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Abstract

Abstract

The construction industry is increasingly seeking for sustainable materials to reduce overall
environmental impacts, with a particular focus on minimizing the CO» footprint associated with the
traditional cement production. In this context, geopolymers, synthesized from common clays, have
emerged as promising alternatives, due to their versatile and tuneable properties, in terms of workability
and mechanical properties, as well as their lower environmental impact. This thesis therefore explores
the potential of geopolymers as green building materials through a comprehensive approach, examining

their preparation methods, precursor selection, material properties, and performance characteristics.

In the first part of this thesis, a novel method for the evaluation of the suitability of clays as precursors
for the formation of geopolymers using infrared (IR) spectroscopy is presented. With this technique the
surface area under the OH stretching band in the IR spectrum of clays is determined, which directly
correlates with the amounts of reactive components needed for the alkali activation process. This
straightforward experimental approach not only simplifies the selection process of suitable clays, but
also enables the estimation of the required amount of activator. Consequently, the alkali activation
procedure is extremely simplified and no single-parameter screening is needed to identify a suitable
mixing design. Additionally, the relationship between the IR spectroscopy data and the reactive clay
components provides a predictive tool for assessing the quality of the resulting geopolymer mortars,

particularly in terms of its compressive strength.

In the second part of this thesis, the impact of calcite-rich clays on the formation of geopolymer binders
is explored. Through a controlled calcination procedure, it is possible to manage the thermal activation
of the clay and the decomposition of carbonate minerals and the subsequent CO, release, independently.
This procedure effectively separates the decarbonation of calcite from the dehydroxylation of layered
silicates within the clay, enabling the formation of lime and other calcium-rich minerals. Despite the
low content of reactive layered silicates and the presence of large amounts of unreactive minerals, such
as calcite, the study demonstrates that mortars produced from these calcined clays can achieve
compressive strengths exceeding 20 MPa, based on a tailored thermal activation. Hereby, the inclusion
of portlandite significantly enhances the post-solidification characteristics and improves the carbonation

resistance of the mortars.

Finally, the complex interplay of various factors impacting the geopolymerization reaction is
investigated in depth. It was found that the water content and binder-to-aggregate ratio have a significant
impact on the workability, the mechanical properties, and the porosity of the resulting geopolymer
mortars. An increase in water content enhances the workability and reduces the air void content, due to
an improved compaction of the material. However, it also leads to a decrease in compressive strength
as aresult of an increased capillary porosity. The mechanical properties of such mortars can be improved

by optimising the binder-to-aggregate ratio through the addition of quartz sand.
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Abstract

In conclusion, this thesis aims to advance the understanding of geopolymers and the geopolymerization
reaction itself to offer insights into the optimisation of the material properties for sustainable
construction applications. The findings demonstrate the viability of geopolymers as eco-friendly

alternatives to traditional cements and promote their adoption in green building practices.
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Kurzzusammenfassung

Kurzzusammenfassung

Die Bauindustrie ist zunehmend auf der Suche nach nachhaltigen Materialien, um Umweltbelastungen
und Treibhausgasemissionen zu verringern. Dabei liegt ein besonderer Schwerpunkt auf der
Minimierung des CO,-FuBBabdrucks der herkommlichen Zementherstellung. In diesem Zusammenhang
gewannen Geopolymere als alternative Bindemittel, aufgrund ihrer vielseitigen und modifizierbaren
Eigenschaften, beispielsweise in Bezug auf Verarbeitbarkeit und mechanische Festigkeiten, zunehmend
an Bedeutung. In dieser Dissertation wird daher das Potenzial von Geopolymeren, auf der Basis
calcinierter Tone, als umweltfreundliche Baumaterialien erforscht, wobei ihre Herstellungsverfahren,
die Auswahl der Ausgangsstoffe, die Materialeigenschaften und die Leistungsmerkmale untersucht

werden.

Im ersten Teil dieser Arbeit wird eine neuartige Methode zur Bewertung der Eignung von Tonen fiir die
Bildung von Geopolymeren mithilfe der Infrarotspektroskopie (IR) vorgestellt. Mit dieser Technik wird
die Fldche unter der OH-Streckungsbande im IR-Spektrum von Tonen ermittelt, welche direkt mit der
Menge an reaktiven Komponenten korreliert, die fiir den alkalischen Aktivierungsprozess benotigt
werden. Dieser unkomplizierte experimentelle Ansatz vereinfacht nicht nur die Auswahl geeigneter
Tone fiir die alkalische Aktivierung, sondern ermoglicht auch die Abschidtzung der erforderlichen
Aktivatormenge. Folglich ist das Verfahren der alkalischen Aktivierung extrem vereinfacht und es ist
kein Screening einzelner Parameter erforderlich, um ein geeignetes Mischungsdesign fiir die
Herstellung von Geopolymeren zu ermitteln. Dariiber hinaus bietet die Beziehung zwischen den IR-
Spektroskopiedaten und den reaktiven Tonkomponenten ein Instrument zur Bewertung der Qualitét der

resultierenden Geopolymermdortel, insbesondere im Hinblick auf deren Druckfestigkeit.

Im zweiten Teil dieser Arbeit wird der Einfluss von Calcit-reichen Tonen auf die Bildung von
Geopolymer-Bindemitteln untersucht. Durch ein kontrolliertes Kalzinierungsverfahren ist es moglich,
die thermische Aktivierung der Tone und die Zersetzung von Karbonatmineralien mit anschlieSender
CO»-Freisetzung unabhingig voneinander zu steuern. Dadurch kann die Dekarbonatisierung von Calcit
effektiv von der Dehydroxylierung von Schichtsilikaten getrennt werden, wodurch die Bildung von
Calciumoxid und anderen Calcium-reichen Mineralien gewihrleistet werden kann. Trotz des geringen
Gehalts an reaktiven Schichtsilikaten und des Vorhandenseins groBer Mengen an nicht reaktiven
Mineralien zeigt diese Studie, dass Mortel resultierend aus diesen kalzinierten Tonen, basierend auf
einem angepassten Kalzinierungsprozess, Druckfestigkeiten von iiber 20 MPa erreichen konnen. Dabei
verbessert die Zugabe von Portlandit die Nachverfestigungseigenschaften und die

Karbonatisierungsbestindigkeit der Mortel erheblich.

Im letzten Teil der Arbeit wird das komplexe Zusammenspiel verschiedener Faktoren, welche die
Geopolymerisationsreaktion beeinflussen, eingehend untersucht. Es wurde festgestellt, dass der
Wassergehalt und das Verhiltnis von Bindemittel zu Gesteinskornung einen erheblichen Einfluss auf

die Verarbeitbarkeit, die mechanischen Eigenschaften und die Porositit von Geopolymermdérteln haben.
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Kurzzusammenfassung

Eine Erhohung des Wassergehalts verbessert die Verarbeitbarkeit und verringert den Luftporengehalt
aufgrund einer verbesserten Verdichtung. Sie fiihrt jedoch auch zu einer Abnahme der Druckfestigkeit
infolge einer erhohten Kapillarporositit. Die mechanischen Eigenschaften von Geopolymermorteln
konnen jedoch durch die Optimierung des Bindemittel-Gesteinskornungs-Verhiltnisses mittels der

Zugabe von Quarzsand verbessert werden.

Zusammenfassend ldsst sich sagen, dass diese Arbeit darauf abzielt, das Verstandnis von Geopolymeren
und der Geopolymerisationsreaktion selbst zu verbessern um somit Einblicke in die Optimierung der
Materialeigenschaften fiir nachhaltige Bauanwendungen zu geben. Die Ergebnisse zeigen das Potential
von Geopolymeren als Alternativen zu herkommlichen Zementen und fordern deren Einsatz in

umweltfreundlichen Baupraktiken.
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Introduction

1. Introduction

Inorganic construction materials are considered as fundamental in the building industry, due to their
robust mechanical properties.!’ The use of inorganic construction materials is driven by their
advantageous properties, such as their high compressive strength, fire resistance, and durability.
Applications of such construction materials span over a wide range, from residential buildings and

infrastructure projects to specialised uses in marine and high-temperature environments.

Inorganic construction materials, which include concrete, mortar, and various composites, are
characterised by the use of mineral binders, such as cement, lime, and gypsum, to create durable and
versatile structures. In all of these cases, the addition of water triggers the hardening process, leading to
their denotation as hydraulic binders (Figure 1)."”! Despite the great properties of cement as binder
material, such as the flexible workability, the turnability via the use of additives, as well as the great
mechanical properties of the thereof resulting concrete, the manufacturing of concrete is a significant
contributor to the global CO, emissions. This is due to the raw materials preparation and the clinker
production, whereby a high temperature is needed for the calcination, which causes the release of CO»
from calcium carbonate. As stated by both the International Energy Agency (IEA) and the United
Nations Environment Program (UNEP), the construction sector accounts for over 40 % of the global
energy consumption and contributes to approximately one-third of the greenhouse gas emissions.!
Within this context, the manufacture of concrete poses a substantial environmental challenge, as it is

responsible for approximately 8 % of the total anthropogenic CO, emissions worldwide.!*’

Hydraulic binders Alternative binders

Portland cement Portland cement + reactive Alkali-activated binders
components*®

Binder

Portland composite cement, Blastfurnace cement,
Pozzolanic cement, Composite cement

high Ca-content> 10 wt.-%** | low Ca-content < 10 wt.-%**

| Geopolymer Binders

Silica fume, Pozzolana,

Clinker Blastfurnace Burnt Shale, Metakaolin,
slag Fly ashes
hydraulic latent hydraulic pozzolanic

CaO/SiO, Ca0/sio, Reactant
Al,O5-content

Hydraulicity/ Polymerisation/

Water-binding capacity Water-binding capacity

T strength-
alumasilicate networks forming
CSH-phases, CAH-phases and others ’ |CAH and/or GSH-phases(CAS (NASH) product
i : Alkali-activated slag/ calcareous | Siliceous alkali-activated fly ash /
CEMEIS:C;);:MQ to CEM I, IIIé;JV%\é;?‘cordlng to alkali-activated fly ash B e s Sample

* as main component or as reactive concrete additives (supplementary cementitious materials)
** based on EN 450-1

Figure 1: Classification of classical hydraulic and alkali-activated binders, reprinted from reference.!®!

Efforts to reduce the carbon dioxide footprint of the cement production have therefore been focused on
the reduction of cement clinker via the addition of supplementary cementitious materials, such as
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Introduction

limestone.!”! Also, current research efforts go towards the use of alternative binder materials, such as
alkali-activated materials (AAMs) and geopolymers, for the manufacture of construction materials.™
Alternative binders are more sustainable compared to traditional binders, as they can incorporate
industrial by-products, such as fly ash and slag, reducing waste, and naturally occurring precursors, such
as common clays, and therefore promote a sustainable use of resources. Also, due to their alternative
activation procedure, no high temperature treatments, which cause the major CO, emissions in the
conventional cement production, are required. As Table 1 shows, alternative binders can clearly compete
with hydraulic binders based on ordinary Portland cement (OPC) in terms of their mechanical

performance.

Table 1: Comparison of the compressive strengths of different binders after 28 days at room temperature.

Type of binder Binder Strength [MPa] Reference

Hydraulic binder Ordinary Portland 32.5-52.5 DIN EN 197-1
cement (CEMI 32.5)
Ordinary Portland 42.5-62.5 DIN EN 197-1
cement (CEMI 42.5)
Ordinary Portland >52.5 DIN EN 197-1
cement (CEMI 52.5)

Alternative binder | Alkali-activated 40.0 ]

material based on
ground granulated

blast-furnace slag

Geopolymer based on 38.5 [10]

metakaolin

1.1 Cement
In the construction industry, cement is one of the most widely used binder materials."! It serves as
fundamental ingredient in concrete and mortar, and contributes to their adhesive and cohesive properties.
The versatility of cement has made it an indispensable material in the construction industry and has laid
the foundation for its wide-ranging applications, from residential buildings to transportation. Based on
that, the production of cement and the therewith involved the concrete industry, as major cement
consumer, are an essential pillar of the world’s economy with a pivotal role in the urbanisation and

economic growth,!'>!!

Cement is generally derived from limestone, clay, and other raw materials, in a three-stage process,
which involves the preparation of raw materials, the subsequent clinker production followed by the
grinding with other components (Figure 2). In general, there are two approaches for the production of
clinker, namely a wet or dry process, depending on the water content of the raw materials. The latter

2
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one is more energy-efficient, due to the fact that no water has to be evaporated, and therefore this process
is widely used to date. Whereas the wet process requires 5.29 GJ of specific energy per ton of clinker
production, the dry version of cement manufacturing only utilises 3.40 GJ.'"*! To begin the cement
production process, the precursors of choice with respect to the product performance requirements, will
be crushed typically to less than 10 centimetres in size and eventually mixed with other materials, such
as iron oxide, alumina or silica. The materials then undergo a homogenisation process to achieve the
required chemical composition. In a subsequent step, the pre-calcination and calcination in a rotary kiln
at temperatures up to 1450 °C takes place. During the pre-heating moisture is removed, whereas during
the calcination the decarbonation of calcium carbonate under the release of CO, is taking place. The
high temperatures within the kiln are generated by the combustion of fuels, such as coal or natural gas,
in the kiln. During the rotation of the kiln, the material moves progressively into hotter areas of the oven
towards the flame. After the kiln-firing process, the clinker is cooled down very rapidly using air blowers
or water-cooling systems. The rapid cooling is required to maintain the desired crystal structure and
reduce the formation of undesirable crystalline phases. The clinker is then mixed with other materials,
such as gypsum for example, blended and subsequently grinded to afford a powdered cement or blended-

cement material.!"!

Precursors: lime stone
Temperature: 1450°C .
grinding packaging
. storing d
omogen-
indi iza(;%n , '{i
grinding _ o 9
dosing / b, . ' . \
crushing MiXing LS gox Ligd
g v =
. ."\ = calcination kiln-firing cooling
Fahy g2 y
~41 .
- Cement production

Figure 2: Overview of the cement production starting from lime stone.

Cement clinker primarily consists of calcium silicates, such as tricalcium silicate (C3S) and dicalcium
silicate (C,S), together with other Ca-containing compounds, such as calcium aluminates and calcium
ferrites (Table 2).'" Within the clinker, alite is the most important phase with a portion of 50-70 % of
the total composition. Alite is also responsible for the early strength development. 15-30 % of the clinker
are comprised of belite, which contributes to the late strength development of cement, since it usually is
less reactive than alite. Other phases, such as aluminate and ferrite, contribute each to about 5-10 % of
the total clinker composition and also influence the early strength development. The temperature and
duration of the decarbonation within the rotary kiln as well as the cooling process influence the phase
composition and the homogeneity of the clinker material tremendously. Hereby it has been sown that

slower cooling rates lead to larger and more homogenously distributed crystallites.!'”)
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Table 2: Overview of the components in cement clinker.

Name Abbreviation Chemical formulae
Alite GsS 3Ca0 - SiO
Belite G.S 2Ca0 * SiO;
Aluminate GA 3Ca0 * AlLOs;
Ferrite C.AF 4 CaO * ALO; * Fe,0;3

There are numerous types of cement available, due to the use of different Ca sources and the application
of various additives to modulate the cements properties. The most widely used cement is the ordinary
Portland cement (OPC), with the primary components being calcium oxide, silicon oxide, aluminium
oxide, iron oxide and magnesium oxide. In general, OPC consists of 95 % clinker and 5 % gypsum,
which is thought to improve the workability of the cement. Beside its versatility and economic value,
OPC is not an optimal binder for all construction applications, since it suffers from durability issues,
when applied in aggressive environments, such as high acidity or high sulphate concentrations. In
addition to OPC, blended cement, in which sustainable supplementary materials, such as fly ash, slag,

or silica fume are added, and white cement with a low iron content, are known among others.!8

When cement is mixed with water, it undergoes a hydration reaction, in which a calcium silicate hydrate
(C-S-H) gel is formed. This gel fills the voids between the cement particles and creates a dense
interconnected network of the hydrated cement paste. In addition, calcium hydroxide is formed as by-
product of the hydration reaction and contributes to the alkalinity of the resulting concrete and plays a
role in its long-term strength development. As the hydration process progresses, the cement paste
gradually solidifies and the hardening of the mixture is taking place, which retains its strength. The rate
and extent of the hydration reaction depend on various factors, including the type of cement, water-

cement ratio, temperature, and curing conditions.!"”!

1.1.1 Environmental footprint of the cement production
According to the International Energy Agency, concrete is considered to be the most-used manufactured
substance on the planet based on the volume.*” Therewith involved is the production of cement, which
acts as binder within concrete to aggregate the components being present. Currently, 4 Gt/year of cement
are being produced, whereby over the past 65 years the production increased by a factor of 10, as shown

in Figure 3.22"
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Figure 3: Cement production in dependence of the geographic location. Graphic reprinted from reference.>”

The environmental impact of the cement production is significant, primarily due to its substantial
contribution to greenhouse gas emissions and resource mining and consumption. The latter one is
particularly pronounced, since minerals applied in the sector of construction materials, have a large
energy demand despite their low energy intensities. This is based on the large amounts of minerals that

have to be extracted prior to the cement and concrete production.'*?!

Along with the before mentioned production capacity of 4 Gt/year, around 2300 Mt of CO, are
emitted.”” This number is thought to increase by 12-23 % by 2050 with respect to 2014, due to growing
economies, especially in the Asian area.””! Currently, the production of cement contributes to about 8 %
of the global anthropogenic CO, production, which is mainly due to the high-temperature firing of raw
materials, such as limestone, but also due to inefficient production technologies.[sl In this context, the

(231 and

production of cement contributes 36 % of the CO, emissions generated by construction materials
at least 70 % of the CO, emissions from the concrete manufacture.'*"! It is well established that the
increase of greenhouse gases, such as CO», in our atmosphere is the main contributor to climate change,

which cause an increase in the Earth’s temperature.

The CO; emissions in cement manufacturing, mainly stem from the calcination of the carbonate rich
precursors, such as limestone, in the rotary kiln. The calcination process contributes to about two third

of the greenhouse gas emissions from cement production,®!

and also explains why the production of
cement cannot be decarbonised completely, since these material-related CO, emissions cannot be
avoided.”® In addition, to the material-inherent CO, release, the high energy demand of the firing
process is an important factor to consider.””! The latter can be reduced tremendously through an
enhanced kiln efficiency.” Other steps of the cement production, such as grinding, blending and

backpacking only have a minor influence, according to life cycle assessments from “cradle to gate”.!*"

To address these issues and to lower the environmental impact of the cement manufacture, alternative
approaches and production technologies, have been investigated. As mentioned before, the majority of
CO; emissions during the cement production comes from the clinker production. Therefore, there has

been considerable progress to enhance the energy efficiency of the clinker production, especially with
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respect to the kiln development along with heat recovery and recycling. Also, the flexibility of kilns
with respect to the fuel source has greatly been enhanced and paved the way for the use of waste
materials as “alternative fuels”.””! One other approach to reduce the environmental footprint of the
cement production, is based on the reduction of the clinker content by the addition of so-called
supplementary cementitious materials, such as such as limestone, gypsum, slag or fly ash. The most
widely used supplementary materials is ground lime stone, which is not heated to avoid the release of
CO,."' In addition fly ash and blast furnace slags, which are formed as by-products in the coal and steel
industries, have been used to reduce the clinker amount in cement."””! However, the availability of these
materials will most likely decline, since the production of coal is reduced through the use of alternative
energy sources. In addition to the measures described, carbon capture and storage (CCS) has to be

implemented on clinker production sites to really reach CO, neutrality.

Beyond the approaches to reduce the CO, footprint of the cement production, the complete substitution
of clinker through alternative binders, such as alkali-activated materials or geopolymers, has gained

academic interest in the last decades.'?!

1.2 Alternative binders
Alternative binders are classified based on the Ca-content of the raw materials used. Whereas alkali-
activated materials result also from calcium-rich raw materials, such as blast furnace slag and other
calcium-rich industrial by-products, raw materials with a low Ca-content, such as fly ash or clay-based
raw materials, are utilised for the production of geopolymers (Figure 1). In both cases, the binding
process of alternative binders involves chemical reactions, such as condensation and polymerisation
reactions, which result in a hardened matrix.”®! Hereby, the reaction and the solidification process
depend strongly on the choice of raw materials and are also dependent on the alkaline solution used for
the activation step.”**! In the case of Ca-rich precursor materials, the activation is carried out in alkaline
solutions of medium basicity. From this, calcium silicate hydrates-like phases can be obtained as
reaction products. In the case of raw materials with a low Ca-content or Ca-free materials, highly
alkaline solutions are utilised for the activation procedure, resulting in polymeric networks of amorphous

phases similar to zeolites.

In Figure 4 an attempt is made, in analogy to Provis ef al., B3 to schematically show the phase formation
based on the composition of the raw materials used as precursors for the alkali activation procedure.
Whereas calcium aluminosilicate hydrate (C-A-S-H) gels are formed from calcium-rich
aluminosilicates, the alkali activation of aluminosilicates low in calcium content leads to the formation
of so-called N-A-S-H gels. Depending on the Mg content either zeolite-type or hydrotalcite-type
structures can be formed. However, the exact phase determination is challenging, due to the large
experimental parameter space, such as the chemical composition of the raw materials, the nature of the

activator solution, the mixing design and curing conditions, among others.
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Figure 4: Schematic overview of the phase formation based on the composition of the raw materials used for the

alkali activation procedure. Graphic partly adapted from reference.*”

1.2.1 Alkali-activated materials
Alkali-activated materials (AAMs) represent a class of binders in the field of construction materials,
which offer a sustainable alternative to traditional cement binders. In contrast to cement, which primarily
consists of calcium silicates (such as Portlandite) and other Ca-containing compounds, such as calcium
aluminates and calcium ferrites, AAMs are typically composed of aluminosilicate-rich precursors.
During the manufacture of AAMs around 95 % less CO. emissions are produced in comparison to a
similar mass of OPC.®! In addition to that, industrial-by products can serve as starting materials, which

again lowers the environmental footprint in contrast to the conventional production of clinker.

AAMs are synthesised through the activation of a precursor powder, based on calcium, magnesium,
silicon or aluminium oxide, using alkaline solutions as activators.””’ These precursors are usually
aluminosilicate-rich materials, which can be obtained from industrial by products, for example ground
granulated blast furnace slag (GGBFS), resulting from the iron and steel industry, rice husk ash from
rice milling or fly ash from coal combustion. Further, natural pozzolans, such as volcanic ash and
calcined clays, as well as mine tailings can be utilised.”® The choice of precursor depends on factors,
such as the availability, cost, desired properties of the final product, and environmental considerations.
The precursors will then be treated with an alkaline solution (e.g., sodium or potassium hydroxide) to
undergo a process denoted as “alkali activation” (Figure 5). Firstly, the aluminosilicate material is
dissolved in the activator solution. During this exothermic process, reactive units, consisting of
covalently bound Si—O-Si and Al-O-Si units, are formed, which then undergo a condensation reaction.
Hereby a cementitious matrix, also referred to as aluminosilicate gel is formed, which is based on the
incorporation of Alinto Si-O-Si units.* This leads to a binding process, which results in the generation

of a three-dimensional network of silicon and aluminium bonds and subsequent crystallisation.*!
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binders.

The reaction progress of the alkali activation strongly depends on the precursor and activator type as
well as the respective concentrations. The use of fly ash with a high silica content as precursor, for
example, leads to a greater pozzolanic reactivity, which induces an enhanced strength development and
durability in the final product.'*” The strength development is also positively influenced by the use of
higher activator concentrations, which promote a faster reaction kinetics. However, an optimal activator
concentration must be found, since a very large activator amount leads to the formation of detrimental
effects, such as excessive shrinkage, cracking, and consequently to a reduced long-term durability."*!!
Each of these components play a significant role in order to tune the properties and behaviour of AAM-

based concrete, ultimately influencing its suitability for specific construction-related applications.!**!

The interest in the use of AAMs as alternative to conventional concrete stems from their exceptional
mechanical characteristics, including a high compressive strength, remarkable durability, and resistance
towards acids and various other chemicals. Furthermore, there are significant environmental advantages
involved when using AAMs, since the production of AAMs typically results in significantly lower
carbon dioxide emissions and a lowered energy consumption compared to ordinary Portland cement, a
factor which contributes to the reduction of the construction industry's carbon footprint. Moreover, the
incorporation of industrial by-products in AAM formulations fosters a sustainable use of resources,

recycling and waste utilisation, aligning with sustainable development goals.

The applications of alkali-activated materials are diverse, ranging from traditional construction uses,
such as structural and non-structural components, as well as specialised applications in areas, where an

enhanced durability and resistance towards aggressive environments are required.

1.2.2 Geopolymers
Geopolymers, also a class of alternative binder materials, have gained significant attention for their
unique chemical compositions and exceptional properties. The pioneering work of Davidovits in the
1970s laid the foundation for the development and understanding of geopolymers. Davidovits first
coined the term "geopolymers" to describe a variety of inorganic binders based on alumosilicate
polymers, which results from the chemical reaction of alumina-based silicates with a alkaline
activator.'”®! According to Buchwald's definition, geopolymer binders are inorganic two-component

systems, consisting of a reactive solid component with SiO, and Al,Os in sufficient quantity and reactive
8
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form, and an alkaline activation solution, containing alkali hydroxides, silicates, aluminates, carbonates,

sulphates or any combination thereof.**! Geopolymer binders originate from natural pozzolans,*

[47.,48] [49]

slags, ! thermally-activated clays and rice husk ashes,"*! as well as fly ash.”” Alkaline solutions
serve as activators, as seen before in the case of AAMs, which has led to the frequent use of the term
"alkaline-activated binders"."**! However, geopolymers are clearly distinguished from alkali-activated

materials based on the low Ca-content of the raw materials used.

These inorganic, aluminosilicate-based materials are synthesised through the reaction of alumina- and
silica-rich materials with alkaline activators, forming a three-dimensional network of covalently bound
Si—O—Al structures. Davidovits described the reaction for the geopolymer formation and illustrates that
the addition of an alkaline solution leads to the dissolution of silicon and aluminium oxide. This
dissolution process results in a "geopolymer precursor", which simultaneously undergoes a condensation
reaction, which is typically base catalysed. This reaction leads to the formation of a three-dimensional
network, as shown in Figure 6. Solid-state nuclear magnetic resonance (NMR) spectroscopic analyses
(solid-state *’Al and *Si MAS NMR) point towards the conversion of the four-fold coordinated
aluminium centres to a three-dimensional cross-linked inorganic polymer, which consists of NaAlO4
and SiO; tetrahedra."" These tetrahedra are interconnected by shared oxygen atoms, which leads to the
formation of a three-dimensional polymeric structure with Al-O—Si units as main building blocks. The
geopolymerization process forms amorphous alumosilicate networks with various structural motifs,
whereby the hardening of the binder occurs due to network formation. Within these networks, cations,
resulting from the activator, are present to maintain charge neutrality."? Interestingly, geopolymer
products exhibit great structural similarity to zeolites. This is evidenced by X-ray-based studies, that

have identified different zeolite structures within seemingly amorphous polymers."*

According to the Si:Al ratio of the three-dimensional alumino-silicate structures, which can be
considered as amorphous to semi-crystalline, Davidovits established a classification into poly(sialate)-
type (Si—O-Al-O-), poly(sialate-sil-oxo)-type (Si—-O-Al-O-Si—O-) and the poly(sialate-disil-oxo)-
type (Si-O—-Al-0-Si—0-Si—O-) structures.”* Hereby, the Si:Al ratio greatly influences the properties

of the resulting mortars and therefore their potential application.
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Figure 6: Structural network of a geopolymer according to Davidovits.>™
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Geopolymers exhibit a range of exceptional properties that render them highly advantageous for various
applications. These properties arise from their unique chemical and structural characteristics, which
distinguish them from traditional materials, such as ordinary Portland cement and ceramic-based
materials. For instance, geopolymers demonstrate comparable compressive and tensile strength
compared to conventional cementitious materials.> In this context it was shown, that geopolymers with
a high compressive strength can be obtained when highly reactive precursor materials are utilised.””
Hereby a higher strength can be correlated with a microstructure, which inherits a low content of
undissolved mineral phases.>® Additionally, geopolymers possess a remarkable durability, as they are
typically resistant to acids, bases, and salts, which enhances their durability in harsh environments,
including marine settings and areas with high chemical exposure. Furthermore, geopolymers exhibit a
high thermal stability and minimal shrinkage and creep due to their three-dimensional network structure.
Their low permeability to water and other fluids can also be attributed to their inherent structural features
and their dense microstructure.”™” Geopolymers also offer good workability, allowing them to be
moulded into various shapes and sizes. This lays the basis for a flexible design of geopolymer-based

mortars.

1.3 Clays as precursors for geopolymers
For the production of geopolymers, clays can be used as versatile and abundant precursors. Clays are
particularly suitable for the geopolymerization process, due to their high aluminosilicate content and
their high reactivity after calcination. To obtain geopolymers from clay minerals, such as kaolinite, first
a calcination step is required, which leads to the dehydroxylation of the clay mineral and the formation
of a highly active nearly amorphous meta-state, also referred to as meta-clay. Despite the fact, that
energy is required for the thermal treatment of the clay minerals prior to the alkali activation, the required
temperature is still below the temperature that is needed for the conventional production of cement
clinker. The from calcination obtained meta-clay is then reacted with an alkaline solution to initiate the

geopolymerization reaction.

1.3.1 Structures of clay minerals
In general, clays are a type of clastic sediments, which include hard clay stones, deformable clays, and
certain soil types with a predominant grain size distribution of less than 2 micro meters. Geological and
geochemical estimates suggest that over 50 % of the Earth's sedimentary rocks contain such fine clastic
sediments.'®”! To exclude rocks with predominantly carbonate components (such as marl), clays are

considered sediments with primarily silicate-based mineral components.

The components of clays mainly correspond to the mineral relics of their crystalline parent rocks,
including mica, quartz, and small amounts of alkali feldspar, whereby the composition of a clay deposit
depends on various factors, such as the climatic conditions, parent rock types in the weathering zone,
and sediment transport.!®’! Layered silicates and their weathering products can be considered actual clay

minerals. Additionally, iron-rich and carbonate weathering products, such as pyrite, hematite, goethite,
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dolomite, and calcite can contribute to several percentages. In minor quantities, plant and animal

decomposition products in the form of humic substances may accumulate in fractions less than 0.2 pm.

The main building blocks of clay minerals are SiO4 tetrahedra, in which silicon ions are coordinated by
oxygen (Figure 7). These tetrahedra are connected via three of their edges to form a tetrahedral layer,
which is also referred to as T-layer. This T-layer represents a fundamental component of clay minerals
or so-called phyllosilicates. One of the vertices of the SiO4 tetrahedra stick out from the T-layer and
generally point in one direction, resulting in an infinite layer with a composition of [Si>Os]*".

Occasionally, foreign cations such as Fe** and AI’** can occupy the tetrahedral coordination sites, which

[62]

leads to an increase in overall negative charge and a distortion of the T-layer.

Interlayer
distance

00 eSi @ O0H @AMy

Figure 7: Schematic structures of clay minerals. a) Montmorillonite as three-layer mineral and b) kaolinite as four-

layer mineral. Graphic adapted from reference. !

Other prominent coordination polyhedra, which can be found in clay minerals, are octahedra (Figure 7).
In these octahedra, divalent and trivalent metal cations are coordinated by six hydroxide ions. Some
minerals, like aluminium hydroxide and magnesium hydroxide, consist solely of such octahedral layers,
which are denoted as O-layers. Common central ions include AI**, Fe**, Mg**, and Fe**. Depending on
whether divalent or trivalent metal ions occupy these sites, the octahedral layer is described as
trioctahedral or dioctahedral structure, respectively./* However, the occupancy of the coordination sites
is strongly radius-dependent and therefore alkali ions cannot be found in octahedral coordination sites.
As seen before in the case of the tetrahedral layer, an inhomogeneous occupancy may also occur in the

octahedral layer.

The connection between T- and O-layers occurs through the free vertices of the SiO4 layer, which leads
to the stacking of alternating layers (Figure 7) and the formation of two-, three- and four-layer minerals.
Furthermore, interlayers (Z-layers) exist, which are primarily responsible for the wide-ranging
properties of clay minerals. These layers may be occupied by cations and/or water or may simply remain

empty.
Two-layer minerals

Two-layer minerals describe a type of clay minerals, which consist of one tetrahedral sheet linked to
one octahedral sheet. This motif is repeated throughout the whole mineral. Two-layer minerals can be

11
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mainly distinguished based on the occupancy of the octahedral layers. Dioctahedral minerals include
kaolinite and its rarer derivatives nacrite and dickite. In these minerals, hydrogen bonds bridge the
interlayer. If this Z-layer is completely filled with water molecules, halloysite forms with a layer distance
of 10 A 1 Trioctahedral two-layer minerals include serpentine group members, which exclusively have
Mg** ions occupying the octahedral coordination sites, as well as Fe**-rich minerals, such as greenalite,

berthierine, and cronstedtite.

Within the two-layer minerals, kaolinitic clays, characterised by a particularly high content of kaolinite,
are a very unique group. Kaolinite is the most common two-layer mineral with a theoretical composition
of 2 Si0,-Al;,03:2 H,0, which corresponds to 46.53 wt. % SiO,, 39.49 wt. % Al;Os, and 13.98 wt. %
H:0. The water is bound in the form of OH-groups in the octahedral layer, forming van der Waals forces
that connect to the next layer.'®® Due to slight deviations in the lateral dimensions of the tetrahedral and
octahedral layers of kaolinite, tensions occur in the structure, which limit the crystal growth
perpendicular to the layers to a maximum of 30 layers. By examining the overall structure (Figure 8),
the morphology and properties of kaolinite can be derived and understood. Kaolinite crystals appear in
nature as pseudohexagonal platelets that can be several hundred nm thick, whereby their hexagonal

shape is given by the silicon tetrahedral layer.
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Figure 8: Structure of kaolinite as two-layer mineral. Interlayers are stabilised by hydrogen bonds. Graphic

adapted from reference.%

Kaolin has a wide range of applications in various technical processes, such as in the ceramic industry
and as a pigment and filler. However, deposits with high kaolinite content are rare and often

contaminated with other clay minerals.
Three-layer minerals

Three-layer clay minerals display a T-layer - O-layer - T-layer structure, as shown in Figure 7. The
resulting interlayer is responsible for the minerals' intra-crystalline swelling capacity. In general, three-
layer minerals can be classified based on their swelling capacity and the occupancy of the octahedral

layer. The swelling capacity depends on the overall charge, developed across the layers, and can range
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from limited lattice expansion (about 15 A for smectites) to unlimited expansion and layer disintegration
in vermiculites. Smectites and vermiculites are differentiated by Bailey!®” based on interlayer charges,
with dioctahedral smectites (e.g., montmorillonite, beidellite, and nontronite) being the main
representatives. Vermiculites mainly occur as weathering products of biotites and magnesium-rich rocks
in trioctahedral form. Trioctahedral smectites are rarely found in nature. Non-swelling minerals include
dioctahedral micas, such as muscovite and illite, with biotite being the main representative of

trioctahedral non-swelling three-layer minerals.
Four-layer minerals

The four-layer minerals exclusively correspond to aluminosilicates, which means that the tetrahedral
layers are partially occupied by aluminium ions. Within four-layer minerals the tetrahedral and
octahedral layers are arranged alternately. Depending on the occupation of the octahedral layer, four-
layer minerals can be further classified into dioctahedral, ditrioctahedral, tri-dioctahedral, and
trioctahedral four-layer minerals. Some examples of these minerals include donbassite, soil chlorites,

sudoite, and cookeite.
Mixed-layer minerals

A closer examination of clays often reveals mixed-layer minerals with varying atomic layer structures.
Regular mixed-layer minerals often have their own mineral names, as shown by the name rectorite,
which refers to a combination of paragonite and dioctahedral smectite. A detailed overview of mixed-

layer clay minerals and their X-ray crystallographic identification can be found in Brindley & Brown. %!

1.3.2 Properties of clay minerals
Based on their inherent structural features, clay minerals exhibit interesting properties. For example,
dried clay absorbs water through capillary and osmotic forces between particles, when there are being
moistened. In non-swelling clays, water molecules only wet the particle surfaces, whereas in swelling
clays, they penetrate the interlayers and expand them. This expansion can be influenced by various
solvents, allowing for the distinction of clay minerals using X-ray powder diffraction. Another property
arising from the existence of interlayers, is the ability for ion binding and exchange, where cations within

the interlayers can be replaced by electrolytes. This effect is particularly noticeable in montmorillonite.

Clays also exhibit interesting rheological properties, such as a high viscosity and plasticity, which form
the basis of the entire ceramic industry. The particle composition allows the formation of a water layer
on the surface, which leads to a reduction of the cohesion forces and enables the deformation of the clay
under pressure. This property is significantly influenced by the number of particles per unit volume. In
clay suspensions, thixotropy occurs, where a structure forms at a finite speed, leading to a transition
from the liquid to the solid state. This process is being fully reversible with mechanical energy input.

The rheological properties of clays have great practical significance in the field of construction science.
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In addition to the rheological properties, the reactivity of the clays after a thermal treatment must be
highlighted. When clay minerals are treated thermally, dehydration and dehydroxylation occurs, which
results in a release of the built-in OH-groups in the form of water. During this process, defects in the
crystal structure up to a complete destruction of the structure and the formation of an amorphous material
can occur. Hereby, the calcination temperature and type of clay mineral play crucial roles. The lattice
defects formed during the calcination form the basis for the alkaline activation of clay minerals and the
subsequent geopolymer formation. At higher calcination temperatures, phase rearrangements can even
occur, leading to new phases, such as cristobalite and mullite, which are responsible for the strength of

conventional pottery.
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2. Aim of this thesis

As highlighted in the introduction of this thesis, the production of cement is a major contributor to
anthropogenic carbon dioxide emissions, which significantly impact global warming and climate
change. Therefore, there is an ongoing societal and political effort is made to reduce the greenhouse gas
emissions in the cement and construction sectors. A key strategy to address this issue is the development
and utilisation of alternative inorganic binders, which can be derived from the alkali activation of various
precursor materials. In the field of alternative inorganic binders, geopolymers, which are defined based
on their low calcium content, have attracted attention. Such geopolymers can be obtained from the
geopolymerization reaction of calcined clays, which occur as locally available raw materials. However,
the geopolymerization reaction of clays is a very complex process influenced by numerous factors,

including:

e Choice of raw materials: the selection of the common clay precursors and therewith involved
their mineralogical composition affects not only the reactivity and the activation procedure, but
also impacts the properties of the geopolymer materials, such as their workability, mechanical
strength and durability.

e Precursor pre-treatment: the thermal activation of the common clays is required prior to the
alkali activation, which leads to the dehydroxylation of the clay and the subsequent formation
of a highly active meta-clay. The conditions of this pre-treatment again affect the success of the
alkali activation procedure.

e Alkali activation procedure: For the alkali activation of common clays the choice and
concentration of base, the molarity and composition of the water glass and the water content are
crucial. All these factors influence the geopolymerization reaction.

¢ Binder composition: the addition of additives, such as plasticizers and aggregates, as well as
the binder to aggregate ratio strongly affect the final properties of the geopolymer materials.

e Post-synthetic curing conditions: the curing conditions, after the geopolymerization reaction
itself influence the geopolymer materials properties. This includes the choice of temperature

and humidity over a certain period of time.

This thesis therefore aims to contribute to a better understanding of the geopolymerization reaction of
common clay precursors by looking at the factors described before. The ultimate aim is to enable the
targeted formation of high performance geopolymer-based mortars, which combine a good workability

of the fresh mortar, good mechanical properties and a high durability of the mortars.
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3. Structure of this thesis

The present cumulative doctoral thesis is based on three peer-reviewed publications under the

overarching topic of geopolymer-based construction materials, as depicted in Figure 9.

Common clays as precursors for geopolymer-based construction materials

Chapter 4:
Choice of precursors and mixing F. Dathe, F. Dehn, Alkali Activation of Common
deS|gn Clay Deposits: Evaluation of the Suitability by an

IR Spectroscopic Method, Int. J. Concr. Struct.
Mater. 2024, 18, 1.

Chapter 5: Chapter 6:
et 2 F. Dathe, V. F. Dathe, S. Overmann,
Geopolymer isation reaction Strelnikova, N. A. Koenig, F. Dehn, The
Werling, K. Emmerich, role of water content
F. Dehn, Influence of and binder to aggregate
lime, calcium silicate ratio on the
and portlandite on performance of
alkali activation of metakaolin-based
calcined common geopolymer mortars,
clays, Open Ceramics Minerals 2024, 14, 823.
2021, 7, 100152.

Figure 9: Structure of the cumulative thesis titled “Common clays as precursors for geopolymer-based

construction materials”.

In chapter 4, a methodology study concerning the identification of suitable clay-based precursors for
the alkali activation procedure is presented. Therefore, an in-house developed infrared spectroscopy
setup was developed, with which the surface area under the OH stretching band in the IR spectrum of
common clays could be correlated with the amounts of reactive components, which are necessary for
the alkali activation. Based on this correlation and a thorough calibration, the required activator amount

could be determined directly without the need of iterative tests of the mixing design.

In chapter 5, the effects of calcite-rich clays on the geopolymer binder formation is investigated.
Hereby, it could be shown that through a tailored calcination process, the thermal activation of the clay
and the calcium carbonate decomposition can be controlled independently. Despite the low content of
reactive silicates, mortars made from clays after this calcination procedure could achieve compressive
strengths over 20 MPa, with enhanced post-solidification characteristics and carbonation resistance due

to the inclusion of portlandite.

In chapter 6, various factors influencing the geopolymerization reaction have been investigated. It could
be shown that the water content and the binder-to-aggregate ratio significantly affect the workability,
mechanical properties, and porosity of geopolymer mortars. While an increased water content improves
the workability and reduces the air void content, a decrease in compressive strength due to a higher
capillary porosity is witnessed. Through an optimised binder-to-aggregate ratio via the addition of quartz

sand the mechanical properties can be improved.
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4. Alkali activation of common clay deposits — evaluation of the suitability by an IR

spectroscopic method

Reproduced from: F. Dathe, F. Dehn, Alkali activation of common clay deposits — evaluation of the

suitability by an IR spectroscopic method, Int. J. Concr. Struct. Mater 2024, 18, 1.

Abstract: In the context of a sustainable use of resources with the aim of the reduction of the CO»
footprint, the development of alternative concrete materials has attracted a great deal of attention. In this
context, geopolymers, obtained from common clay deposits, are found to be interesting construction
materials with very versatile properties. In this paper, a completely novel approach for the evaluation of
the suitability of clays for the geopolymer formation is investigated. The method is based on simple and
easy-to-handle IR spectroscopic measurements, through which the surface area under the OH stretching
band in the IR spectrum of the clay can directly be correlated to the amount of reactive clay components.
These reactive components are required for the success of the alkali activation of the clays in order to
access geopolymers. Based on the theoretical reaction pathway of the geopolymer formation, the linear
relationship between the OH stretching band area and the reactive components can be used for the
estimation of the required activator amount for the alkali activation of calcined clays and predict the
quality of the casted geopolymer mortar in terms of strength. This new method not only gives an insight
into the suitability of a common clay for the geopolymer formation, but also facilitates a straightforward

alkali activation procedure without tedious preliminary testing of the required activator amount.

4.1 Introduction
The components of clays are mainly based on the mineral relicts of their parent rocks. This fact causes
a vast variety of clay deposits to occur. Most common clays are associated with sheet silicates, which
are vital for the alkali activation of clays, since they comprise suitable hydroxyl groups for the
calcination process prior to the alkali activation.!®”! Despite the sheet silicates also other minerals, such
as quartz, hematite and feldspar, can be found in clay deposits. These minerals are inert towards

calcination and activation processes.!"!

The alkali activation of raw materials has been studied in more depth recently, since it provides versatile
access to novel construction materials. These materials are referred to as alkali-activated binders or
geopolymer binders, depending on the calcium content of the raw material.”!! Furthermore, alkali
activation represents a suitable and environmental friendly alternative to the cement production, which
has a negative influence on the carbon dioxide content in the atmosphere.”’? So far, the focus has been

mainly on the alkali activation of fly ash, slag and metakaolin”’

and not so much on common clays,
due to the complexity of the clay material itself. This versatility of common clays causes difficulties,
since it is necessary to investigate the exact mineral composition of the clay before the activation to
evaluate the right conditions for the calcination and subsequent activation of the raw material.’*! The
calcination as well as the activation processes are extremely important not only for the development of
new construction materials, but also for the application of calcined clay as an additive for ordinary
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concrete, due to its pozzolanic activity.*”"! Although there is a close relationship between the
pozzolanic activity and the alkali activation, the hardening of the binder is caused by a different chemical

reaction and makes a comparison difficult.

To obtain a geopolymer binder based on common clays the raw material must be calcined first. During
this step, the crystalline nature of the sheet silicates is destroyed under elevated temperatures and at the
same time the hydroxyl groups of the crystal structure are eliminated in the form of water.”®! The
calcination process significantly impacts both the crystallinity of the material and its solubility in a basic
pH solution. The after the calcination obtained amorphous material, represents the starting material for
the alkali activation. During the alkali activation process, an aqueous base and water glass are commonly
added to the calcined clay which leads to the formation of a geopolymer precursor. This precursor then

undergoes a condensation reaction and forms an amorphous alumosilicate network (Figure 10)."

OH
I —
N (Si,05,Ab0o)* 2n SiO, + 4n H,0 —LNOH o o OHy- Si-0-AI=0-8i~(OH)s

OH
(Geopolymer Precursor)

o -]
2n (OH)?,—Si—o—/:Al’—o—Si—(OH)sM» 2n (Na)(—Si~0-AI-0-Si-0— ) + 4n H,0

OH O o} O
(Geopolymer Precursor) | | |

Figure 10: Process of the formation of geopolymers based on metakaolinite.™!

One of the major factors to consider during this process is the amount of base and water glass that is
required for the geopolymer formation. Based on the studies of Davidovits et al. in 1994 it can be
assumed that for 1 mole of metakaolin (which is a dehydroxylated form of kaolinite) 2 moles of water
glass and in total 2 moles of base are required. However, if a calcined clay is used instead of pure
kaolinite, which consists of a variety of mineral components, the situation becomes more complex.
Therefore, it is necessary to determine the number of reactive components within clay deposits before
the alkali activation. The amount of reactive components in the clay strongly depends on the OH groups
present in the structure, since during the calcination process the clay structure is losing its OH groups in
the form of water. This leads to the formation of so-called reactive centres, where the OH groups were
present before, and the subsequent formation of geopolymer precursors. The positions of these reactive

centres can then be cross-linked during the activation process via a condensation reaction.*’”!

Encouraged by this, a suitable method for the investigation of the amount of reactive components in
clay deposits was developed. Therefore, a clay activation index, which represents the alkali activation
potential of common clays, based on an IR spectroscopic method, is introduced. This clay activation
index allows to estimate the suitability of a certain clay for the geopolymer formation but also gives an

estimation of the amount of activator that is required for the alkali activation of the calcined clay.
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4.2 Materials and methods

4.2.1 Clay materials
Eight different deposits of common and materials (clays A — H) were analysed by powder X-ray
diffraction (XRD) and simultaneous thermal analysis (STA) to gain information about their composition

(Table 3). The phase components usually exhibit error values around + 2 %.

For the qualitative analysis of the composition of the clays the programme EVA™ was used, whereas
the quantitative analysis was obtained by Rietveld analysis of the data, employing the programme

PROFEX.

Table 3: Composition of the clays A to D (in %).

Mineral component Clay Clay Clay Clay Clay Clay Clay Clay
A B C D E F G H
Albite - - 4 - - 3 2 -
Phyllosilicates* 94 65 61 33 93 77 82 24
Quartz 2 28 29 44 2 20 12 74
Orthoclase 4 4 4 2 - - 4 2
Anatase - 3 1 1 2 - - -
Anhydrite - - - 1 - _ - _
Haematite - - 2 - - - - -
amorphous content - - - 19 - - - _
*Phyllosilicates
Kaolinite 78 40 23 12 87 68 5 6
Muscovite 16 10 19 21 6 9 4 18
Smectite - 5 3 - - - - -
Montmorillonite - - - - - - 71 _
Chlorite - - 3 - - - 2 _
strata Chlorite/Smectite - 5 3 - - - - -
strata [llite/Smectite - 5 10 - - - - -

MetaMax® from BASF was used as reference material, since it is a high-reactivity pure metakaolin
product, which shows no contamination of other minerals. The chemical purity of the kaolinite was
investigated by powder XRD and STA. As aqueous base a 50 wt. % sodium hydroxide solution and as

water glass a sodium metasilicate with a molar proportion of SiO» to Na,O of 3.4 was used.

4.2.2 Analytical methods
Powder X-ray diffraction (XRD) was carried out using a D8 Advance diffractometer (Bruker GmbH
Karlsruhe, Germany) with a Lynxeye Detector (5° opening angle). Experiments were carried out with
Cupper Ka radiation in a 20 area between 5 and 70° in steps by 0.02° with a scanning time of 0.2
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seconds. The quantitative analysis was carried out with the software PROFEX Version 4.1.0, by using an

internal standard of 10 wt. % corundum.

Infrared spectroscopic measurements (IR) were carried out on a Bruker Tensor 27 FT-IR Spectrometer,
with a modified ATR-IR Diamond set-up. During the measurements, attention was paid on constant

pressure on the sample.

Simultaneous thermal analysis (STA): About 100 mg of the raw materials were heated up to 1000 °C
with a heating rate of 10 K/min under nitrogen atmosphere in corundum crucible, using a STA 409

apparatus (Netzsch, Selb, Germany).

Scanning electron microscopy (SEM) images were obtained using a Philips XL 30 FEG environmental
scanning electron microscope (ESEM; FEI Europe, Eindhoven, The Netherlands). For the
measurements all samples were glued onto aluminium SEM-holders using conductive tape (Leit-C,
Plano GmbH, Wetzlar, Germany). To improve the quality of the SEM images, the samples were
sputtered with a thin conductive layer (5 nm Au/Pd 80/20) and were investigated using an acceleration

voltage of 20 kV.

4.2.3 General preparation of the clay samples
Prior to the activation process, all clays were calcined in 1 kg charges, which were tempered to 700 °C
for 3 h in a muffle oven under air. Afterwards, different components were added to the calcined clay to
obtain mortar specimens (according to a slightly modified DIN EN 196-1:2005-05 approach). Firstly,
the calcined clay was placed in the mixer with the aqueous base. After 30 seconds of stirring, sand was
added over 30 seconds and subsequently water glass was added to the mixture while the mixture was
stirred (140 rpm). Afterwards, the mortar was stirred for another 30 seconds under stirring (280 rpm)

and the specimens were casted in steel moulds.

Before the IR measurements of the clay, the samples were grinded and sieved to obtain a particle size
<32 um. Furthermore, the clays and the material for the calibration were well dried under vacuum to
remove any residual water. For the IR spectroscopic measurements of the common clays non-calcined
samples were used. For the generation of the calibration curve (Figure 13a) a certain amount of pure

kaolinite was added to the calcined kaolin.

4.2.4 Strength measurements
The compressive strength of the mortar specimens was determined according to DIN EN 196-1:2005-
05 with a TESTING Blum & Feuerherdt GmbH servo hydraulic compression and bending test device
of the type RT 200/10-1s. After casting, the specimens were stored at 20 °C with a relative humidity of

65 % for 7 days until the specimens were tested.

4.3 Results and discussion
In order to measure the clay activation index of the clay samples and evaluate the activator amount that

is needed for the alkali activation of common clay deposit, it is important to know the amount of reactive
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components within the clay. As mentioned before, this reactive amount is directly associated with the
OH groups that are present in the clay. Therefore, IR spectroscopic measurements were utilised to gain

information about the composition of the clay and the presence of hydroxyl groups.

4.3.1 Description of the experimental setup
The developed experimental IR setup is shown in (Figure 11). The setup consists of a modified diamond
ATR-IR unit from “PIKE Technology”. In order to obtain a constant pressure on the sample, a load cell
was installed in axial position to the pressure stamp. With the aid of a fine thread, the contact pressure
can be adjusted precisely. To guarantee a constant sample volume, a plate with a drilling was drafted on
top of the IR diamond. This not only gives the possibility to use a certain sample volume, but also

enables an efficient cleaning of the instrument after the measurement.

Figure 11: Picture of the experimental IR setup for the determination of the clay activation index of common
clays.

In Figure 12 an example of an IR spectrum of a clay material using the before described setup is shown.
The important region for the determination of the clay activation index is in the area of 3800 — 3500

cm’™.

21



Alkali activation of common clay deposits — evaluation of the suitability by an IR spectroscopic
method

0,8

0,6 - o
= clay activation index

Transmission

0,4

0,2

0 — T r 1 . 1 T T T T T 1T * 1T " 1
4000 3800 3600 3400 3200 3000 2800 2600 2400
1

Wavenumber in cm”
Figure 12: Example of an IR measurement of a clay using the before described experimental setup.

4.3.2 Calibration of the experimental setup
As starting point for this method, different mixtures of pure kaolinite with amorphous calcined kaolin,
which was used as hydroxyl free support material, were prepared. The proportion of the mixtures were
0 to 100 wt. % of the kaolinite content with a stepwise increase of 5 wt. %. Kaolinite was the mineral of
choice, since it represents the sheet silicate with the most hydroxyl groups and therefore a material that
can easily be used for alkali activation.”® The samples were dried under vacuum prior testing to ensure
that no free water influences the measurement. The purity of the samples was previously determined by
powder XRD and STA measurements. Also, the samples were analysed via SEM imaging, showing the
sheet like structure of the clay minerals. The mixtures were then further examined by the before
introduced ATR-IR setup. As expected, an increase of the surface area of the OH stretching band around
3800 — 3500 cm™ was observed moving from mixtures with a small kaolinite content to a higher
kaolinite content (Figure 13). To verify this observation quantitatively, the surface area under the OH
stretching band was integrated and plotted against the kaolinite content, resulting in a linear correlation.
Based on this, it can be assumed that the kaolinite content/the amount of OH groups correlate directly

with the number of reactive centres present after the calcination process.
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Figure 13: (a) Investigation of different kaolinite/kaolin mixtures by IR spectroscopy and (b) the relationship

between the area under the OH stretching bands and the kaolinite content.

4.3.3 Clay activation index of common clays
After the calibration procedure, the clays were also analysed by ATR-IR spectroscopy using the
developed setup. Figure 14 provides a clearer overview by displaying only four of the investigated clays.

It is essential to note that all clays underwent vacuum drying before being utilised in this study.
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Figure 14: Investigation of four different clay deposits by ATR-IR spectroscopy.

The integrals of the OH IR stretching bands of the different clays were then related to the calibration
curve obtained before (Figure 15). Since, the integral is related to the amount of OH groups present in
the clay sample, which is crucial for the alkali activation process, it can be converted into the clay
activation index based on the calibration shown before. The clay activation index varies from 0 to 100 %
depending on the content of the active species within the clay that can be used for the alkali activation

process.
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Figure 15: The relationship between the surface area under the OH stretching bands and the clay activation index

of the common clays (A black; B red; C blue; D light blue) and the kaolinite/kaolin calibration curve (black).
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4.3.4 Application of the clay activation index for the alkali activation of clays
The observations made during the ATR-IR spectroscopic measurements and the calculated clay
activation indexes were now applied to the design of a suitable mixture of calcined clay, water glass and
base during the alkali activation process to form a geopolymer binder mortar. Therefore, clays were

calcined prior to the alkali activation process.

For the mixing design for the alkali activation procedure, it was assumed that a high hydroxyl content
within a clay and thus a high clay activation index is related to large amounts of reactive centres.
Therefore, a high clay activation index should also result in good mortar quality after the alkali
activation. The stoichiometry of the different components was based on Davidovits’ studies, in which 1
moles of metakaolin, 2 moles of water glass and in total 2 moles of base were used.” The previously
defined clay activation index (Figure 15) can now be utilised to calculate the required activator dosage
(Table 4). In this context water glass as well as the aqueous base were both considered as activators,
since the addition of base without water glass to the calcined clay only leads to the formation of a
crystalline material (zeolite).””! In case of a lower clay activation index, the clay demands a smaller
amount of activator solution, because the amount of reactive centres responsible for forming geopolymer
precursors is lower. The reference mixture with a pure metakaolin (MetaMax®) consumes the highest

amount of activators during the chemical reaction.

Table 4: Alkali activation mixtures based on the IR spectroscopic determination of the clay activation index. All

mixtures consisted of 450 g calcined clay, 1350 g CEN-sand and the calculated activator amount.

Calcined clay Clay activation NaOH in mol Na,SiO3in mol

sample index in %

Clay A 88.6 1.77 1.77
Clay B 424 0.85 0.85
Clay C 25.1 0.5 0.5
Clay D 14.2 0.28 0.28
Clay E 95.3 1.9 1.9
Clay F 64.4 1.29 1.29
Clay G 20.2 0.4 0.4
Clay H 4.3 0.09 0.09

Ref. pure metakaolin 100 2 2

For the examination of the geopolymer binder specimens, which were obtained by the alkali activation

described before, the compressive and flexural tensile strength was measured (Figure 16).
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Figure 16: Compressive strength and flexural tensile strengths of the geopolymer mortars, sorted by decreasing

clay activation index.

These investigations have shown, that almost all specimens hardened without any special treatment
(heat, etc.), which was not observed when random mixtures of calcined clay, activators (water glass,
base) and sand were used. This already shows the success of this IR spectroscopic method for the
evaluation of the necessary activator content for the alkali activation. Only clay H did not harden and

consequently no compressive and flexural tensile strength measurements could be carried out.

As expected, the reference material MetaMax®, with the highest clay activation index, has shown the
highest compressive strength among all clay materials. The compressive strengths then decrease with
decreasing clay activation index from clay E to clay G. Therefore, the clay activation index is not only
a great tool to estimate the suitability of common clays for the alkali activation but it also gives clear
information about the mixing design for the alkali activation procedure. Only in the case of clay D a
slight inconsistency can be witnessed, since clay D shows a little higher compressive strength than clay
G, despite the lower clay activation index. This points out, that not only chemical processes, like the
alkali activation process, are responsible for the mortar performances but also physical effects, such as

the grain size or the porosity, influence the material characteristics.

The obtained results were also verified via SEM imaging. Clays with a high activation index, and a
therewith-associated high compressive strength, such as clay E, show a well-structured binder surface,
whereas samples with a lower clay activation index, such as clay D, exhibit a more inhomogeneous

microstructure that leads to a fragile connection between the particles.

4.4 Conclusions
The current study has shown a linear correlation between the surface area of the ATR-IR OH stretching
band in kaolinite mixtures, and the kaolinite content using the developed ATR-IR setup. Based on this

correlation and a subsequent calibration, the clay activation index, which gives insights into the amount
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of reactive components after the calcination process, of various common clays was determined. This
allowed the calculation of the activator (water glass and base) amount required during the alkali
activation of the calcined clay based on Davidovits’ proposed geopolymer formation. This completely
novel approach simplifies the alkali activation of clay material enormously and provides a
straightforward access to a variety of geopolymer binders without the need of preliminary empirical and
often iterative testing of the necessary activator amount. Tests of the compressive as well as the flexural
tensile strength have underlined the stability of the geopolymer binders after the activation process and

therefore shown the success and the wide applicability of this method.
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4.6 Supporting information

4.6.1 Powder X-ray diffractograms

50000

40000 -

20000 ~ —

Intensity in arb. u.

20000 - \ \‘ -

10000 - [ | |
|

10.0 20.0 3o0.0 40.0 50.0 60.0 70.0
2 Theta in®

Figure 17: Powder X-ray diffractograms of clay A.
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Figure 18: Powder X-ray diffractograms of clay B.
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Figure 19: Powder X-ray diffractograms of clay C.
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Figure 20: Powder X-ray diffractograms of clay D.
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Figure 21: Powder X-ray diffractograms of clay E.
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Figure 22: Powder X-ray diffractograms of clay F.
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Figure 23: Powder X-ray diffractograms of clay G.
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Figure 24: Powder X-ray diffractograms of clay H.

4.6.2 Selected SEM images
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Figure 25: SEM image of clay D.
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Figure 26: SEM image of mortar D after the alkali activation.

Klé' FG - XL30 ESEM Mag: 5000x DET: GSE HV: 20 kV s ym ———1

Figure 27: SEM image of clay E.
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Figure 28: SEM image of mortar E after the alkali activation.
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Figure 29: SEM image of clay H.
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Figure 30: SEM image of mortar H after the alkali activation.
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5. Influence of lime, calcium silicate and portlandite on alkali activation

of calcined common clays

Reproduced from: F. Dathe, V. Strelnikova, N. Werling, K. Emmerich, F. Dehn, Influence of lime,
calcium silicate and portlandite on alkali activation of calcined common clays, Open Ceramics, 2021,

7, 100152.

Abstract: The application of calcite rich common clays has marked impact on the formation of alkali-
activated binders. Experiments have shown that the carbonate decomposition can be well controlled via
the calcination procedure, whereby the majority of the decomposition and the subsequent CO, release
occurs above the calcination temperature of 750 °C. The decarbonation of the calcite can mostly be
separated from the dehydroxylation of the layered silicates. Depending on the composition of the raw
clay material, the CaCO3 decomposition leads either to the formation of lime or other Ca rich minerals.
The mechanical properties of the alkali-activated binders were investigated and despite the very low
amounts of layered silicates of the clay raw materials and the high content of unreactive minerals,
compressive strengths of above 20 MPa of the mortars could be obtained. The presence of lime in
calcined clays up to an adequate amount has a positive effect on post-solidification and the carbonation

resistance of the mortars

5.1 Introduction
Recently, geopolymer (GP) and alkali-activated binders (AAB) have attracted a great deal of attention
in research as alternative to conventional binding materials.®® In contrast to the state-of-the-art
construction material cement, the CO» footprint can be tremendously reduced through the application of

such alternative binders in the field of civil engineering.

Both geopolymers and alkali-activated binders can be obtained from condensation reactions of Si and
Al-rich precursors in the presence of a base. This process is also referred to as alkali activation. The
transition from a geopolymer to an alkali-activated binder depends strongly on the soluble Ca content
of the raw material, since this is crucial for the formation of different amorphous phases, such as N-A-
S-H (low Ca content), C-A-S-H, C-(N)-A-S-H, and C—S—H(I) (very high Ca and low Al content)."*”! The
nature of these amorphous phases is very complex and key to ongoing studies.”*”! In general, GPs are
considered as Ca-poor AABs with a high Al and Si content and whereas products resulting from fly ash
with more than 7 wt % of CaO (according ASTM C618, type F) or 10 wt % CaO (according to DIN EN
450-1), respectively, are classified as AAB, a lower calcium content is thought to result in the formation
of a geopolymer. Further classification criteria are based on the Ca content within the crystallographic
structure of the reaction products (< 20 wt % CaO — geopolymer)®" or the performance of the

concretes/mortars (< 10 wt % CaO — geopolymer).[*"!

For the production of alkali-activated binders, usually industrial by- products, such as fly ash (FA) and

ground-granulated blast-furnace slag (GGBS), have been used. The exploitation of these industrial by-
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products for the production of construction materials has been emphasised recently, especially with
respect to a circular economy."®? However, the availability of fly ash and slag in the European area is
limited. This is mainly due to the continuous decrease of coal production and mining in the context of
the energy revolution and the use of sustainable energy resources. In addition, the amount of ground-
granulated blast-furnace slag lag from iron production cannot cover the global demand for mineral

binders.

For these reasons, common clays have been investigated as precursors for the production of alkali-
activated binders and as substitute in conventional cementitious systems with the ultimate aim of
decreasing the amount of required cement clinker.®! The term common clays is referring to structural
clay products, which are fine grained and typically exhibit plastic behaviour when exposed to water.**!
The main benefit of using common clays as precursors for alternative binders is the great availability
since clay deposits are distributed widely around the globe. A further advantage of using clays for the
GP production, are the moderate temperatures in the range of 700 °C—850 °C, which are required for
the calcination. Consequently, only H»O is released by the decomposing of the clay minerals and no
CO; is formed as by product during the thermal treatment. The calcium-poor geopolymer binders,

resulting from the alkali activation of these calcined clays, are very different from conventional

cementitious systems in terms of their mineralogical properties and their microstructure. The very high

[85-89] [40,90,91]

thermal stability, the resistance towards acids and the good mechanical performance are

particularly worth mentioning here.

Despite these advantages, the consumption of NaOH and the therewith-associated rapid decrease of pH
of the binder during the condensation reaction is challenging since the basicity of binders is one of the
most important material parameters in concrete technology. To protect the steel reinforcement of

corrosion processes, a constant pH value above 11 is required to maintain the durability of the structure.

In ordinary Portland cements, the basicity results from the hydration product portlandite (Ca(OH),). The
formation of Ca(OH) in the micro- structure of the cement will automatically stabilise the pH value at
a constant level above 13.°>%! However, since during the hardening process of alkali-activated binders
no portlandite is formed and the generation of sodium carbonates from sodium hydroxide through the
presence of CO, in the air takes place,'®* the basicity of the binder is reduced."””! The consumption of
NaOH and the thereof resulting reduction in the pH value influences in the corrosion of steel

reinforcement.!”¢%!

As part of this study, calcite rich common clays were investigated as precursors for alkali-activated
binders. Earlier studies focused almost exclusively on the utilisation of kaolin-rich deposits, which
contain only very low amounts of calcium carbonate.'””’ However, since carbonates, such as calcite and
dolomite, are often geologically associated with layered silicates, the investigation of calcite rich
common clays to produce AABs seems logical. Spurred by this, the author's attention in this area has

turned towards the exploration of calcite rich common clays and their alkali activation. To investigate
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the influence of calcite on the alkali activation, the calcination temperature has been varied and the
formation of CaO and the impact on the AAB properties have been explored. In that sense, the
mechanical properties, such as the compressive and tensile strengths, of specimens made of alkali-
activated common clays, have been measured. The investigation on calcium carbonate bearing clays for
alkali activation leads us to the grey area between the calcium-free geopolymers and calcium-rich alkali-
activated binders and all because of the low solubility of the calcium carbonate and the high reactivity

of lime.

In addition, the carbonation resistance has been looked at in detail, since through the formation of CaO
from CaCOs3, an internal buffer is formed, which can react with the CO, from the air and consequently

counteracts the-afore mentioned reduction in pH value.

5.2 Materials and methods

5.2.1 Raw materials
As part of this study two naturally occurring common clays were used, namely one clay from the Rhine
Graben (Clayl) and one from a clay pit in central Germany (Clay2), both clays are secondary clay
deposits. As a reference material (denoted as Refclay), a kaolin with a high purity of kaolinite from
Hampshire UK mixed with 25 wt % CaCOs3 was utilised. For the reference materials pulverised CaCO3
with a purity of >98.5 % and a grainsize d50 of 1 pm as well as pulverised Ca(OH), with a purity > 96
% were selected (Carl Roth GmbH & Co0.KG, Karlsruhe, Germany). All materials were milled and
sieved to a grainsize below 90 um and the particle sizes were determined by a particle size Analyser
CILAS 1064 (LG), (3p instruments, Odelzhausen, Germany). The mineral composition of the two
common clays was determined via powder X-ray diffraction (XRD) and X-ray fluorescence (XRF)

analyses (Table 5 and
Table 6)

As activators, a saturated NaOH solution with a concentration of 19.05 mol/L (50 wt %) and sodium
silica solution Betol39T were blended. The applied water glass is based on a solution of sodium silicate
with a solute concentration of 34.5 wt % and a molar ratio of SiO, and Na,O of 3.4 (Woellner,

Ludwigshafen, Germany).
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Table 5: Proportions (wt. %) of the mineral phases within the common clays and the references clay obtained

from powder XRD analysis and particle size from laser granulometric measurements.

Clay1 Clay2 Kaolin
Rhine Graben Central Germany Hampshire UK

Calcite 25405 27.5+0.5 0
Dolomite 49+£0.5 0 0
Quartz 21.3+0.5 26.5+0.5 32+£0.5
K-feldspar 25+£0.8 0 0
Plagioclase 53+04 3.8+0.8 0
Kaolinite 87+1 1451 945+1
Muscovite/Illite 16.6 £1 15.0£0.5 22+0.5
Smectite 6.7+04 10.0 0
Microcline 1.7£0.5 0 0
Chlorite 4.8+0.6 25205 0
Hematite 0 1.8+0.5 0
Particle size
d(0,5) % < [um] 8.5 27.8 94

Table 6: Elemental compositions of the raw materials in wt. % determined by XRF analysis. LOI =loss of ignition.

Constituents | SiO» ALO3 CaO Fe;0s MgO Na;O KO LOI
Clayl 44.5 11.5 14.4 4.7 3.1 0.7 2.1 18.0
Clay2 45.3 17.5 15.7 8.1 0.2 1.5 0.8 12.5
Kaolin 44.3 42.9 0.1 0.7 0.1 0.3 0.1 10.5

5.2.2  Analytic techniques

5.2.2.1 Powder X-ray diffraction (XRD)
For the powder X-ray diffraction analysis a D8 Advance diffractometer (Bruker GmbH Karlsruhe,
Germany) with a Lynxeye Detector (5 opening angle) was used. Experiments were carried out with
Copper Ka radiation in a 26 area between 5 and 70 in steps by 0.02 with a scanning time of 0.2 s. The
quantitative analysis was carried out with the software PROFEX Version 4.1.0, by using an internal

standard of 10 wt % corundum.
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5.2.2.2 X-ray fluorescence (XRF)
The elementary composition was determined using a S4 Explorer for the raw clay and the surface of the
AAB specimens investigated by a M4 Tornado (Bruker GmbH Karlsruhe, Germany) using energy

dispersive X-ray fluorescence (XRF) spectrometer.

5.2.2.3 Simultaneous thermal analysis (STA)
About 100 mg of the raw materials were heated up to 1000 °C with a heating rate of 10 K/min under

nitrogen atmosphere in corundum crucible, using a STA 409 apparatus (Netzsch, Selb, Germany).

5.2.2.4 Simultaneous thermal analysis (STA) coupled mass spectrometry (MS)
About 100 mg of the raw materials were heated up to 1000 °C with a heating rate of 10 K/min under
nitrogen (50 mL/min)/synthetic air (25 mL/min) atmosphere (Jupiter 449, Netzsch, Selb, Germany). The

coupled mass spectrometer was a Quadrupol 409 (Aeolos, Netzsch, Selb, Deutschland).

5.2.2.5 Calcination
100 g of each clay were calcined at different temperatures in a laboratory muffle furnace (Heraeus
Instruments, Hanau, Germany). Based on the STA results, one of the following temperatures 650, 700,
750, 800 and 850 °C was selected. These temperatures are based on the decomposition of the carbonate
species and crystallisation of lime or calcium silicates in the clays. The clays were analysed
quantitatively and qualitatively via powder XRD after the thermal treatment. After the calcination, the
clays were milled with a vibrating mill to destroy the small aggregates that were formed.

5.2.2.6 Determination of the lime content
The soluble calcium content was determined by the following procedure developed by Franke.!'"”
Therefore, 50 g of the calcined clay samples were taken and completely sieved to 0.063 um. Weighted
with the accuracy of 0.001 g, 1.0 g of the sieved sample was mixed with 12 mL of ethyl acetoacetate
and 80 ml of 2-butanole. The mixture was heated under reflux for 3 h and subsequently filtered. The
precipitate was washed with 2-propanole and the washing liquid was combined with the mother liquor.
To this clear solution, the indicator (TYP) was added, and the solution was titrated with 0.1 M HCI until

a colour change from colourless to yellow occurred. This titration was carried out twice.

5.2.2.7 Alkali activation
After the calcination, the clays were mixed with the alkali activator solution and sand. The resulting
mortars were then cased based on DIN EN 196-1.!""Yl Hereby, two different sample sizes were cased
2x2x8 cm? and 4x4x16 cm?3. For a better workability, the powder grain content of the used CEN standard

sand was removed by sieving < 125 um. The mix ratio is shown in

Table 7.

The development of the formulation started from the theoretical hypothesis given from Davidovits!**!

for the optimal proportion for a geopolymer network. From the former research done on zeolite materials

is known that the most stable ratio of silicon to aluminium is 3 to 1 because of the fourfold bonding of
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Al as energetic unstable coordination sphere. Considering these aspects and calculating with pure
metakaolin as precursor, a theoretical optimal proportion of precursor to sodium silicate and sodium
hydroxide can be achieved estimating a complete reaction. On the other hand, the practical realisation
is often difficult due to the different water demand of each calcined clay and the actually reactive amount
of metaclay after the calcination process. Several different mixing designs were investigated always
with the aim to minimise the activator amount with regard to environmental aspects. The chosen
formulation was free of shrinkage cracks, showed good setting time and the specimens did not show
efflorescence on the surface. However, a certain amount of activator had to be added to achieve an
adequate workability for constructional applications which was determined via the slump test. The
portlandite containing metakaolin mortar “Ca(OH), Metakaolin Mortar” was cased with the same mix
design from the calcined kaolin clay from the UK (Kaolin). There for 10 wt % of the metakaolin was

replaced by portlandite Ca(OH); .

Table 7: Alkali activation procedure.

Mortar Alumosilicate precursor Activator solution CEN standard sand
calc. Clay (750 °C; 850 Betol39T + NaOH (50 wt. %) 125 ym — 2 mm
OC)
Mix ratio 450 g 450 g Betol39T, 225g NaOH 1350 g

(162 g sodium silicate, 112,5 g
NaOH, 400.5 g H,0)

5.2.2.8 Determination of the physical properties
Like in DIN EN 196-1"" described, the fresh mortars were tested for their slump, density and
solidification time based on DIN EN 196-3:2017-03.1'"2 All three clays show a comparable water
demand, so that the water binder ratio of 1:1 led to a stiff fresh mortar with a resulting slump test around
15 - 20 cm. All samples were demoulded 24h after casting and stored wrapped in foil at 65 % relative
humidity and 20 °C until further tests were carried out. The compressive and flexural strengths were
measured 7 and 28 days after casting on a ToniPRAX testing station Model 2031 (Toni Technik,

Germany).

5.2.2.9 pH value
The hardened mortars were ground and powdered. 5 g of this powder < 90 um, were suspended in 50

mL distilled water and the pH value of this suspension was measured with a pH electrode.

5.2.2.10 Carbonation tests
Based on DIN EN 13295:2004,!"®! a accelerated carbonation testing was performed on 4x4x16 cm?

mortar pricks after 7 days of curing wrapped in foil at 65 % relative humidity (RH) and 20 °C. The
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specimens were transferred to a carbonation cabinet, with an atmosphere of 2 % CO» atmosphere and
65 % RH. After a certain time of CO, exposure, the depths of carbonation were determined by cracking
the specimens and spraying a 1 % phenolphthalein solution on the freshly broken surface. After 60
seconds, the carbonation depth was measured on four sides of the specimens and an average value was
calculated. Hereby it became obvious, that the carbonation depth was not dependent on the

determination time. Similar observations were already reported by Gluth et al.'*”!

5.3 Results and discussion

5.3.1 Characterisation of raw materials
The two clays and the reference material were analysed by simultaneous thermal analysis (Figure 31).
During the STA experiments, different phase transitions were observed. At around 100 °C the loss of
water bound in the materials can be observed. All three clays showed a dehydroxylation of the clay
minerals, especially the dehydroxylation of kaolinite, around 520 °C. However, differential scanning
calorimetry (DSC) and the thermogravimetric analysis (TG) of this decomposition process are
overlapping with the dehydroxylation of the minerals. The CO,, formed by the decomposition of
dolomite, could be detected starting at 700 °C by STA coupled to a mass spectrometer (see supporting
information).""® Further, mass losses starting at around 700 °C occurred, which result from the
decomposition of the dolomite and calcite in the raw materials. At temperatures above 850 °C, all
carbonates were decomposed. Afterwards no further mass losses could be observed by TG. However,
for Clayl and Clay2 the formation of a high temperature phase could be observed at 902 °C via
differential scanning calorimetry (DSC) and for the reference clay the formation of spinel phase at high

temperatures consisting of Si and Al could be witnessed at 994 °C.
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Figure 31: STA measurements of the three investigated clays heated from room temperature to 1000 °C; Sample

weight 100 mg, atmosphere 75 mL/min N».

To gain further insight into the before described phase transitions, the clays were calcined at different
temperatures (650, 700, 750, 800, 850, 950 °C) and the resulting materials were analysed via powder
X-ray diffraction (Figure 32). Clay1 consists of a broad range of minerals and the calcination at 650 °C
results in the disappearance of kaolinite and dolomite. Nevertheless, still a strong reflex, which can be
attributed to calcite, can be observed. When Clay]1 is calcined at higher temperatures, the intensity of
the calcite reflex is decreased, however, only very little recrystallisation of calcite to lime does occur
even at a calcination temperature of 850 °C. With Rietveld analysis only a lime content of 2 wt. % could
be determined. The calcium oxide within the clay (14.4 wt. % in the raw material) forms most likely an
insoluble amorphous phase during the thermal treatment, which is not detectable via powder X-ray
diffraction. This is confirmed by the fact, that when Clay1 is calcined at temperatures above 902 °C,
different calcium minerals, such as gehlenite (Ca,Al[AlSiO7]) and wollastonite (CaSiO3) can be
observed. The transition of the calcite to gehlenite and wollastonite via an amorphous transition state is
favoured over the formation of crystalline lime. In addition, the variation of the calcination duration

could not change the outcome of the powder diffraction experiments.
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In the case of Clay2, the decomposition of calcite starting at 750 °C leads mainly to the formation of
lime 10 wt. % (15.7 wt. % in the raw material). However, again not the whole amount of calcite is
converted into lime. At 850 °C gehlenite and wollastonite can already be observed, which shows that
not all the calcium is bound in the form of crystalline lime after the calcination. At higher temperatures

above 950 °C the lime reacts further with the aluminosilicate to form more gehlenite.

For the reference clay, kaolinite is decomposing when the material is calcined at temperatures in the
range of 650 to 750 °C. At a calcination temperature of 850 °C the complete decomposition of calcite
to lime can be observed. When the Refclay is heated up further to 950 °C, the lime and the amorphous
metakaolin forms gehlenite (Ca,Al[AlSiO7]). Also, small reflexes belonging to wollastonite (CaSiO3)

can be detected.
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Figure 32: Powder X-ray diffractograms of the two clays and the reference material, which were calcined at

different temperatures (RT, 650, 750, 850, 950 °C).

The information gathered by powder XRD is underlined by the measurement of soluble free calcium in
the calcined clays according to the method described by Franke.!'"”! The results are depicted in Figure
33. It becomes obvious, that the soluble content of calcium follows different trends for the three clays.
Whereas for Clayl with 14.4 wt. % CaO in the raw material only 1.7 wt. % calcium oxide is soluble

after the complete decarbonation of the calcite, in Clay2 9.3 wt. % out of 15.7 wt. % in the at 850 °C
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calcined material are soluble. In the case of the reference clay, consisting of 14 wt. % CaO in the raw

material, a soluble CaO content of 13.6 wt. % was determined.
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Figure 33: Calcium oxide content depending on the calcination temperatures. The soluble CaO content was
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determined according to Franke et al.'%!

5.3.2 Exploration of the mortars
Alkali activations of the calcined common clays and the reference kaolin were carried out to obtain
mortars prisms. Hereby it has to be mentioned that CaO is quite reactive and reacts with water to form
Ca(OH), with an exothermic reaction enthalpy of 65.19 kJ/mol. This high exothermic head release may
influence hardening process and leads to changes in the mechanical strength development. The
compressive strengths of these specimens were analysed depending on the calcination temperature of
the clays 28 days after casting (Figure 34). All three mortars show an enhancement of the compressive
strength until a calcination temperature of 750 °C. Hereby a maximum compressive strength of 65.3
MPa could be obtained for Refclay, whereas compressive strengths of 28.6 MPa for Clayl and 23.4
MPa for Clay2 were measured. The reason for the lower compressive strengths of the clays, in
comparison with the reference clay, is the lower amount of reactive layer silicates, which can be calcined
and converted into the strength giving N-A-S-H phases. Whereas the reference clay contains 94.5 wt. %
kaolinite, Clay1 consists of 8.9 wt. % and Clay2 14.5 wt .% kaolinite. When the clays are calcined at

temperatures above 750 °C a tremendous decrease of compressive strength can be witnessed.

Comparable calcite-free clays show usually a very similar increase of the compressive strength up to
calcination temperatures of 750 °C. However, such calcite-free clays do not exhibit a significant loss in
compressive strengths in temperature ranges between 750 °C and 900 °C. Only when calcination
temperatures above 900 °C are applied, a decrease in compressive strength is observed for calcite-free
clays, due to the formation of unreactive spinel’s formed from the metaclay minerals.!'%! The observed
loss of compressive strength up to 50 % is therefore a direct consequence of the presence of high calcium

contents, since Ca species influence the hardening process of the binder paste.
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Figure 34: Compressive strengths of the two clays and the reference clays depending on the calcination

temperature. Strengths were measured 28 days after casting.

Based on the results of the compressive strengths in dependence of the calcination temperature, only

clays calcined at 750 °C and 850 °C were considered for further testing.

During the casting of the specimens, also the properties of the fresh mortar properties were explored.
There was a major change in workability and the solidification time observed depending on the

calcination temperature of the clays.

With constant activator/clay ratio for the alkali activation, the workability of the mortars is clearly
increased for all three clays when the calcination temperature is enhanced. This is based on the fact, that
the particle size is enhanced with increasing calcination temperature, as laser granulometric
measurements have shown (Table 8). This leads to a reduced water consumption and consequently to a
higher flow spread of the fresh mortars. As shown in Table 8, the slump test results of all three materials

were significantly increased.

Table 8: Particle size, slump test and hardening time for 750 °C and 850 °C calcined clays

Particle size d(0,5) % < Slump test [cm] Solidification time [h]
[#m] 750 °C > 850 °C 750 °C > 850 °C
750 °C > 850 °C
Clayl 10.5 > 135 15.5-> 20 522
Clay2 305> 354 17> 215 6->15
Refclay 9.4 > 12.1 15.5> 195 45225

Especially for Clay1 calcined at 850 °C, an inhomogeneous solidification was observed, whereby the

softer binder covers solidified areas. This inhomogeneous solidification also leads to a high standard

deviation of the obtained compressive strengths (Figure 36).
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To study the inhomogeneous solidification further, the mortars casted of Clayl were analysed in more
detail by powder X-ray diffraction and micro x-ray fluorescence. Thereby it could be shown, that two
phases were formed with very different crystallographic and mechanical properties (Figure 35). In the
hard areas crystalline sodium silicate hydrate (Na,Si03 x H,O) crystallised (Figure 36). This observation
can most likely be attributed to the fact that the activator solution of Betol39T does not react with the
amorphous clay minerals to form N-A-S-H or C-A-S-H phases, but directly crystallises and forms

Na,Si0s. This leads to a local inhomogeneous distribution of aluminium and calcium as shown in Figure
35.

Figure 35: Top: surface of the mortar specimen of Clayl calcined at 850 °C. Bottom: the inhomogeneous

distribution of Al, Na and Ca determined by uXRF.
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Figure 36: Powder X-ray diffractograms of the inhomogeneous solidification measured on two different parts of

one specimen, soft and hard area. The formation of sodium silicate hydrate is shown.
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The compressive strength development over the first 28 days (Figure 37) shows that there is a significant
post solidification from 7 days to 28 days. Such a development is typical for cementitious systems or
slag based AABs, since a reaction is occurring through which strengthening crystalline phases, such as
calcium silicate hydrate (CSH) phases, are formed. Also in the case of the calcite containing clays, the
post solidification could be due to the formation of CSH phases. This assumption is supported by the
appearance of the typical reflex of CSH phases in the XRD of the reference clay after six days (Figure
39). In contrast, for alkali-activated calcite free clays, which form N-A-S-H phases, usually no major
post solidification can be observed over time.
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Figure 37: Post-solidification of the mortar specimens between 7 and 28 days after casting.

5.3.3 Lime consumption
The solidified binder paste was analysed by powder XRD 7 days after casting (Figure 36). These
investigations show that the calcite stays untouched by the activation process. In addition, a lot of other
minerals such as quartz, albite, hematite and muscovite show an inert behaviour. The binder paste of
Clay2 calcined at 850 °C shows no Ca species in crystalline form, such as lime. This finding points
towards the fact, that Ca is taking part in the alkali activation reaction and is consumed during this

reaction.
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Figure 38: Powder X-ray diffractograms of binder paste casted from calcined Clay2 at two different calcination

temperatures.

A similar behaviour can also be observed for the alkali-activated reference clay (Figure 39). Again, CaO

in the binder is consumed over the time and Ca species are implemented into amorphous networks.

Further, the beginning formation of calcium silicate hydrate phases can be observed.
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Figure 39: Powder X-ray diffractograms of the reference clay mortar showing the CaO consumption over the time

of 14 days.

5.3.4 Carbonation resistance

Since measurements of the pH values of the ground mortars have shown higher values than expected

(Figure 40), the question arose whether the CaO within the mortar can protect the specimen from

carbonation, similar to the role of Ca(OH); in concrete systems.
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As it is shown in Figure 40, the pH value inside the mortars is decreased over time. Starting from 14,
due to the pure NaOH used for the activation, the pH value is reduced to 10.8 after 90 days for a calcium
free metakaolin mortar. In contrast, the investigated calcite containing clays show a higher pH value
after 90 days, which was found to be between 12 and 13. Based on these results, accelerated carbonation

experiments were carried out (Figure 40).

For comparison, a reference mortar consisting of pure metakaolin without any calcium content was also
investigated, named further as (MKref). It becomes obvious that the carbonation depths of the clays
significantly differ from the Ca-free mortar. The carbonation depth was measured by spraying
phenolphthalein on the fresh broken cross-section of the specimens. After 90 days the calcium free
system shows a carbonation depth of 9.5 mm. In comparison, the three investigated clays show a
carbonation depth between 4.8 and 7.2 mm. That underlines that the attack of CO, on the specimen is

occurring much slower due to an enhanced OH™ content in the pore solution.
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Figure 40: Accelerated carbonation test 2 % CO, atmosphere. The depths of carbonation of all three mortars made

of the clays calcinated at 750 °C and the overall pH value of the hardened mortars are shown. A comparable Ca-

free Metakaolin mortar (MKref) is used.

5.3.5 Replacement of calcite by portlandite
Based on the before described results, two CaO-free mortars were casted, since very high CaO contents
were found to have a negative impact on the solidification time and the compressive strength. More
precisely, a standard metakaolin mortar, referred to as “Metakaolin Mortar” and a metakaolin mortar
mixed with Ca(OH),, denoted as “Ca(OH), Metakaolin Mortar”, were utilised for the investigations.
The intention was hereby to implement an alternative Ca-source beside CaO, which does not react that
exothermically with water and is therefore thought to be a more unreactive Ca species in the context of

this study.

The Ca(OH), Metakaolin Mortar was casted replacing 10 wt. % of the metakaolin binder by Ca(OH)>.

The resulting specimens reached to a compressive strength of 61.3 MPa (Metakaolin Mortar) and 60.7
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MPa (Ca(OH), Metakaolin mortar). The fresh mortar properties were similar. The investigation of the
mechanical properties have shown that the Ca(OH), does not have a negative impact on solidification
time and the mechanical properties, as seen before for the CaO containing clays. Also, the accelerated
carbonation tests of the Ca(OH), Metakaolin Mortar show a very high carbonation resistance. Again, as
seen before for the calcite containing clays, the soluble Ca is consumed after the alkali activation and
most likely imbedded in amorphous Al and Si containing phases. 24 hours after casting the XRD

investigation show that the crystalline portlandite hast been completely dissolved.
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Figure 41. Carbonation depth of Ca(OH), tuned Metakaolin mortar. The pictures in the graph show the freshly

broken cross sections sprayed with phenolphthalein.

5.4 Conclusions
Calcium rich common clay deposits have gained more and more attention recently in the field of
construction materials, due to the frequent occurrence of such clay deposits. In this context, also the
utilisation of calcium rich common clays as precursors for the alkali activation and formation of

alternative binders has been considered.

In this work, the authors investigated the influence of calcium compounds on the properties of the alkali-
activated binders. In this context, it could be shown that, if calcium was present in the form of calcite,
the two investigated common clays showed expected mechanical properties after calcination and alkali
activation. However, if calcite decomposition occurs during the thermal treatment, the properties of the
alkali-activated binders are altered tremendously. Although the calcination of Clay1 and Clay?2 leads to
calcite decomposition, different reaction products are observed. Whereas Clay1 forms an amorphous Ca
rich transition phase, the thermal treatment of Clay2 leads to the formation of crystalline lime. The
formation of lime has an enormous impact on the mechanical properties, such as the setting behaviour
and the workability of the mortars. With very large lime amounts, undesired damage processes can be

observed, such as the crystallisation of sodium silicate, which leads to an inhomogeneous solidification
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of the binder. Ultimately, this makes the binder not suitable for any application as construction material.
However, lime in adequate amounts leads to an increase in basicity and consequently an enhancement
of carbonation resistance, which is beneficial for the application of such binders in steel reinforced
components. Combined whit the high acid resistance that alkali-activated systems naturally show an

application in agriculture buildings could be an interesting place of use.

As part of this work, the authors could show that the calcium carbonate decomposition can be well
controlled via the calcination process. It became obvious that for pure calcium carbonate, the carbonate
decomposition and the dehydroxylation of the layered silicates can be separated via the temperature.
Only for MgCa carbonates, such as dolomite, the decarbonation and dehydroxylation takes place
simultaneously within a similar temperature range. Based on this, the desired amount of lime can be
adjusted via the calcination of the calcite rich common clays without any recrystallisation processes of
the amorphous layered silicates. The consideration of the free lime content is not only important for the
formation of alkali-activated binders but has also to be considered when common clays are applied as

additives in conventional cementitious systems.

The mechanical properties of the alkali-activated binders were investigated and despite the very low
amounts of layered silicates of the clay raw materials and the high content of unreactive minerals
(60 wt. % quartz, illite) compressive strengths of above 20 MPa of the mortars could be obtained. We
are convinced that after the addition of additives, such as super plasticisers and retarders, and the
optimisation of the activator species, compressive strengths of 32.5 MPa similar to standard ordinary

Portland cementitious systems are feasible. Such investigations are part of our ongoing studies.

The investigations have confirmed that even low amounts of free lime lead to an increase of basicity
and have therefore a positive impact of the carbonation resistance of the mortars. Thereby, no negative
effect on the mechanical properties was observed and even a post-solidification of 50 % from 7 to 28
days of the mortars were observed for the first time in the field of alkali-activated binders based on

common clays.

In ongoing studies, the mechanism of the CaCO3; decomposition in combination with different clay
minerals should be clarified further, since it can react either to form lime, as expected, or to form Ca

rich amorphous phases, which leads to an immobilisation of the calcium.
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Figure 42: STA coupled mass spectroscopy.

52

lonenstrom *10-9 /A DSC /(mW/mag) DSC
® +
1.4+ 35.8°C ~
[ w/w: c ‘." ‘ /’,- \\ 0.0 coz
\ b [ —
12 e . [ —
\ _—— N I iy
\ T -
0 \\'/’/ \7_7_7_‘ B | 0.2
| B ™\
08 | 04
arhec
06 | 06
."I
0.4 /
[ -0.8
a031c / || 2087 °C
C / | /
0.2 p—_ / \ | /
_— \ Il -
L - % Lo
O o — e —_—
200 400 600 800 1000
Temperatur /°C
Zusimensiers 20200608 1411 Nufzer pu1Es0
H,0

DSC

H,0
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6. The role of water content and binder to aggregate ratio on the

performance of metakaolin-based geopolymer mortars

Reproduced from: F. Dathe, S. Overmann, A. Koenig, F. Dehn, The role of water content and binder to

aggregate ratio on the performance of metakaolin-based geopolymer mortars, Minerals 2024, 14, 823.

Abstract: Geopolymers are in many applications a perfect alternative to standard cements, especially
regarding a sustainable development of green building materials. This experimental study therefore
deals with the investigation of different factors, such as the water content and the binder to aggregate
ratio, and their influence on the workability of fresh mortar, the mechanical properties and various
porosity parameters. Although increasing the water content improved the workability and flow
behaviour of the fresh mortar, at the same time a reduction in compressive strength in particular and less
in flexural strength could be demonstrated. This finding can be attributed to an increase in capillary
porosity, as demonstrated by capillary water uptake and mercury intrusion porosimetry measurements.
At the same time, the increasing water content led to an improved deaeration effect (low air void content)
and to initial segregation (see uXCT measurements). An alternative approach to enhance the
compressive and flexural strengths of the mortar specimens, is the optimisation of the binder to
aggregate ratio from 1 to 0.25. This study paves the way for a comprehensive understanding of the
underlying chemistry of the geopolymerization reaction and is crucial for the development of sustainable

alternatives to cementitious systems.

6.1 Introduction
According to the International Energy Agency (IEA) and the United Nations Environment Program
(UNEP), the construction area contributes to more than 40 % of the energy consumption worldwide and
adds about a third to the greenhouse gas emissions.””! In this context, the production of concrete
represents a significant environmental burden, since about 5 to 7 % of the man-made CO; emissions
come from the global concrete production.! For the production of every ton of Portland cement about
1.5 tons of raw materials are needed, while about one ton of CO, is released.””! These numbers are rising
every year due to an increased demand of construction materials. The immense amounts of raw materials
needed, and the high level of CO» emissions make the cement production extremely resource and energy

intensive.

In order to ensure a sustainable development of the construction sector, alternatives to conventional
cementitious binders with a low carbon footprint have to be found. In this context, geopolymers have

attracted more and more attention."'*

! The term geopolymer was established by Davidovits in 1978 and
refers to binder materials based on alkali-activated alumosilicates."”>'"”! Geopolymers can be obtained
from a polymerization reaction of an alumosilicate material in the presence of an alkaline solution, such
as sodium hydroxide, sodium silicate, potassium hydroxide or potassium silicate, as activator (Figure

43).
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Figure 43: Geopolymerization reaction according to Davidovits.>!

As starting material for the geopolymer production metakaolin, slag or alumosiliceous fly ashes are
commonly used.**!%! Metakaolin is a dehydroxylated form of the clay mineral kaolinite and its structure
is based on an amorphous (non-crystalline) aluminosilicate network, which can be activated by a base
to form a corresponding geopolymer. Recently, also common clays, as widely occurring and cheap
resources, have been investigated as raw materials for the geopolymer production.”!®'"2l Sych
alternative binders based on sustainable resources are also being referred to as “Green Concrete”.!'"* In
addition to improved sustainability, these mortars/concretes have improved resistance to chemical

agents (acids, sulfates) or high temperatures due to their alumosilicate network.!"-11411]

Despite the fact, that geopolymers are known for almost 50 years, the geopolymerization reaction is a
very complex reaction, which depends on many experimental factors. Consequently, a targeted mixing
design to afford defined geopolymers with predictable properties, such as the workability or the tensile
and compressive strengths, is challenging. To overcome this, attempts to rationalise the experimental
parameters for the mixing design of metakaolin-based geopolymers, such as the sodium silicate to
sodium hydroxide ratio and the alkaline solids to metakaolin ratio, were for example reported by Al-
Salloum et al. Hereby it was shown that the workability of the fresh mortars improved with an increased
sodium silicate to NaOH ratio until a certain limit, while also the compressive strength was found to be
increased.!''® In this context it was also shown that by using a higher NaOH concentration during the
activation, the polymerization degree within the mortar specimens can be increased "'”). The
compressive strength of geopolymers was also reported to be improved through the addition of waste,
such as pent abrasive powder, which was mainly composed of corundum grains.!""® Down this road,
also the addition of dyes, such as bromothymol blue, cresol red, phenolphthalein, and methyl orange, to
the geopolymer mixture has been described with the aim to provide colored geopolymers, which are
suitable for design and restoration applications. Hereby it was found that the fresh mortars exhibit a
good workability, while there is no significant change in the microstructural 3D network of the
geopolymer mortars observed.!''”! Apart from these factors, also the water content of the mixture and
the therewith associated solid to liquid ratio is crucial, since it not only influences the fresh mortar
properties, but also the mechanical properties of the final mortar specimens.!''"! Water is not only the
reaction medium, in which the dissolution of the raw materials and the ions takes place, but also an
integral part for the polymerization reaction itself, since it takes part in the hydrolysis and
polycondensation of Al- and Si-containing oligomers.!"'® In addition, water has a major influence on

the workability of the fresh mortar. As the thickness of the water film on the particles increases, the
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internal friction is reduced, which results in increased flowability of the fresh mortar. Beside the positive
effect of water in the context of the geopolymer formation, it has been reported, that the addition of

191 can lead to a

water and the therewith associated reduction in alkalinity of the reaction system
migration of ions away from the reaction zone. Also, an excess of water might influence the chemical
equilibrium of the geopolymerization reaction according to the principle of Le Chatelier and pushes the
equilibrium to the side of the starting materials, which leads to a reduction of the polymerization rate.!*"!
This is complicated by the fact that the water is chemically bound to a lesser extent in the
geopolymerization process compared to common cement hydration. This leads to the assumption that
the porosity in the hardened geopolymer mortar/concrete is more clearly influenced by the water content.
Therefore, the addition of water is a balancing act for a successful preparation of geopolymers via alkali
solutions.

Although the role of water was investigated in some papers, >3 1181211221

no comprehensive studies
using advanced analytic techniques, such as micro X-ray computer tomography, were carried out. In
this paper we therefore studied the alkali activation of metakaolin with the aim is to find a suitable water
content and consequently an optimal formulation for the geopolymerization of calcined clay to produce
geopolymer based mortars with low porosity and based on low porosity and high compressive as well
as tensile flexural strengths. In this context, we also examined the binder to aggregate ratio in detail
using various analytic techniques, such as X-ray powder diffraction (XRD), mercury intrusion
porosimetry (MIP) and micro X-ray computer tomography (uXCT). This fundamental understanding of

the geopolymer chemistry and the rationalisation of the factors, which can influence the

geopolymerization reaction, is crucial for the sustainable production of green building materials.

6.2 Materials and methods

6.2.1 Raw materials
Metakaolin (Metamax®) was purchased from BASF (Ludwigshafen, Germany), while the aqueous
NaOH solution (50 wt. % NaOH) was obtained from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
A sodium silicate solution (Betol39T®) from Woellner GmbH (Ludwigshafen, Germany) with a
concentration of 34.5 wt. % and a SiO; to Na,O molar ratio of 3.4 was used. Either quartz powder
(MILLISIL W3®, Quarzwerke GmbH, Frechen, Germany) and CEN standard sand (0.08 - 2 mm)
according DIN EN 196-1:2016-11 were used as inert aggregates. The powder X-ray diffractograms of
Metamax® and MILLISIL W3® are shown in the Supplementary Material (Figure 53 and Figure 54).

6.2.2 Sample preparation
All experiments were carried out under controlled laboratory conditions at 20 °C and 50 % relative
humidity. The manufacture and casting of the mortar specimens was carried out according to a modified
DIN EN 196-1:2016-11 procedure.!'®!! Based on previous experiments and the successful formation of
suitable geopolymer mortars,"””! 450 g metakaolin powder was added to 225 g of an aqueous sodium

silicate solution. While the mixture was stirred, aqueous sodium hydroxide solution (50 wt. %, 450 g)
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and water (according to the mixing designs shown in Table 9 and Table 10) were added. The
corresponding molar ratios are shown in the Supplementary Material (Table 14). Subsequently, CEN
standard sand was given to the mixture while stirring. For the investigation of the influence of the binder
to aggregate ratio on the workability of the fresh mortar and the strength of the mortar specimens, quartz
powder was added as aggregate instead of CEN standard sand. Hereby the metakaolin/quartz powder
ratio was varied from 100/0 to 20/80. The resulting mortars were then casted in standard prisms (40 x
40 x 160 mm®) for the investigation of the influence of water or prisms of 20 x 20 x 80 mm” size for the
investigation of the aggregate addition. The smaller prism size of the latter enabled a timely analysis of
a large number of specimens. All samples were demoulded 24h after casting and stored wrapped in foil.
The storing of the samples was taking place under controlled conditions (65 % relative humidity and

20°C) until further tests were carried out.

Table 9: Mixing design for the geopolymers mortars. W/S refers to the water to solid content of the fresh lime and

the mortars, to which sand was added.

Code Additional water in g W/S (fresh lime) W/S (mortar)
GP_Ref 0 0.57 0.20
GP_50 50 0.64 0.22
GP_100 100 0.71 0.25
GP_150 150 0.78 0.27

Table 10: Mixing design for the alkali activation of metakaolin and quartz powder (in g).

H,O0 from
Quartz Sodium
Code Metakaolin 50 wt. % NaOH| sodium silicate
powder silicate
and NaOH
GP_100/0 500 0 500 250 445.0
GP_90/10 450 50 450 225 400.5
GP_80/20 400 100 400 200 356.0
GP_70/30 350 150 350 175 311.5
GP_60/40 240 160 240 120 213.6
GP_50/50 200 200 200 100 178.0
GP_40/60 160 240 160 80 142.4
GP_30/70 120 280 120 60 106.8
GP_20/80 80 320 80 40 71.2
GP_20/80 80 40 91.2
80 320
+20 g H.O
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6.2.3 Methods
For the powder X-ray diffraction analyses a D8 Advance Bruker diffractometer with a Lynxeye Detector
was used. Experiments were carried out with Copper Ka radiation in a 26 area between 5° and 70° in
0.02° steps with a scanning time of 0.2 s. The powder X-ray diffractograms of the precursor materials
(metakaolin and quartz powder) and the mortar specimens (GP_Ref and GP_150) are shown in the
Supplementary Material (Figure 53, Figure 54 and Figure 59). The light microscopic determination of
the air void content was carried out on polished mortars samples with an Olympus SZX 10 microscope
according to DIN EN 480-11:2005-12.1"%! The pore size distributions of all mortar specimens (GP_Ref,
GP_50, GP_100, GP_150) according to incident light microscopy are shown in the Supplementary
Material (Figure 55). A micro X-ray computer tomograph with a directional X-ray tube FXE 225.99 (<
225 kV, focal spot diameter < 3 mm, tungsten target) by YXLON International GmbH (Hamburg,
Germany) and a 2D-detector 1621xN (2.048 x 2.048 pixels, Csl, pitch size 200 x 200 pum?) by
PerkinElmer (Waltham, US) were used to determined macro pores and the grain distribution in the
GP_Ref, GP_50, GP_100, GP_150 samples (Figure 47 and Figure 48). Measurements were carried out
on drill cores of the diameter d = 6.5 mm and height h = 40 mm, which were extracted from the mortar
specimens. The macro pores distribution analysis of the experimental data was carried out determined
with software ImageJ 1.47v (National Institute of Health) and VG Studio Max 2.0v (Volume Graphics
GmbH, Germany) based on.!"*"! For the SEM images a LEO 1530 Gemini Carl Zeiss microscope with
a secondary electron detector was applied to investigated polished and unpolished fragments within the
GP_Ref, GP_50, GP_100, GP_150 samples (Figure 49). For the water absorption measurements, a cube
with an edge length of 40 mm of each sample was dried until a mass constancy was reached (24 h,
105 °C). Afterwards the dried cubes were placed in a vessel with 400 mL of water and weighed after 4
h and 24 h to confirm a constant mass of the cubes, which results in a complete saturation of the mortar
specimens (GP_Ref, GP_50, GP_100, GP_150) with water to detect open pores. The results are depicted
in Figure 3 and based on these experiments the pores filled with water can be calculated and the water

absorption depending porosities were obtained (Table 12) according to the following equation.

ms—m
gy = M %100
pw *V
&w = porosity determined for water ms = mass of the water saturated specimens
mg = mass of dried specimens pw = density of water V= sample volume

Nitrogen adsorption measurements of GP_Ref were carried out using a NOVA Touch LX1 provided by
Quantachrome under liquid nitrogen cooling to determined specific surface of pores with a diameter
between 0.35 to 400 nm (Supplementary Material, Figure 56 and Figure 57). For the determination of
the pore size distribution of GP_Ref, GP_50, GP_100, GP_150 via mercury intrusion porosimetry a
Pascal 440 device from Thermo Fisher Scientific was used (Figure 46, Supplementary Material, Figure

58). The additional module 140 (low pressure) gave the possibility to cover the pore radii between 3.6
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and 100,000 nm. The measurement was performed on fragments. The compressive and flexural strengths
of all mortar specimens, in standard prisms (40 x 40 x 160 mm3) for the investigation of the influence
of water or prisms of 20 x 20 x 80 mm?3 size for the investigation of the aggregate addition, were
determined seven days after their manufacture with a RT 200/10-1s device of the company Testing
Bluhm & Feuerherdt according to DIN EN 196-1:2005-05.""" The applied loading rate for the
determination of the compressive strength was 2400N/s, whereas a loading rate of 50 N/s was used for
the flexural strength. The results are depicted in Figure 51 and Figure 52 as well as in the Supplementary
Material (Table 14). The workability of the fresh mortars (GP_Ref, GP_50, GP_100, GP_150) was
tested via a flow spread test on a flow table according to DIN EN 1015-3:2007-05 (Table 11).!"*! Right
after the mixing process, the fresh mortar was placed in a truncated cone (@ 100 mm) on the Higermann
flow table. After 15 hits, the spread of the fresh mortar was measured in both directions and the average

flow spread was calculated.

6.3 Results and discussion

6.3.1 The role of the water content in the geopolymerization process

6.3.1.1 Workability of the fresh mortar
In order to evaluate the workability of the fresh mortar, flow spread tests were carried out depending on
the water content of the samples. As shown in Table 11, the flow spread increases with an enhanced
water content of the geopolymer mixture. This corresponds to an easier to handle mortar, which is

beneficial for the subsequent casting process.

Table 11: Flow spread test results of the fresh mortars.

Flow spread Relative flow
Code Consistency
in mm spread
GP_Ref 190 2.6 Plastic mortar
GP_50 245 5.0 Soft mortar
GP_100 275 6.6 Soft mortar
GP_150 >300 8.0 Very soft mortar

6.3.1.2 Investigation of the porosity of mortar specimens
The porosity of the mortar specimens was investigated in detail using light-based imaging methods, the
examination of the water absorption, low temperature adsorption of nitrogen, mercury intrusion
porosimetry and scanning electron microscopy (Figure 44).!"%! In addition to these analytical techniques,
we have used micro X-ray computer tomography to image micro-structures in three dimensions and to
determine the porosity of the mortar specimens.''® The existence of micropores (pores < 2 nm) within
the mortar specimens was ruled out by N> adsorption measurements, as shown in the Supplementary

Material (Figure 56 and Figure 57).
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Figure 44: Relevant pore sizes and appropriate analytical methods for their determination.

The porosity of the mortar specimens was determined from the water absorption. During these
experiments the mass difference between dried mortar specimens and mortar specimens, which were

submerged in water, was determined (Figure 45).
40
35

30

T T T T T T
GP_Ref GP_50 GP_100 GP_150

= Mass lost at 105 °C — «  Mass increase saturated —+ — Porosity

Figure 45: Determination of the water absorption and the porosity via drying and water uptake; mass loss at 105

°C to mass constancy (black); mass increase saturated (red); calculated porosity (blue).

During the drying process an almost linear mass loss of about 0.9 % is witnessed with increasing water
content of the geopolymer mixtures. After the drying process fine cracks can be observed within the
mortar specimens, which can be attributed to the shrinkage of the material and the different expansion
coefficients of the various components. For the water uptake again an almost linear increase with
increasing water content of the geopolymer mixture can be witnessed. The maximum difference amounts

7.4 % and is therefore about 10 times higher than the mass loss detected during the drying process.
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Based on these experiments the pores filled with water can be calculated and porosities between 24.05
% and 35.8 % were obtained. As it becomes obvious from Table 12, the porosity increases with

increasing water content of the geopolymer mixture.

Table 12: Porosity determined via the investigation of the water absorption measurements.

Code Porosity by water absorption in %
GP_Ref 24.05+1.2
GP_50 26.5+2.3
GP_100 33.7+1.1
GP_150 37.1+1.8

The meso- and macropores of the mortar specimens were analysed by mercury intrusion porosimetry.
The cumulative pore volume, the average pore diameter and the specific surface area obtained from
mercury intrusion porosimetry are depicted in Figure 46. For these calculations based on the Washburn-

equation'?”? 3.050 nm was selected as upper threshold (Supplementary Material, Figure 58).

Cumulative pore volume it Average pore diameter o Specific surface area

0.2
. ‘ 30| 30
2
E 01 E20 T 20
o
0.05 10+ 10
0- 0- 0-
GP_Ref GP 50 GP_100 GP_150 GP_Ref GP 50 GP_100 GP_150 GP_Ref GP 50 GP_100 GP_150

Figure 46: Results of the mercury intrusion porosimetry. Pore volumes are presented in cm’/g of geopolymer with

an error of £ 0.008 cm?, according to literature evidence.!'?®

The cumulative pore volumes (Figure 46) and the thereof resulting porosities (Table 13) show almost a
linear increase with increasing water content. In case of the average pore diameter again an increase can
be witnessed when the water content in the geopolymer mixture is enhanced. While an enhancement of
the average pore diameter with increasing water content was witnessed, the specific surface area is

decreased.

Table 13: Porosities of the mortar specimens determined via mercury intrusion porosimetry.

Cumulative pore volume| Average pore diameter
Porosity in %
in cm’/g in nm
GP_Ref 242 0.128 13.0
GP_50 23.0 0.120 18.2
GP_100 26.8 0.146 22.9
GP_150 31.5 0.184 32.8
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To gain structural information regarding the porosity in the size range of macro pores like air voids (@
0.020—-10 mm), micro X-ray computer tomography (uXCT) measurements of the mortar specimens was
carried out. Also, uXCT gives information about the distribution of the aggregated particles. With the
used measurement setup resolution of 10 um was achieved. The results of the uXCT of the drill cores

for all mortar specimens are depicted in Figure 47.
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Figure 47: Pore and grain distribution through the cores of the mortar sample prisms obtained via uXCT

measurements. The length of 0 mm corresponds to the bottom of the mortar sample prisms.

These results show that in the reference geopolymer mortar and in the mortars, to which 50 g and 100 g
of water were added, the grain fraction stays constant over the whole length of the drill core. However,
the spatially resolved analysis of the drill core of the mortar, to which the highest amount of water (150
g) was added, shows a decrease of the grain fraction starting at a height of 30 mm. This is due to the low
viscosity of the fresh mortar of GP_150, which leads to a gravity related segregation of the grains and

to the accumulation of the biggest grains within the bottom area of the drill core.

Obviously, not only the grain fraction is influenced by the water content of the mixture but also the
porosity regarding air voids. It becomes clear that mixtures with a lower water content exhibit a higher
amount of air voids than the samples with a higher water content (Figure 48). The higher amount of air
voids can be attributed to the high viscosity of the fresh mortar and the therewith associated worse
workability. Similar findings were made in the context of alkali-activated materials based on Sicilian
volcanic precursors (i.e., volcanic ash and pumice), although here also the particle size of the applied

precursors has shown to be a decisive factor for the porosity of the mortar specimens.!'*’!

The observed porosity trend is inverse to the porosities determined via water absorption and mercury
intrusion porosimetry since these techniques always indicated an increase in porosity with an enhanced
water content. However, in the case of the uXCT measurements, only air voids which consist of 8 voxels
were analysed (@ ~20 um =~ 8000 um?) and no smaller pores can be detected, which explains the different

trends in comparison with the other analytical techniques. This finding is also supported by incident
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light measurements, where GP_Ref shows the highest number of pores over whole size range as shown

in the Supplementary Material (Figure 55).

GP Ref GP_100 GP_150
" » > . ' ’

Pore volume:

1 >1.000 mm?
I 1.000 - 0.100 mm?
I 0.100 - 0.010 mm?

0.010 - 0.001 mm?
[ <0.001 mm?

Geometry:

h =36.76 mm
g= 6.50 mm

Figure 48: 3D representation of the pore size distribution within the drill core. The drill cores are oriented

according to their casting direction, but cut off about 1.6 mm.

The microstructures and porosities of the mortar specimens were investigated by scanning electron
microscopy (Figure 49). From the images a heterogeneous distribution of aggregates within the binder
matrix becomes obvious. Also cracks within the specimens can be witnessed, which most likely stem
from the drying process. Similar microstructures have been reported for other metakaolin-based

geopolymers.!'°!
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GP_Ref GP_50 GP_100 GP_150

1 mm

Figure 49: Scanning electron microscopy images of the mortar specimens. From left to right. GP_Ref, GP_50,

GP_100, GP_150. The resolution increases from the top to the bottom.

The mortar specimens GP_Ref and GP_150 where crushed and investigated by powder X-ray
diffraction. In the resulting diffractogramm (Figure 50) the crystalline phases quartz, anatase, muscovite
and albite can be identified, these phases belong to the used aggregate in the mortar. The geopolymer
binder is amorphous and leads not to any diffraction reflexes in the pattern. You see clearly that the
crystalline composion of GP_Ref and GP_150 is identical. These results show us that the additional

water does not lead to a change of crystallinity and the effect on porosity is due to other mechanisms.
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Figure 50: Powder X-ray diffraction of the mortar GP_Ref and GP_150
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6.3.1.3 Mechanical properties of the mortar specimens
The compressive and flexural strengths of the mortar specimens were determined and it becomes
obvious that a higher water content (w/s = 0.27 for mortar) leads to a reduction of the compressive
strength (Figure 51). Subsequently, the compressive strength is inversely proportional to the water
content of the geopolymer mixture, which is similar to observations made for the water to solid ratio in

161 a5 well as for water-to-cement ratio in conventional

other metakaolin-based geopolymers
cementitious systems.!"*”! Similar observations were made for the tensile flexural strength of the mortar
specimens. Only the reference mortar shows a slight deviation from this trend, but in the same time the

highest standard deviation.
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Figure 51: Compressive (6 values per mean value) and flexural (3 values per mean value) strengths with standard

deviation of the mortar specimens.

The strength measurements clearly correlate with the porosities of the mortar specimens determined via
capillary water uptake and mercury intrusion porosimetry measurements. It becomes obvious that a
higher water content within the geopolymer mixture leads to an enhanced porosity of the mortar
specimens, which results in a reduction of the compressive and flexural strengths. It is noticeable that
the compressive strength decreases significantly more than the flexural strength due to the increasing
water content. This behavior is unexpected. Normally, pores are usually compressed in compression

testing and in flexural strength they reduce tensile cross-sectional area and have a crack-initiating effect.

However, a low water content significantly reduces the workability of the fresh mortar, as the flow
spread tests carried out have shown. Also, a low water content leads to a high amount of air voids, which
were observed via micro X-ray computed tomography (Section 3.3.3) as well as incident light
microscopy (see Supporting Information). Therefore, the macro pores had a lower influence than the
smaller pores (< 20 um) on the mechanical performance. In order to produce geopolymers with good

mechanical properties, the water content should be kept as low as possible.

6.3.2 The role of the binder to aggregate ratio
Although the increase of water content in the geopolymer mixture leads to a better workability of the
mortar, a clear reduction of the compressive and less of flexural strengths was observed. Therefore, an
alternative approach, namely the variation of the binder to aggregate ratio, is investigated with the aim

to enhance the workability of the mortar, while good strengths of the mortar specimens are maintained.
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Whereas in the case of GP_Ref, GP,50, GP_100 and GP_150 a fixed amount of CEN sand (1,350 g)
was added as aggregate, in this section a systematic study of the ratio variation of metakaolin and quartz
powder as aggregate was carried out. In this case quartz was selected as non-reactive aggregate in
powder form. In order to optimise the formulation of the geopolymer mortar, various binder to aggregate

ratios varying between 1.0 and 0.25 were prepared.

6.3.2.1 Mechanical properties of the mortar specimens
For the investigation of the effect of the quartz powder inclusion into the geopolymer mortars, the
compressive and flexural strengths of the mortar specimens were determined depending on the binder
to aggregate ratio (Figure 52). It becomes obvious that the geopolymerization of pure metakaolin
without the addition of quartz powder results in mortar specimens with a compressive strength of 46.6
MPa and no detectible flexural strength. Very similar strength values were determined for the 90/10,
80/20 and 70/30 binder to aggregate mixtures. However, when the binder to aggregate ratio is reduced
and the quartz powder content is increased an enhancement of the compressive and flexural strengths
can be witnessed. The maximum compressive strength of 81.4 MPa was achieved with the 20/80 binder
to aggregate ratio. It is known from the development ultra-high performance and eco-friendly concretes
that the partial replacement of the reactive component (cement) by quartz powder can increase the
packing density, due to the more finely tuned grain band, and thus the strength."'> This physical mode
of action can apparently be transferred for metakaolin-based geopolymer Li ef al. demonstrated a similar
increase in compressive strength (83/17 ratio) with heat-treated metakaolin-based geopolymer. When to
the 20/80 mixture 20 g of additional water are added, the compressive and flexural strength decrease.

This is in complete accordance with the water content results shown before.
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Figure 52: Compressive (six values per mean value) and flexural strengths (three values per mean value) of the

mortar specimens depending on the metakaolin to quartz powder ratio.
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These results are astonishing since the increase in aggregate ratio leads to an improvement of the
compressive and flexural strengths of the mortar specimens within the investigated binder to aggregate
ratio regime. Similar observations were made for geopolymer concrete made from alkali-activated fly
ash, where an enhancement of the flexural strength of geopolymer concrete was observed with an
increase in the total aggregate content.!"*" Also, an increase in compressive strength has been observed
for metakaolin-based geopolymers with a maximum at 73.8 % aggregate content. However, the reported
compressive strengths were approximately 20 MPa below the compressive strength observed for the
herein described mortar specimens.!''! Consequently, these experimental findings can be considered as
model experiments for the geopolymerization of common clays, since common clays can be considered

as natural mixtures of metakaolin with aggregate with a metakaolin content of below 50 %.

The rationalisation for this experimental observation is difficult, since the binder to aggregate interface
within geopolymer binders is still poorly understood, especially at a molecular level. However, only
recently, interfacial bonding including AI-O-Si, Na—O and H-bonding was investigated using molecular
dynamics simulations. The simulations have shown that the Si/Al ratio is crucial for the interfacial
strength due to a higher degree of interaction and more cross-linking within the geopolymer.!"*" In order
to increase the interfacial bonding between aggregates and geopolymer binders it has been shown that
the presence of soluble silicates, as Betol39T® in the case of this study, in the initial activating solution
is beneficial.'*? However, at this point it must be mentioned that the experimental observations are
highly dependent on the raw materials used for the geopolymer production'**'** Studies on the binder
to aggregate ratio using high calcium fly ash together with sodium metasilicate as binder and sand as
aggregate have, for example, shown an inverse effect, where a reduction of the strength with increasing
aggregate proportion was observed.!'*” Similar observations were made for the alkali activation of low

grade kaolin.!"*

6.4 Conclusions
Geopolymers gain more and more attention when trying to find sustainable alternatives to hydraulic
binders (e.g., normal cements based on Portland cement clinker), especially with respect to a desired
reduction of greenhouse gas emission. In this work, therefore the influence of different factors, such as
the water content and the binder to aggregate ratio, on the formation of geopolymer mortars were
investigated with the aim to find and predict an optimal mixing design. The main intention was hereby
to combine a good workability of the fresh mortar with low porosity and high compressive as well as
flexural strengths of the resulting mortar specimens. To achieve this, we have casted mortar specimens
using different ratios of metakaolin and water ranging from water to solid contents of the fresh lime of
0.57 to 0.78. The porosity of these specimens was then evaluated by water absorption measurements,
mercury intrusion porosimetry, micro X-ray computer tomography and scanning electron microscopy.
Subsequently, the mechanical properties, such as the tensile and compressive strengths, of the mortars

were determined. To investigate the impact of the addition of aggregates, such as quartz powder, the
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binder to aggregate ratio was varied from 100 to 0 until 20 to 80, referring to the metakaolin to quartz

powder ratio.

The major conclusions derived from the experimental study can be summarised as follows:

A higher water content of the geopolymer mixture leads to a better workability, as indicated by
the increase in flow spread from 190 mm for GP-Ref to over 300 mm for GP_150, of the fresh
mortar. This enhanced workability is also indicated by the increase of relative flow spread from
2.6 for GP_Ref to 8.0 for GP_150. Simultaneously, the compressive strengths of the mortar
specimens decrease from 54.3 MPa for GP_Ref to 29.1 MPa for GP_150, due to an increase in
capillary porosity. Simultaneously, the flexural strength is declining from 4.4 MPa GP_Ref to
4.0 MPa for GP_150, as the water content increases. At the same time, the increasing water
content led to an improved deaeration effect and therefore low air void content, as indicated by
micro X-ray computer tomography.

The binder to aggregate ratio is crucial for the compressive and flexural strengths of the mortar
specimens. Through the addition of quartz powder up to a ratio of 20 : 80 of metakaolin to
quartz, an increase in strength, can be witnessed. Whereas the compressive strength of the
geopolymer obtained without any quartz powder amounts 46.55 MPa, the strength can be
increased to 81.43 MPa in the case of the 20 : 80 mixture of metakaolin and quartz.
Simultaneously, the flexural strength increases. This finding gives a new impulse for the optimal
design of the geopolymer mixture.

The geopolymer formation is a complex process, which requires a detailed knowledge of the
underlying factors that can influence the fresh mortar properties as well as the mechanical

properties of the final geopolymer mortars.
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6.6 Supporting information
6.6.1 Analytical investigation of the raw materials
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Figure 53: Powder X-ray diffractogram of the metakaolin Metamax®.
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Figure 54: Powder X-ray diffractogram of the quartz powder MILLISIL W3®.
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6.6.2 Analytical investigation of the mortar specimens

Incident light microscopy
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Figure 55: Pore size distributions according to incident light microscopy.
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Figure 56: Nitrogen sorption isotherm for GP_Ref recorded at 77 K.
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Figure 57: Pore size distribution according to the BJH method on the basis of the desorption data.
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Mercury intrusion porosimetry
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Figure 58: Results of the mercury intrusion porosimetry of the whole pore diameter area (3.5 - 100000 nm).

Powder X-ray diffraction
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Figure 59: Powder X-ray diffractograms of GP_Ref and GP_150.
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6.6.3 Mechanical properties

Table 14: Overview of the mechanical properties of the mortar specimens.

Density | Standard | Tensile strength | Standard | Compressive | Standard
[g/cm®] | deviation [N/mm?] deviation strength deviation
[N/mm?]

GP_Ref | 1.997 0.009 4.400 0.972 54.380 1.026

GP_50 2.022 0.011 5.057 0.117 44.997 0.455

GP_100 | 1.996 0.006 4.657 0.435 37.200 0.346

GP_150 | 1.970 0.008 4.047 0.175 29.183 0.571

6.6.4 Mixing design
Table 15: Molar ratios of the mixing design.

NaO/SiO; Si02/ALLO3 H;0/NaO Na;O/ALO3
GP_Ref 1.24 1.52 1.63 1.34
GP_50 1.24 1.52 1.74 1.34
GP_100 1.24 1.52 1.87 1.34
GP_150 1.24 1.52 1.96 1.34
GP_100/0 1.27 1.52 1.63 1.34
GP_90/10 1.17 1.62 1.63 1.34
GP_80/20 1.07 1.72 1.63 1.34
GP_70/30 0.97 1.82 1.63 1.34
GP_60/40 0.87 1.92 1.63 1.34
GP_50/50 0.77 2.02 1.63 1.34
GP_40/60 0.67 2.12 1.63 1.34
GP_30/70 0.57 222 1.63 1.34
GP_20/80 0.47 2.32 1.63 1.34
GP_20/80 0.47 2.32 2.13 1.34

+20 g H,O
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7. Conclusions and perspective

In this thesis, the application of geopolymers as an alternative to conventional cementitious materials
was examined in depth, driven by the need to develop environmentally friendly construction materials
with a significantly reduced CO> footprint. Currently, the construction industry, which has traditionally
relied on Portland cement, is confronted with substantial challenges, due to the high carbon dioxide
emissions associated with the production of cement. To date these emission account for approximately
8 % of the global CO, emissions. This number is expected to rise tremendously over the next decade
due to growing economies, a trend that has to be seen very critically in the context of climate change.
To counteract the rising greenhouse gas emissions, alternative construction materials with adaptable
properties have to be identified, which are suitable for a range of construction-related applications. To
address this challenge, geopolymers, which can be synthesised from abundant raw materials, such as
industrial by-products or common clays, have been considered as alternative binder materials. These
materials present a promising solution, due to their low energy production and reduced environmental
footprint compared to traditional cement. However, the formation of geopolymers via the alkali
activation of precursor materials with a low Ca-content and the subsequent geopolymerization reaction
is a very complex reaction in a multi parameter setting. Therefore, this thesis aims to provide a better
understanding of the underlying geopolymer chemistry by focusing on the selection of raw materials,
the activation process, and the prediction and analyses of geopolymer mortar properties. This
investigation also provides a detailed comparison of geopolymers with traditional cementitious materials
in terms of performance metrics, including compressive strength, durability, workability and resistance

to environmental impacts.

To identify suitable common clays as precursors for the geopolymer formation via an alkali activation
procedure, a straightforward method, based on IR spectroscopy, was developed. As part of this work, a
linear correlation between the surface area of the ATR-IR OH stretching band in kaolinite mixtures and
the kaolinite content could be identified using an in-house developed IR setup. Based on this correlation
and a subsequent calibration, a so-called clay activation index was determined for various common
clays. This index gave insights into the quantity of reactive components after the calcination step of the
common clay. Through this approach the necessary activator amounts (water glass and alkaline solution)
for the alkali activation of calcined clays could be calculated, based on Davidovits geopolymer
formation theory. This novel approach simplifies the alkali activation process by eliminating the need
for empirical and iterative testing to determine the appropriate activator quantities. The mechanical tests
of the resulting geopolymer mortars have proven the success of the developed method and confirmed

the stability of the resulting binders.

In addition to this methodology study, the impact of calcium compounds on the properties of geopolymer
binders has been investigated. It was found that when calcium is present in the form of calcite, the clays

exhibit the expected mechanical properties after the calcination and activation procedures. However, if
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the calcite phase decomposes during the thermal treatment, the properties of the binders change
significantly. For instance, the calcination of two mineralogically similar clays from different deposits
leads to different reaction products. Whereas in Clayl an amorphous calcium-rich phase is formed,
Clay?2 produces crystalline lime. Free lime can cause issues, such as the crystallisation of sodium silicate,
which leads to an uneven binder solidification. This makes the mortar unsuitable for construction-related
applications. Interestingly, the decomposition of calcium carbonate within the common clays can be
precisely controlled through a tailored calcination procedure. By the adjustment of the calcination
temperature, the dehydroxylation of layered silicates within the clays and be decoupled from the calcium
carbonate decomposition. In contrast, other carbonates, such as calcium magnesium carbonates as
dolomite, undergo both processes simultaneously. Based on the adopted calcination procedure, mortars
with compressive strengths over 20 MPa could be obtained, despite the low amount of reactive layered
silicates and high unreactive mineral content (60 % quartz, illite). With the addition of superplasticisers
and retarders, and through the optimisation of the activator types, strengths comparable to standard
Portland cement (32.5 MPa) were achieved. Also, a 50 % post-solidification increase from 7 to 28 days
was observed. Additionally, even small amounts of portlandite positively affect the carbonation
resistance without compromising the mechanical properties. This indicates the suitability of the mortars
for steel-reinforced components. Also, the high resistance of the mortars towards acids lay the

foundation for various applications, such as the use in agricultural and wastewater buildings.

Further, various factors that affect the geopolymerization reaction, such as the water content and the
binder-to-aggregate ratio, were investigated to identify an optimal mixing design for the alkali activation
of common clays. The formation of geopolymer mortars is a very complex process, which requires a
careful consideration of multiple factors that affect both fresh mortar properties and the final mechanical
properties of the geopolymer mortars. Therefore, different ratios of metakaolin and water were
investigated, with water-to-solid contents ranging from 0.57 to 0.78. Subsequently, the porosity and
mechanical properties of the mortars were evaluated using various techniques, including water
absorption, mercury intrusion porosimetry, micro X-ray tomography, and scanning electron microscopy.
It became obvious that an increased water content improves the workability of the geopolymer mixture,
evidenced by a rise in flow spread. However, simultaneously a reduction in compressive and flexural
strengths, due to a higher capillary porosity, can be witnessed. This reduction in strength can be
overcome by adjusting the binder-to-aggregate ratio. Through the addition of quartz powder up to a

metakaolin-quartz ratio of 20:80 the compressive and flexural strengths can almost be doubled.

Overall, these insights significantly enhance our understanding of geopolymers, particularly regarding
the selection of precursors, activation processes, and their resultant properties. However, this study also
underscores the critical need for further examinations of various parameters during the activation
procedure to achieve the desired, tuneable properties of the final geopolymer-based mortar product.
Beyond a comprehensive parameter screening of the geopolymerization reaction, the impact of additives

and superplasticisers in the context of geopolymer binders have to be studied in detail. This is crucial
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for a real-world application of geopolymer mortars in the construction industry. These experimental
studies should be accompanied by theoretical methods to deepen the knowledge regarding the
underlying reaction mechanisms. Further, the scalability of the geopolymer mortar production has to be
investigated in the future, also with respect to cost-efficient and environmentally friendly manufacturing
processes. In this context, also the standardisation and the development of norms in the field of
geopolymer-based mortars has to be pushed forward. This should include aspects like the production

procedures, analyses, performance requirements and long-term durability studies.
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9. Apendix

9.1 List of abbreviations

AAMs Alkali-activated materials

C-S-H Calcium silicate hydrate

CCS Carbon capture and storage

DSC Differential scanning calorimetry
ESEM Environmental scanning electron microscopy
GGBFS Ground granulated blast furnace slag
IEA International Energy Agency

IR Infrared

MIP Mercury intrusion porosimetry
uXCT micro X-ray computer tomography
MS Mass spectrometry

N-A-S-H Sodium aluminosilicate hydrate
NMR Nuclear magnetic resonance

OPC Ordinary Portland cement

RH Relative humidity

RT Room temperature

SEM Scanning electron microscopy

TG Thermogravimetric analysis

UNEP United Nations Environment Program
XRD X-ray powder diffraction

XRD X-ray fluorescence
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Alkali Activation of Common Clay e
Deposits: Evaluation of the Suitability by an IR
Spectroscopic Method

Felix Dathe'"® and Frank Dehn'

Abstract

In the context of a sustainable use of resources with the aim of the reduction of the CO, footprint, the develop-

ment of alternative concrete materials has attracted a great deal of attention. In this context, geopolymers, obtained
from common clay deposits, are found to be interesting construction materials with very versatile properties, In

this paper, a completely novel approach for the evaluation of the suitability of clays for the geopolymer formation

is investigated, The method is based on simple and easy-to-handle IR spectroscopic measurements, through which
the surface area under the OH stretching band in the IR spectrum of the clay can directly be correlated to the amount
of reactive clay components. These reactive components are required for the success of the alkali activation

of the clays in order to access geopolymers, Based on the theoretical reaction pathway of the geopolymer formation,
the linear relationship between the OH stretching band area and the reactive components can be used for the esti-
ration of the required activator amount for the alkali activation of calcined clays and predict the quality of the casted
geopolymer mortar in terms of strength, This new method not only gives an insight into the suitability of a common

preliminary testing of the required activator amount,

clay for the geopolymer formation, but also facilitates a straightforward alkali activation procedure without tedious

Keywords Alkali activation, Clay, IR spectroscopy, Geopolymer binder, Clay activation index

1 Introduction

The components of clays are mainly based on the mineral
relicts of their parent rocks. This fact causes a vast variety
of clay deposits to occur. Most common clays are asso-
ciated with sheet silicates, which are vital for the alkali
activation of clays, since they comprise suitable hydroxyl
groups for the calcination process prior to the alkali acti-
vation (Emmerich, 2011). Despite the sheet silicates also
other minerals, such as quartz, hematite and feldspar,

Journal information: ISSN 1976-0485 / eSSN 2234-1315.
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T nstitute of Concrete Structures and Building Materials, Karlsruhe
Institute of Technology (KIT), Gotthard-Franz-Str. 3, 76131 Karlsruhe,
Germany

@ Springer Open

can be found in clay deposits. These minerals are inert
towards calcination and activation processes (Xu &
Deventer, 2000).

The alkali activation of raw materials has been stud-
ied in more depth recently, since it provides versatile
access to novel construction materials. These materials
are referred to as alkali activated binders or geopolymer
binders, depending on the calcium content of the raw
material (Herrmann et al., 2015). Furthermore, alkali
activation represents a suitable and environmental
friendly alternative to the cement production, which has
a negative influence on the carbon dioxide content in the
atmosphere (Damtoft et al., 2008). So far, the focus has
been mainly on the alkali activation of fly ash, slag and
metakaolin (Provis & Deventer, 2014) and not so much
on common clays, due to the complexity of the clay
material itself. This versatility of common clays causes

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a linkto the Creative Commons licence, and indicate if changes were made. The images or

otherthird party material in this articleare included in the article’s Creative Commans licence, unless indicated otherwise in a credit line
to the material. If material is not included in thearticle's Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a capy of this
licence, visit httpy//creativecommeons.org/licenses/by 4.0/,
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dificullies, since it is necessary Lo investligate the exact
mineral composition of the clay before the activation to
evaluate the right conditions for the calcination and sub-
sequent activation of the raw material (Slaty et al., 2013).
The calcination as well as the activation processes are
extremely important not only for the development of new
construction materials, but also for the application of cal-
cined clay as an additive for ordinary concrete, due to its
pozzolanic activity (Avet et al, 2016; Garg & Skibsted,
2016). Although there is a close relationship between the
pozzolanic activity and the alkali activation, the harden-
ing of the binder is caused by a diferent chemical reac-
tion and makes a comparison diflicull.

To obtain a geopolymer binder based on common
clays, the raw material must be calcined first. During
this step, the crystalline nature of the sheet silicates is
destroyed under elevated temperatures and at the same
time the hydroxyl groups of the crystal structure are
eliminated in the form of water (White et al., 2012). The
calcination process significantly impacts both the crystal-
linity of the material and its solubility in a basic pH solu-
tion. 'The amorphous material obtained after calcination
represents the starting material for the alkali activation.
During the alkali activation process, an aqueous base
and walter glass are commonly added to the calcined clay
which leads to the formation of a geopolymer precursor.
This precursor then undergoes a condensation reaction
and forms an amorphous aluminosilicate network (Fig. 1)
(Davidovits, 1994).

One of the major factors to consider during this pro-
cess is the amount of base and water glass that is required
for the geopolymer formation. Based on the studies of
Davidovits et al. in 1994 it can be assumed that for 1 mol
of metakaolin (which is a dehydroxylated form of kaolin-
ite) 2 mol of water glass and in total 2 mol of base are
required. However, if a calcined clay is used instead of
pure kaolinite, which consists of a variety of mineral com-
ponents, the situation becomes more complex. Therefore,
it is necessary to determine the number of reactive com-
ponents within clay deposits before the alkali activation.

Page 2 of 8

‘Lhe amount of reactive components in the clay strongly
depends on the OH groups present in the structure, since
during the calcination process the clay structure is los-
ing its OH groups in the form of water. This leads to the
formation of so-called reactive centres, where the OH
groups were present before, and the subsequent forma-
tion of geopolymer precursors. The positions of these
reactive centres can then be cross-linked during the acti-
vation process via a condensation reaction (Dathe et al.,
2021; Pacheco-Torgal et al., 2008).

Encouraged by this, a suitable method for the inves-
tigation of the amount of reaclive componenls in clay
deposits was developed. 'Lherefore, a clay activation
index, which represents the alkali activation potential of
common clays, based on an IR spectroscopic method, is
introduced. This clay activation index allows to estimate
the suitability of a certain clay for the geopolymer forma-
tion, but also gives an estimation of the amount of activa-
tor that is required for the alkali activation of the calcined
clay.

2 Materials and Methods

2.1 Clay Materials

Eight different deposits of common and materials (clays
A—H) were analysed by powder X-ray diffraction (XRD)
and simultaneous thermal analysis (STA) to gain infor-
mation about their composition (Table 1). The phase
components usually exhibit error values around + 2%.

For the qualitative analysis of the composition of the
clays the programme EVA™ was used, whereas the quan-
titative analysis was obtained by Rietveld analysis of the
data, employing the programme PROFEX.

MetaMax® from BASF was used as reference mate-
rial, since it is a high-reactivity pure metakaolin product,
which shows no contamination of other minerals. The
chemical purity of the kaolinite was investigated by pow-
der XRD and STA. As aqueous base a 50 wt.% sodium
hydroxide solution and as water glass a sodium metasili-
cate with a molar proportion of SiO, to Na,O of 3.4 was
used.

OH
|
n (Sip0s,Al0%)+ 2n SiO, + 4n Ho0  DNEOR o S (OH)3~Si-O~Al—0~Si—(OH)3
OH
(Geopolymer Precursor)
o | l= ]
; him 2 n NaOH * ; < :
2n (OH)3~Si~0~AI—0=Si~(OH)3—— > 2n (Na)(—Si-0-AI-0-§i-0— ) + 4n H,0
OH O O ©

(Geopolymer Precursor)

Fig. 1 Process of the formation of ¢

\ | |

polymers based on metakaclinite (Davidovits, 2011)
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Table 1 Composition of the clays A to D (in %)

Mineral component Clay A ClayB Clay C Clay D Clay E ClayF Clay G ClayH
Albite - = 4 = — 8 2 =
Phyllosilicates 94 65 61 33 93 77 82 24
Quartz 2 28 29 44 2 20 12 74
Orthoclase 4 4 4 2 - - 4 2
Anatase = 3 1 1 2 = = -
Anhydrite - - - 1 - - - -
Haematite = - 2 = = - - -
Amorphous content - - - 19 - - - -
Phyllosilicates

Kaolinite 78 40 23 12 87 68 6
Muscovite 16 10 19 2 6 9 4 18
Smectite = 5 3 = = - - -
Montmorillonite - - - - - - 71 -
Chlorite - - 3 - - - 2 -
Strata chlorite/smectite = 5 3 - - - - -
Strata illite/smectite = 5 10 - - - - -

2.2 Analytical Methods

Powder X-ray diffraction (XRD) was carried out using a
D8 Advance diffractometer (Bruker GmbH Karlsruhe,
Germany) with a Lynxeye Detector (5° opening angle).
Experiments were carried out with Cupper Ka radia-
tion in a 26 area between 5 and 70° in steps by 0.02°
with a scanning time of 0.2 s. The quantitative analy-
sis was carried out with the software PROFEX Ver-
sion 4.1.0, by using an internal standard of 10 wt.%
corundum.

Infrared spectroscopic measurements (IR) were car-
ried out on a Bruker Tensor 27 FT-IR Spectrometer,
with a modified ATR-IR Diamond setup. During the
measurements, attention was paid on constant pres-
sure on the sample.

Simultaneous thermal analysis (STA) About 100 mg
of the raw materials were heated up to 1000 °C with a
heating rate of 10 K/min under nitrogen atmosphere
in corundum crucible, using a STA 409 apparatus
(Netzsch, Selb, Germany).

Scanning electron microscopy (SEM) images were
obtained using a Philips XL 30 FEG environmental
scanning electron microscope (ESEM; FEI Europe,
Eindhoven, The Netherlands). For the measurements
all samples were glued onto aluminium SEM-holders
using conductive tape (Leit-C, Plano GmbH, Wetzlar,
Germany). To improve the quality of the SEM images,
the samples were sputtered with a thin conductive
layer (5 nm Au/Pd 80/20) and were investigated using
an acceleration voltage of 20 kV.

2.3 General Preparation of the Clay Samples

Prior to the activation process, all clays were calcined in
1 kg charges, which were tempered to 700 °C for 3 h in a
muffle oven under air. Afterwards, different components
were added to the calcined clay to obtain mortar speci-
mens (according to a slightly modified EN 196-1:2005-
05 approach). Firstly, the calcined clay was placed in
the mixer with the aqueous base. After 30 s of stirring,
sand was added over 30 s and subsequently water glass
was added to the mixture while the mixture was stirred
(140 rpm). Afterwards, the mortar was stirred for
another 30 s under stirring (280 rpm) and the specimens
were cast in steel moulds.

Before the IR measurements of the clay, the samples
were ground and sieved to obtain a particle size <32 pm.
Furthermore, the clays and the material for the calibra-
tion were well dried under vacuum to remove any resid-
ual water. For the IR spectroscopic measurements of
the common clays non-calcined samples were used. For
the generation of the calibration curve (Fig. 4a) a cer-
tain amount of pure kaolinite was added to the calcined
kaolin.

2.4 Strength Measurements

The compressive strength of the mortar specimens
was determined according to EN 196-1:2005-05 with
a TESTING Bluhm & Feuerherdt GmbH servo hydrau-
lic compression and bending test device of the type RT
200/10-1s. After casting, the specimens were stored at
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20 °C with a relative humidity of 65% for 7 days until the
specimens were tested,

3 Results and Discussion

In order to measure the clay activation index of the
clay samples and evaluate the activator amount that is
needed for the alkali activation of common clay deposit,
it is important to know the amount of reactive compo-
nents within the clay. As mentioned before, this reac-
tive amount is directly associated with the OH groups
that are present in the clay. 'Lherefore, IR spectroscopic
measurements were ulilised Lo gain information aboul
the composition of the clay and the presence of hydroxyl
groups.

3.1 Description of the Experimental Setup

The developed experimental IR setup is shown in Fig. 2.
The setup consists of a modified diamond ATR-IR unit
from “PIKE Technology” In order to obtain a constant
pressure on the sample, a load cell was installed in axial
position to the pressure stamp. With the aid of a fine
thread, the contact pressure can be adjusted precisely. To
guaranlee a constant sample volume, a plate with a drill-
ing was dralted on top of the IR diamond. 'This not only
gives the possibility to use a certain sample volume, but
also enables an efficient cleaning of the instrument after
the measurement.
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Fig.3 FExample of an IR measurement of a clay using

the before described experimental setup

In Fig. 3, an example of an IR spectrum of a clay mate-
rial using the before described setup is shown. The
important region for the determination of the clay activa-
tion index is in the arca of 3800-3500 cm™.

3.2 Calibration of the Experimental Setup

As starting point for this method, different mixtures
of pure kaolinite with amorphous calcined kaolin,
which was used as hydroxyl free support material, were

Fig. 2 Picture of the experimental IR setup for the determination of the clay activation index of cammon clays
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prepared. The proportion of the mixtures were 0 to 100
wt.% of the kaolinite content with a stepwise increase of
5 wt.%. Kaolinite was the mineral of choice, since it rep-
resents the sheet silicate with the most hydroxyl groups
and therefore a material that can easily be used [or alkali
activation (Prost et al, 1989). The samples were dried
under vacuum prior testing to ensure that no free water
influences the measurement. The purity of the samples
was previously determined by powder XRD and STA
measurements. Also, the samples were analysed via
SEM imaging, showing the sheet like structure of the
clay minerals, The mixtures were then further examined
by the before introduced ATR-IR setup. As expected, an
increase of the surface arca of the OH stretching band
around 3800-3500 cm™! was observed moving from
mixtures with a small kaolinite conlent (o a higher kao-
linite content (Fig. 4). To verify this observation quanti-
tatively, the surface area under the OH stretching band
was integrated and plotted against the kaolinite content,
resulting in a linear correlation. Based on this, it can be
assumed that the kaolinite content/the amount of OH
groups correlate directly with the number of reactive
centres present after the calcination process.

3.3 Clay Activation Index of Common Clays

After the calibration procedure, the clays were also ana-
lysed by ATR-IR spectroscopy using the developed setup
(Fig. 5). Fig. 5 provides a clearer overview by displaying
only four of the investigated clays. It is essential to note
that all clays underwent vacuum drying before being uti-
lised in this study.

The integrals of the OH IR stretching bands of the dif-
ferent clays were then related to the calibration curve
obtained before (Fig. 6). Since, the integral is related to
the amount of OH groups present in the clay sample,
which is crucial for the alkali activation process, it can
be converted into the clay activation index based on the
calibration shown before. 'Lhe clay activation index varies
from 0 to 100% depending on the content of the aclive
species within the clay that can be used for the alkali acti-
vation process.

3.4 Application of the Clay Activation Index for the Alkali
Activation of Clays

‘Lhe observations made during the ATR-IR speclroscopic
measurements and the calculated clay activation indexes
were now applied to the design of a suitable mixture of
calcined clay, water glass and base during the alkali acti-
vation process to form a geopolymer binder mortar.
Therefore, clays were calcined prior to the alkali activa-
tion process.

For the mixing design for the alkali activation pro-
cedure, it was assumed that a high hydroxyl content
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within a clay and thus a high clay activation index is
related to large amounts of reactive centres. There-
fore, a high clay activation index should also result
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Fig. 6 The relaticnship between the surface area under the OH
stretching bands and the clay activation index of the commen
clays (A red; ; C blue; D light blue) and the kaclinite/kaclin
calibration curve {black)

Table 2 Alkali activation mixtures based on the IR spectroscopic
determination of the clay activation index

Calcined clay sample Clay NaOHinmol Na,SiO; in mol

activation

indexin %

886 177 177

124 085 0.85

251 05 0.5

14.2 0.28 028
Clay [ 953 19 19
Clay F 644 1.29 129
Clay G 202 04 04
ClayH 43 0.09 009
Ref. pure melakaolin 100 2 2

All mixtures consisted of 450 g calcined clay, 1350 g CEN-sand and the
calculated activator amount

in good mortar quality after the alkali activation. The
stoichiometry of the different components was based
on Davidovits’ studies, in which 1 mol of metakaolin,
2 mol of water glass and in total 2 mol of base were
used (Davidovits, 1994). The previously defined clay
activation index (Fig. 6) can now be utilised to calculate
the required activator dosage (‘lable 2). In this context
waler glass as well as the aqueous base were both con-
sidered as activators, since the addition of base without
water glass to the calcined clay only leads to the forma-
tion of a crystalline material (zeolite) (Christophliemk,
1989). In case of a lower clay activation index, the
clay demands a smaller amount of activator solution,
because the amount of reactive centres responsible for
forming geopolymer precursors is lower. The reference
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mixture with a pure metakaolin (MetaMax®) consumes
the highest amount of activators during the chemical
reaction,

For the examination of the geopolymer binder speci-
mens, which were oblained by the alkali activalion
described before, the compressive and flexural tensile
strength was measured (Fig. 7).

These investigations have shown, that almost all speci-
mens hardened without any special treatment (heat, etc.),
which was not observed when random mixtures of cal-
cined clay, activators (water glass, base) and sand were
used. This already shows the success of this IR spectro-
scopic method for the evaluation of the necessary activa-
tor content for the alkali activation. Only clay H did not
harden and conscquently no compressive and flexural
tensile strength measurements could be carried oul.

As expecled, the reference material MetaMax®, with
the highest clay activation index, has shown the highest
compressive strength among all clay materials. The com-
pressive strengths then decrease with decreasing clay
activation index from clay F to clay G. Therefore, the clay
activation index is not only a great tool to estimate the
suitability of common clays for the alkali activation, but it
also gives clear information about the mixing design for
the alkali activation procedure. Only in the case of clay
D a slight inconsistency can be witnessed, since clay D
shows a little higher compressive strength than clay G,
despite the lower clay activation index. 'Lhis points oul,
that not only chemical processes, like the alkali activation
process, are responsible for the mortar performances but
also physical effects, such as the grain size or the poros-
ity, influence the material characteristics.

‘Lhe obtained results were also verified via SEM imag-
ing. Clays with a high activation index, and a therewith-
associated high compressive strength, such as clay E,
show a well-structured binder surface, whereas samples
with a lower clay activation index, such as clay D, exhibit
a more inhomogeneous microstructure that leads to a
fragile connection between the particles.

4 Conclusions

‘Lhe current study has shown a linear correlation between
the surface area of the ATR-IR OH stretching band in
kaolinite mixtures, and the kaolinite content using the
developed ATR-IR setup. Based on this correlation and
a subsequent calibration, the clay activation index, which
gives insights into the amount of reactive components
after the calcination process, of various common clays
was determined. This allowed the calculation of the acti-
vator (water glass and base) amount required during the
alkali activation of the calcined clay based on Davidovits’
proposed geopolymer formation. ‘Lhis completely novel
approach simplifies the alkali activation of clay material
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enormously and provides a straightforward access to a
variety of geopolymer binders without the need of pre-
liminary empirical and often iterative testing of the nec-
essary activator amount. Tests of the compressive as well
as the flexural tensile strength have underlined the stabil-
ity of the geopolymer binders after the activation process
and therefore shown the success and the wide applicabil-
ity of this method.
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Calcium oxide

The application of calcite rich common clays has marked impact on the formation of alkali-activated binders.
Experiments have shown that the carbonate decomposition can be well controlled via the caleination procedure,
whereby the majority of the decomposition and the subsequent CO; release occurs above the calcination tem-
perature of 750 °C. The decarbonation of the calcite can mostly be separated from the dehydroxylation of the
layered silicates. Depending on the composition of the raw clay material, the CaC0O; decomposition leads either to

the formation of lime or other Ca rich minerals. The mechanical properties of the alkali-activated binders were
investigated and despite the very low amounts of layered silicates of the clay raw materials and the high content
of unreactive minerals, compressive strengths of above 20 MPa of the mortars could be obtained. The presence of
lime in caleined clays up to an adequate amount has a positive effect on post-solidification and the carbonation

resistance of the mortars.

1. Introduction

Recently, geopolymer (GP) and alkali-activated binders (AAB) have
attracted a great deal of attention in research as alternative to conven-
tional binding materials [1]. In contrast to the state-of-the-art construc-
tion material cement, the CO; footprint can be tremendously reduced
through the application of such alternative binders in the field of civil
engineering.

Both geopolymers and alkali-activated binders can be obtained from
condensation reactions of Si and Al-rich precursors in the presence of a
base. This process is also referred to as alkali activation. The transition
from a geopolymer to an alkali-activated binder depends strongly on the
soluble Ca content of the raw material, since this is crucial for the for-
mation of different amorphous phases, such as N-A-§-H (low Ca content),
C-A-S-H, C-(N)-A-S-H, and C-8-H(I) (very high Ca and low Al content)
[2]. The nature of these amorphous phases is very complex and key to
ongoing studies [3]. In general, GPs are considered as Ca-poor AABs with
a high Al and Si content and whereas products resulting from fly ash with
more than 7 wt% of CaO (according ASTM C618, type F) or 10 wt% CaO
(according to EN 450-1), respectively, are classified as AAB, a lower
calcium content is thought to result in the formation of a geopolymer.
Further classification criteria are based on the Ca content within the

* Corresponding author.
E-mail address: frank.dehn@kit.edu (F. Dehn).

https://doi.org/10.1016/j.0ceram.2021.100152

crystallographic structure of the reaction products (<20 wt% CaO —
geopolymer [4]) or the performance of the concretes/mortars (<10 wt%
CaQ — geopolymer [5,6]).

For the production of alkali-activated binders, usually industrial by-
products, such as fly ash (FA) and ground-granulated blast-furnace slag
(GGBS), have been used. The expleitation of these industrial by-products
for the production of construction materials has been emphasised
recently, especially with respect to a circular economy [7]. However, the
availability of fly ash and slag in the European area is limited. This is
mainly due to the continuous decrease of coal production and mining in
the context of the energy revolution and the use of sustainable energy
resources. In addition, the amount of ground-granulated blast-furnace
slag lag from iron production cannot cover the global demand for mineral
binders.

For these reasons, common clays have been investigated as precursors
for the production of alkali-activated binders and as substitute in con-
ventional cementitious systems with the ultimate aim of decreasing the
amount of required cement clinker [8]. The term common clays is
referring to structural clay products, which are fine grained and typically
exhibit plastic behaviour when exposed to water [9] The main benefit of
using common clays as precursors for alternative binders is the great
availability since clay deposits are distributed widely around the globe. A
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further advantage of using clays for the GP production, are the moderate
temperatures in the range of 700 °C-850 °C, which are required for the
caleination. Consequently, only HoQ is released by the decomposing of
the clay minerals and no COs is formed as by product during the thermal
treatment. The calcium-poor geopolymer binders, resulting from the al-
kali activation of these calcined clays, are very different from conven-
tional cementitious systems in terms of their mineralogical properties
and their microstructure. The very high thermal stability, the resistance
towards acids [10-14] and the good mechanical performance [2,15,16]
are particularly worth mentioning here.

Despite these advantages, the consumption of NaOH and the
therewith-associated rapid decrease of pH of the binder during the
condensation reaction is challenging since the basicity of binders is one
of the most important material parameters in concrete technology. To
protect the steel reinforcement of corrosion processes, a constant pH
value above 11 is required to maintain the durability of the structure.

In ordinary Portland cements, the basicity results from the hydration
product portlandite (Ca{OH),). The formation of Ca(OH), in the micro-
structure of the cement will automatically stabilise the pH value at a
constant level above 13 [17,18]. However, since during the hardening
process of alkali-activated binders no portlandite is formed and the
generation of sodium carbonates from sodium hydroxide through the
presence of CO, in the air takes place [19], the basicity of the binder is
reduced [20]. The consumption of NaOH and the thereof resulting
reduction in the pH value influences in the corrosion of steel reinforce-
ment [21-23].

As part of this study, calcite rich common clays were investigated as
precursors for alkali-activated binders. Earlier studies focused almost
exclusively on the utilisation of kaolin-rich deposits, which contain only
very low amounts of calcium carbonate [24]. However, since carbonates,
such as calcite and dolomite, are often geologically associated with
layered silicates, the investigation of calcite rich common clays to pro-
duce AABs seems logical. Spurred by this, the author's attention in this
area has turned towards the exploration of calcite rich common clays and
their alkali activation. To investigate the influence of calcite on the alkali
activation, the calcination temperature has been varied and the forma-
tion of Ca0 and the impact on the AAB properties have been explored. In
that sense, the mechanical properties, such as the compressive and tensile
strengths, of specimens made of alkali-activated common clays, have
been measured. The investigation on calcium carbonate bearing clays for
alkali-activation leads us to the grey area between the calcium-free
geopolymers and calcium-rich alkali-activated binders and all because of
the low solubility of the calcium carbonate and the high reactivity of
lime.

In addition, the carbonation resistance has been looked at in detail,
since through the formation of CaO from CaCOjg, an internal buffer is
formed, which can react with the COy from the air and consequently
counteracts the-afore mentioned reduction in pH value.

2. Materials and methods
2.1. Raw materials

As partof this study two naturally occurring common clays were used,
namely one clay from the Rhine Graben (Clay1) and one from a clay pit in
ceniral Germany (Clay2), both clays are secondary clay deposits. As a
reference material {denoted as Refclay), a kaolin with a high purity of
kaolinite from Hampshire UK mixed with 25 wt% CaCOg was utilised.
For the reference materials pulverised CaCO3 with a purity of >98.5%
and a grainsize dsp of 1 pm as well as pulverised Ca{OH), with a purity >
96% were selected (Carl Roth GmbH & Co.KG, Karlsruhe, Germany). All
materials were milled and sieved to a grainsize below 90 pm and the
particle sizes were determined by a particle size Analyser CILAS 1064
(LG), (3p instruments, Odelzhausen, Germany). The mineral composition
of the two common clays was determined via powder X-ray diffraction
{XRD) and X-ray fluorescence (XRF) analyses (Table 1 and Table 2).
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As activators, a saturated NaOH solution with a concentration of
19.05 mol/L (50 wt%) and sodium silica solution Betol39T were blended.
The applied water glass is based on a solution of sodium silicate with a
solute concentration of 34.5 wt% and a molar ratio of SiO, and NayO of
3.4 {Woellner, Ludwigshafen, Germany).

2.2, Analytical technigues

2.2.1. Powder X-ray diffraction (XRD}

For the powder X-ray diffraction analysis a D8 Advance diffractom-
eter (Bruker GmbH Karlsruhe, Germany) with a Lynxeye Detector {5°
opening angle) was used. Experiments were carried out with Copper Ko
radiation in a 26 area between 5 and 70° in steps by 0.02° with a scanning
time of 0.2 s. The quantitative analysis was carried out with the software
profFEX Version 4.1.0, by using an internal standard of 10 wt% corundum.

2.2.2. X-ray fluorescence (XRF}

The elementary composition was determined using a S4 Explorer for
the raw clay and the surface of the AAB specimens investigated by a M4
Tornado (Bruker GmbH Karlsruhe, Germany) using energy dispersive X-
ray fluorescence (XRF) spectrometer.

2.2.3. Simultaneous thermal enalysis (STA}

About 100 mg of the raw materials were heated up to 1000 °C with a
heating rate of 10 K/min under nitrogen atmosphere in corundum cru-
cible, using a STA 409 apparatus (Netzsch, Selb, Germany).

2.2.4. Simultaneous thermal analysis (STA) coupled Mass spectrometry
(MS}

About 100 mg of the raw materials were heated up to 1000 °C with a
heating rate of 10 K/min under nitrogen {50 mL/min)/synthetic air (25
mL/min) atmosphere {(Jupiter 449, Netzsch, Selb, Germany). The
coupled mass spectrometer was a Quadrupol 409 {Aeolos, Netzsch, Selb,
Deutschland).

2.3. Celcination

100 g of each clay were calcined at different temperatures in a lab-
oratory muffle furnace (Heraeus Instruments, Hanau, Germany). Based
on the STA results, one of the following temperatures 650, 700, 750, 800
and 850 °C was selected. These temperatures are based on the decom-
position of the carbonate species and crystallisation of lime or calcium
silicates in the clays. The clays were analysed quantitatively and quali-
tatively via powder XRD after the thermal treatment. After the calcina-
tion, the clays were milled with a vibrating mill to destroy the small
aggregates that were formed.

Table 1

Proportions (wt.%) of the mineral phases within the common clays and the
references clay obtained from powder XRD analysis and particle size from laser
grantlometric measurements.

Clayl Clay2 central Germany Kaolin

Rhine Graben Hampshire UK
Calcite 254 +£05 27.5+ 05 0
Dolomite 49+05 0 0
Quartz 213 +£05 26,5105 3.2+0.5
K-feldspar 25+08 0 0
Plagioclase 53404 3.8+ 0.8 0
Kaolinite 87+1 145+1 945+ 1
Muscovite/Ilite 166 +£1 15.0+ 05 22405
Smectite 6.7+£04 10.0 0
Microcline 1.7+£05 0 0
Chlorite 4.8+ 0.6 2.5+05 0
Hematite 0 1.8+ 0.5 0
Particle size
d(0,5)% < [wm] 8.5 27.8 9.4
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Table 2

Elemental compositions of the raw materials determined by XRF analysis. LOI  loss of ignition.
Constituents 50, Al,0z Ca0 Fe,03 MgO Nap0 K0 LOI
Clayl 44.5 115 14.4 4.7 3.1 0.7 2.1 18.0
Clay2 45.3 175 15.7 8.1 0.2 1.5 0.8 12.5
Kaolin 44.3 42.9 01 0.7 0.1 0.3 0.1 10.5

2.4. Determination of the lime content

The soluble calcium content was determined by the following pro-
cedure developed by Franke [25]. Therefore, 50 g of the calcined clay
samples were taken and completely sieved to 0.063 pm. Weighted with
the accuracy of 0.001 g, 1.0 g of the sieved sample was mixed with 12 mL
of ethyl acetoacetate and 80 mL of 2-butanole. The mixture was heated
under reflux for 3 h and subsequently filtered. The precipitate was
washed with 2-propanole and the washing liquid was combined with the
mother liquor. To this clear solution, the indicator (TYP) was added, and
the solution was titrated with 0.1 M HCl until a colour change from
colourless to yellow occurred. This titration was carried out twice.

2.5. Alkali activation

After the calcination, the clays were mixed with the alkali activator
solution and sand. The resulting mortars were then cased based on DIN
EN 196-1 [26]. Hereby, two different sample sizes were cased 2*2*8 cm
and 4*4*16 cm. For a better workability, the powder grain content of the
used CEN standard sand was removed by sieving <125 ym. The mix ratio
is shown in Table 3.

The development of the formulation started from the theoretical hy-
pothesis given from Davidovits [27] for the optimal proportion for a
geopolymer network. From the former research done on zeolite materials
is known that the most stable ratio of silicon to aluminium is 3 to 1
because of the fourfold bonding of Al as energetic unstable coordination
sphere. Considering this aspects and calculating with pure metakaolin as
precursor, a theoretical optimal proportion of precursor to sodium sili-
cate and sodium hydroxide can be achieved estimating a complete re-
action. On the other hand, the practical realization is often difficult due
to the different water demand of each calcined clay and the actually
reactive amount of metaclay after the calcination process. Several
different mixing designs were investigated always with the aim to
minimise the activator amount with regard to environmental aspects.
The chosen formulation was free of shrinkage cracks, showed good
setting time and the specimens did not show efflorescence on the surface.
However, a certain amount of activator had to be added to achieve an
adequate workability for constructional applications which was deter-
mined via the slump test.

The portlandite containing metakaolin mortar “Ca{OH), Metakaolin
Mortar” was cased with the same mix design from the calcined kaolin
clay from the UK (Kaolin). There for 10 wt% of the metakaolin was
replaced by portlandite Ca{OH)s.

2.6, Determination of the physical properties

Like in DIN EN 196-1 [26] described, the fresh mortars were tested

Table 3
Alkali activation procedure.
Mortar Alumosilicate precursor  Activator solution CEN
cale. clay (750 °C; 850 Betol39T + NaOH (50 wi%s) standard
°C) sand
125 pm 2
mm
Mix 450 ¢ 450 g Betol39T, 225g NaOH 1350 g

ratio (162 g sodium silicate, 112.5

¢ NaOH, 400.5 g H,0)

for their slump, density and solidification time based on DIN EN
196-3:2017-03 [28]. All three clays show a comparable water demand,
so that the water binder ratio of 1:1 led to a stiff fresh mortar with a
resulting slump test around 15-20 cm. All samples were demoulded 24h
after casting and stored wrapped in foil at 65% relative humidity and 20
°C until further tests were carried out. The compressive and flexural
strengths were measured 7 and 28 days after casting on a ToniPRAX
testing station Model 2031 (Toni Technik, Germany).

2.7. pH value

The hardened mortars were ground and powdered. 5 g of this powder
<90 um, were suspended in 50 mL distilled water and the pH value of this
suspension was measured with a pH electrode.

2.8. Carbonation tests

Based on EN 13295:2004[29], a accelerated carbonation testing was
performed on 4*4*16 cm mortar pricks after 7 days of curing wrapped in
foil at 65% relative humidity (RH) and 20 °C. The specimens were
transferred to a carbonation cabinet, with an atmosphere of 2% CO; at-
mosphere and 65% RH. After a certain time of CO, exposure, the depths
of carbonation were determined by cracking the specimens and spraying
a 1% phenolphthalein solution on the freshly broken surface. After 60 s,
the carbonation depth was measured on four sides of the specimens and
an average value was calculated. Hereby it became obvious, that the
carbonation depth was not dependent on the determination time. Similar
observations were already reported by Gluth et al. [1].

3. Results and discussion
3.1. Characterisation of the raw materials

The two clays and the reference material were analysed by simulta-
neous thermal analysis (STA, Fig. 1). During the STA experiments,
different phase transitions were observed. At around 100 °C the loss of
water bound in the materials can be observed. All three clays showed a
dehydroxylation of the clay minerals, especially the dehydroxylation of
kaolinite, around 520 °C. However, differential scanning calorimetry
{DSC) and the thermogravimetric analysis (TG) of this decomposition
process are overlapping with the dehydroxylation of the minerals. The
CO», formed by the decomposition of dolomite, could be detected start-
ing at 700 °C by STA coupled to a mass spectrometer {see supporting
information) [30]. PFurther, mass losses starting at around 700 °C
occurred, which result from the decomposition of the dolomite and
calcite in the raw materials. At temperatures above 850 °C, all carbonates
were decomposed. Afterwards no further mass losses could be observed
by TG. However, for Clayl and Clay2 the formarion of a high temperature
phase could be observed at 902 °C via differential scanning calorimetry
and for the reference clay the formation of spinel phase at high tem-
peratures consisting of Si and Al could be witessed at 994 °C.

To gain further insight into the before described phase transitions, the
clays were calcined at different temperatures (650, 700, 750, 800, 850,
950 °C) and the resulting materials were analysed via powder X-ray
diffraction (Fig. 2). Clayl consists of a broad range of minerals and the
calcination at 650 °C results in the disappearance of kaolinite and
dolomite. Nevertheless, still a strong reflex, which can be attributed to
calcite, can be observed. When Clayl is calcined at higher temperatures,
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Fig. 1. STA measurements of the three investigated clays heated from room
temperature to 1000 “C; Sample weight 100 mg, atmosphere 75 ml/min Nj.

the intensity of the calcite reflex is decreased, however, only very little
recrystallisation of calcite to lime does occur even at a calcination tem-
perature of 850 “C. With Rietveld analysis only a lime content of 2 wt%
could be determined. 'he calcium oxide within the clay (14.4 wt% in the
raw material) forms most likely an insoluble amorphous phase during the
thermal treatment, which is not detectable via powder X-ray diffraction.

Clay1

Intensity [a.u.]

80

°20 (CuKa)

Otz Quartz; Cal Calcite; L Lime; Kin Kaolinite; Gh Gehlenite; Wo Wollastonite; Dol Dolomite; Per Periclase

Fig. 2. Powder X-ray diffractograms of the two clays and the reference material,
which were calcined at different temperatures (RT, 650, 750, 850, 950 °C).
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This is confirmed by the fact, that when Clay1 is calcined at temperatures
above 902 °C, different calcium minerals, such as Gehlenite (Ca,Al
[AlSiO7]) and Wollastonite (CaSi0O3) can be observed. The transition of
the Calcite to Gehlenite and Wollastonite via an amorphous transition
state is favoured over the formation of crystalline lime. In addition, the
variation of the calcination duration could not change the outcome of the
powder diffraction experiments.

In the case of Clay2, the decomposition of calcite starting at 750 “C
leads mainly to the formation of lime 10 wt% (15.7 wt% in the raw
material). However, again not the whole amount of calcite is converted
into lime. At 850 °C gehlenite and wollastonite can already be observed,
which shows that not all the calcium is bound in the form of crystalline
lime after the calcination. At higher temperatures above 950 °C the lime
reacts further with the aluminosilicate to form more gehlenite.

For the reference clay, kaolinite is decomposing when the material is
calcined at temperatures in the range of 650-750 “C. At a calcination
temperature of 850 “C the complete decomposition of calcite to lime can
be observed. When the Refclay is heated up further to 950 °C, the lime
and the amorphous metakaolin forms gehlenite (CapAl[AlSiO7]). Also,
small reflexes belonging to wollastonite (CaSiQ3) can be detected.

The information gathered by powder XRD is underlined by the
measurement of soluble free calcium in the calcined clays according to
the method described by Franke [25]. The results are depicted in Fig. 3. 1t
becomes obvious, that the soluble content of calcium follows different
trends for the three clays. Whereas for Clayl with 14.4 wt% CaO in the
raw material only 1.7 wt% calcium oxide is soluble after the complete
decarbonation of the calcite, in Clay2 9.3 wt% out of 15.7 wt% in the at
850 “C calcined material are soluble. In the case of the reference clay,
consisting of 14 wit% CaQ in the raw material, a soluble CaO content of
13.6 wt% was determined,

3.2, Exploration of the mortars

Alkali activations of the calcined common clays and the reference
kaolin were carried out to obtain mortars prisms. Hereby it has to be
mentioned that CaQ is quite reactive and reacts with water to form
Ca(OII), with an exothermic reaction enthalpy of 65 kl/mol. This high
exothermic heat release may influence hardening process and leads to
changes in the mechanical strength development. The compressive
strengths of these specimens were analysed depending on the calcination
temperature of the clays 28 days after casting (Fig. 4). All three mortars
show an enhancement of the compressive strength until a calcination

14 4 [FZ77 Clay1 (total CaO 14.4 wt.%)
1 B Clay2 (total CaO 15.7 wt.%)
12 4 |l Refclay (total CaO 14.1 wt.%)
= 10
.
c
(=}
o 5
[0}
E 1
= 4]
2 -

650

700 750 800
Calcination temperatures [°C]

850

Fig. 3. Calcium oxide content depending on the calcination temperatures. The
soluble Ca0 content was determined according to Franke et al. [25].
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Fig. 4. Compressive strengths of the two alkali activated clays and the alkali
activated reference clays depending on the calcination temperature. Strengths
were measured 28 days after casting.

temperature of 750 “C. Hereby a maximum compressive strength of 65.3
MPa could be obtained for Refclay, whereas compressive strengths of
28.6 MPa for Clay1 and 23.4 MPa for Clay2 were measured. The reason
for the lower compressive strengths of the clays, in comparison with the
reference clay, is the lower amount of reactive layer silicates, which can
be calcined and converted into the strength giving N-A-S-H phases.
Whereas the reference clay contains 94.5 wt% kaolinite, Clay1 consists of
8.9 wt% and Clay2 14.5 wt% kaolinite. When the clays are calcined at
temperatures above 750 °C a tremendous decrease of compressive
strength can be witnessed. For that reason, the optimal calcination
temperature for the investigated clays was chosen to be 750 “C. At this
temperature, that COz release is quite low and the mechanical properties
are optimal considering a constructional application.

Comparable calcite-free clays show usually a very similar increase of
the compressive strength up to calcination temperatures of 750 °C.
However, such calcite-free clays do not exhibit a significant loss in
compressive strengths in temperature ranges between 750 °C and 900 °C.
Only when calcination temperatures above 900 “C are applied, a decrease
in compressive strength is observed for calcite-free clays, due to the
formation of unreactive spinels formed from the metaclay minerals [31].
The observed loss of compressive strength up to 50% is therefore a direct
consequence of the presence of high calcium contents, since Ca species
influence the hardening process of the binder paste.

Based on the results of the compressive strengths in dependence of the
calcination temperature, only clays calcined at 750 “C and 850 “C were
considered for further testing.

During the casting of the specimens, also the properties of the fresh
mortar properties were explored. There was a major change in work-
ability and the solidification time observed depending on the calcination
temperature of the clays.

With constant activator/clay ratio for the alkali activation, the
waorkability of the mortars is clearly increased for all three clays when the
calcination temperature is enhanced. This is based on the fact, that the
particle size is enhanced with increasing calcination temperature, as laser
granulometric measurements have shown (Table 4). This leads to a
reduced water consumption and consequently to a higher flow spread of
the fresh mortars. As shown in Table 4, the slump test results of all three
materials were significantly increased.

Especially for the mortar cased from Clayl calcined at 850 °C, an
inhomogeneous solidification was observed, whereby the softer binder
covers solidified areas. This inhomogeneous solidification also leads to a
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high standard deviation of the obtained compressive strengths (Fig. 6).

To study the inhomogeneous solidification further, the mortars casted
of Clayl were analysed in more detail by powder X-ray diffraction and
micro x-ray fluorescence. Thereby it could be shown, that two phases
were formed with very different crystallographic and mechanical prop-
erties (Fig. 5). In the hard areas crystalline sodium silicate hydrate
(Na3S8iO3 x Hz0) crystallised (Fig. 6). This observation can most likely be
attributed to the fact that the activator solution of Betol39T does not
react with the amorphous clay minerals to form N-A-S-H or C-A-S-H
phases, but directly crystallises and forms Na8iO3. This leads to a local
inhomogeneous distribution of aluminium and calcium as shown in
Fig. 5.

The compressive strength development over the first 28 days (Fig. 7)
shows that there is a significant post solidification from 7 days to 28 days.
Such a development is typical for cementitious systems or slag based
AABs, since a reaction is occurring through which strengthening crys-
talline phases, such as calcium silicate hydrate (CSH) phases, are formed.
Also in the case of the calcite containing clays, the post solidification
could be due to the formation of CSH phases. This assumption is sup-
ported by the appearance of the typical reflex of CSH phases in the XRD of
the reference clay after six days (Fig. 9). In contrast, for alkali-activated
calcite free clays, which form N-A-S-H phases, usually no major post
solidification can be observed over time (see Fig. 7).

3.3. Lime consumption

The solidified binder paste was analysed by powder XRD 7 days after
casting (Fig. 8). These investigations show that the calcite stays un-
touched by the activation process. In addition, a lot of other minerals
such as Quartz, Albite, Hematite and Muscovite show an inert behaviour.
The binder paste of Clay2 calcined at 850 °C shows no Ca species in
crystalline form, such as lime. This finding points towards the fact, that
Ca is taking part in the alkali activation reaction and is consumed during
this reaction.

A similar behaviour can also be observed for the alkali-activated
reference clay (Fig. 9). Again, CaO in the binder is consumed over the
time and Ca species are implemented into amorphous networks. Further,
the beginning formation of calcium silicate hydrate phases can be
observed.

3.4. Carbonation resistance

Since measurements of the pH values of the ground mortars have
shown higher values than expected (Fig. 10), the question arose whether
the CaO within the mortar can protect the specimen from carbonation,
similar to the role of Ca(OH)z in concrete systems.

As it is shown in Fig. 9, the pH value inside the mortars is decreased
over time. Starting from 14, due to the pure NaOH used for the activation,
the pH value is reduced to 10.8 after 90 days for a calcium free meta-
kaolin mortar. In contrast, the investigated calcite containing clays show
a higher pH value after 90 days, which was found to be between 12 and
13. Based on these results, accelerated carbonation experiments were
carried out (Fig. 10).

For comparison, a reference mortar consisting of pure metakaolin
without any calcium content was also investigated, named further as

Table 4
Particle size, slump test and hardening time for 750 *C and 850 °C alkali acti-
vated caleined clays.

Particle size d(0.5)% <

Slump test [em]

Solidification time

[pm] 750 °C — 850 [hl

750 °C — 850 °C °C 750 °C = 850 °C
Clayl_aa 105 — 135 15,5 = 20 5-2
Clay2_aa 305 — 35.4 17 = 21.5 615
Refclayaa 9.4 —121 15.5 =195 4,5 =25
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"Metakaolin Mortar". It becomes obvious that the carbonation depths of
the clays significantly differ from the Ca-free mortar. The carbonation
depth was measured by spraying phenolphthalein on the fresh broken
cross-section of the specimens. After 90 days the calcium free system
shows a carbonation depth of 9.5 mm. In comparison, the three investi-
gated clays show a carbonation depth between 4.8 and 7.2 mm. 'That
underlines that the attack of CO, on the specimen is occurring much
slower due to an enhanced OH™ content in the pore solution.

3.5. Replacement of lime by portlandite

Based on the before described results, two CaO-free mortars were
casted, since very high CaO contents were found to have a negative
impact on the solidification time and the compressive strength. More
precisely, a standard metakaolin mortar, referred to as “Metakaolin

. Clay1_aa
50 850°C B Clay2_aa
Il Refclay_aa

750 °C

Time [days]

Fig. 7. Post-solidification of the mortar specimens between 7 and 28 days
after casting.

Mortar” and a metakaolin mortar mixed with Ca(OH),, denoted as
“Ca(OIT); Metakaolin Mortar™, were utilised for the investigations. The
intention was hereby to implement an alternative Ca-source beside CaO,
which does not react that exothermically with water and is therefore
thought to be a more unreactive Ca species in the context of this study.

The Ca(OH)2 Metakaolin Mortar was casted replacing 10 wt% of the
metakaolin binder by Ca(OH),. The resulting specimens reached to a
compressive strength of 61.3 MPa (Metakaolin Mortar) and 60.7 MPa
(Ca(OH); Metakaolin mortar). The fresh mortar properties were similar.
The investigation of the mechanical properties have shown that the
Ca(OI1); does not have a negative impact on solidification time and the
mechanical properties, as seen before for the CaO containing clays. Also,
the accelerated carbonation tests of the Ca(OH), Metakaolin Mortar
show a very high carbonation resistance. Again, as seen before for the
calcite containing clays, the soluble Ca is consumed after the alkali
activation and most likely imbedded in amorphous Al and Si containing
phases. 24 h after casting the XRD investigation show that the crystalline
portlandite hast been completely dissolved. The Results of the acceler-
ated carbonation tests are shown in Fig. 11, the admixture of Ca(OH)y
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Open Ceramics 7 (2021) 100152

—=a— Metakaolin Mortar
¢ Ca(OH), Metakaolin Mortar

-
o
|

Carbonation depth [mm]

0 T T T T T T T T T

10 20 30 40 50 60 70 80 90
Time [days]

Fig. 11. Carbonation depth of Ca(OH), tuned metakaolin mortar. The pictures
in the graph show the freshly broken cross scctions sprayed with
phenolphthalein.

leads to a 3 times higher carbonation resistant compared to the Ca free
systern. The results show that after 90 days the carbonation depth of the
Ca free Metakaolin Mortar is 9.5 mm while the tuned Mortar shows a
carbonation depth of 2.8 mm. After 270 days the Ca free specimens are
completely carbonated while the tuned Ca(OH); Metakaolin Mortar
show a carbonation depth of 14 mm.

One observation made on all alkali-activated specimens was that the
casting side of the beams always shows a much lower carbonation depth
than the sides that were in the mould while casting. The surface of the
specimens, that has contact to air while setting, scems to be much denser
than the other sides this lowers the diffusion rate of COg in to the spec-
imen. These observations have to be further investigated in the different
scientific setup.

4. Conclusions

Calcium-rich common clay deposits have gained more and more
attention recently in the ficld of construction materials, due to the
frequent occurrence of such clay deposits. In this context, also the uti-
lisation of calcium rich common clays as precursors for the alkali acti-
vation and formation of alternative binders has been considered.

In this work, the authors investigated the influence of calcium com-
pounds on the properties of the alkali-activated binders. Hereby, it could
be shown that, if calcium was present in the form of calcite, the two
investigated common clays showed expected mechanical properties after
calcination and alkali activation. However, if calcite decomposition oc-
curs during the thermal treatment, the properties of the alkali-activated
binders are altered tremendously. Although the calcination of Clayl
and Clay2 leads to calcite decomposition, different reaction products are
observed. Whereas Clay1 forms an amorphous Ca-rich transition phase,
the thermal treatment of Clay2 leads to the formation of crystalline lime.
The formation of lime has an enormous impact on the mechanical
properties, such as the setting behaviour and the workability of the
mortars. With very large lime amounts, undesired damage processes can
be observed, such as the crystallisation of sodium silicate, which leads to
an inhomogeneous solidification of the binder. Ultimately, this males the
binder not suitable for any application as construction material. How-
ever, lime in adequate amounts leads to an increase in basicity and
consequently an enhancement of carbonation resistance, which is bene-
ficial for the application of such binders in steel reinforced components.
Combined whit the high acid resistance that alkali activated systems
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naturally show an application in agriculture buildings could be an
interesting place of use.

As part of this work, the authors could show that the calcium car-
bonate decomposition can be well controlled via the calcination process.
It became obvious that for pure calcium carbonate, the carbonate
decomposition and the dehydroxylation of the layered silicates can be
separated via the temperature. Only for MgCa carbonates, such as dolo-
mite, the decarbonation and dehydroxylation takes place simultaneously
within a similar temperature range. Based on this, the desired amount of
lime can be adjusted via the calcination of the calcite-rich common clays
without any recrystallisation processes of the amorphous layered sili-
cates. The consideration of the free lime content is not only important for
the formation of alkali-activated binders but has also to be considered
when common clays are applied as additives in conventional cementi-
tious systems.

The mechanical properties of the alkali-activated binders were
investigated and despite the low content of layered silicates that are
reactive after caleination, and the high content of unreactive minerals
{60 wt% quartz, Illite) compressive strengths of above 20 MPa of the
mortars could be obtained. Considering the kaolin content in Clayl with
9 wt% and Clay2 with 15 wt%. We are convinced that after the addition
of additives, such as super plasticizers and retarders, and the optimisa-
tion of the activator species, compressive strengths of 32.5 MPa similar to
standard ordinary Portland cementitious systems are feasible. Such in-
vestigations are part of our ongoing studies.

The investigations have confirmed that even low amounts of free lime
lead to an increase of basicity and have therefore a positive impact of the
carbonation resistance of the mortars. Thereby, no negative effect on the
mechanical properties was observed and even a post-solidification of
50% from 7 to 28 days of the mortars were observed for the first time in
the field of alkali-activated binders based on common clays.

In ongoing studies, the mechanism of the CaCOg decomposition in
combination with different clay minerals should be clarified further,
since it can react either to form lime, as expected, or to form Ca-rich
amorphous phases, which leads to an immobilisation of the calcium.
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Abstract: Geopolymers are in many applications a perfect alternative to standard cements, especially
regarding the sustainable development of green building materials. This experimental study therefore
deals with the investigation of different factors, such as the water content and the binder to aggregate
ratio, and their influence on the workability of fresh mortar and its mechanical properties and porosity
on different size scales. Although increasing the water content improved the workability and flow
behaviour of the fresh mortar, at the same time, a reduction in compressive strength in particular
and a lesser reduction in flexural strength could be demonstrated. This finding can be attributed to
an increase in capillary porosity, as demonstrated by capillary water uptake and mercury intrusion
porosimetry measurements. At the same time, the increasing water content led to an improved
deaeration effect (low air void content) and to initial segregation (see the pXCT measurements). An
alternative approach to enhance the compressive and flexural strengths of the mortar specimens
is optimization of the binder to aggregate ratio from 1 to 0.25. This study paves the way for a
comprehensive understanding of the underlying chemistry of the geopolymerization reaction and is
crucial for the development of sustainable alternatives to cementitious systems.

Keywords: geopolymers; CO; reduction; common clays; capillary porosity; geopolymerization; alkali
activation; metakaolin

1. Introduction

According to the International Energy Agency (IEA) and the United Nations Environ-
ment Program (UNEP), the construction area contributes to more than 40% of the energy
consumption worldwide and about a third of greenhouse gas emissions [1]. In this context,
the production of concrete represents a significant environmental burden, since about 5
to 7% of anthropogenic COz emissions come from global concrete production [2]. For the
production of every ton of Portland cement about 1.5 tons of raw materials are needed,
while about one ton of CO; is released [3]. These numbers are rising every year due to
an increased demand for construction materials. The immense amounts of raw materials
needed and the high level of CO; emissions make cement production extremely resource
and energy intensive.

In order to ensure a sustainable development of the construction sector, alternatives to
conventional cementitious binders with a low carbon footprint have to be found. In this
context, geopolymers have attracted more and more attention [4]. The term geopolymer was
established by Davidovits in 1978 and refers to binder materials based on alkali-activated
alumosilicates [5,6]. Geopolymers can be obtained from a polymerization reaction of an
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alumosilicate material in the presence of an alkaline solution, such as sodium hydroxide,
sodium silicate, potassium hydroxide or potassium silicate, as an activator (Figure 1).

Alkali
activator oH X
N (Si205,A02)+ 20 Si0z+ 4nHy0 ——nx P 2n (OH)3~Si-O~AlI=0-Si-(OH)3
OH
OH Alkali
2n (OH)3~Si~0-AI=0-Si~(OH); aCt'Vai"’I 2n (Na)(—Si-O-Al-O-Si-0— ) + 4n H,0
OH o 0 o

Figure 1. Geopolymerization reaction according to Davidovits [5].

As a starting material for the production of the geopolymer metakaolin, slag or alu-
mosiliceous fly ash are commonly used [7,8]. Metakaolin is a dehydroxylated form of the
clay mineral kaolinite and its structure is based on an amorphous (non-crystalline) alumi-
nosilicate network, which can be activated by a base to form a corresponding geopolymer.
Recently, also common clays, as widely occurring and cheap resources, have been investi-
gated as raw materials for geopolymer production [9-13]. Such alternative binders based
on sustainable resources are also being referred to as “Green Concrete” [14]. In addition to
improved sustainability, these mortars/concretes have improved resistance to chemical
agents (acids, sulfates) or high temperatures due to their alumosilicate network [15-17].

Despite the fact that geopolymers have been known for almost 50 years, the geopoly-
merization reaction is not completely understood. It is a very complex reaction that depends
on many experimental factors. Consequently, a targeted mixing design to afford defined
geopolymers with predictable properties, such as workability or tensile and compressive
strengths, is challenging. To overcome this, attempts to rationalize the experimental pa-
rameters for the mixing design of metakaolin-based geopolymers, such as the sodium
silicate to sodium hydroxide ratio and the alkaline solids to metakaolin ratio, were, for
example, reported by Al-Salloum et al. Thereby, it was shown that the workabﬂity of the
fresh mortars improved with an increased sodium silicate to NaOH ratio until a certain
limit, while also the compressive strength was found to be increased [18]. In this context,
it was also shown that by using a higher NaOH concentration during the activation, the
polymerization degree within the mortar specimens could be increased [19]. The compres-
sive strength of geopolymers was also reported to be improved through the addition of
waste, such as pent abrasive powder, which was mainly composed of corundum grains [20].
Down this road, also the addition of dyes, such as bromothymol blue, cresol red, phenolph-
thalein, and methyl orange, to the geopolymer mixture has been described with the aim to
provide colored geopolymers, which are suitable for design and restoration applications.
Thereby, it was found that the fresh mortars exhibited a good workability, while there
was no significant change in the microstructural 3D network of the geopolymer mortars
observed [21].

Apart from these factors, the water content of the mixture and the associated solid
to liquid ratio is also crucial, since it not only influences the fresh mortar properties but
also the mechanical properties of the final mortar specimens [12]. Water is not only the
reaction medium in which the dissolution of the raw materials and the ions takes place
but also an integral part of the polymerization reaction itself, since it takes part in the
hydrolysis and polycondensation of Al- and Si-containing oligomers [20]. In addition,
water has a major influence on the workability of the fresh mortar. As the thickness of
the water film on the particles increases, the internal friction is reduced, which results in
increased flowability of the fresh mortar. Beside the positive effect of water in the context
of the geopolymer formation, it has been reported that the addition of water and the
associated reduction in alkalinity of the reaction system [21] can lead to a migration of
ions away from the reaction zone. Also, an excess of water might influence the chemical
equilibrium of the geopolymerization reaction according to the principle of Le Chatelier
and push the equilibrium to the side of the starting materials, which leads to a reduction in
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the polymerization rate [22]. This is complicated by the fact that the water is chemically
bound to a lesser extent in the geopolymerization process compared to common cement
hydration. This leads to the assumption that the porosity in the hardened geopolymer
mortar/concrete is more clearly influenced by the water content. Therefore, the addition of
water is a balancing act for the successful preparation of geopolymers via alkali solutions.

Although the role of water was investigated in some papers [14,20,23-25], no com-
prehensive studies using advanced analytic techniques, such as micro X-ray computer
tomography, were carried out. In this paper, we therefore studied the alkali activation
of metakaolin with the aim of finding a suitable water content and consequently an opti-
mal formulation for the geopolymerization of calcined clay to produce geopolymer-based
mortars with low porosity and high compressive as well as tensile flexural strengths. In
this context, we also examined the binder to aggregate ratio in detail using various ana-
lytic techniques, such as X-ray powder diffraction (XRD), mercury intrusion porosimetry
(MIP), and micro X-ray computer tomography (uXCT). This fundamental understand-
ing of the geopolymer chemistry and the rationalization of the factors that can influ-
ence the geopolymerization reaction is crucial for the sustainable production of green
building materials.

2. Materials and Methods
2.1. Raw Materinls

Metakaolin (Metamax®) was purchased from BASF (Ludwigshafen, Germany), while
the aqueous NaOH solution (50 wt.% NaOH) was obtained from Carl Roth GmbH & Co.
KG (Karlsruhe, Germany). A sodium silicate solution (Betol39T®) from Woellner GmbH
(Ludwigshafen, Germany) with a concentration of 34.5 wt.% and a SiO; to NayO molar
ratio of 3.4 was used. Fither quartz powder (MILLISIL W3®, Quarzwerke GmbH, Frechen,
Germany) or CEN standard sand (0.08-2 mm) according to DIN EN 196-1:2016-11 were used
as inert aggregates. The powder X-ray diffractograms of Metamax® and MILLISIL W3® are
shown in the Supplementary Material (Figures S1 and 52).

2.2. Sample Preparation

All experiments were carried out under controlled laboratory conditions at 20 °C and
50% relative humidity. The manufacture and casting of the mortar specimens was carried
out according to a modified DIN EN 196-1:2016-11 procedure [26]. Based on previous
experiments and the successful formation of suitable geopolymer mortars [11], 450 g
metakaolin powder was added to 225 g of an aqueous sodium silicate solution. While
the mixture was stirred, aqueous sodium hydroxide solution (50 wt.%, 450 g) and water
(according to the mixing designs shown in Tables 1 and 2) were added. The corresponding
molar ratios are shown in the Supplementary Material (Table 52). Subsequently, CEN
standard sand was added to the mixture while stirring. For the investigation of the
influence of the binder to aggregate ratio on the workability of the fresh mortar and
the strength of the mortar specimens, quartz powder was added as aggregate instead
of CEN standard sand. The metakaolin/quartz powder ratio was varied from 100/0 to
20/80. The resulting mortars were then cast in standard prisms (40 < 40 x 160 mm?)
for the investigation of the influence of water or prisms of 20 x 20 x 80 mm? for the
investigation of the aggregate addition. The smaller prism size of the latter enabled a timely
analysis of a large number of specimens. All samples were demolded 24 h after casting and
stored wrapped in foil. The storing of the samples took place under controlled conditions
(65% relative humidity and 20 °C) until further tests were carried out.
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Table 1. Mixing design for the geopolymers mortars. W /5 refers to the water to solid content of the
fresh lime and the mortars, to which sand was added.

Code Additional Waterin g W/S (Fresh Lime) WIS (Mortar)
GP_Ref 0 0.57 0.20
GP_50 50 0.64 022
GP_100 100 071 0.25
GP_150 150 0.78 0.27

Table 2. Mixing design for the alkali activation of metakaolin and quartz powder (in g).

Quartz Sodium 50 wt.% H;O from Sodium

Code Metakaolin b lier  Silicate NaOH  Silicate and NaOH
GP_100/0 500 0 500 250 445.0
GP_90/10 450 50 450 295 400.5
GP_80/20 400 100 400 200 356.0
GP_70/30 350 150 350 175 3115
GP_60/40 240 160 240 120 213.6
GP_50/50 200 200 200 100 178.0
GP_40/60 160 240 160 80 142.4
GP_30/70 120 280 120 60 106.8
GP_20/80 80 320 S0 40 71.2

GP_20/80 + 20 g H,O 80 320 80 40 91.2
2.3. Methods

For the powder X-ray diffraction analyses, a D8 Advance Bruker diffractometer with a
Lynxeye Detector (Bruker, Ettlingen, Germany) was used. Experiments were carried out
with Copper K« radiation in a 20 area between 5° and 70° in 0.02° steps with a scanning
time of 0.2 s. The powder X-ray diffractograms of the precursor materials (metakaolin
and quartz powder) and the mortar specimens (GP_Ref and GP_150) are shown in the
Supplementary Material (Figures 51, 52 and S7). The light microscopic determination
of the air void content was carried out on polished mortar samples with an Olympus
57X 10 microscope according to DIN EN 480-11:2005-12 [27]. The pore size distributions
of all mortar specimens (GP_Ref, GP_50, GP_100, GP_150) according to incident light
microscopy are shown in the Supplementary Material (Figure S3). A micro X-ray computer
tomograph with a directional X-ray tube FXE 225.99 (<225 kV, focal spot diameter <3 mm,
tungsten target) by YXLON International GmbH (Hamburg, Germany) and a 2D-detector
1621xN (2.048 x 2.048 pixels, Csl, pitch size 200 x 200 pmz) by PerkinElmer (Waltham, MA,
USA) were used to determine the macro pores and the grain distribution in the GP_Ref,
GP_50, GP_100, GP_150 samples (Figure 5 and Figure 6). Measurements were carried out
on drill cores of the diameter d = 6.5 mm and height h = 40 mm, which were extracted
from the mortar specimens. The macro pore distribution analysis of the experimental
data was carried out with software Image] 1.47v (National Institute of Health, Bethesda,
MD, USA) and VG Studio Max 2.0v (Volume Graphics GmbH, Hamburg, Germany) based
on [28]. For the SEM images, a LEO 1530 Gemini Carl Zeiss microscope with a secondary
electron detector was applied to investigate the polished and unpolished fragments within
the GP_Ref, GP_50, GP_100, and GP_150 samples (Figure 7). For the water absorption
measurements, a cube with an edge length of 40 mm of each sample was dried until a
mass constancy was reached (24 h, 105 °C). Afterward, the dried cubes were placed in a
vessel with 400 mL of water and weighed after 4 h and 24 h to confirm a constant mass
of the cubes, which results in a complete saturation of the mortar specimens (GP_Ref,
GP_50, GP_100, GP_150) with water to detect open pores. The results are depicted in
Figure 3, and based on these experiments, the pores filled with water can be calculated
and the water absorption dependent porosities were obtained (Table 4) according to the
following equation:
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fw = 0 4100
*

gy = porosity determined for water

mg = mass of the water saturated specimens
mg = mass of dried specimens

Pw = density of water

V = sample volume

Nitrogen adsorption measurements of GI’_Ref were carried out using a NOVA Touch
LX1 provided by Quantachrome under liquid nitrogen cooling to determine the specific
surface of the pores with a diameter between 0.35 to 400 nm (Supplementary Material,
Figures 54 and 55). For the determination of the pore size distribution of GP_Ref, GI?_50,
GP_100, and GP_150 via mercury intrusion porosimetry, a Pascal 440 device from Thermo
Fisher Scientific was used (Figure 4, Supplementary Material, Figure S6). The additional
module 140 (low pressure) could cover the pore radii between 3.6 and 100,000 nm. The
measurement was performed on fragments. The compressive and flexural strengths of all
mortar specimens, in standard prisms (40 x 40 x 160 mm?) for the investigation of the
influence of water or prisms of 20 x 20 x 80 mm? size for the investigation of the aggregate
addition, were determined seven days after their manufacture with a RT 200/10-1s device
of the company Testing Bluhm & Feuerherdt according to DIN EN 196-1:2016-11 [26]. The
applied loading rate for the determination of the compressive strength was 2400 N/s,
whereas a loading rate of 50 N/s was used for the flexural strength. The results are
depicted in Figure 9 and Figure 10 as well as in the Supplementary Material (Table S1).
The workability of the fresh mortars (GP_Ref, GP_50, GP_100, GP_150) was tested via a
flow spread test on a flow table according to DIN EN 1015-3:2007-05 [29] (Table 3). Right
after the mixing process, the fresh mortar was placed in a truncated cone (& 100 mm) on a
Héagermann flow table. After 15 hits, the spread of the fresh mortar was measured in both
directions and the average flow spread was calculated.

Table 3. Flow spread test results of the fresh mortars.

Code Flow Spreadinmm  Relative Flow Spread Consistency
GP_Ref 190 2.6 Plastic mertar
GP_50 245 5.0 Soft mortar
GP_100 275 6.6 Soft mortar
GP_150 >300 8.0 Very soft mortar

3. Results and Discussion
3.1. The Role of the Water Content in the Geopolymerization Process
3.1.1. Workability of the Fresh Mortar

In order to evaluate the workability of the fresh mortar, flow spread tests were carried
out after varying the water content of the samples. As shown in Table 3, the flow spread
increased with an enhanced water content of the geopolymer mixture. This corresponds to
an easier to handle mortar, which is beneficial for the subsequent casting process.

3.1.2. Investigation of the Porosity of Mortar Specimens

The porosity of the mortar specimens was investigated in detail using light-based
imaging methods, the examination of the water absorption, low temperature adsorption of
nitrogen, mercury intrusion porosimetry and scanning electron microscopy (Figure 2) [30].
In addition to these analytical techniques, we used micro X-ray computer tomography to
image micro-structures in three dimensions and to determine the porosity of the mortar
specimens [19]. The existence of micropores (pores < 2 nm) within the mortar specimens
was ruled out by N» adsorption measurements, as shown in the Supplementary Material
(Figures 54 and 55).
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Radiation 3
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Mercury intrusion porosimetry

Scanning electron microscopy
Fluid Incident light microscopy

Micro X-ray computed tomography
Figure 2, Relevant pore sizes and appropriate analytical methods for their determination.

The porosity of the mortar specimens was determined from the water absorption.
During these experiments, the mass difference between dried mortar specimens and mortar
specimens that were submerged in water was determined (Figure 3).

40+

35 _ T.—" o ,.,,..,.,_,

30 T

T T T T
GP_Ref GP_50 GP_100 GP_150

= Masslostat 105°C  + Mass increase saturated +  Porosity|

Figure 3. Determination of the water absorption and the porosity via drying and water uptake; mass
loss at 105 “C to mass constancy (black); mass increase saturated (red); and calculated porosity (blue).

During the drying process, an almost lincar mass loss of about 0.9% is witnessed with
increasing water content of the geopolymer mixtures. After the drying process, fine cracks
can be observed within the mortar specimens, which can be attributed to the shrinkage
of the material and the different expansion coefficients of the various components. For
the water uptake, again, an almost linear increase with increasing water content of the
geopolymer mixture can be witnessed. The maximum difference amounts to 7.4% and is
therefore about 10 times higher than the mass loss detected during the drying process.

Based on these experiments, the volume of the pores filled with water can be calculated
and porosities between 24.05% and 35.8% were obtained. As it becomes obvious from
Table 4, the porosity increased with increasing water content of the geopeolymer mixture.
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Table 4. Porosity determined via the investigation of the water absorption measurements.

Code Porosity by Water Absorption in %
GP_Ref 2405 +1.2
GP_50 265423
GP_100 337 +£11
GP_150 371+£18

The meso- and macropores of the mortar specimens were analyzed by mercury intru-
sion porosimetry. The cumulative pore volume, the average pore diameter and the specific
surface area obtained from mercury intrusion porosimetry are depicted in Figure 4. For
these calculations based on the Washburn-equation [31], 3.050 nm was selected as the upper
threshold (Supplementary Material, Figure 56).

Cumulative pore volume 1 Average pore diameter - Specific surface area

0.24

0.151 304 30+
2 o
£ 04 E 204 20
o

0.05 10 10

0 A 0!
GP_Ref GP_50 GP_100 GP_150 GP_Ref GP_50 GP_100 GP_150 GP_Ref GP_50 GP_100 GP_150

Figure 4. Results of the mercury intrusion porosimetry. Pore volumes are presented in cm®/g of
geopolymer with an error of +0.008 cm?, according to [32].

The cumulative pore volumes (Figure 4) and the resulting porosities (Table 5) show an
almost linear increase with increasing water content. In cases of the average pore diameter,
again, an increase can be witnessed when the water content in the geopolymer mixture
is enhanced. While an enhancement of the average pore diameter with increasing water
content was witnessed, the specific surface area decreased.

Table 5. Porosities of the mortar specimens determined via mercury intrusion porosimetry.

Porosity in % Cumulative Pore Average Pore
Volume in cm®/g Diameter in nm
GP_Ref 24.2 0.128 13.0
GP_50 23.0 0.120 18.2
GP_100 268 0.146 22.9
GP_150 315 0.184 32.8

To gain structural information regarding the porosity in the size range of macro pores
like air voids (€ 0.020-10 mm), micro X-ray computer tomography (uXCT) measurements of
the mortar specimens were carried out. Also, uXCT gives information about the distribution
of the aggregated particles. With the used measurement setup, a resolution of 10 um was
achieved. The results of the uXCT of the drill cores for all mortar specimens are depicted in
Figure 5.
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Figure 5. Pore and grain distribution through the cores of the mortar sample prisms obtained via
puXCT measurements. The length of 0 mm corresponds to the bottom of the mortar sample prisms.

These results show that in the reference geopolymer mortar and in the mortars to
which 50 g and 100 g of water were added, the grain fraction stays constant over the whole
length of the drill core, [Towever, the spatially resolved analysis of the drill core of the
mortar, to which the highest amount of water (150 g) was added, shows a decrease of the
grain fraction starting at a height of 30 mm. This is due to the low viscosity of the fresh
mortar of GP_150, which leads to a gravity-related segregation of the grains and to the
accumulation of the biggest grains within the bottom area of the drill core.

Obviously, not only the grain fraction is influenced by the water content of the mixture
but also the porosity regarding air voids. It becomes clear that mixtures with a lower water
content exhibit a higher amount of air voids than samples with a higher water content
(Figure 6). A higher amount of air voids can be attributed to the high viscosity of the fresh
mortar and the associated worse workability. Similar findings were made in the context
of alkali-activated materials based on Sicilian volcanic precursors (i.e., volcanic ash and
pumice), although here also the particle size of the applied precursors was shown to be a
decisive factor in the porosity of the mortar specimens [33].

The observed porosity trend is inverse to the porosities determined via water absorp-
tion and mercury intrusion porosimetry since these techniques always indicated an increase
in porosity with an enhanced water content. However, in the case of the uXCT measure-
ments, only air voids that consist of 8 voxels were analyzed (& ~20 um = 8000 um?®) and no
smaller pores can be detected, which explains the different trends in comparison with the
other analytical techniques. This finding is also supported by incident light measurements,
where GP_Ref shows the highest number of pores over the whole size range as shown in
the Supplementary Material (Figure S3).

The microstructures and porosities of the mortar specimens were investigated by
scanning electron microscopy (Figure 7). From the images, a heterogeneous distribution of
aggregates within the binder matrix becomes obvious. Also, cracks within the specimens
can be witnessed, which most likely stem from the drying process. Similar microstructures
have been reported for other metakaclin-based geopolymers [18].
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Pore volume:

= > 1.000 mm?®
Il 1.000 - 0.100 mm?
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Geometry:
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Figure 6. 3D representation of the pore size distribution within the drill core. The drill cores are
oriented according to their casting direction, but cut off at about 1.6 mm.

GP_Ref GP_50 GP_100 GP_150

Figure 7. Scanning electron microscopy images of the mortar specimens. From left to right. GI’_Ref,
GP_50, GP_100, and GP_150. The resolution increases from the top to the bottom.

The mortar specimens GP Ref and GP 150 were crushed and investigated by powder
X-ray diffraction. In the resulting diffractogram (Figure 8), the crystalline phases of quartz,
anatase, muscovite and albite can be identified. These phases belong to the aggregate used
in the mortar. The geopolymer binder is amorphous and does not lead to any diffraction
reflexes in the pattern. You can see clearly that the crystalline composition of GP_Ref and
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GP_150 is identical. These results show us that the additional water does not lead to a
change in crystallinity and the effect on porosity is due to other mechanisms.
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Figure 8. Powder X-ray diffraction of the mortar GI' Ref and GI* 150.

3.1.3. Mechanical Properties of the Mortar Specimens

The compressive and flexural strengths of the mortar specimens were determined
and it becomes obvious that a higher water content (w/s = 0.27 for mortar) leads to a
reduction in the compressive strength (Figure 9). Consequently, the compressive strength
is found to be inversely proportional to the water content of the geopolymer mixture,
which is similar to observations made for the water-to-solid ratio in other metakaolin-based
geopolymers [18] as well as for the water-to-cement ratio in conventional cementitious
systems [34]. Similar observations were made for the tensile flexural strength of the mortar
specimens. Only the reference mortar showed a slight deviation from this trend, but at the
same time the highest standard deviation.

Compressive strength Flexural strength

60 6

50 5

- 40 4

- [+

e

30 & 3

= =

20 2

10 1

0 0
GP  GP GP GP GP GP GP GP
Ref 50 100 150 Ref 50 100 150

Figure 9. Compressive (6 values per mean value) and flexural (3 values per mean value) strengths
with standard deviation of the mortar specimens.

The strength measurements clearly correlate with the porosities of the mortar specimens
determined via capillary water uptake and mercury intrusion porosimetry measurements.
It becomes obvious that a higher water content within the geopolymer mixture leads to an
enhanced porosity of the mortar specimens, which results in a reduction of the compressive
and flexural strengths. It is noticeable that the compressive strength decreases significantly
more than the flexural strength due to the increasing water content. This behavior is
unexpected. Normally, pores are usually compressed in compression testing and in flexural
strength they have a reduced tensile cross-sectional area and a crack-initiating effect.
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However, a low water content significantly reduces the workability of the fresh mortar,
as the flow spread tests carried out have shown. Also, a low water content leads to a
high amount of air voids, which were cbserved via micro X-ray computed tomography
(Section 3.1.2 as well as incident light microscopy (see Supporting Information). Therefore,
the macro pores have a lower influence than the smaller pores (<20 um) on the mechanical
performance. In order to produce geopolymers with good mechanical properties, the water
content should be kept as low as possible.

3.2. The Role of the Binder to Aggregate Ratio

Although an increase in water content in a geopolymer mixture leads to a better
workability of the mortar, a clear reduction in the compressive strength and a lesser
reduction in the flexural strength was observed. Therefore, an alternative approach, namely
the variation of the binder to aggregate ratio, was investigated with the aim of enhancing
the workability of the mortar while good strengths of the mortar specimens are maintained.
Whereas in the case of GP_Ref, G50, GP_100 and GP_150 a fixed amount of CEN sand
(1350 g) was added as aggregate, in this section, a systematic study of the ratio variation
of metakaolin and quartz powder as aggregate was carried out. In this case, quartz was
selected as a non-reactive aggregate in powder form. In order to optimize the formulation
of the geopolymer mortar, various binder to aggregate ratios varying between 1.0 and 0.25
were prepared.

Mechanical Properties of the Mortar Specimens

For the investigation of the effect of the quartz powder inclusion in the geopolymer
mortars, the compressive and flexural strengths of the mortar specimens were determined
depending on the binder to aggregate ratio (Figure 10). It becomes obvious that the
geopolymerization of pure metakaolin without the addition of quartz powder results in
mortar specimens with a compressive strength of 46.6 MPa and no detectible flexural
strength. Very similar strength values were determined for the 90/10, 80/20 and 70/30
binder to aggregate mixtures. However, when the binder to aggregate ratio is reduced
and the quartz powder content is increased, an enhancement of the compressive and
flexural strengths can be witnessed. The maximum compressive strength of 81.4 MPa
was achieved with a 20/80 binder to aggregate ratio. It is known from the development
of ultra-high performance and eco-friendly concretes that the partial replacement of the
reactive component (cement) by quartz powder can increase the packing density, due to the
more finely tuned grain band, and thus the strength [27]. This physical mode of action can
apparently be transferred for the metakaolin-based geopolymer since Liet al. demonstrated
a similar increase in compressive strength (83/17 ratio) with a heat-treated metakaolin-
based geopolymer. When 20 g of additional water is added to the 20/80 mixture, the
compressive and flexural strength decrease. This is in complete accordance with the water
content results shown before (Section 3.1).

These results are astonishing since the increase in aggregate ratio leads to an im-
provement of the compressive and flexural strengths of the mortar specimens within
the investigated binder to aggregate ratio regime. Similar observations were made for
geopolymer concrete made from alkali-activated fly ash, where an enhancement of the
flexural strength of geopolymer concrete was observed with an increase in the total ag-
gregate content [28]. Also, an increase in compressive strength has been observed for
metakaolin-based geopolymers with a maximum at a 73.8% aggregate content. However,
the reported compressive strengths were approximately 20 MPa below the compressive
strength observed for the mortar specimens described in this study [18]. Consequently,
these experimental findings can be considered as model experiments for the geopolymer-
ization of common clays, since common clays can be considered as natural mixtures of
aggregate with metakaolin, with a metakaolin content of below 50%.
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Figure 10. Compressive (six values per mean value) and flexural strengths (three values per mean
value) of the mortar specimens depending on the metakaolin to quartz powder ratio.

The rationalization for this experimental observation is difficult, since the binder to
aggregate interface within geopolymer binders is still poorly understood, especially at a
molecular level. However, only recently, interfacial bonding including Al-O-Si, Na-O
and H-bonding, was investigated using molecular dynamics simulations. The simulations
have shown that the Si/Al ratio is crucial for the interfacial strength due to a higher
degree of interaction and more cross-linking within the geopolymer [35]. In order to
increase the interfacial bonding between aggregates and geopolymer binders, it has been
shown that the presence of soluble silicates, as Betol39T® in the case of this study, in the
initial activating solution is beneficial [36]. [Towever, at this point, it must be mentioned
that the experimental observations are highly dependent on the raw materials used for
the geopolymer production [37,38]. Studies on the binder to aggregate ratio using high
calcium fly ash together with sodium metasilicate as binder and sand as aggregate have,
for example, shown an inverse effect, where a reduction of the strength with increasing
aggregate proportion was observed [39]. Similar observations were made for the alkali
activation of low grade kaolin [40].

4, Conclusions

Geopolymers have gained more and more attention when trying to find sustainable
alternatives to hydraulic binders (e.g., normal cements based on Portland cement clinker),
especially with respect to a desired reduction of greenhouse gas emissions. In this work,
therefore, the influence of different factors, such as the water content and the binder to
aggregate ratio, on the formation of geopolymer mortars were investigated with the aim of
identifying an optimal mixing design. The main intention was hereby to combine a good
workability of the fresh mortar with low porosity and high compressive as well as flexural
strength of the resulting mortar specimens. To achieve this, we cast mortar specimens using
different ratios of metakaolin and water ranging from water to solid contents of the fresh
lime of 0.57 to 0.78. The porosity of these specimens was then evaluated by water absorption
measurements, mercury intrusion porosimetry, micro X-ray computer tomography and
scanning electron microscopy. Subsequently, the mechanical properties, such as the tensile
and compressive strengths, of the mortars were determined. 'To investigate the impact of
the addition of aggregates, such as quartz powder, the binder to aggregate ratio was varied
from 100:0 to 20:80, referring to the metakaolin to quartz powder ratio.
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The major conclusions derived from the experimental study can be summarized
as follows:

¢ A higher water content of the geopolymer mixture leads to a better workability, as
indicated by the increase in flow spread of the fresh mortar, from 190 mm for GP-Ref to
over 300 mm for GP_150. This enhanced workability is also indicated by the increase
of relative flow spread from 2.6 for GP_Ref to 8.0 for GP_150. Simultaneously, the
compressive strengths of the mortar specimens decreased, from 54.3 MPa for GP’_Ref
to 29.1 MPa for GP_150, due to an increase in capillary porosity. Simultaneously, the
flexural strength declined from 4.4 MPa GP_Ref to 4.0 MPa for GP_150 as the water
content increased. At the same time, the increasing water content led to an improved
deaeration effect and therefore a low air void content, as indicated by micro X-ray
computer tomography.

¢  The binder to aggregate ratio is crucial for the compressive and flexural strengths
of the mortar specimens. Through the addition of quartz powder up to a ratio of
20:80 of metakaolin to quartz, an increase in strength can be witnessed. The compres-
sive strength of the geopolymer obtained without any quartz powder amounted to
46.55 MFPa, and its strength can be increased to 81.43 MPa in the case of the 20:80 mixture
of metakaolin and quartz. Simultaneously, the flexural strength increased. This finding
gives new information for the optimal design of the geopolymer mixture.

¢ The geopolymer formation is a complex process, which requires a detailed knowledge
of the underlying factors that can influence the fresh mortar properties as well as the
mechanical properties of the final geopolymer mortars.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14080823/s1. Figure 51: Powder X-ray diffractogram of the
metakaolin Metamax®. Figure 82: Powder X-ray diffractogram of the quartz powder MILLISIL W3®,
Figure S3: Pore size distributions according to incident light microscopy. Figure S4: Nitrogen sorption
isotherm for GP_Ref recorded at 77 K. Figure 55: Pore size distribution according to the BJ[H method
on the basis of the desorption data. Figure 56: Results of the mercury intrusion porosimetry of the
whole pore diameter area (3.5-100,000 nm). Figure S7: Powder X-ray diffractograms of GP_Ref and
GP_150. Table 51: Overview of the mechanical properties of the mortar specimens. Table 82: Molar
ratios of the mixing design.
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