay minerals
and exist as alternating layers of two or more phyllosilicate endmembers
(mixed-layer structures). While 1:1 clay minerals like kaolinite have one
distinctive dehydroxylation temperature, the dehydroxylation process
of 2:1 clay minerals is more complex and depends on the type of inter-
layer cations as well as the octahedrally coordinated cations, which can
cause differences in calcination temperature up to 200 K (Drits et al.,
1995; Emmerich et al., 2009; Wolters and Emmerich, 2007). The reac-
tivity of dehydroxylated 2:1 clay minerals results, similar as for 1:1 clay
minerals, from a reduction in Al coordination from 6- to 5- and 4-fold
(Danner et al., 2018; Garg and Skibsted, 2015), which was also
observed for a common clay including kaolinite and 2:1 clay minerals
(Dietel et al., 2017).

Especially strongly disordered 2:1 mixed layer clay minerals are
difficult to quantify, thus their character and amount is often neglected
or underestimated in studies of calcined clays. Nonetheless, pozzolanic
reactivity of different 2:1 clay minerals has been proven by in-
vestigations on the pure minerals (He et al., 1995; Hollanders et al.,
2016). Since minor components of common clays, especially carbonates,
can significantly affect the reactivity (Danner et al., 2020; Zunino et al.,
2020), further studies are needed to transfer these results to unprocessed
common clays. Furthermore, there is a lack of data on the reactivity of
clay mineral interstratifications present in common clays and their
behavior in cementitious systems after calcination. Development of
models for disordered mixed-layer structures (Ufer et al., 2012b) or
description of highly disordered structures by the PONKCS method
(Scarlett and Madsen, 2006; Taylor and Matulis, 1994) nowadays allow
accurate determination of the content of disordered clay mineral in-
terstratifications present in common clays using the Rietveld method
(Ufer and Raven, 2017).

Most of aforementioned studies used one of the standardized
methods for pozzolanic reactivity of SCM (Frattini test, Chapelle and
modified Chapelle test), which however showed poor reproducibility in
an interlaboratory round robin (Li et al., 2018) and neglect the contri-
bution of reactive aluminum. A method, which considers aluminate and
silicate reaction in clinker-free systems and allows isolating the SCM
reaction from the clinker reaction with good interlaboratory reproduc-
ibility, is the R3-method (Avet et al., 2016; Li et al., 2018; Snellings et al.,
2019). Avet et al. (2016) could prove a very good correlation between
cumulative heat released at one day at 40 °C and relative strength after
28 and 90 days (R2 = 0.99) in mortar, where 30% of cement was
replaced by calcined clay. In order to evaluate the suitability of calcined
clays or other alumosilicates as precursor for geopolymer binders,
several authors used the solubility of aluminum and silicon ions in
alkaline solution as indicator for reactivity (Buchwald et al., 2009;
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Dietel et al., 2017; Xu and Van Deventer, 2000). It turned out, that this
parameter can also be used as sound criterion regarding the pozzolanic
reactivity of calcined clays (Beuntner and Thienel, 2015).

As common clays will need to play a major role in the supply of
alternative SCM in the near future, there is still lack of data, which links
the mineralogy of the raw clays to their pozzolanic reactivity after
calcination. The aim of the present study is a comparison of different
methodical approaches for the characterization of raw material pa-
rameters of common clays, which affect pozzolanic reactivity on the one
hand and for the evaluation of pozzolanic reactivity after calcination on
the other. These data are important to evaluate the large deposits of
common clays available for the production of eco-efficient SCM.

2. Materials and Methods
2.1. Selection of materials

Nine different common clays, two clay-rich industrial washing
sludges and two processed high-grade kaolinitic clays were investigated
in this study. The deposits are charted on the geological map of Germany
(Toloczyki et al., 2006), which is supplemented by the layer “clay or
claystone” from the maps of mineral resources of Germany (Dill and
Rohling, 2007), in Fig. S1. All samples originate from German deposits.
In order to transfer the results to similar deposits located elsewhere,
information about the conditions of formation is given in Table 1. All
samples were provided in quantities between 3 and 10 kg. The common
clays were received as mined. The washing sludges were sampled after
the filter presses and supplied in humid conditions. The processed
kaolinitic clays were provided as dried granules.

The great variety of the selected clays is reflected in their chemical
compositions, which are presented in Table 2. Except for KBZ and KK,
where the data provided by the supplier were used, the composition was
determined by ICP-OES (Varian ICP-OES 720 ES) on solutions of lithium
metaborate flux fusions as described by Scherb et al. (2020).

2.1.1. Clay mineral analysis

Disaggregation of the clays was performed by agitation of the clay
suspension for 10 min using an overhead stirrer in an ultrasonic bath.
Sodium pyrophosphate served as dispersing agent. Particle-size sepa-
ration of the <2 pym fraction was carried out subsequently by sedimen-
tation in beakers according to Stoke’s law. Oriented mounts of these

Table 1
Designation and short geological description of the investigated clays.
Short Geological description
name

1 AC Early Jurassic marine sediments (Kleeberg and Borner 2012)

2 0oC Mid-Jurassic (Dogger) shale formation formed as marine
sediment (Thury 2002)

3 SCW Tertiary weathering products of Devonian rocks deposited in Eo-
until Miocene (Kleeberg and Borner 2012)

4 CCW Secondary component of Upper Carboniferous coal beds (
Meschede and Warr 2019)

5 KT Primary kaolin deposit accrued by Eocene and Oligocene
weathering of Devonian chlorite-rich shale (Elsner 2017)

6 KUP Primary kaolin deposit formed from Eocene until Miocene by
weathering of Carboniferous granite (Elsner 2017)

7 FUP Miocene fireclays (Radczewski 1968)

8 RKUP Secondary component of a Jurassic sandstone, enriched by
technical wet-processing (Elsner 2017)

9 SW Devonian slate which outcrops in Westerwald clay deposits (
Meschede and Warr 2019)

10 SLS Cretaceous shale (Kleeberg and Borner 2012)

11  MOSM Upper Eocene to Upper Miocene sediments of the foreland basin (
Meschede and Warr 2019)

12 KBZ Tertiary kaolinization of a Permian quartz-porphyry purified by
wet-processing (Radczewski 1968)

13 KK Weathering product of Triassic quartz and feldspar-rich sand (

Elsner 2017)
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Table 2

Chemical composition of the investigated raw clays in wt% (*provided by supplier).

SiO, Al,03 Fe,03 CaO MgO NayO K>0 TiOy SO3 LOI

AC 51.1 17.6 6.4 5.4 2.3 0.3 2.1 0.9 1.9 12.1
oC 48.1 20.6 6.5 3.6 2.3 0.1 5.2 1.0 1.2 11.5
SCW 55.5 25.3 5.1 0.2 0.5 0.1 2.6 1.3 0.0 9.4
Cccw 40.7 13.7 3.3 1.2 1.2 0.4 1.9 0.6 0.5 36.6
KT 66.0 18.1 6.2 0.1 0.4 0.3 2.7 1.0 0.0 5.2
KUP 67.1 17.8 3.9 0.0 1.0 0.1 3.4 1.0 0.0 5.8
FUP 55.7 26.4 3.9 0.2 0.3 0.1 0.6 1.1 0.0 11.8
RKUP 67.1 19.8 5.4 0.1 0.1 0.0 0.3 0.9 0.0 6.3
SW 64.3 16.9 7.2 0.1 2.1 0.2 2.7 0.9 0.0 5.6
SLS 65.3 16.9 6.2 0.2 0.6 0.1 4.1 0.9 0.0 5.7
MOSM 48.8 13.1 5.2 8.9 4.6 0.3 2.0 0.7 0.2 16.2
KBZ* 54.4 32.5 0.4 0.2 0.3 < 0.1 0.3 0.2 0.0 11.7
KK* 49.0 35.0 0.7 0.1 0.2 <0.1 2.2 0.5 0.0 11.8

fractions were prepared by the glass slide method (Moore and Reynolds,
1997) and dried afterwards at 40 °C. The obtained texture specimens
were analyzed both under air-dried condition and after ethylene glycol
solvation. The latter was performed for at least 8 h at 60 °C in a desic-
cator. X-ray diffraction was performed in a PANalytical Empyrean
diffractometer using Cu-Ko-radiation (1.5406 A) at 40 kV and 40 mA.
The oriented mounts were measured on a spinning stage from 3 to 70°20
using a variable divergence slit, which kept the irradiated length at 15
mm, a nickel filter and a PIXcel'® linear detector. Random powder
mounts were prepared from the ground sample (5 min in a Retsch RS200
rotary disc mill) using a side-loading preparation tool. The measure-
ments were carried out analogously to the oriented mounts but with
fixed divergence slits (0.5°) and a Bragg-Brentano™® monochromator
instead of the nickel filter. Identification of the clay minerals on the one-
dimensional diffractograms was carried out following Moore and Rey-
nolds (1997). Further characterization of the illite-smectite (I—Sm) in-
terstratifications was performed by one-dimensional fits of the air-dried
(AD) and glycolated (EG) oriented mounts according to Ufer et al.
(2012a) using Profex-BGMN (Bergmann et al., 1998; Doebelin and
Kleeberg, 2015). The bulk mineralogy was calculated by Rietveld
refinement of the patterns obtained from the random powder mounts of
the bulk ground sample using I—Sm structure models from Ufer et al.
(2012b). Models for stacking disordered kaolinite were applied ac-
cording to Ufer et al. (2015). Amorphous content was calculated using
the external standard approach (Jansen et al., 2012; O’Connor and
Raven 1988). Zincite was used as standard material. The mass attenu-
ation coefficients (MAC) of the clays were calculated based on their
chemical composition using the MACs of the single elements provided in
Arndt et al. (2006). The authors are aware that accuracy of the deter-
mination of amorphous content in complex mixtures with multiple
phases can be strongly affected by microabsorption (Scarlett and Mad-
sen 2018). Therefore, evidence for amorphous phase was carefully
checked by all applied methods. When no significant amounts of
amorphous content was identified (< 10 wt%), the phases were
normalized to the sum of crystalline phases, as in traditional Rietveld
quantification (Hill and Howard 1987). For a more detailed analysis of
kaolinite state of order in the kaolinite-rich clays, the Aparicio-Galan-
Ferrell index (AGFI) was calculated following the procedure of Aparicio
et al. (2006). Peak deconvolution was performed between 19 and 26°20
by a least-squares fitting routine in the program Fityk (Wojdyr 2010),
using symmetrical Pearson VII functions. Peak position, height, shape
and half width at half maximum (HWHM) were refined after subtracting
the background of the whole pattern. Qualitative phase analysis by
interpretation of FTIR spectra was applied on the ground bulk samples in

order to verify the XRD results. FTIR-spectra were recorded at room
temperature in attenuated total reflection (ATR) on a Nicolet iS10 FTIR
spectrometer (ThermoFisher Scientific) equipped with a mid-infrared
KBr beamsplitter, an EverGlo TM MIR radiation source (v; = 15,798
em™1), a diamond ATR crystal and a dTGS detector. 16 scans at a res-
olution of 4 cm™! were collected between 400 and 4000 cm ™!, Degree of
kaolinite disorder was determined for the kaolinite-rich clays based on
the index Py according to Bich et al. (2009). The dehydroxylation
properties were analyzed using TGA (Netzsch STA 449 F3 Jupiter) from
room temperature to 900 °C, with a heating rate of 2 K/min. Data was
processed with Origin 2018G. The kaolinite content in wt% (mgao) was
determined according to Eq. 1 using the tangent method (Lothenbach
et al. 2016; Taylor 1997):

Miao
2My,0

1)

MKao = MH,0

where myy0 is the weight loss linked to the dehydroxylation of kaolinite
determined by the tangent method, Mk, is the molar mass of kaolinite
(258.16 g/mol) and Mpyzo the molar mass of water (18.02 g/mol). The
tangent method is supposed to minimize the influence of illite or
muscovite on the quantification of kaolinite (Avet and Scrivener 2018),
which should be validated in the course of this study by correlating it
with the results obtained by Rietveld refinement.

2.1.2. Thermal treatment

Before thermal treatment, the raw clays were dried for atleast 12 h at
105 °C, subsequently crushed in a laboratory jaw crusher and finally
ground for 5 min in a rotary disc mill. Calcination was performed for 30
min in a preheated laboratory muffle furnace using 50 g of raw material
in a platinum crucible. The calcination temperature was defined at 100
K above the endset temperature of the main dehydroxylation reaction
determined by TGA, in order to ensure dehydroxylation of all clay
minerals instead of solely kaolinite. The assessment of the pozzolanic
reactivity afterwards should reveal, if this is a practical way to deter-
mine calcination temperature of clays dominated by 2:1 clay minerals.
Mass loss during calcination was determined by weighing the sample
before and after thermal treatment. After calcination, the materials were
ground again for 10 min to disaggregate possibly sintered particles. The
specific surface area (SSA) was measured with the BET method (DIN ISO
9277 2003) in a Horiba S-9601 MP using nitrogen as absorption gas.
Efficiency of calcination was checked by FTIR and considered as com-
plete when no more OH-bands were detectable. Calcined kaolinite
content (mcg) was calculated according to Eq. 2.
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where LOC is the mass loss during calcination and mg,, the kaolinite
content quantified by TGA (Eq. 1) and by Rietveld refinement, in order
to compare both methods.

2.1.3. Reactivity tests

The release of aluminum (Al) and silicon (Si) ions in alkaline solution
was determined by elution of the calcined material in 10% NaOH-
solution according to Buchwald et al. (2003). 1 g of sample was
dispersed in 400 mL solution and shaken for 20 h in an interval agitator.
After filtration the eluate was acidified to a pH of 1.0 using concentrated
HCI and diluted with distilled water. Al and Si concentrations were
measured using ICP-OES (Scherb et al. 2020). Heat release was inves-
tigated in the clinker-free R® system at 40 °C following the procedure of
Avet et al. (2016). This method was found to show very good correlation
to strength development for a broad range of pozzolanic and hydraulic
SCMs (Li et al. 2018; Snellings et al. 2019). 1.0 g of calcined clay was
weighed together with 3.0 g of portlandite and 0.5 g of calcite, ho-
mogenized manually with a spatula and sealed in a plastic vial. 5.53 g of
solution containing 4 g/L KOH and 20 g/L KSO4 was weighed and
sealed in a syringe. The materials were conditioned for at least 12h in a
drying cabinet at 40 °C. Powder and solution were mixed manually for
60 s using a spatula. About 3 g of paste was filled in HDPE ampoules and
placed in a TAM Air isothermal calorimeter (TA instruments). 2 g of
quartz sand mixed with 1 g of distilled water served as reference. The
heat flow was recorded for 72 h and normalized to 1 g of calcined clay.
The data was analyzed in Origin 2018G. Cumulative heat was deter-
mined by integrating the heat flow over time from 1.2 to 72 h and
multiplying by 3.6 to receive the unit J/g. The first 1.2 h were not taken
into account, as they are influenced by the difference between room and
measuring temperature.

3. Results and discussion
3.1. Raw clay mineralogy

3.1.1. XRD

The basal reflections of the XRD patterns of the oriented mounts
(Fig. 1) are used to identify the clay minerals. The shift of the (001)-re-
flections in the glycolated state allows the differentiation between
swellable and non-swellable 2:1 clay minerals. This information is
mandatory regarding the correct quantification of the samples.

OC and AC show a broad, asymmetric reflex with maximum intensity
at a d-value of 9.9 A in air-dried condition. The ethylene glycol inter-
calation causes a shift in the pattern of the illite-smectite interstratifi-
cation. CCW only shows a marginal sharpening of the 10 A reflection,
which could indicate an illite with a small smectite component. The
oriented patterns of KT, KUP and SW are nearly identical before and
after glycol treatment, showing very sharp 10 A reflections, which
indicate highly crystalline mica with little or no illitic fraction. No shift
but a small change in intensity and sharpness can be observed for SLS.
The high width of the peak and the change of its shape after glycolation
suggest an illite with minor amounts of expandable layers. MOSM yields
the typical shift of the diffuse smectite (001)-reflections to higher d-
values due to EG-intercalation together with a sharpening.

I—Sm interstratifications were identified in the clays OC, AC, SCW,
CCW and SLS by one-dimensional fits of the preferred oriented
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specimens. The selected models are used for Rietveld refinement of the
random powder patterns, as it is shown exemplary for the clay “AC” in
Fig. 2a. The kaolinite-rich clays showed kaolinite with different degree
of stacking disorder. While the kaolinite pattern of sample “KK” can be
fitted adequately with the ideal structure of Bish and Von Dreele (1989),
disorder models of Ufer et al. (2015) or a combination of the ideal and
disordered model has to be applied to model stacking faults in the other
kaolinitic clays as shown in Fig. 2b. It is not clear if this coexistence of
ordered and disordered kaolinite represents differently ordered domains
or a physical mixture (Ufer et al. 2015). The quantitative composition of
the raw clays derived by Rietveld refinement is given in Table 3.

3.1.2. FTIR

The IR spectra of clays can be subdivided into five regions (Kaufhold
et al. 2012): the OH stretching region (3450-3750 cm’l), the carbonate
region (1360-1580 cm 1), the SiO stretching region (975-1300 cm ™),
the OH deformation region (815-950 cm™!) and the MeO deformation
region (450-580 cm’l). The absorption bands of the investigated raw
clays in the OH stretching area are shown in Fig. 3a. Kaolinitic clays
usually exhibit four more or less distinctive bands in this area, whose
relative intensities are influenced by the degree of stacking disorder.
While the band at 3620 cm™! represents the OH groups within the
gibbsite layer, the bands at 3695, 3670 and 3650 cm ' characterize
those at the boundary of the gibbsite layer, which connect to the silica
layer via hydrogen bonds (Worrall 1986). The latter fact explains that
those three bands are influenced by disturbance of the stacking order.
The bands at 3650 cm ™! and 3670 cm ™! decrease or even disappear with
increasing disorder, which is the case for SCW and FUP. The ratio of
intensities between the 3620 cm ™! and the 3695 cm ™! band was used to
calculate a disorder index, which is referred to as Py by Bich et al. (2009)
for the clays with a kaolinite content of more than 40 wt%. Regarding
the 2:1 clay minerals, smectite shows only one absorption band as there
are only inner OH groups. In the case of MOSM, this band is located at
3620 cm L. This position is typical for smectites with a high aluminum
substitution on the octahedral position (Farmer 1974) and not affected
by the interlayer cations (Madejova 2003). According to Worrall (1986),
the absorption band of trioctahedral mica is located at 3700 cm ™! while
dioctahedral micas exhibit OH stretching frequencies at 3620 cm™?
which move to 3640 cm™! for interlayer deficient micas (illites). The
kaolinite-bearing clays exhibit the typical Si—O stretching vibrations of
kaolinite (Madejova 2003) in the grey-marked area at about 990, 1025
and 1113 em™! (see Fig. 3b). These occur recognizably for the investi-
gated clays with a kaolinite content determined by XRD of 20 wt% and
more (see Table 3) but are only pronounced for the clays KK, KBZ, FUP
and RKUP. The clays rich in 2:1 clay minerals in contrast reveal one
broad band attributed to Si—O stretching vibrations in the range around
1000 cm ™!, The Al-OH bending band at 910 cm™? is distinctive for all
kaolinite-bearing clays, however, it could also represent OH deforma-
tion vibrations in smectite as it is present in SW, MOSM and SLS. The
band at around 930 cm ™! is therefore more representative for kaolinite
but only pronounced in the kaolinite-rich clays (KK, KBZ, FUP, RKUP).
The band at 830 cm™! represents Al—O stretching attributed to the
tetrahedral Al (Janek et al. 2009) and is therefore only present in the
clays that contain muscovite or illite. The presence of carbonates in
MOSM, AC and to a small extend in OC can be verified by the band at
875 cm™!, which represents the out-of-plane bending mode of the CO3
anion (Madejova et al. 2010). The observed bands are consistent with
the results obtained by Rietveld refinement (Table 3).
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Fig. 1. Diffractograms from 4 to 20°20 of air dried (AD) and glycolated (EG) oriented mounts of the clays with low kaolinite content.
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Fig. 2. Rietveld refinement of a) “AC” with calculated patterns for illite-smectite (R0) and disordered kaolinite (Ryp = 5.45%; Rexp = 4.68%) and b) “KBZ” with
calculated patterns of ordered and disordered kaolinite (Ryp = 8.71%; Rexp = 5.95%).

3.2. Determination of (calcined) kaolinite content

Completeness of dehydroxylation was verified using FTIR spectros-
copy once more on the samples after calcination. The spectra in the OH-
stretching region after calcination (Fig. 4a) shows, that all clays are
dehydroxylated completely as no more OH bands are visible. Beyond
that, the distinct Si—O stretching bands merge to one single band due to
loss of long range order. Therefore, in the following considerations, a
complete conversion of the kaolinite in the samples can be assumed.

The kaolinite content in the raw clay and the calcined kaolinite
content in the calcined clay was determined by TGA using the tangent
method and XRD using Rietveld refinement. Both methods provide
similar results for the most part (see Table 4). There is no systematic
deviation between the observed and theoretical data. Comparable con-
sistency was obtained by Lorentz et al. (2018), who however used a
different approach during Rietveld refinement. Scrivener et al. (2019)
observed significant differences between the two methods and led it
back to errors in XRD attributed to preferred orientation and disorder.
While results of Rietveld refinement are sensitive to the correct identi-
fication of all components, use of adequate structure models and
appropriate sample preparation (Ufer and Raven 2017), TGA-results can
be strongly distorted by accompanying clay minerals which dehydrox-
ylate in the same temperature range, e.g. smectites, or organic compo-
nents. They can further be user- or software-dependent regarding the
definition of on- and endset points of the reaction and the determination
of the tangent. In the case of one clay with high organic content (CCW),
the determination of kaolinite content using TGA was not possible,

which is why this clay is not considered in Table 4. Therefore, the values
determined using XRD were chosen for the presentation of the correla-
tions in 3.4.

3.3. Comparison of methods for reactivity testing

The reactivity of the calcined clays was assessed by two different
methods as described in 2.2.3. There is a very good linear correlation
between the solubility of Si and Al ions and the evolved heat after 72 h
during R3 calorimetry test (see Fig. 5 and Table 5). Beuntner et al. (2019)
reported high correlations between soluble Si and Al ions and the 28
days strength activity index and made use of the method to evaluate the
optimum calcination temperature. Avet et al. (2016) proved a linear
correlation between released heat during R® calorimetry test and
compressive strengths for all ages. The results obtained here are there-
fore not surprising but confirm once more the important role of soluble
Si as well as Al ions in the reactivity of calcined clays and emphasize
their chemical contribution during hydration. It can furthermore be
concluded that similar criteria can be used to assess calcined clays
regarding the use as SCM or as precursor for alkali activated binders.

3.4. Mineralogical parameters influencing reactivity

Table 5 summarizes the determined parameters, which are used for
the correlations hereafter.

Avet et al. (2016) identified the calcined kaolinite content as the
decisive factor determining pozzolanic reactivity for clays. The results
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Table 3

Mineralogical composition of the investigated clays in wt% (Qtz = quartz, Kaol = kaolinite, I-Sm = illite-smectite interstratification, Sm = smectite, Ms/I = muscovite/
illite, Chl = chlorite, Cc = calcite, Dol = dolomite, Fsp = feldspar, Rt/An = rutile/anatase, Py = pyrite, He = hematite, Goe = goethite, Gy = gypsum, Am =

amorphous).

AC ocC SCW CCw KT KUP FUP RKUP SW SLS MOSM KBZ KK
Qtz 20.0 21.5 18.4 15.8 37.9 33.2 12.6 47.7 22.8 37.3 18.2 15.5 4.0
Kaol 22.6 19.7 40.0 10.4 20.0 25.7 70.6 45.0 - 6.8 8.0 83.9 78.2
I-Sm 31.8 37.8 19.8 23.5 - - - - - 40.0 - - -
Sm - - - - - - - - - 24.8 - -
Ms/1 4.7 5.7 17.7 11.3 36.1 36.1 12.9 3.1 55.3 15.2 18.9 - 8.0
Chl 5.6 2.4 - 1.4 - - - - 20.4 - 4.9 - -
Cc 7.4 2.4 - 0.4 - - - - - - 6.8 - -
Dol/Ank 1.1 2.1 - 0.7 - - - - - - 10.3 - -
Fsp 3.8 4.7 - - - - 1.2 - - - 7.2 - 8.9
Rt/ 2.2 2.1 1.5 0.3 1.3 0.7 2.7 0.4 1.6 0.7 0.8 0.7 0.8

An

Py 0.9 - - - - - - - - - - -
He - - 1.7 0.3 - - - 0.4 - - - - -
sid - - - 0.8 - - - - - - - - -
Goe - - 1.0 - 4.8 4.3 - 3.3 - - - - -
Gy - 1.7 - - - - - - - - - - -
Am 35.0 ;

Transmittance [a.u.]
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Fig. 3. FTIR spectra of the raw clays in the OH (a) and SiO/Al-OH stretching region (b).

obtained here can largely support these findings as shown in Fig. 6.

There is, however, a difference between the influence of the overall
reactivity defined by the evolved heat after a specific time and the re-
action kinetics, reflected by the time of the maximum heat flow.
Regarding the five investigated clays with a minimum kaolinite content
of 40 wt% in the raw clay (SCW, RKUP, FUP, KBZ & KK), the evolved
heat after 72 h is dominantly defined by the kaolinite content whereas
the heat flow maximum is shifted significantly to later times with
increasing degree of order. This is displayed in Table 6, where the
relation between the degree of kaolinite disorder and the maximum heat
flow during R® calorimetry test is presented. The indexes were not
determined for the clays with a kaolinite content below 40 wt%, as in
these cases strong overlapping of OH bands (FTIR) and Bragg reflections
(XRD) occur. Furthermore, the influence of disorder phenomena in
kaolinite on the reaction behavior decreases with lower kaolinite
contents.

As already described by Galan et al. (1998), strongly disordered
kaolinites tend to have a higher SSA than well-ordered kaolinites, which
is still true for the SSA after calcination, as confirmed in Table 6. The

data presented here do not allow to draw conclusions on which of the
two linked parameters - the high SSA or the structural defects - is the
driving force for the faster reactivity. While the weight fraction of or-
dered kaolinite determined by Rietveld refinement and the AGFI give a
good linear correlation with the heat flow maximum, the Py-index yields
poorer correlation. The poor correlation of Py is mainly due to the value
calculated for RKUP. It would need an additional number of kaolinitic
clays to be investigated with the used methods in order to evaluate the
parameters, which influence the correct determination of Py. Lorentz
et al. (2018) neither found any good agreement between crystallinity
indexes based on FTIR and XRD. The peak deconvolution for the
calculation of the AGFI, which is illustrated in Fig. 7, allows a more
precise analysis than the FTIR method, where overlapping of OH-bands
can also occur. Aparicio et al. (2006) already stated that the AGFI index
is less sensitive to the presence of other phases.

The fact that the degree of disorder determined by XRD as well as the
SSA correlate well with the reaction rate (see Table 6) therefore suggests
using XRD over FTIR for the determination of this parameter. The in-
fluence of the degree of kaolinite disorder derived by FTIR on the
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Fig. 4. FTIR spectra of the calcined clays in the OH (a) and SiO/Al-OH stretching region (b).
Table 4
Comparison of (calcined) kaolinite content in wt% determined by TGA (tangent
method) and XRD (Rietveld refinement). '—% 800 a
Ve
Kaolinite Kaolinite Calcined Calcined o‘)O 5 = 7
Rietveld TGA kaolinite kaolinite TGA S R*=0.98 7z
Rietveld ‘z' ‘ -
Sw@®l0 - - - - N 600 e
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°0) 9] " é
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Q)
RKUP 45.0 38.0 41.3 34.8 Fig. 5. Correlation between solubility of Al and Si ions and evolved heat during
(680 °C) R3 calorimetry test after 72 h.
FUP (650 70.6 60.8 68.6 59.1
Q)
KK (700 78.4 79.0 76.3 76.9 This becomes more obvious in Table 7, where the reactivity based on the
°0) R test is presented for the clays with a kaolinite content below 30 wt%.
KBOZC)@sO 83.9 79.0 8L5 76.7 The samples KT and KUP, which only have muscovite and quartz as

pozzolanic reactivity of kaolinitic clays has already been verified by
Tironi et al. (2012). The data provided here suggest, that the degree of
disorder mainly affects the reaction kinetics but not the overall evolved
heat. This is most evident for the samples KK (AGFI = 1.35) and KBZ
(AGFI = 0.85), which have a comparable kaolinite content (~ 80 wt%)
and overall heat development (750-780 J/g) but significantly different
reaction kinetics (Heat flow maximum KK after 15.6 h and KBZ after 7.9
h). These findings are in line with Hollanders et al. (2016), who
observed a more rapid portlandite consumption of low ordered kaolinite
than of high ordered kaolinite. Looking at the bottom left corner of the
diagram in Fig. 6, there are, despite the good correlation over the whole
diagram, significant differences for clays with similar kaolinite content.

other main constituents, show significantly lower reactivity than the
samples with similar calcined kaolinite content but reactive 2:1 clay
minerals (I—Sm, Sm) as main constituents. This fact confirms that for
the evaluation of many common clays a determination of the kaolinite
content is not sufficient regarding the assessment of reactivity.
Furthermore, it proves that the applied method for defining the calci-
nation temperature was suitable to ensure at least partly activation of
the 2:1 clay minerals. Even though, the major part of the investigated
common clays provides lower reactivity than the typical low grade
kaolinitic clays investigated in LC® blends, the 3 days evolved heat is still
located within the range of established SCM between fly ash and slag (Li
et al. 2018). Furthermore, recent research has shown, that these types of
clays can show benefits in comparison to kaolinite-rich clays regarding
rheological behavior (Sposito et al. 2020) and durability issues like
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Calcined kaolinite content based on XRD, SSA, amount of Si and Al ions dissolved in 10% NaOH-solution, evolved heat during R® calorimetry test (72 h) for all calcined

clays and kaolinite disorder indexes for the kaolinite-rich raw clays.

AC ocC SCW CCW KT KUP FUP RKUP SwW SLS MOSM KBZ KK
mcgk [wt%] 21.4 18.8 37.8 13.9 18.1 23.2 68.6 41.3 0.0 6.2 7.5 81.5 76.3
Al sol. [mmol/L] 2.0 2.1 4.7 1.1 1.4 2.8 7.8 6.9 0.5 0.9 0.5 11.3 9.6
Si sol. [mmol/L] 2.8 3.2 6.9 1.6 1.9 4.0 11.0 6.9 0.8 1.4 1.3 13.2 11.3
R® [J/g] 279 233 399 208 174 246 611 457 67 113 141 780 749
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Fig. 6. Correlation between calcined kaolinite content and R® evolved heat
after 72 h.

Table 6

Relation between kaolinite disorder determined by different methods or
respectively SSA and heat flow maximum during R® calorimetry test for the clays
with a kaolinite content of more than 40 wt% in the raw clay.

wt. fraction AGFI Py SSA Heat flow
ordered [—] [-1 [-1 [m?/g] maximum [h]
FUP 0.00 0.54 0.92 44.1 5.9
SCW  0.00 0.39 0.97 32.2 6.1
KBZ 0.30 0.85 1.14 20.4 7.9
RKUP  0.38 1.24 0.96 8.4 13.6
KK 1.00 1.35 1.29 11.3 15.6

carbonation (Beuntner et al. 2019; Triimer et al. 2019).
4. Conclusion

This study investigated 13 different clay-rich raw materials from
German deposits regarding their mineralogical composition and
pozzolanic reactivity after calcination. Even though there is an overall
good correlation between calcined kaolinite content and reactivity
based on the R® calorimetry test, the influence of illite-smectite in-
terstratifications and smectites becomes significant for common clays
with a kaolinite content below 30 wt%, when calcined 100 K above the
endset temperature of their main dehydroxylation peak. A qualitative
assessment of the contribution of 2:1 clay minerals to the reactivity of
calcined common clays can be made without separating the single
phases, if an elaborate mineralogical analysis is conducted. Unprocessed
common clays - dependent on their mineralogical composition - provide
reactivity comparable to established supplementary cementitious ma-
terial (SCM) like fly ash or slag. For the assessment of pozzolanic reac-
tivity, the R® calorimetry test and the solubility of Al and Si ions exhibit

°26

Fig. 7. Peak deconvolution for the calculation of AGFI (example of KBZ)

Table 7
R® evolved heat of calcined clays with low calcined kaolinite content.
SW SLS MOSM Cccw oC KT AC KUP
Calcined 0 6.8 8.0 16.0 19.7 20.0 22.6 25.7
kaolinite
[wt%]
R® evolved heat 67 113 141 208 233 174 279 246

after 72 h [J/

8scul

very good consistency. Five of the nine investigated raw clays contain
significant amounts of illite-smectite interstratifications, as it is typical
for common clays. Regarding their widespread availability, these clays
should move further into the focus of research in the search for alter-
native SCM. Especially regarding clays with low kaolinite content, a
comprehensive mineralogical characterization is mandatory in order to
assess their potential as SCM. Rietveld refinement and thermal analysis
yield similar results with regard to kaolinite content. The former,
however, provides additional important information as degree of
kaolinite disorder. Latter parameter correlates with the specific surface
area (SSA) and significantly influences the reaction kinetics of kaolinite
dominated clays.
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Fig. S1. Location of the sampled deposits marked on the geological map of Germany (Toloczyki et al., 2006).
The colors follow the International Stratigraphic Chart (Cohen et al., 2013). Orange dots and areas mark the
layer “clay or claystone” taken from the map of mineral resources of Germany (Dill and Réhling, 2007).
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Abstract
Calcined clay blended cements play a major role in cement industry's strategy to
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reduce CO, emissions. During their hydration, an accelerated aluminate reaction is
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insights into the influence of different calcined clays on the hydration of cubic trical-
cium aluminate (C3A). A cementitious model system consisting of cubic C;A, quartz
powder, calcium sulfate and a model pore solution was investigated. The influence of
three different calcined clays and one nanolimestone was examined by a successive
replacement of the quartz powder and variation of the calcium sulfate. Heat flow and
hydrate phase development were followed by isothermal calorimetry and quantitative
in-situ X-ray diffraction. Accelerated ettringite formation and sulfate depletion were
observed for all calcined clays, while the nanolimestone exhibited the opposite effect.
It was found that adsorption of SO, ions and/or Ca-SO,-complexes at the surface of
calcined clay particles is the main factor inhibiting retardation of the C;A hydration
in absence of a silicate reaction. In the Al-rich systems a retardation through sulfate
adjustment seems to be impeded by additional Al ions, which react with Ca adsorbed

onto and leached from the C;A surface.

KEYWORDS

calcined clay, metakaolin, sulfate, supplementary cementitious material, tricalcium aluminate,
X-ray diffraction

1 | INTRODUCTION

preventing a superposition of the silicate and aluminate
clinker reaction.” As calcined clay blended cements* or

Calcium sulfates take an important role in the reaction
of pozzolanic materials by forming ettringite with alu-
minum ions from the pozzolan.l Sulfate carriers like
gypsum, bassanite, or anhydrite are used to retard the
tricalcium aluminate (C3A) reaction in ordinary port-
land cement (OPC).2 The latter mechanism is used to
avoid flash set and to optimize strength development by

limestone calcined clay cements (LC%° are currently
among the most promising solutions to address CO,
emissions in cement industrys, their influence on cement
hydration in general and on the aluminate reaction in par-
ticular is gaining attention. In calcined clay blended ce-
ments, where additional aluminum sources are present,
awareness has been raised for extra sulfate demand, as the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.
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C5A and alumina-rich calcined clay minerals might com-
pete for the sulfate at the solid-liquid interface.” Several
studies have proven that alumina from metakaolin can
contribute to ettringite formation.*® Hence, in blends of
cement and calcined clay there is a risk of undersulfation.
An enhanced ettringite formation during the dormant
period’ as well as an acceleration of the sulfate deple-
tion’ is often observed. While some studies refer to the
additional aluminum ions'®'! to explain aforementioned
effects, a recent work suggests the high specific surface
area (SSA) of calcined clays as the driving force:'> The
faster aluminate reaction was correlated to the accelera-
tion of the silicate reaction, which is driven by the filler
effect. As SO42_ ions adsorb on the newly formed calcium
silicate hydrate phase (C-S-H),"*"!% an accelerated C-S-H
formation speeds up the adsorption of sulfate and thus the
sulfate depletion peak. The role of ion adsorption during
early cement hydration has gained increasing significance
in recent research, especially regarding the aluminate re-
action.'® While the retardation of the C;A reaction has
been traditionally attributed to a diffusion barrier formed
by ettringite on the C;A surface,!” more recent studies
suggest adsorption of calcium and sulfate ions on C3A,
where they hinder dissolution.'® The fact that the C;A
reaction rate increases before the ettringite consumption
by AFm phases begins,19 as well as the morphology of
ettringite, which seems to be unsuitable as a diffusion
barrier,? support this theory. Geng et al.! proved the
high porosity of the ettringite needle network at the C;A
reaction front using X-ray ptychography and transmission
X-ray microscopy, which rules out any effect as a physical
barrier. Myers et al.?? identified adsorbed Ca-sulfur ion
pair complexes onto an “Al-rich leached layer,”23 formed
at the C;A surface, as the key inhibitors of its dissolution.
Liu et al.>* demonstrated that it requires a coexistence of
calcium as well as sulfate ions to retard the aluminate re-
action. Joseph et al.”> combined both theories by suggest-
ing that not only calcium and sulfate ions block the active
surface but also ettringite—explicitly not as a diffusion
barrier. Even though the described theories are still under
debate and the mechanisms not fully understood, there is
a consensus regarding adsorbed ions as the key inhibitor
of the C;A reaction.”®

Raw clays and soils are well known for their adsorption
capacity of organic and inorganic solutes.?” The sulfate ad-
sorption capacity of soils is depending, inter alia, on clay
content, nature of clay minerals, and pH.*® Lei & Plank®
could prove the adsorption of large amounts of Ca”" onto the
surface of clay particles by measuring a strong increase of
the initially negative Zeta-potential of muscovite, kaolinite
and montmorillonite in Ca®" titrated suspensions. Similar
observations where made with a calcined kaolinitic clay‘30
There is however lack of data, which could prove adsorption

of SO42_ or Ca-SO, ion pair complexes onto the surface of
(calcined) clay particles.

The objective of this study on reduced cementitious
model systems was to investigate the influence of calcined
clays on the early hydration of C;A in the presence of cal-
cium sulfate. The effects of sulfate content as well as type and
amount of calcined clay, which affects SSA and amount of
dissolved aluminum, are studied. A quantitative inspection of
phase development in combination with isothermal calorime-
try should point out if supplementary cementitious materials
(SCM) with high SSA and additional aluminum ions have the
potential to accelerate the aluminate reaction independent of
C-S-H formation. The work intends to discuss the role of ion
release and ion adsorption of calcined clay minerals and their
influence on the hydration of C;A.

2 | EXPERIMENTAL PROCEDURE

2.1 | Cementitious model System

A reduced cementitious model system based on synthetic
C;A was developed. Therefore, cubic C;A was synthesized
by sintering of CaCO; (Sigma Aldrich, 99.95%) and Al,O;
(Acros, 99.99%) in stoichiometric balanced ratio. The ho-
mogenized educts were calcined for 16 h at 1000°C and sin-
tered twice for 6 h at 1400°C in a laboratory muffle furnace
with intermediate grinding and homogenization. The final
product was ground two times for 5 min in a rotary disc mill
(Retsch RS200) using a tungsten carbide grinding tool and
sieved through a 63 um sieve. The purity of the C;A was veri-
fied by XRD (Figure 1) and found in a quantity of 98.5 wt%
C;A together with 1.5 wt% mayenite.

Three calcined clays were chosen for investigation: A fine
kaolinitic clay (70.6 wt% kaolinite, high disorder) calcined at
650°C, referred to as CKf, a coarse kaolinitic clay (78.2 wt%
kaolinite, low disorder) calcined at 700°C, referred to as
CKc and an illitic clay calcined at 770°C, referred to as CL.
Calcination was performed in a preheated laboratory muf-
fle furnace for 30 min. The calcination temperatures were
chosen following previous studies on pozzolanic reactiv-
ity.31’32 The calcined clays were ground for 10 min in a ro-
tary disc mill using an agate grinding tool. Additionally, a
nanolimestone (Skyspring Nanomaterials, Inc.), referred to
as nLS, which provides high SSA but neither reactive sili-
con nor aluminum ions, was investigated solely by isothermal
calorimetry to examine the pure effect of surface area. The
mineralogical composition of the calcined clays and the nL.S
was determined by Rietveld refinement and is given in Table
1. Am phous content was calculated following the external
standard method.*>** Gypsum from Merck with a purity of
>99% was used as provided by the producer. A verification
of the phase composition by XRD gave a mass proportion
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FIGURE 1 Rietveld refinement 25,000
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TABLE 1 Mineralogical composition of the SCM [wt.-%] a surface area and particle size distribution comparable to
OPC. A basic test series with varying CS content was ex-
nLS CKf CKe c amined in order to establish a reference system (C3A_xC§ R
Quartz — 14. 3.3 24 x=2,3 wo te tse ies ere xamined suc ely
Illite/muscovite — 8. 11.2 53.0 for each calcined clay. The first one investigates the influ-
Feldspar _ _ 6.9 ence of the replacement level of the calcined clays and the
o _ 0. o nanolimestone. The second one considers the variation of the
Anatase . | 02 o sulfate carrier at a constant calcined clay content. The nota-
Calcite 08.0 tion C3A_5CS_20CKc e.g. refers to a sample consisting of
) i 10 wt% C3A, 5 wt% sulfate carrier, 20 wt% CKc and 65 wt%
Dolomite 2.0 — . .
quartz powder. All experiments were conducted at a liquid to
Amorphous — 76. 79.2 32.1

of 25.0 wt% bassanite. Since this amount is considered suf-
ficient as early available sulfate source, no further bassanite
was added. Hereafter, the sulfate carrier in the given ratio
will be referred to as CS. Table 2 provides the chemical com-
position, loss on ignition (LOI), mass attenuation coefficient
(MAC), SSA and median particle diameter (ds,) of all used
materials. The MACs were calculated from the chemical
composition using the MACs of the single elements provided
in International Tables for Crystallography for Cu Ka radi-
ation.®® Furthermore, zeta potential is given determined by
electroacoustic measurement in a mixed hydroxide solution
(MOH)*® at a solid content of 25 wt%. MOH solution was
used during all experiments in order to imitate a cementi-
tious pore solution on one hand and to generate a reactive
environment for the calcined clays by providing a sufficiently
high pH on the other. The solution is composed of 50 mmol/l
NaOH and 300 mmol/l KOH and possesses a pH of 13.57. A
lime solution was intentionally not used, in order to impede
C-S-H formation, which might affect the results. With the
aims of reducing heat release and simulating the surface of
OPC, the C;A content was kept constant at 10 wt% in all
mixtures by filling it up with quartz powder, which provides

solid ratio of 0.6. A summary of all investigated systems is
provided in Table S1.

2.2 | Evaluation of chemical reactivity

To evaluate the chemical reactivity of the single calcined
clays, the soluble silicon and aluminum ions in MOH were
determined after 6 and 24 h according to Beuntner and
Thienel. % 1 g of the sample was eluted in 400 ml MOH on
an interval agitator. The eluate was filtered and acidified to
a pH of 1.0 after the corresponding time. The concentration
of silicon and aluminum ions was measured using ICP-OES
(Varian ICP-OES 720 ES) as described by Scherb et al.>” A
multi-point calibration with an external standard was carried
out beforehand. Assessment of chemical reactivity according
to current state of the art was performed by determining the
evolved heat during the first 72 h using the R® calorimetry
test.”*’

2.3 | Heat flow calorimetry

Heat flow measurements were conducted in the model sys-
tem (see Section 2.1) at 25°C in a TAM Air isothermal
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Quartz

Oxides [wt%] C:A Gypsum powder nLS CKc
Si0o, — — 98.0 — 55.8
ALO; 377 — L. — 39.8
Fe,04 — — <0.1 — 0.7
CaO 62.3 34.1 <0.1 55.5 0.1
MgO — — <0.1 0.4 0.2
SO, — 48. — — <0.1
Na,O — — <0.1 — 0.1
K,O0 — — 0.5 — 2.5
TiO, — — <0.1 — 0.6
LOI — 17. 0.3 44.1 0.3
MAC [cm%g] 52.6 65.5 36.0 73.1 35.8
SSA [m?/g] 0.8 0.7 13 10.8 113
ds [um] 10.8 19.3 15.7 4.5 9.8
Zeta potential — — —10.8 —11.6 —14.6

in MOH

[mV]

calorimeter from TA instruments. Pastes were prepared man-
ually by external stirring for 60 s and approx. Two gram of
homogenized paste was transferred into a flask. The flasks
were inserted into the calorimeter within 2 min after water
addition. Quartz powder and deionized water were used in a
ratio of 2:1 as reference substance.

2.4 | X-ray diffraction

In situ XRD experiments of selected systems were performed
with a PANalytical Empyrean diffractometer (CuKa, Bragg—
BrentanoHD monochromator, PIXcellD linear detector) in
order to quantify the phase development during hydration.
For this purpose, the samples were mixed manually and
transferred into a sample holder, which was placed onto a
temperature controlled sample stage at 25°C and covered
with a 7.5 um Kapton film. Measurements were carried
out at 40 kV and 40 mA for 24 h with a time resolution of
15 min per scan. Rietveld refinement was employed for each
scan using Profex-BGMN.*’ The scattering contribution of
the Kapton film was modeled using the measurement of a
silicon single-crystal sample carrier covered with a Kapton
film.*! The scale factors of the single phases were extracted
to calculate the absolute amounts of the crystalline phases by
applying the external standard approach.%’34 Recrystallized
zircon was used as external standard.*? The crystal struc-
tures, which were applied for Rietveld refinement are given
in Table 3. Monosulfate (C,AS x H,,) was refined using the
crystal structure of kuzelite,* modified with lattice parame-
ters for C4AS x H, 4.44 The problems regarding quantification
of AFm phases are reported elsewhere.'® The gypsum used in

TABLE 2 Chemical composition and
physical parameters of the investigated

CKt a materials
62.9 49.5
29.8 21.3

44 6.6
0.3 6.9
0.3 2.9
<0.1 <0.1
0.1 0.3
0.6 6.3
1.2 0.7
0.4 54
444 572
44.1 82.4
29.9 15.2
-394 -20.3

TABLE 3 Crystal structures used for Rietveld refinement

Structure ICSD code References
Zircon — [45

Quartz 34636 [46]

C;A 1841 [47]
Gypsum — [48
Ettringite 155395 [49]
Monosulfate (Kuzelite) 100138 [43]
Stritlingite 69413 [50]

the experiments showed strong preferred orientation during
the in-situ measurements, which led to a slight overestima-
tion in Rietveld refinement. This was taken into account by
normalizing the retrieved quantities to the maximum theo-
retical gypsum content. Samples for XRD measurements
after 7 days of hydration were prepared analogously to in-situ
measurements. The samples were covered and sealed with
a Mylar film, placed in a drying cabinet at 25°C for exactly
168 h and measured under the same conditions as the in situ
measurements.

2.5 | Scanning electron microscopy

Samples for scanning electron microscopy (SEM) were pre-
pared analogously to Section 2.3 and stored in a sealed plastic
container in a drying chamber at 25°C. After 24 h, a fraction
of the sample was glued on a sample holder and coated with
gold. Secondary electron images were taken in a Zeiss Evo
LS 15 at 20 kV and a working distance of 8.5 mm.
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2.6 | Thermodynamic modelling

Phase assemblage at thermodynamic equilibrium was cal-
culated using the Gibbs free energy minimization software
GEMS’! in combination with the databases PSI-GEMS>? and
Cemdatal8%. Input recipes were created using the mass pro-
portions of the respective XRD and calorimetry experiments.
The conditions for the simulations where set analogous to
the experiments at ambient pressure and 25°C. Phase assem-
blage of the reference system was calculated depending on
CS content. For the system substituted with 20 wt% calcined
kaolinitic clay, the reaction degree of metakaolin was varied
in a range which is consistent with data from literature.>”>*

3 | RESULTS AND DISCUSSION
3.1 | Chemical reactivity of the calcined
clays

The investigated calcined clays exhibit different chemical
reactivity during the first 24 h (Figure 2). CKf reveals the
fastest release of Si and Al ions in MOH as well as the fastest
heat release in the R*-test during the first 22 h. CI exhibits the
overall lowest chemical reactivity, even though the amount
of released Si ions after 6 h is slightly higher as for CKc. CKc
shows a slow reactivity in the R*-test during the first 6 h,
which then accelerates and exceeds the evolved heat of CKf
after approximately 22 h. However, after 24 h only half the
amount of Al and Si ions are released as compared to CKf.
The lower chemical reactivity of calcined illite as well as the
higher ratio of Si to Al ions in comparison to calcined kao-
linite is in line with previous publications.”‘55 36 The slower
reaction rate of CKc compared to CKf can be explained by

RE Al Si o.”
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FIGURE 2 Evolved heat during R® calorimetry test and solubility
of Al (relative standard deviation (RSD) = 11%) and Si (RSD = 10%)
ions in alkaline solution during the first 24 h
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lower specific surface area and degree of disorder in the
kaolinite structure.’'*>>” The fact that the evolved heat of
CKc exceeds CKf after 22 h results from the higher calcined
kaolinite content of CKc. The still lower solubility of CKc
compared to CKf after 24 h can be attributed to the lower pH
of the MOH solution compared to the R® system and to the
fact, that the one represents a reacting system and the other a
straight dissolution process.

3.2 | C;A-systems without calcined clays

The reference system was chosen considering the follow-
ing conditions: The amount of sulfate should be sufficient
for a complete transformation of C;A into monosulfate
without significant formation of CAH phases at thermody-
namic equilibrium. This holds for a minimum CS content
of 5 wt% (Figure 3). Beyond that, a distinct and reproduc-
ible heat flow maximum should be present. Figure 4 exhib-
its the course of the heat flow of the C3A hydration reaction
in absence of calcined clays depending on the CS content.
The first exothermic peak is not completely recorded due
to the external sample preparation. The smaller initial
maximum of the systems with lower sulfate content can
therefore be explained by an already higher heat release
during sample preparation. Pourchet et al.’® have shown,
that the intensity of this peak is independent of the amount
of sulfate added but certainly depends on the type of sul-
fate carrier. The second heat flow maximum, which can
be attributed to the sulfate depletion, shifts to later times
with increasing sulfate content together with a significant
decrease in peak height and increase in peak width. This
effect was observed already by other authors>>%% and
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FIGURE 3 Thermodynamic stability in the reference system
depending on the CS content calculated in GEMS [Color figure can be

viewed at wileyonlinelibrary.com]
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can be explained by an extended time for the removal of
calcium, sulfate and possibly ettringite from the C;A sur-
face.”® The system C3A_5CS was chosen for the further
investigations. The phase development and the heat flow
during the first 24 h of hydration are presented in Figure
5A. The in-situ XRD measurements (Figure S1) reveal that
bassanite is not detectable anymore during the first scan
of the measurement, as it immediately dissolves.*! Taking
into account, that the theoretical C;A content before the
start of the reaction is 6.25 wt%, a significant initial dis-
solution of about 2.5 wt% takes place, which is not surpris-
ing, regarding the high liquid-to-C;A ratio. In comparison,
in an ordinary Portland cement system with a w/b of 0.5, an

12

——C,A_6CS

£
>
N
Q
[

Heat flow [mW/g,;4]

FIGURE 4 Course of heat flow for different sulfate
contents in the C3A_xCS-system [Color figure can be viewed at
wileyonlinelibrary.com]

immediate dissolution of 1.8 wt% of initially 6.9 wt% was
observed.®? The amount of dissolved C;A is higher at every
point of time than the amount that is needed for the precipi-
tation of the corresponding hydrate phases. The difference
could partly be dissolved in the pore solution or bound in
AFm gel as described by Geng et al.X! They observed ‘gel-
like’ areas intermixed with ettringite needles at an early
age of hydration. Jansen et al.'® could not detect significant
amounts of amorphous phase and therefore attributed the
difference to Al adsorbed on the surface. After the initial
dissolution, the C;A content stays almost constant until the
depletion of the gypsum. At this point of time, the maxi-
mum ettringite content (6 wt%) is reached, which is sig-
nificantly lower than the theoretical value (8 wt%) based
on the CaSO, content. As the gypsum depletes, ettringite
is consumed and monosulfate (C4AS x H,,) forms. The
major part of the monosulfate formation still falls into the
stadium, where the reaction kinetic is defined by the C;A
dissolution. The heat flow maximum correlates with the
maximum C;A dissolution rate, which is in line with the
well-known fact that the accelerated C;A dissolution after
sulfate depletion is the primary reason for the enhanced
heat development.(’I After 24 h, approximately 0.8 wt%
C;A are left while 2.8 wt% ettringite and 3.3 wt% mono-
sulfate have formed. For these reactions 2.0 wt% C;A are
needed, which are already provided by the initial dissolu-
tion. The dissolution of almost 3.5 wt% of C3A cannot be
explained at this stage, even though if part of it could be
caused by an underestimation of AFm phases in Rietveld
analysis, due to their low crystallinity, which has already
been reported elsewhere.'®

12[A)YC,A_5C3 CA

—— Gypsum
Monosulfate
—— Ettringite

(B) C,A_5CS_20CKf|o4

20

—— Stratlingite
| Heat flow

Phase content [wt%]
N

Heat flow [mW/g]

FIGURE 5 Heat flow curves and phase
development for the systems with 5 wt%
CS; A) without and B-D) with 20 wt%
calcined clay (initial C;A contents are
marked by the green crosses; the symbols
correspond to results of two individual
measurements, the lines represent the

4 8 12 16 20
Time [h]

average) [Color figure can be viewed at
wileyonlinelibrary.com]
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3.3 | C;A-systems in presence of 5 : 1 :
calcined c3lays * * C4A SCS

18 g A C,A 5CS_xCKcl|
3.3.1 | Acceleration of the hydration N ® C,A_5CS_xCKf

N ) I ’ m C,A_5CS_xCl | —
The addition of 20 wt% calcined clay (CI, CKf, CKc) has a =
massive impact on the reaction kinetics as sulfate depletion o * d C3A—SCS—Xn LS
and ettringite formation are accelerated significantly (Figure 8 6 * T (R R R
5, Figure S2). While the formation of ettringite until its maxi— % A :
mum content evolves in two steps in the system C3A_5CS, s .
it forms continuously in the systems with calcined clay. & \\ : :
C3A_SCS_20CKf and C;A_5CS_20CI exhibit an accelera- 3 [ AN N S M S
tion of the sulfate depletion from 6 h down to approximately ie N \ -
2 h. In the course of the heat flow, the first and the second e . ~ -
maximum coincide, leaving only a small second heat maxi- ; ; = “0 —- T _‘.
mum, which appears after 4 h for CI and after 6 h for CKf. 0 : ‘ ' ‘ ’
CKc causes a less pronounced acceleration, leaving the two 0 5 10 15 20 25
SSA [m?q]

reaction maxima still visible. The systems with calcined clay
reach—or in the case of CKc almost reach—the theoretical
maximum ettringite content of about 8 wt% (based on the
CaSO, content). However, there is a significant difference in
the consumed C;A between the different systems. After sul-
fate depletion, no further decline in C;A content takes place
in the systems C3A_5C§_20CKC and C3A_5C§_20CI. In the
system with CKf the C;A dissolves continuously and stritlin-
gite (C,ASHy) begins to form after 6 h. This correlates well
with the solubility (Figure 2), which is still lower for CI and
CKc after 24 h as for CKf after 6 h.

The acceleration phenomenon could be explained in the
first instance by three arguments:

1. The calcined clays
Therefore, the tricalcium aluminate and the calcined
clay minerals compete for the sulfate, which leads to
an undersulfation of the system and accelerated ettringite
formation.” If this was the case, CI would show the
lowest acceleration, since it provides the lowest amount
of soluble aluminum ions.

2. The acceleration is mainly driven by the filler effect.%® The
high specific surface area of the dehydroxylated clay min-
erals provides additional nucleation sites for ettringite and/
or monosulfate formation. Figure 6 shows an exponential
correlation between specific surface area of the systems
containing calcined clays, which was varied by using dif-
ferent replacement levels, and the heat flow maximum
during isothermal calorimetry (sulfate depletion peak
(SDP)). The higher the SSA the earlier the sulfate is de-
pleted. The curves for the systems with different calcined
clays however differ clearly between each other. This fact
could be interpreted as a coupled influence of SSA and
aluminum solubility. In order to verify this theory, the ef-
fect of a simple increase of surface area was investigated
by substituting the calcined clays by nLS. Surprisingly on

provide extra aluminum ions.

FIGURE 6 Correlation between specific surface area (SSA) of the
systems and the time of the maximum of sulfate depletion peak (max
SDP) for the three different calcined clays and nLS; Replacement level
x =5 (except CKc), 10, 15 (except nLS), 20, 30 wt%

a first glimpse, the addition of nLS leads to a retardation
of the reaction (Figure 6). The SSA of nLS is comparable
to that of CKc. If physical effects were dominant, nL.S and
CKc would show a similar acceleration.

3. Th Ca®" and SO42_ ions adsorb on the surface of the
clay minerals. The decisive factor therefore, besides the
specific surface area, is the surface charge. In the case of
C;A, ion pair complexes adsorb on a negatively charged
aluminum-rich leached layer and inhibit the hydration.22
Clay minerals could fulfill these conditions as well.
Regarding 2:1 clay minerals, oxygen atoms of the tetra-
hedral sheet build up the basal surface. Isomorphous sub-
stitutions of Al for Si create a negative surface charge,64
which also applies for the tetrahedral sheet in kaolinite.®®
Based on the average structural formula for illite, Al sub-
stitutes 20% of tetrahedral Si.® This means, that the basal
surface of 2:1 clay minerals provides Al-rich sites with
negative charge, where complexes of Ca and SO, might
adsorb comparable to C;A. This accounts as well for kao-
linite, where the silica facet is charged negatively at pH
>4 and the gibbsite facet at pH >7.57 Even though, the
gibbsite layer gets distorted during dehydroxylation to-
gether with a change of Al-coordination from 6-fold to 5-
and 4-fold, we still assume a negative charge of this sheet.
These hypotheses are supported by the zeta potentials pro-
vided in Table 2. CKf shows the highest negative value,
followed by CI and CKc. Regarding the high SSA of the
calcined clays in comparison to C3A, the assumption of a
much higher adsorption capacity of the former compared
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to the latter seems reasonable which would explain the
massive acceleration of the C;A hydration. Consequently,
no, or at least significantly lower adsorption occurs on
the surface of calcite particles. The Zeta potential of
limestone in the presence of CaSO, and different alkali-
sulfates and -hydroxides was found to be notably higher
in comparison to ground quartzﬁs, which could explain the
retarding effect observed when substituting quartz with
nLS. However, the measured value in MOH (in absence
of CaS0O,) is comparable to that of quartz, so there might
be further effects that lead to the retardation, for example,
change of thermodynamics due to partial calcite dissolu-
tion or adsorption of nanoparticles on the C;A as already
observed for nanosilica.*’

The authors promote the third option. As Figure 6 demon-
strates, the influence of SSA is clearly present. However,
there are strong differences between the single calcined clays
and the nLS. The systems with CKc and CKf exhibit a sig-
nificantly faster sulfate depletion compared to CI at identical
SSA (Figure 6). This cannot be drawn back to additional sup-
ply of Al ions, as CKc only provides slightly more Al ions
than CI after 6 h (Figure 2).

We therefore assume that the used calcined kaolinite pro-
vides a higher negative surface charge than the calcined illite
and thus a higher adsorption capacity for Ca’" and SO42_.
This is however just partly reflected in the zeta potentials as
only CKf exhibits a stronger negative value than CI. Lei &
Plank® proved the adsorption of a large amount of Ca** onto
initially negative charged surfaces of muscovite, kaolinite
and montmorillonite. They could further point up, that this
charge reversal of clay particles also appears in synthetic
cement pore solution. In cementitious systems, the zeta po-
tential increases with the Ca/SO, ratio.%® Liu et al.** empha-

size the availability of both Ca and SO, for inhibiting the
C;A dissolution. In the present work, C;A and CaSO, are the
only soluble Ca-sources, resulting in a lack of Ca ions in the
pore solution compared to true cementitious pore solutions.
Consequently, no conclusion can be made whether it is the
lack of Ca2+, SO42' or both, which impedes an inhibition of
C;A dissolution during the first hours in the calcined clay

substituted systems. Nevertheless, it can be concluded that
adsorption mechanisms on the surface of the calcined clay
particles are the driving force for the accelerated C;A hydra-
tion. The described mechanism is in line with the theory, that
adsorption mechanisms play the essential role in the retarda-
tion of C;A hydration.'®!822

3.3.2 | Phase assemblage

Both SEM images in Figure 7 show intergrown prismatic
ettringite crystals. In the left area of Figure 7A, the quartz
surface is visible, indicating it does not serve as nuclea-
tion area for ettringite. In the depicted area of sample
C;3A_5CS_20CKf (B) a denser structure with prismatic and
platy crystals is shown of which the latter crystals might
represent stritlingite. These crystals seem to nucleate and
grow on the surface of the calcined clays. If Al and Si ions
are added with calcined clay, the thermodynamic stabil-
ity shifts from monosulfate to ettringite and stritlingite
(Figure 8). Formation of stritlingite is known from me-
takaolin blended systems, when the metakaolin/portlandite
ratio is above 1 and the C-S-H can no longer incorporate
aluminum.”® Figure 8 shows the thermodynamic stable
phase assemblage for a system with 5 wt% CS and 20 wt%
calcined clay depending on the degree of metakaolin reac-
tion. At a reaction degree of 22 g reacted metakaolin per
100 g calcined clay, monosulfate is not stable anymore.
Based on the solubility experiments in the MOH solution,
the reaction rate after 24 h is 16.0 g reacted metakaolin
per 100 g of calcined clay for CKc and 32.5 g reacted me-
takaolin per 100 g of calcined clay for CKf. The degrees of
reaction in the hydrating systems might differ significantly
from the values obtained in the dissolution experiments,
however, the range presented in Figure 8 covers degrees
of metakaolin reaction obtained from studies in real ce-
mentitious systems.54 In the CKf-system, the ions released
from the calcined kaolinite intervene in the hydration not
later than after 6 h, as at this point of time the stritlin-
gite appears for the first time. Stritlingite precipitation is
often kinetically delayed in cementitious systems”, which

FIGURE 7 SEM images of C;A_5CS
(A) and C;A_5CS_20CKf (B)
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explains the retarded formation in the systems examined
here. In the systems C;A_5CS_20CKc and 20CI, the hy-
dration of C;A seems to break down once the maximum
ettringite content is reached and no formation of stritlin-
gite is visible. To verify this, the samples were investigated
by XRD after 7 days of hydration (Figure 9). While in the
Ref 5% system ettringite and C,AS x H,, have further re-
acted to C,AS x H,,, ettringite stays stable in all substituted
systems and stritlingite has formed. The calcite content in
CI leads to the formation of hemicarboaluminate. As CKf
provides the fastest release of silicon ions (Figure 2), the
strétlingite formation takes place earlier and more rapidly
than in the other systems.
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FIGURE 8 Computed phase assemblage in the investigated model
system with 5 wt% CS and 20 wt% calcined kaolinitic clay depending
on the amount of reacted metakaolin [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 XRD patterns of C;A_S5CS and the systems with
20 wt% calcined clay after 7 days of hydration (Str = stritlingite,
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3.4 | Sulfate adjustment

CS content was increased stepwise, in order to retard the C;A
hydration (Figure 10). In the systems with CKc this results
in a split-up of the heat flow into three maxima. In the CI-
systems, the increase in CS leads to a broadening and reduc-
tion of intensity of the heat flow maximum. With an addition
of 20 wt% CS, the initially sharp heat flow peak begins to
form a shoulder. The CKf system allows no retardation at
all. The only effect is an increase of intensity and a small
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FIGURE 10 Heat flow depending on CS content in the systems
(A) with CKc, (B) with Cl and (C) with CKf (note the different scale
of the ordinates) [Color figure can be viewed at wileyonlinelibrary.
com]
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broadening due to the higher amount of ettringite forma-
tion. At an addition of 20 wt% CS, a small shoulder begins
to appear.

In the systems with the maximum CS con-
tent (C3A_20CS_20CI, C;A_20CS_20CKf and
C3A_10C§_20CKC), in situ XRD measurement were carried
out (Figure 11). In the system C;A_20CS_20CI, the reaction
of C;A is inhibited after 2.8 h. The formation of ettringite
proceeds at two different rates. A rapid ettringite formation

151 ACH 2065 200t 15
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FIGURE 11 Heat flow curves and phase development for the
systems with 20 wt% calcined clay and maximum sulfate dosage; the
symbols correspond to results of two individual measurements, the
lines represent the average (note the different scale of the ordinates)
[Color figure can be viewed at wileyonlinelibrary.com]

appears parallel to a fast gypsum and C;A dissolution until
2.8 h. Subsequently, gypsum dissolution and ettringite forma-
tion slow down, while C;A dissolution stops. It can be deduced,
that the inhibition of C;A dissolution slows down the ettring-
ite formation, which however continues at low level during
the remaining measuring time. Since a further dissolution of
C;A during this time is not detectable, the required aluminum
might origin from the calcined illite or from amorphous AFm
gel as described in Section 3.2. Geng et al.?! described the
AFm gel to be unstable and “feed the precipitation of ettring-
ite during the low-reactivity period”. This corresponds with
the described observations. In the system C3A_20C§_2OCKf,
C;A and gypsum dissolution as well as ettringite formation
proceed significantly more rapidly. The C3A consumption
breaks down at the same time as in the CI system, even though
nearly three times the amount of ettringite has precipitated
in comparison at this point of time. This proves once more,
that the amount of precipitated ettringite does not influence
the inhibition of the C;A hydration, which corresponds to
the theory of adsorbed ion pair complexes as key inhibitor.??
Regarding the time between 4 and 12 h, 0.4 wt% of C;A and
3.0 wt% of gypsum are consumed, while 4.2 wt% of ettringite
are precipitated. Only 1.7 wt% of gypsum but 0.9 wt% of C;A
would have to be consumed for the formation of this amount of
ettringite. This indicates again that another aluminum source
has to be present at this point of time. The fact that during this
time range more calcium sulfate is consumed than precipitated
suggests that the adsorption of calcium and sulfate continues.
Moreover the Ca>" ions from the additionally dissolved gyp-
sum could serve as a reaction partner for a calcium-free alu-
minum source such as calcined kaolinite. After 24 h, 28.1 wt%
of ettringite are formed. The theoretical ettringite maximum
is 28.5 wt% based on C;A as well as gypsum consumption.
This suggests in the first instance, that the aluminum ions of
the calcined kaolinite are not involved at this point of time,
which supports the theory of an intermediate AFm forma-
tion. Regarding the system C3A_20CS_20CKc, three differ-
ent phases of ettringite precipitation can be identified. The
first one is fed by initially dissolved C;A, as no more C;3A is
dissolved in parallel. After 2.0 h, ettringite formation slows
down, while gypsum is consumed at a low rate and C;A stays
constant. Between 5 and 8 h, a second reaction maximum ap-
pears, which goes along with accelerated sulfate consumption
and ettringite precipitation. In this time range further 0.4 wt%
of C;A are dissolved. Between 8 and 20 h the reaction contin-
ues on a low level with slowed down sulfate consumption and
ettringite formation. A third maximum with another acceler-
ated ettringite precipitation rate is indicated after 20 h. Even
though CI and CKf exposed a quite similar reaction behavior
in the presence of 5 wt% CS, they behave remarkably different
when the sulfate content is increased stepwise (Table 4). This
could be drawn back to the difference in chemical reactivity of
the calcined clays and the Al-rich leached layer of the C;A. In
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TABLE 4 Evolved heat of the systems with 20 wt% CKf and CI
and different amounts of CS

Evolved heat (J/g)

Time [h] 4 12 24
C3A_5CS 16.0 59.4 69.3
C3A_5CS_20CKf 44.0 60.0 63.6
C;A_10CS_20CKf 76.7 82.2 85.0
C;A_20CS_20CKf 122.0 132.7 133.2
C;A_5CS_20CI 48.3 64.0 76.6
C;A_10CS_20CI 64.7 75.2 78.8
C;A_20CS_20CI 74.2 83.2 85.9

consistency with the Al-rich leached layer theory, there is lack
of Al at the C;A/solution interface as compared to Ca with
respect to ettringite formation. Consequently, precipitation of
ettringite is slowed down. The Al ions released by the cal-
cined clay at this point of time—which are about three times
more for CKf as compared to CI—could then serve as reac-
tion partner for the Ca, leached from the surface of the C;A
or adsorbed on the Al-rich leached layer, with the result of a
restarting C;A-dissolution.

4 | CONCLUSION

The results at hand are in the first view in line with previ-
ous publications regarding the dominating effect of surface
area on the accelerated sulfate consumption in blended ce-
mentitious systems. However, they strongly indicate that SO,
ions and/or Ca-SO,-complexes can adsorb immediately on
the surface of negatively charged calcined clays, depending
on surface charge and area. This leads to an acceleration of
the sulfate depletion, as the Ca and SO, ions are not avail-
able to retard the C;A dissolution. This process, which has
previously been exclusively attributed to C-S-H, can thus
also take place in absence of C;S hydration. The authors are
aware, that the results obtained here cannot be simply trans-
ferred to real cementitious systems, as the presence of C;S
influences the C;A hydration and vice versa. However, they
indicate that the accelerated aluminate reaction in calcined
clay blended cementitious systems, can neither be traced
back exclusively to the accelerated silicate reaction nor to
the additional aluminum ions. A nanolimestone showed the
opposite effect as compared to the calcined clays. Obviously,
calcined clay minerals play an active role in adsorbing ions
from the pore solution and can thereby affect hydration be-
yond the previously known chemical and physical effects. A
secondary source of early available Al seems to inhibit the
retardation of the C;A reaction by further addition of sulfate
carriers. This was drawn back to a reaction of the Al pro-
vided by the calcined kaolinite with the Ca leached from or

J,O_urnahﬁ
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adsorbed on the Al-rich leached layer of the C;A, disabling
the mechanisms which inhibit C;A dissolution. The obser-
vations support the theory of adsorbed ion pair complexes
as key inhibitor of the aluminate reaction, as enhanced early
ettringite formation was not observed to slow down C;A dis-
solution. While the thermodynamic calculations revealed
valuable information about phase assemblage of the inves-
tigated systems at equilibrium, following studies might also
use numerical models to simulate reaction kinetics. As the
hydration studies were performed in absence of Ca(OH), and
silicate clinker phases, their influence needs to be addressed
in future experiments.
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SUPPLEMENTARY MATERIAL

Table S1 ~ Summary table of all investigated systems. The numbers represent wt% on a

dry basis
Qtz | CA | CS | CKc | CKf | CI nLS | liquid- Isothermal | In-situ
solid-ratio | calorimetry | XRD

C3A_2CS 88 10 |2 0.6 X

C3A_3CS 87 10 |3 0.6 X

C3A_4CS 86 10 | 4 0.6 X

C3A_5CS 85 10 |5 0.6 X X
C3A_6CS 84 10 | 6 0.6 X
C3A_5CS_10CKc | 75 10 |5 10 0.6 X
C3A_5CS_15CKc | 70 10 |5 15 0.6 X
C3A_5CS_20CKc | 65 10 |5 20 0.6 X X
C3A_5CS_30CKc | 55 10 |5 30 0.6 X
C3A_5CS_5CKf 80 10 |5 5 0.6 X
C3A_5CS_10CKf | 75 10 |5 10 0.6 X
C3A_5CS_15CKf | 70 10 |5 15 0.6 X
C3A_5CS_20CKf | 65 10 |5 20 0.6 X X
C3A_5CS_30CKf |55 10 |5 30 0.6 X
C3A_5CS_5ClI 80 10 |5 5 0.6 X
C3A_5CS_10cl 75 10 |5 10 0.6 X
C3A_5CS_15Cl 70 10 |5 15 0.6 X
C3A_5CS_20cCl 65 10 |5 20 0.6 X X
C3A_5CS_30cCI 55 10 |5 30 0.6 X

C3A_5CS5 10nLS |75 |10 |5 10 |06 X
C3A_5CS_20nLS | 65 10 |5 20 | 0.6 X
C3A_5CS_30nLS |55 10 |5 30 | 0.6 X
C3A_10CS_20CKc | 60 10 (10 |20 0.6 X
C3A_10CS_20CKf | 60 10 |10 20 0.6 X
C3A_10CS_20ClI 60 10 | 10 20 0.6 X
C3A_15CS_20CKf | 55 10 | 15 20 0.6 X
C3A_15CS_20cCl 55 10 |15 20 0.6 X
C3A_20CS_20CKf | 50 10 |20 20 0.6 X X
C3A_20CS_20cCl 50 10 |20 20 0.6 X X
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Supplementary cementitious materials (SCMs) can alter significantly the early hydration behavior of blended
cement. While the underlying mechanisms have been intensively discussed in literature, they need to be
extended regarding SCMs with complex mineralogy and surface properties, such as calcined clays. In this study, a
blended Portland limestone cement was monitored during the first 48 h of hydration using in situ X-ray

diffraction and isothermal calorimetry. The influence of a fine limestone and four different calcined clays, which
vary in mineralogical composition and particle properties, was investigated at a replacement level of 30 wt%.
The sulfate content was gradually adjusted and its influence on heat evolution and phase development was
examined. It was shown, that depending on their particle properties, the investigated SCMs influence the
aluminate and silicate clinker reaction by different mechanisms and to varying extents. The results underline the
importance of proper sulfation of blended cements.

1. Introduction

The supply and usage of supplementary cementitious material (SCM)
is a key element in the CO; reduction strategy of the cement industry
[1]. The partial replacement of cement clinker up to 50 wt% by calcined
clay, limestone and a minor amount of gypsum currently provides the
greatest potential as a global short-term solution to reduce cement
producer's greenhouse gas emission drastically [2]. The mechanical
properties of concrete produced with these so-called LC® blends are
comparable to those with ordinary Portland cement. This is attributable
to the synergetic effect of limestone and calcined clay, which induces the
formation of additional hydration products combined with a stabiliza-
tion of ettringite [3-6]. The early hydration behavior as well as the
rheological properties however can alter significantly in presence of
calcined clays [7-11].

The first hours of hydration of blended cements are predominantly
influenced by pore solution chemistry (pH, water activity and dissolved
ions) and physical effects of the used SCM [12,13]. The latter include the
filler effect, which accelerates early cement hydration. It can be split up
in three different mechanisms [14], which are described as “dilution
effect” (additional space for hydration products and higher water-to-
cement ratio [15]), “nucleation effect” (additional surface for nucle-
ation of hydration products [16]) and “accelerated dissolution effect”

* Corresponding author.
E-mail address: matthias.maier@unibw.de (M. Maier).

https://doi.org/10.1016/j.cemconres.2022.106736

(faster dissolution of clinker due to higher shear rates caused by smaller
interparticle distance [17]). In the case of limestone, it has been shown
that it is a more effective filler than quartz [18] with regard to accel-
erating C-S-H formation, due to its interfacial properties [16] and/or
induction of ion-exchange reactions with the C-S-H [19]. This was
explained by a stronger interaction of the limestone surface with Ca?"
from the pore solution compared to quartz and Portland cement [20]
and a higher undersaturation with regard to alite [21].

It is quite conceivable, that the special surface properties of calcined
clays do influence the described effects to a different extend and in
another way compared to established SCMs. As early strength devel-
opment in calcined clay blended cement is significantly affected by
sulfate content, an adjustment of sulfate carrier is mandatory [6].
However, it was stated elsewhere to be sufficient to optimize sulfate
content only to prevent flash set, since excess calcium sulfate (CS) is able
to form additional ettringite with aluminum from the calcined clay and
portlandite after the aluminate peak. This reaction is supposed to reduce
available portlandite for further C-(A)-S-H formation in the course of the
pozzolanic reaction [22]. Investigations in clinker-free model systems
proved the formation of ettringite by aluminum ions released from
calcined phyllosilicates together with CS and portlandite [23]. The same
reaction was observed in LC? systems, provided that sufficient sulfate is
available [4]. An enhanced ettringite formation was observed even
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during the first hours of hydration in calcined clay blended cement
[8,24]. The role of CS on cement hydration in general has been reviewed
recently [25]. The retardation of the C3A hydration by CS is assigned to
an adsorption of ion pair complexes onto the C3A surface [25,26].
Jansen et al. [27] emphasize the essential role of adsorbed ions during
hydration, but provide only evidence for the adsorption of Al and sulfate
in context with sulfate depletion, but not of calcium. The influence of CS
on the alite hydration is characterized by a retardation during the initial
stage but an enhancement during the acceleration period. The higher
degree of C3S hydration in presence of CS has been observed for systems
with and without aluminates, leading to the assumption that the
mechanism results from a direct interaction between CS and C3S hy-
dration, independent of the aluminate reaction [28].

A question still not yet fully resolved is how the special particle
characteristics of calcined clay minerals influence the hydration
behavior of blended cements during early hydration. Zunino and
Scrivener [29] state the filler effect introduced by the additional specific
surface area (SSA) of the SCM as the dominating factor regarding the
acceleration of the early silicate and aluminate clinker reaction. They
relate the latter to the adsorption of sulfate onto C-S-H, which has been
observed by several authors [17,30-32]. While several studies could
prove the adsorption of huge amounts of Ca?* from the pore solution on
the initially negatively charged calcined clay particles [33-35], this
mechanism was also implicated to affect the hydration of calcined clay
minerals in clinker-free model systems [23]. Investigations in C3A — CS
systems blended with calcined clays linked an acceleration of the sulfate
depletion to adsorption of SO42~ onto the positively charged Ca®* layer
formed on the surface of the calcined clay particles [36]. Adsorption of
Ca®" and 5042’ has been described for other SCMs as calcite [37] or
blast furnace slag [38] as well. Even though aforementioned mecha-
nisms are either directly or indirectly linked to the surface area and/or
surface chemistry of the SCM, an influence of the aluminum content of
the SCM on the optimal sulfate content of blended cement is still matter
of debate [25,39]. A pronounced aluminate heat flow peak with
enhanced ettringite precipitation was for instance also observed in
clinker-free systems containing portlandite and CS [23]. However, it has
not yet been verified, whether aluminates from calcined clays contribute
to the ettringite formation before the aluminate peak in blended cements
and therefore to its acceleration. It has been rather stated that the
ettringite formation at this point is exclusively influenced by CsA fine-
ness and not by the type of SCM [28,29].

The present study aims to verify the discussed mechanisms that
modify the course of the early hydration in cements blended with
calcined clay and/or limestone, with a special focus on the aluminate
reaction. Therefore, a Portland limestone cement replaced with 30 wt%
of SCMs of different grain size distribution, SSA, surface charge, particle
morphology and aluminum content is investigated. Influence of
different concentrations of Ca®" and SO42~ on the surface charge of
these SCMs is investigated by measurement of zeta potential during
titration experiments. The hydration of blended cements with the
selected SCMs at different sulfate contents is followed by isothermal
calorimetry and partially by in situ X-ray diffraction. The difference in
the acceleration mechanism of various types of calcined clays and a fine
limestone powder regarding the silicate and aluminate clinker reaction
and their influence on early hydrate phase formation are discussed. This
should allow a further differentiation between effects caused by a simple
increase of the surface area and the incorporation of pozzolanic reactive
SCMs with special particle properties and surface chemistry.

2. Materials and methods

A commercially available Portland limestone cement (PLC)

Cement and Concrete Research 154 (2022) 106736

Table 1

Chemical composition (provided by supplier) and main phases (by Rietveld
refinement, XRD) of the PLC used. The sulfate carrier mainly contains gypsum
and anhydrite, but was calculated to an equivalent CaSO,4 (CS) content based on
the molar weights.

Oxides [wt%] Phases [wt%)]

SiO, 17.9 Alite 48.5
AlLO3 4.8 Belite 12.5
Fe,03 2.7 C3A 5.7
CaO 60.5 C4AF 6.9
MgO 1.7 Calcite 14.7
SO3 2.7 Dolomite 2.3
K0 0.7 CSequ 2.7
Na,O 0.1
TiO, 0.3
P,Os 0.3
100
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Fig. 1. Particle size distribution of the materials used.

complying with DIN EN 197-1 as CEM II/A-LL 32.5 R was used for the
investigations. The chemical and mineralogical composition is provided
in Table 1.

The influence of four calcined clays with different physical and
mineralogical parameters (e.g. calcined kaolinite content) on the hy-
dration behavior was investigated at a replacement level of 30 wt%. The
clays were calcined for 1 h in a laboratory muffle furnace at 800 °C and
ground for 10 min in a rotating disc mill. Additionally, one fine lime-
stone powder (pure calcite), referred to as micro limestone (ULS), was
used at the same replacement level for comparative investigations. As
the used PLC already contains significant amounts of limestone, this
allows to exclusively investigate the filler effect, since the SSA of the pLS
is significantly higher compared to the PLC. The designation of the
investigated calcined clays is CC for calcined clay together with a
number that stands for the rounded calcined kaolinite (metakaolin)
content. An industrially applied sulfate carrier, which contains gypsum
(68.0 wt%) and anhydrite (19.9 wt%), was used to adjust sulfate con-
tent. The content of the sulfate carrier was calculated as an equivalent
anhydrite content based on the molar weights and designated as CS. The
mixture design is summarized in Table Al. The particle size distribution
of the materials used determined by laser diffraction is depicted in Fig. 1.
The calcined kaolinite content of the calcined clays was measured and
calculated as described in [40] and is given in Table 2 together with the
SSA determined by BET method [41] and the Dsy value from laser
diffraction. Additionally, the evolved heat during 72 h (R® calorimetry
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Table 2
Properties of the materials used.

PLC uLS Ccc23 CC41 CC69 CC82

Calcined kaolinite [wt%] - - 23.2 41.4 68.9 81.5

SSA [mz/g] 1.8 5.4 6.6 7.9 42.4 20.4

Dso [pm] 13.8 2.3 10.7 10.0 12.1 3.6

R® evolved heat (72 h) [J/ - - 251 454 666 853
8scml

Al sol. [mmol/L] - - 2.3 4.0 8.5 11.3

Si sol. [mmol/L] - - 3.3 5.0 11.4 13.2

800
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S 600
=
(4]
N -
B 400
=
[=]
o
w
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5 : ‘ : : :
0 12 24 36 48 60 72
Time [h]

Fig. 2. Heat development during 72 h R® test of the investigated calcined clays.

test [42]) and solubility of Al and Si ions after elution for 20 h in 10%
NaOH solution [43] is provided. The heat development during R test is
presented in Fig. 2. The mineralogical composition of the raw clays is
presented in Table A2.

2.1. Zeta potential

In order to provide information on the surface charge of the calcined
clays and the pLS, their zeta potentials were determined in saturated
portlandite solutions. The powders were suspended manually at a solid
content of 50 wt% and measured over a time range of 5 min with about
two measurements per minute. The zeta potential was calculated from
the colloidal vibration current (CVI), which was determined by elec-
troacoustic measurements using a DT-310 spectrometer (Dispersion
Technology Instruments). Calibration was performed with a 10 wt%
colloidal silica (LUDOX silica) suspension in 0.01 KCI. Titration exper-
iments were carried out on selected samples in order to investigate
adsorption of Ca®* and SO4%~ on the particle surfaces. For this purpose,
the powders were dispersed in saturated portlandite solution (pH =
12.7) at a solid content of 25 wt% and stirred by a magnetic stirrer. An
aqueous 1M CaCl, solution was added stepwise with an automatic
titration system while the CVI was measured after every titration.
Saturation was indicated when the values for zeta potential reached a
plateau [34]. The pH was monitored and kept constant by dropwise
addition of 1 M KOH solution. For the investigation of SO4%~ adsorption,
an amount of 10 mg CacCly, per g of solid was dissolved in the portlandite
solution. This is the amount at which Ca saturation has been reached in
all systems. A 1M NaSO4 solution was then titrated analogously at
constant pH.
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2.2. Scanning electron microscopy

Particle morphology of the calcined clays and the pLS was investi-
gated in a scanning electron microscope. The samples were sprinkled as
dry powder on adhesive carbon tabs and coated with gold (12 nm). An
EVO® LS 15 microscope (Zeiss) was used to take secondary electron
images at an acceleration voltage of 20 kV and a working distance,
which was slightly varied between 7.5 and 9 mm, depending on the
optimal focus of the respective sample.

2.3. Isothermal calorimetry

Heat flow of the reference system and the blended systems was
measured in a TAM Air isothermal calorimeter at 25 °C during the first
48 h of hydration. The weighed starting materials were equilibrated at
25 °C for at least 12 h. The dry powders were homogenized for 30 s
before water addition. The paste was prepared manually and approx. 3 g
of the sample were placed in a calorimeter flask, which was inserted into
the calorimeter within 2 min after water addition. A mixture of 2 g of
quartz sand and 1 g of deionized water was used as reference. Heat flow
was normalized to 1 g of the used Portland limestone cement. The full
width at half maximum (FWHM) of the aluminate peak was determined
using a peak deconvolution approach by a least-squares fitting routine in
the software Fityk [44]. In this way the aluminate peak could be
decoupled from the silicate peak. The peak shape was fitted most
adequately by a symmetrical Pearson VII function. Integration of the
heat flow over time yielded the cumulative heat, which was multiplied
by 3.6 to adjust the unit to J/gcement-

2.4. In situ X-ray diffraction

The phase development during the first 48 h of hydration was fol-
lowed by in situ X-ray diffraction. Pastes were prepared analogously to
Section 2.3 and transferred into a sample holder, which was covered by a
12 pym Kapton film in order to prevent water evaporation from the
sample. The temperature controlled sample stage was set to 25 °C. The
measurement was started within 4 min after water addition at 40 kV and
40 mA, collecting four scans from 6 to 40°26 per hour in a PANalytical
Empyrean diffractometer (CuKa, Bragg-BrentanoHD monochromator,
PiXcel'® linear detector). Rietveld refinement was performed for each
diffraction pattern using Profex-BGMN [45]. The applied structures are
provided in Table 3. The pattern of the Kapton film was retrieved from a
scan of a silicon single-crystal sample carrier covered with the film [46].
The external standard method was applied in order to obtain the abso-
lute mass fractions of the crystalline phases [47,48]. The retrieved

Table 3

Crystal structures used for Rietveld refinement.
Structure Reference
Alite [52]
Belite [53]
CsAcubic [54]
Calcite [55]
Gypsum [56]
Anhydrite [571
Ettringite [58]
Hemicarboaluminate [59]
Portlandite [60]
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Fig. 3. Determination of the onset point of accelerated ettringite precipitation
based on the development of ettringite content (solid line) and its derivative
(dotted line).

quantities were partly corrected using theoretical considerations. The
ettringite quantities were normalized to the theoretical maximum
ettringite content based on the sulfate content of the PLC according to
[49]. The starting values of alite were set to the value retrieved from the
analysis of the dry cement and recalculated based on the used water-
binder value, considering that the initial alite dissolution is below the
standard deviation of quantitative in situ XRD results [50]. The degree of
alite hydration was calculated based on the data gained from in situ
quantification, smoothed by a FFT filter. The onset of the second
accelerated ettringite formation was determined using the intersection
of two tangents applied to the phase formation curve as described in
Fig. 3. Calculation of evolved heat over a certain time was performed in
order to compare results from XRD and isothermal calorimetry, using
the enthalpies of reaction as provided in [51].

3. Results and discussion
3.1. Particle characteristics

3.1.1. Zeta potential

Zeta potentials of the calcined clays and the pLS, dispersed in satu-
rated portlandite solution are provided in Table 4. The zeta potential
represents the electric potential at the shear plane between Stern layer
and the diffuse layer of a particle in suspension [37,61]. While the
calcined clays reveal strong negative values, with the strongest for CC69,
the pLS shows a low positive value. It is well established, that calcined
clay minerals exhibit negative surface charges, both in pure water and
alkaline solutions [34,62]. These negatively charged surfaces are known
to adsorb huge amounts of dissolved Ca?* [33-35]. Even though CC69
and CC82 possess the same amount of clay minerals, CC69 shows nearly
twice the zeta potential of CC82, which might be attributed to the higher
SSA and degree of disorder (Table A2).

The courses of the zeta potential of CC82, CC69 and pLS in saturated
portlandite solution with continuous CaCl, addition (Fig. 4a) allow
conclusions on their adsorption behavior. pLS starts at a low positive
zeta potential (6.5 mV) and shows — after an initial drop - only a small
increase with the addition of Ca®" in the beginning, followed by a slight
decrease at higher Ca>" concentrations. Other authors report an initially
negative zeta potential for calcite in alkaline solution, which rapidly
increases with the amount of Ca®* added [35,63]. The ca®t provided in

Cement and Concrete Research 154 (2022) 106736

Table 4
Zeta potential of the SCMs dispersed in saturated
portlandite solution at a solid content of 50 wt%.

Zeta potential [mV]

HLS +6.5 4 0.1

cc23 —25.7 + 0.6
ccal 229+ 0.5
CC69 ~39.2+ 0.4
ccs2 243+ 0.4

the portlandite solution, which corresponds to 0.31 mg/gsolid, appar-
ently is enough to lead to a saturation of the calcite surface, in a way that
the zeta potential is hardly altered by further addition of CaCly. This
corresponds with observations of a rapid increase of an initially positive
zeta potential of calcite suspensions due to the addition of Ca(OH)a,
quickly leading to a saturation of the surfaces [37]. CC69 and CC82
indicate a strong dependence on the Ca?® concentration, with both
reaching a plateau at around 10 mg/gsolid Ca%*. CC69 however reveals a
more significant change of the initially stronger negative zeta potential
during the same period and amount of Ca?" added, as the stronger
negatively charged surface leads to a stronger interaction with dissolved
cations.

The influence of SO42’ on the zeta potential (Fig. 4b) was investi-
gated in conditions, where the particle surfaces are assumed to be
saturated by Ca2+, which is estimated at a Ca®>* content of 10 mg/gsolid
(dotted vertical line in Fig. 4a). All three samples are certainly influ-
enced by the SO42~ concentration, indicated by an increasingly negative
zeta potential with increasing S04~ concentration. Pourchet et al. [37]
also observed a significant decrease of the zeta potential of calcite with
increasing SO42~ concentration, however, they quantified the amount of
adsorbed sulfate to only a seventh of the adsorbed calcium at a similar
relative change of zeta potential. This admonishes us not to draw
quantitative conclusions from these measurements, especially since they
could not be simply transferred to cementitious systems. Similar ob-
servations were made regarding the influence of sulfate on dispersed
blast furnace slag and led back to formation of a positively charged Ca%*
layer, building up the first Stern layer, which attracted SO4%~ in a second
Stern layer [38]. Further, it was stated in another work [36] that an
adsorption of SO4%~ onto the Ca%* layer on the surface of calcined clays
can cause a strong acceleration of the C3A hydration by accelerating the
depletion of solid CS. This mechanism is further discussed in Section
3.2.2.

3.1.2. Particle morphology

The clay size fraction (< 2 pm) is usually underdetermined by laser
diffraction due to the platy shape of clay minerals [64]. This fact how-
ever only partly explains the high discrepancy between the SSA and the
particle size distribution of the calcined clays. In order to interpret the
values of SSA, particle size distribution (Table 2) and their influence on
early hydration correctly, the particle morphology was investigated
using SEM. The pLS (Fig. 5a) is characterized by scattered particles with
compact grain shape in the range of 200 nm up to 5 pm. The calcined
clay particles (Fig. 5b-d) tend to form larger agglomerations. This is most
apparent for CC69 (Fig. 5¢), where small platy particles with a size in the
range of 100-600 nm form large agglomerations of several pm. The
kaolinite agglomerations in CC82 and CC41 are smaller compared to
CC69, while the primary particles are significantly larger. The
morphology of the different types of SCM suggests a different impact on
cement paste properties. Even though the depicted calcined clays pro-
vide a significantly higher SSA determined by nitrogen adsorption than
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Fig. 5. SEM images of a) pLS, b) CC82, ¢) CC69 and d) CC41 (the scale in (b) holds for all images).

the pLS, the SEM images indicate a larger surface area usable as nucle-
ation site for hydrate phases in the case of the pLS. This results from the
fact, that a large part of the SSA of the calcined clays is attributed to their
inner surface [65].

3.2. Impact on the early hydration

3.2.1. Early heat flow

The different SCMs used here alter the hydration of the PLC in very
different ways (Fig. 6a). The reference (PLC) reveals a heat flow curve
that shows two clearly separated peaks, with the silicate peak occurring
at 11.6 h and the aluminate (sulfate depletion peak) at 17.4 h, indicating
a properly sulfated system [25]. CC23, which represents the calcined

clay with the lowest metakaolin content and SSA, influences the silicate
reaction only marginally. The heat flow during initial and induction
period is just slightly enhanced, while the aluminate peak is clearly
accelerated from 17.4 h to 12.8 h. With higher calcined kaolinite content
and SSA, the sulfate depletion and the acceleration period of the silicate
reaction occur at earlier times [11]. PLC_CC69 and PLC_CC82 exhibit the
typical heat flow curve of undersulfated systems, as the silicate and
aluminate peak are strongly overlapped [25]. The course of the heat
flow of PLC_uLS differs from that of the calcined clays. While the initial
heat flow - as far as recorded - is in the range of the calcined clay
blended systems with comparable SSA, the onset of the silicate reaction
appears significantly earlier as compared to the calcined clay systems,
while the acceleration of the aluminate peak is slightly lower compared
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to CC69 and CC82. Still, there is a clear overlap of silicate and aluminate
peak, indicating an undersulfated system, due to the higher sulfate de-
mand caused by the filler effect [29]. The addition of sulfate does affect
neither the initial heat flow nor the silicate peak but shifts the aluminate
peak to a later point (Fig. 6). This shift however differs significantly
between the systems with calcined clays and PLC_pLS. Regarding the
latter, an overall CS content of 3 wt% is enough to reach a proper sul-
fation, characterized by two separated heat flow peaks (Fig. 6b). The
two calcined kaolinitic clays instead still show a strong overlap of the
aluminate and silicate reaction at 3 wt% CS. While in the system without
additional sulfate, the sulfate depletion peak of PLC_juLS occurs clearly
before the one of PLC_CC41, they occur at the same time in the system
with 3 wt% CS. Furthermore, the aluminate peak of the calcined clay
blends appears to be higher and narrower, compared to the pLS blend.
These facts reveal a difference in the behavior and mechanisms with
respect to sulfate consumption between the systems with calcined clays
and the one with pLS. Additionally, since the silicate peak appears later
for the calcined clay blended systems, compared to the pLS system, a
proper sulfation also means that the aluminate peak has to appear at a
later point.

The two metakaolin-rich systems need an overall CS content of 5 wt
% to separate into two distinctive heat flow peaks (Fig. 7). Initial (as far
as recorded), induction and acceleration period are unaffected by the
sulfate content. Despite a lower calcined kaolinite content, PLC_CC69
demands a slightly higher sulfate addition for a comparable position of
the aluminate peak as PLC_CC82. Moreover, the aluminate peak appears
higher and narrower for PLC_CC69 at identical sulfate content.

3.2.2. Factors influencing the position of the aluminate peak

The position of the aluminate heat flow peak in pure cement pastes or
model cement is influenced by the amount of sulfate in the system [66]
and the amount of precipitated C-S-H and ettringite before sulfate
depletion [28,30], which depends on cement composition and fineness.
The calcined kaolinite content of the SCM (Fig. 8a) and the calculated
combined SSA of the blended system (Fig. 8b) seem to correlate well
with the heat flow maximum of the aluminate peak in the systems
without extra sulfate addition, if only the reference and the calcined clay
blended systems are taken into account. The calcined kaolinite content
also correlates well with the evolved heat during 72 h of R® reactivity
test, which is given in Table 2, as already observed in previous studies
[40,67]. The influence of the surface area on the position of the
aluminate peak has been explained by an enhanced C-S-H formation,
driven by the filler effect, leading to more sulfate being adsorbed onto C-
S-H [29]. The same authors reported stronger acceleration of the
aluminate peak by limestone compared to metakaolin and led it back to
the preferred surface for C-S-H nucleation. Limestone is known to be
more effective in accelerating the cement hydration than other fillers, e.
g. quartz, since it provides a preferred surface for nucleation of C-S-H
[16-18,68]. Fig. 8b corroborates these observations as the pLS acceler-
ates the aluminate reaction stronger than the calcined clays with com-
parable surface area, confirming previous results, which refuted a
correlation between alumina content of the SCM and sulfate demand
[29]. Furthermore, it is derivable from Fig. 6, that the silicate reaction is
significantly enhanced in PLC_pLS, compared to all systems with
calcined clay — independent of the SSA of the system.

However, looking solely at the SSA, the effects of the calcined clays
on the silicate reaction would be still expected to be stronger. An
inhibiting factor regarding the silicate reaction could be a higher
aluminum concentration in the pore solution of the calcined clay
blended systems, as aluminum is well known to slow down C3S
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Fig. 9. Correlation of the position of the aluminate heat flow maximum with
the full width at half maximum (FWHM) of the aluminate peak for the different
systems with different sulfate additions provided in Fig. 6 and additionally the
system PLC_uLS_2.66% CS.

dissolution [69]. Another, in the view of the authors, crucial reason
becomes clear from the SEM images (Fig. 5). The calcined kaolinite
particles in CC82 tend to agglomerate to stacks of a size of several pm.
This effect is even stronger for CC69, which exhibits a significantly
higher SSA but a coarser PSD and where the small calcined kaolinite
platelets tend to form large, spherical agglomerates of up to 10 pm. This
causes a large inner surface of the particles. The inner surface seems to
be, at least partly, accessible for adsorption of Np during BET mea-
surements as well as for ions from the cement pore solution (Fig. 4). The
strong agglomeration of the single calcined clay mineral particles
weakens the filler effect, especially the accelerated clinker dissolution
and the nucleation effect, as the inner surface area of the agglomerated
particles is not available as nucleation site. The interparticle distance in
the calcined clay blended cements is decreased to a lower amount as
compared to the PLC_pLS, due to the scattered pLS particles. This is
indicated by the PSD of the calcined clays, which is significantly coarser
as their SSA would suggest based on the data of the pLS. From this point
of view, it is remarkable, that PLC_CC69 and PLC_CC82 still reveal a
stronger acceleration of the aluminate peak compared to PLC_pLS, while
the silicate peak seems to be less enhanced (Fig. 6). A possible expla-
nation for this effect could be additional adsorption of sulfate onto the
surface of the calcined clays, as already derived from experiments in
C3A-CS model systems [36]. The zeta potential measurements in pres-
ence of Ca®" and in dependence of 5042~ reveal such adsorption effects
on the pLS as well as on the calcined clays. However, the high, Ca-
saturated surface area of the calcined clays seems to be host for more
S04%~ as the pLS and thus a stronger accelerator of the aluminate
reaction.

3.2.3. Factors influencing the shape of the aluminate peak

While the aluminate heat flow peak appears later with increasing
sulfate content of the system, this usually goes along with an increase of
peak width. This has been reported for C3A-CS model systems [36,66] as
well as real composite cements [70] and can be seen in Fig. 7. Besides
the different impact on the position of the aluminate peak, the pLS and
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the calcined clays investigated in this study also modify the peak shape
in a differentiated manner. This can be derived from the correlation of
the peak position and the peak's FWHM for the different systems with
varied sulfate additions (Fig. 9 and Table A3). Even if the aluminate
peak in a calcined clay blended system appears at a similar position as
the reference or the pLS blended system, it reveals a significantly nar-
rower shape. We can consider three possible mechanisms as driving
forces for this increased heat evolution rate during the aluminate peak:

1. Calcined clays could serve as a preferred nucleation area for ettrin-
gite and therefore promote its precipitation after sulfate depletion.
This is to some extent supported by observations in [36], but is not
considered as the dominant mechanism here, as there is already
enough ettringite present at this point to serve as nucleation area for
further precipitation.

2. According to Jansen et al. [27], the fast increase of aluminum con-
centration in the pore solution after sulfate depletion is the trigger
for the increased ettringite precipitation rate. A release of Al ions by
the metakaolin could further increase Al concentration at the point of
sulfate depletion and in this way contribute to the accelerated
ettringite formation, which increases the rate of heat development.
Since the role of aluminum from the metakaolin is minor at this point
in early hydration, as previously reported [29] and verified in the
present findings, this effect is considered to be minor.

3. The sharpness of the peak could be influenced by the host of the
sulfate ions. Possibly, the SO4%~ is attached stronger to the C-S-H as
to other surfaces (e.g. calcined clays), and therefore is released at a
lower rate after sulfate depletion. This is supported by the data
presented in Section 3.3.1, as the progress of silicate reaction at
sulfate depletion is higher in the reference and the pLS system
compared to the calcined clay blended systems and therefore more
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sulfate can be adsorbed by C-S-H. While this mechanism can explain
the observations most evidently, it needs to be verified in further
investigations.

3.3. Hydrate phase formation

3.3.1. Alite hydration
The phase development of the clinker phases and the crystalline
hydration products were derived from the quantitative in situ XRD
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Fig. 11. Portlandite content normalized on the C3S hydration degree for all
investigated systems after 12, 24, 36 and 48 h. The dashed line represents the
theoretical value [50].
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Fig. 12. Influence of the sulfate content on (a) the degree of alite hydration (C3S DoH) and (b) the evolved heat for PLC, PLC_uLS and PLC_CC69 during the first 48 h.

measurements. The results for the systems PLC, PLC_CC82 and PLC_pLS
are presented in Fig. 10, while all quantified systems can be found in
Fig. Al. The influence of the calcined clays on the early alite hydration,
which is detected by isothermal calorimetry (Fig. 6) appears to be minor
compared to the pLS, which causes a significant acceleration already
during the first hours. This is in line with the enhanced filler effect of
limestone described in Section 3.2.2.

Portlandite formation therefore already sets in after 4.5 h for
PLC_pLS compared to 6.5 h for PLC_CC82. The portlandite content of the
calcined clay blended systems, especially at a high calcined kaolinite
content, is significantly reduced compared to PLC and PLC_pLS during
the first 48 h. From this observation, a pozzolanic contribution of the
calcined clays, after 6 h at the latest can be assumed. This becomes more
obvious from Fig. 11, where the portlandite content is normalized to the
hydration degree of C3S. With the dissolution of 1 mol C3S theoretically
1.3 mol of portlandite precipitate [50]. Thus, every gram of C3S can form
0.42 g of portlandite, as indicated by the dashed line in Fig. 11. This
value is approximately reached by the PLC throughout the first 48 h. The

portlandite consumption of the calcined clays increases with their
calcined kaolinite content. Naber et al. [39] could show in a metakaolin
blended cement that 26 wt% of the calcined kaolinite has reacted within
one day, while its reaction in ternary blends containing limestone is
assumed to be further enhanced [6], indicating that the presented
amount of portlandite consumption is quite conceivable. Apparently,
even though the calcined kaolinite content and the chemical reactivity
determined by R3 test after 72 h (Table 2) is lower for CC69 compared to
CC82, its portlandite consumption is about the same or even slightly
higher. These observations, however, are in line with the similar heat
development of CC69 and CC82 during the first 10 h of R test (Fig. 2).
This could be drawn back to the higher SSA and degree of disorder
(provided in Table A1) in the raw kaolinite of CC69, which both cause
faster reaction kinetics [40]. Possible differences in the Ca/Si ratio of the
C-S-H could also cause differences regarding the amount of consumed
portlandite between the different systems. Another explanation might
be adsorption of Ca®* onto the surfaces of the calcined clays, which was
also assumed to accelerate portlandite consumption in clinker free
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Fig. 13. a) Ettringite formation during the first 30 h in the systems without sulfate adjustment and b) the influence of adequate sulfation on the ettringite formation

in the metakaolin-rich systems.
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systems [23]. The stronger interaction with Ca%* of CC69 compared to
CC82 is in line with the slightly higher portlandite consumption in
PLC_CC69. The sulfate content only marginally influences the con-
sumption of portlandite during the first 48 h for most systems investi-
gated. Even though there are some significant differences in the systems
PLC_pLS and PLC_CC82 after 12 h, these are becoming smaller in the
further course of hydration.

The impact of undersulfation on the silicate reaction is most evident
for the system PLC_CC69 (Fig. 12a). After the sulfate depletion at around
8 h, there is an obvious kink in the C3S reaction curve and the reaction
rate is significantly reduced from this point onwards. The adequately
sulfated system PLC_CC69_5%CS reveals a clear increase in the degree
of alite hydration of approx. 20% after 48 h. In the system PLC_uLS, the
correct sulfation only slightly enhances the degree of hydration after 48
h, while the effect is most dominant between 9 and 15 h. This represents
the time after sulfate depletion, where the silicate reaction is super-
imposed by the aluminate reaction in the undersulfated system. These
observations correspond well with findings by Bergold et al. [71], who
investigated a synthetic cement at different sulfate contents and proved
a strong interference of the silicate reaction at the point of renewed C3A
dissolution.

The findings are supported by the hydration heat of the respective
systems (Fig. 12b), which, however, depicts the aluminate reaction as
well. Nevertheless, the differentiated influence of the sulfate content on
the reaction rate can be also deduced from the hydration heat. The
overall higher hydration heat of the system PLC_CC69_5%CS compared
to PLC_pLS_3%CS can be attributed to a stronger aluminate reaction in
the calcined clay blended system. The results at hand emphasize the
importance of a correct sulfation of blended cements concerning a clear
separation of the aluminate and silicate heat flow peaks in order to
impede interference of both reactions.

3.3.2. Aluminate reaction

Ettringite formation in the blended systems without sulfate adjust-
ment (Fig. 13a) proceeds at three different rates. The fast initial pre-
cipitation is similar in all systems and almost reaches the amount, which
is determined for the reference system. Thus, the amount per gram of
cement is significantly higher in the blended systems. As the difference
between the single blended systems is marginal, despite significant
differences in the physical and chemical properties of the used SCM,
particularly their alumina content, the dilution effect seems to be the
driving force for the enhanced ettringite formation. This can be
explained by a higher water-to-clinker ratio, which enhances the initial
CsA dissolution. A potential influence of aluminum released by the
calcined kaolinite seems to be negligible at this very early point of time.
The pozzolanic contribution of the calcined clays through the release of
Al ions only takes place after the precipitation of portlandite, which is
needed as reaction partner to form ettringite (Fig. 11). In the under-
sulfated systems, this point is reached close to the sulfate depletion peak,
so the influence of ettringite, which incorporates Al from the calcined
kaolinite, on the sulfate balance is negligible. A significant difference in
the precipitation rate only sets in with the renewed ettringite formation
as a consequence of sulfate depletion. Accelerated ettringite formation is
observable when an increased C3A dissolution takes place, which is the
case during the initial period and at sulfate depletion. An increased C3A
reaction rate increases the amount of ettringite formed and therefore
impacts the sulfate balance [28]. Jansen et al. [27] observed the fast
increase in aluminum concentration after sulfate depletion to be the
trigger for enhanced ettringite precipitation. In this case, a further in-
crease of the aluminum concentration through metakaolin dissolution
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could contribute to enhance the ettringite precipitation rate, as
described in Section 3.2.3, while the driving force for the increase in
aluminum concentration can be attributed to the renewed C3A dissolu-
tion. The effect of sulfate adjustment on the ettringite formation in the
systems with the metakaolin-rich calcined clays is shown in Fig. 13b.
Apparently, the sulfate content has a minor impact on the amount of
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Fig. 15. Correlation of SOz content (taking into account the SO; bound by
ettringite) and amount of reacted C3S at the onset of accelerated ettringite
precipitation. The light grey shaded area represents the theoretical amount of
adsorbed sulfate onto C-S-H based on a S/Ca ratio of 0.04-0.06 [28] and a
composition of Cy7SHs6 40 [71,72]. The dashed line extrapolates the con-
necting line of the PLC_uLS systems; the dotted line shows a linear fit through
the PLC_CC69 and PLC_CC82 systems.
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precipitated ettringite during the first 8 h, as already indicated by the
heat flow in Fig. 7. It just leads to a more constant precipitation rate and
a continued formation after 8 h. Thus, it can be stated, that not the
amount of ettringite formed until this point is the factor that impedes the
silicate reaction but rather the renewed C3A dissolution, which increases
the aluminum concentration in the pore solution.

The onset of the second accelerated ettringite formation at sulfate
depletion was determined for the different systems as described in Fig. 3.
The released heat between 0.5 h and the second ettringite onset,
determined for each system, is plotted on the x-axis of the diagram in
Fig. 14. The same parameter was calculated based on the enthalpies of
reaction using the phase development between 0.5 h and the second
ettringite onset. The results retrieved by both methods correlate well
along the 1:1 line. The amount of evolved heat until second ettringite
onset differs significantly between the different systems. All blended
systems show a lower amount of evolved heat compared to the PLC. If
sulfate adsorption occurred exclusively on C-S-H, all systems with
similar sulfate content would show the second ettringite onset after a
comparable amount of released heat, considering the fact that initial
ettringite formation is similar for all blended systems.

The calcined clays with the highest amount of metakaolin and largest
surface area (CC82 and CC69) reveal sulfate depletion at the lowest
amount of evolved heat. This indicates that the more sulfate is adsorbed
directly onto the surface of the SCM, the lesser amount of hydrate phase
formation (especially C-S-H) is needed for the sulfate to deplete. It can
be further noticed, that these systems yield a higher heat flow between
initial and induction period (Fig. 6). This could possibly be traced back
to an enhanced CsA dissolution, as the surfaces of the SCM and the C3A
might compete for the early dissolved sulfate. However, the underlying
data do not provide sufficient accuracy to verify this hypothesis. Thus,
further investigations of the early C3A dissolution in model systems are
needed.

Additional evidence for a further sulfate host, apart from C-S-H and
ettringite, in the metakaolin-rich systems is provided in Fig. 15. There,
the remaining SO3 content (total SO3 of the systems minus SO3 bound in
ettringite) is correlated with the amount of C3S reacted until onset of
accelerated ettringite precipitation. The correlation reveals that
PLC_CC69 and PLC_CC82 would need significantly more C-S-H for the
adsorption of all sulfate left in the system than what is calculated based
on the reacted C3S (light grey shaded area). It is further shown, that the
linear fits of the differently sulfated systems intersect with the x-axis at
low positive values (0.1-0.2 wt%). This could be related to the sulfate
dissolved in the pore solution and corresponds to measured values in the
literature [11,27]. The appropriate range was therefore considered for
the calculation of the grey area.

Precipitation of hemicarboaluminate sets in in all systems after
maximum ettringite content is reached (Fig. A1). The precipitation rate
is enhanced with higher metakaolin content, which is in line with [4].
While in the system with pLS, the initial formation rate of hemi-
carboaluminate is enhanced compared to the reference, the content
approaches a maximum, as the system seems to run out of aluminum
ions. This is not the case for the calcined clay blended systems, where a
continuous formation takes place until the end of the in situ
measurements.

4. Conclusion

The presented results reveal that the acceleration of early clinker
hydration by calcined clays and p-limestone is influenced by different
mechanisms and to a varying extent due to different particle properties,
which also imply a different sulfate demand. The acceleration of the
aluminate reaction in blended cements can be attributed most likely to
three mechanisms:
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1. Enhanced initial ettringite formation, mainly caused by dilution ef-
fect and possibly in combination with an enhanced initial dissolution
of CsA.

2. Adsorption of SO4%~ onto newly formed hydrates (mainly C-S-H),
where formation of the latter is sped up by the filler effect, con-
firming previous studies.

3. Direct adsorption of SO4%~ onto the surface of SCMs or onto a posi-
tively charged Ca layer formed on their surface.

None of these mechanisms is directly coupled to the SCM's alumina
content, confirming previous results, that the latter is not the dominant
factor regarding the sulfate balance of blended cements. The filler effect
of the investigated calcined clays is significantly lower compared to
limestone, even if they introduce significantly more surface area. This is
partly related to strong agglomeration of calcined clay platelets. The
surface area of calcined clay minerals is only partially available as
nucleation site, while it seems to be a strong adsorbent for ions from the
pore solution. While the p-limestone reveals a positive zeta potential in
saturated portlandite solution, the calcined clays show strongly negative
values. Even though, adsorption of sulfate ions occurs on all investigated
SCMs, if sufficient calcium is available, the presented results indicate a
higher amount of adsorbed ions in the metakaolin-rich systems. The
reduction of alite hydration in the undersulfated systems, which can
hinder optimal strength development, indicates its impediment by
increased aluminum concentration. This proves that proper sulfation
should not only be applied to prevent flash setting, but also to guarantee
an unimpeded silicate reaction, indicated by two separate heat flow
maxima. The amount of portlandite available for the pozzolanic reaction
is not reduced by sulfate addition, since the formation of carboalumi-
nates consumes portlandite at the same rate, during the first 48 h.
Different hypothesizes were discussed regarding the faster reaction rate
during aluminate reaction, indicated by a sharper sulfate depletion
peak, in the calcined clay blended systems. While a verification of these
mechanisms should be subject of further research, a slower release of
adsorbed SO42~ from the C-S-H compared to the calcined clay surface
was considered to be the most reasonable mechanism. Results from
quantitative in situ X-ray diffraction and isothermal calorimetry yielded
good correlation regarding the reaction kinetics, as well as the calcu-
lated heat of reaction until sulfate depletion.
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Appendix A

Table Al
Mixture design and SSA of the systems investigated.

PLC [wit%] SCM [wit%] CS [wit%]" w/b [] SSA [m?/g]
PLC 100 - 2.7 0.5 1.8
PLC_CC69 70 30 1.9, 3.0, 4.0, 5.0 0.5 14.0
PLC_CC82 70 30 1.9, 3.0, 4.0, 5.0 0.5 7.4
PLC_CC41 70 30 1.9,3.0 0.5 3.6
PLC_CC23 70 30 1.9, 3.0 0.5 3.2
PLC_uLS 70 30 1.9,3.0 0.5 2.9

2 Based on an anhydrite equivalent. The first number represents the CS provided by the PLC. Additional CS was added maintaining the initial PLC/SCM
ratio.

Table A2
Mineralogical composition and degree of kaolinite disorder of the raw clays before calcination.
Phase [wt%] CC23 raw CC41 raw CC69 raw CC82 raw
Quartz 33.2 47.7 12.6 15.5
Kaolinite 25.7 45.0 70.6 83.9
Muscovite/illite 36.1 3.1 12.9
Goethite 4.3 3.3 - -
Other 0.7 0.9 3.9 0.6
Kaolinite disorder (AGFI) n.d. 1.24 0.54 0.85
Kaolinite disorder (Pg) n.d. 0.96 0.92 1.14
Table A3
Position and full width at half maximum (FWHM) of the aluminate peaks in the systems presented in Fig. 9.
Maximum aluminate peak [h] FWHM aluminate peak [h]

PLC 17.4 3.8

PLC_CC69 8.0 0.7

PLC_CC82 7.6 0.7

PLC_CC41 10.8 1.0

PLC_CC23 12.8 1.4

PLC_uLS 8.7 1.1

PLC_pLS_2.66% 12.4 2.0

PLC_uLS_3% 14.2 2.2

PLC_CC69_3% 9.9 0.8

PLC_CC82_3% 10.5 1.1

PLC_CC41_3% 14.1 1.6

PLC_CC23_3% 18.6 3.0
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Fig. Al. XRD quantifications (left axis) and heat flow curves (right axis) of all investigated systems. The error is below +1.5 wt% for alite, + 1.0 for ettringite and +

0.5 wt% for other phases.
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