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Abstract

Abstract

This thesis deals with the use of six natural pozzolans from Germany and ltaly for
geopolymer production. As the first part, a detailed study was conducted on the effect of
silica modulus of sodium silicate solution and mineralogical composition of natural
pozzolans on the extend of geopolymer reaction, reaction kinetics, mechanical properties,
and composition of the binder gel. Sixteen solutions of silica moduli in range of 0.4 — 1.7
were used for geopolymer synthesis at ambient temperature. Higher compressive strength
was achieved within an optimum range of silica modulus, where this range depended on
the mineralogical and chemical composition of pozzolans. On either side of this optimum
range the strength achieved in reasonable time was marginal or even drop in strength with
time was observed. The extend of geopolymer reaction and reaction constant determined
by pseudo-first order kinetics both decreased with increase of silica modulus. However, a
faster reaction at early time depended on the SiO, and Na;O content of alkaline solution.
The reduction in compressive strength for lower silica moduli was found to be related to the
degree of polymerization. Moreover, it was observed that not only X-ray amorphous phase
but also the crystalline mineral phases partially participate in the geopolymer reaction.

As the second part of the study, the reactivity enhancement methods (heat curing,
calcination and mechanical activation) applied on low reactive pozzolans showed that
calcination is an effective method to improve reactivity of Bavarian trass and to reduce the
formation of sodium carbonate. Moreover, it revealed that the second exothermic peak
observed in calorimetric study of Bavarian trass was related to its calcite content. The
effectiveness of each method was studied, and comparisons were drawn.

Based on the findings of these parts, the third part of the study focussed on the reactivity
of fifteen minerals in sodium hydroxide and six crystalline minerals in sodium silicate
solution. The silicate minerals containing sodium or potassium mostly resulted in formation
of hydrosodalite in sodium hydroxide solution. Whereas calcium-containing silicate
minerals which exhibited higher reactivity resulted in formation of clinotobermorite,
indicating possible formation of calcium-containing binder gel in pozzolan containing these
phases. Calcium carbonate exhibited distinct behaviour especially in sodium silicate
solution and was therefore studied in detail. The reaction mechanism and reaction products
were identified using in-situ and ex-situ methods. This reaction resulted in formation of
sodium-containing C-S-H and sodium-calcium carbonates. Consequently, the presence of
calcium carbonate minerals in natural pozzolans promotes the availability of calcium for gel
phase. Whereas the carbonate can result in formation of sodium carbonate which can
indirectly impact compressive strength development as observed in Bavarian trass
geopolymers. The outcomes of this part of thesis can be used to predict the behaviour of
natural pozzolans containing the examined crystalline phases under similar conditions.



Zusammenfassung

Zusammenfassung

Diese Arbeit beschaftigt sich mit der Verwendung von sechs natirlichen Puzzolanen aus
Deutschland und lItalien fir die Geopolymerherstellung. Als erster Teil wurde eine
detaillierte Studie Uber die Auswirkungen des Silika-Moduls der Natriumsilikatldsung und
der Mineralogie des Puzzolans auf Ausmal} der Geopolymerreaktion, Reaktionskinetik,
mechanische Eigenschaften und Zusammensetzung des Gels durchgeflihrt. Geopolymere
wurden mit 16 Losungen von Silika-Modulen zwischen 0,4 — 1,7 bei Umgebungstemperatur
hergestellt. Eine hohere Druckfestigkeit wurde innerhalb eines optimalen Bereichs des
Silika-Moduls erreicht, wobei dieser Bereich von der Mineralogie und Chemie des
Puzzolans abhangt. Die zu beiden Seiten des Optimus in angemessener Zeit erreichte
Festigkeit war nur marginal oder es wurde sogar ein Festigkeitsabfall mit der Zeit
beobachtet. Sowohl das Ausmal der Geopolymerreaktion als auch die Reaktionskonstante
pseudoerster Ordnung nehmen mit zunehmendem Silika-Modul ab. Dennoch hangt eine
schnellere fruihe Reaktion mit den Gehalten von SiO, and NaO der alkalinen Lésung
zusammen. Die geringere Druckfestigkeit fur niedrige Silika-Module ist durch den
Polymerisationsgrad bedingt. Weiterhin nimmt nicht nur die rontgenamorphe Phase,
sondern auch teilweise die kristallinen Mineralphasen an der Geopolymerreaktion teil.

In einem zweiten Teil der Studie wurden Warmebehandlung, Kalzinierung und
mechanische Aktivierung als Methoden zur Verbesserung der Reaktivitat von niedrig
reaktiven natirlichen Puzzolanen angewendet. Kalzinierung war die effektivste Methode
zur Reaktivitatsverbesserung von Bayrischem Trass und zur Reduzierung von
Natriumkarbonat. Weiterhin, wurde herausgefunden, dass der zweite exotherme Peak von
Bayrischem Trass in der Kalorimetrie mit seinem Kalzitgehalt zusammenhangt. Die
Wirksamkeit jeder Methode wurde untersucht, und es wurden Vergleiche angestellt.

Auf Basis der Ergebnisse dieser beiden Teile wurde im dritten Teil der Arbeit die Reaktivitat
von 15 Mineralen in Natriumhydroxid- und 6 in Natriumsilikatlésung untersucht. Silikate
reich an Kalium und Natrium formten mit Natriumhydroxidldsung zumeist Hydrosodalith.
Bei reaktiveren kalziumhaltigen Silikaten konnte die Bildung Klinotobermorit beobachtet
werden, was die Mdglichkeit der Formung kalziumhaltiger Gele in Puzzolanen mit diesen
Phasen anzeigt. Kalziumkarbonat wies ein spezielles Verhalten insbesondere mit
Natriumsilikatlésung auf und wurde daher im Detail untersucht. Der Reaktionsmecha-
nismus und die Reaktionsprodukte wurden mit in-situ- und ex-situ-Methoden identifiziert.
Die Reaktion resultierte in natriumhaltiges C-S-H und Natriumkalziumsilikate. Somit férdern
Kalziumkarbonatminerale in Puzzolanen die Verfugbarkeit von Kalzium fur die Gelphase.
Das Karbonat kann zur Bildung von Natriumkarbonat beitragen und somit die Druckfestig-
keitsentwicklung beeinflussen, was flr die Geopolymere von Bayrischem Trass beobachtet
wurde. Diese Resultate kdnnen genutzt werden, um das Verhalten von natirlichen
Puzzolanen mit diesen Mineralen unter vergleichbaren Bedingungen vorherzusagen.
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Introduction

Chapter 1

Introduction

This chapter presents the background about ecological footprints of traditional cement
industry and the necessity for development of alternative binders such as
geopolymers/alkali activated materials. A brief introduction about geopolymers, alkali
activated binders and available raw materials for their synthesis is also presented.
Moreover, the objectives of this research, research outline and introduction to materials

used is also part of this chapter.
1.1. General

In thrive of global development involving the development of infrastructure, the statistics for
cement production and its effects are astonishing. The easy use and outstanding
performance of Portland cement (PC) based construction materials (mortar and concrete)
are the reasons that it is the most extensively used synthetic construction material on earth
[1,2]. The global cement production was appreciably increasing from year 2006 (2.55 billion
metric tons) till 2016 (4.2 billion metric tons) [1]. Production of cement is associated with 5
— 8 % of anthropogenic carbon dioxide (CO2) emissions where the production of 1 ton of
cement produces 1 ton of CO; [3-5]. Fig. 1.1 shows the drastic increase in the global CO,
emission from carbonate decomposition during cement production per year [5]. Current
concrete consumption has been reported as 1 ton/year per living human being [6].
Moreover, production of cement is an energy extensive process with almost 5% of total
global industrial energy consumption [4]. Such an extensive production and use of cement

is one of the major reasons of global warming and usage of energy [7].

Several actions have been taken and goals have been set in order to control and cutdown
the CO2 emissions from cement industry. European committee for carbon footprint
reduction aims at reducing the CO, emission in European union till 2050 by 80% of the
value recorded in 1990 [8]. The cement technology roadmap explained various approaches
to reduce the CO, emissions at every step of cement production [9]. These include use of

alternative fuel in clinker production, increasing the thermal efficiency of kilns, replacement
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of clinker, use of alternative cements and carbon capture. It is estimated that by the
implementation of these steps the CO, emission by PC manufacture and use can be
reduced by up to 17% [2,10].

— 1500 -

1000 -
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CO: emissions (M

0 : . T .
1920 1940 1960 1980 2000 2020

Fig. 1.1. Global CO- process emission from cement production, from [5]. (CO, emission

resulting from burning process of calcium carbonate is known as process emission).

In the process of cement production, 60% of the CO- is emitted by calcination of calcium
carbonate (CaCOs3), while the rest (40%) is emitted by burning of fuel for kiln process [9].
By use of alternative fuel for kiln process, the advantages for reduction in CO, emission are
marginal. Moreover, improving the thermal efficiency of the in use kiln requires a huge
investment, while the latest kilns already operate at 80% of their theoretically possible
thermal efficiency [1]. Subsequently, the substitution of clinker and use of alternative
binders have gained a lot of interest for some decades. This includes partial replacement
of Portland cement with secondary cementitious materials (SCMs) and cements such as
CEM-Il, CEM-IIl, CEM-IV and CEM-V have been standardized [11]. However, the most
commonly used SCMs, ground granulated blast furnace slag (GGBFS) and fly ash (FA),
are not enough available to meet the needs of cement industry particularly in developed
countries [1,2]. For more than a decade, several European countries utilise 100% of fly ash,
bottom ash and boiler slags in producing blended cement-based concretes and in other
ways [2,12]. Additionally, the increasing awareness for environment protection led to the
establishment of new environmentally friendly policies in many countries in the world.
Germany plans to close all coal power plants by year 2038, which means that there will be

no fly ash available from local source in Germany [13]. Moreover, the use of reclaimed
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resources is economically not viable because of the re-processing required before use [1].
The use of natural resources and alternative binders is a favourable solution as investigated
by several researchers [14,15]. Natural pozzolans are abundant available around the globe

and have been used as SCM in cements [16].

In the perspective of environmentally friendly binders in construction sector, alkali activated
materials (AAM) and/or geopolymers (GP) have gained a lot of attention in recent years.
The key factor in reduction of CO, emission is the absence of the high temperature
calcination step in AAM and GP, as these binders can be solely synthesised from the
natural or artificial pozzolans/secondary cementitious materials by their reaction with
alkaline solutions including alkali hydroxide or alkali silicate solutions [2,17]. The
contribution of the activating solution in production of greenhouse gases should be
optimized to obtain a truly environmentally friendly binder. Comparing alkali activated
binder with Portland cement binder, CO; reduction of up to 80% has been reported while

considering the environmental impact of activating solutions [2,18,19].

Considering the lack of most used resources (fly ash, ground granulated blast furnace slag)
and the increasing demand of greenhouse gas reduction, a possible opportunity for
development of the environmentally friendly binder could be production of alkali activated
binders based on natural pozzolans. The utilization of naturally occurring raw materials
such as natural pozzolans for alkali activated binders/geopolymers is not only an
ecologically but also an economically viable solution. This is of prime importance in the
developed countries where the traditional SCMs are already fully utilized. For their lower
CO2 emission and the possibility of synthesis at ambient conditions, alkali activated
materials can be a potential binder particularly for specific applications. Therefore, this
thesis focuses on development of alkali activated natural pozzolans; or in other words

natural pozzolan-based geopolymers.

1.2. Alkali activated materials and geopolymers

Alkali activated materials (AAM) and geopolymers (GP) are inorganic binders produced by
reaction of aluminosilicate raw material with concentrated alkaline solution. Most commonly
used alkaline solutions include alkali hydroxide or alkali silicate solution. Other activating
solutions include alkali carbonate or alkali sulphate solutions [20,21]. Sodium (Na) and
potassium (K) are the most common alkali cations used in the activating solutions, other

possible cations are lithium (Li), rubidium (Rb) and caesium (Cs). However, the cost and
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relative scarcity of Li, Rb and Cs are the reasons that mostly Na- and K-based alkaline

solutions are used [17].

AAM and GP can provide comparable properties to the PC-based binders with the added
advantage of lower greenhouse gas emissions. Their wide range of characteristics depend
on the precursor selection, processing conditions and mixture design. These properties
include high compressive strength, low shrinkage, fast or slow setting, acid resistance, fire
resistance and low thermal conductivity [22]. The enhanced properties of these binders are
not essential for all formulations. Rather these binders are a careful solution adapted by
correct mix and processing design to optimize the properties for the particular use and/or

additionally to reduce the cost and environmental footprints for a given application [22].

From more than a decade, there is an increasing interest in the AAM and GP. Number of
publications to the topic “geopolymer” and “alkali activated” have progressively increased
every year as shown in Fig. 1.2. Intense affords are made for development of standards to
scale up the production of alkali activated and geopolymer binders [23,24]. Several
companies around the globe work on the industrialization of these binders and these

binders are used for several construction projects around the globe.
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Fig. 1.2. Number of publications each year since 1990. Search results of Scopus for topic

“alkali activated” and “geopolymer”. (Accessed on 01.05.2020).

The differences in the composition of SCM'’s effect the composition of resultant binder [25].
Fig. 1.3 shows the composition of various supplementary cementitious materials in respect

to the Ca0-Al,03-SiO; ternary diagram. GGBFS are lower in calcium content in comparison
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to PC. Natural pozzolans have a wide range of composition but contain lower CaO content
in comparison to GGBFS, PC and FA. Their relatively higher variety of composition is
mainly due to variation of SiO2 and Al>O3 content. The composition of FA is diverse as
indicated by the large area in Fig. 1.3 and are therefore characterised as calcium-rich FA

(class C) and calcium-poor FA (class F).

Si0;

wt%

Portland cement

Ca0 fine limestone

Al;03

Fig. 1.3. Ca0-Al,0Os-SiO; ternary diagram with composition areas of Portland cement and

various supplementary cementitious materials, from [25].

Alkali activated materials and geopolymers are differentiated based on the composition of
the raw material (calcium content of the precursor) and chemistry of the resultant binder. A
precursor rich in calcium upon its reaction with alkaline solution tends to form reaction
products similar to PC systems including C-S-H (calcium silicate hydrate) gel which are
generally illustrated as C-A-S-H (calcium aluminosilicate hydrate) gels to highlight the high
Al content of these gels compared to PC hydration products [7,26]. While the precursors
poor in calcium result in formation of N-A-S-H (sodium aluminosilicate hydrate) type gel
structure [7,26]. Therefore, an alkali activated binder is considered as a high calcium
system, while the system with less calcium is known as geopolymer. In a work by Hermann
et al. the classification between Portland cement binders, alkali activated binders and
geopolymers have been described [7]. In this work the limiting CaO content of the binder
has been designated to be 10 wt.-% after EN 450-1 [7,27]. Fig. 1.4 taken from [7]
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summaries the classification of various binders, precursor used for their synthesis and

potential reaction products.
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A third alkali activated alternative binder system known as blended or hybrid alkaline
system is also described in literature [20,26]. This system is a combination of low and high
calcium system. Such systems can be achieved by alkali activation of minor amount of
Portland cement with high proportion of supplementary cementitious material or alkali
activated blends of GGBFS, FA, MK or others. The reaction products precipitating in these
systems are complex and can be a mixture of cementitious gels, C-A-S-H incorporating
sodium, high calcium N-A-S-H gels [20,26].

Fig. 1.5 shows the binder gel formed as result of reaction of sodium silicate solution with
100 wt.-% FA, 50 wt.-% FA & 50 wt.-% GGBFS and 100 wt.-% GGBFS after 28 d of
reaction, as measured by SEM-EDX. The results show visually the effect of composition of
raw material on the composition of resultant binder gel. The 100 wt.-% FA binder resulted
in N-A-S-H gels belonging to geopolymers. In 100 wt.-% GGBFS C-A-S-H gel formed
belonging to alkali activated binders. While in a hybrid system containing both FA and
GGBFS, formation of C-(N)-A-S-H is observed [26].

Sio
1.0
B 100%FA
@ 50% FA/50% BFS
/\ 100% BFs
05 -
05
03 - y Y v Y v 0.7
GBFS
02 - : . — : : | <08
0.1 - 4 ! Y y X y v ’ .09
0~ ¥ ’ ¥ y y . . y y (1
CaO1 09 08 07 06 05 04 0.3 0.2 0.1 o AlLO,

Fig. 1.5. Ternary diagram of alkali activated binder gel composition with various precursors,
from [26]. (GBFS and BFS stand for granulated blast furnace slag and is abbreviated as
GGBFS in this work).
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- Geopolymers

The term geopolymer was first introduced by Davidovits [28]. This category of the binders
is also described as soil cements [29,30], geocements [31], low-temperature
aluminosilicate glass [32], alkali activated cement [33], inorganic polymers [34],
zeocements [35], zeoceramics [35] and several more. A brief history of geopolymer is
provided in the chapter 2, section 2.1. Geopolymers are inorganic, X-ray amorphous to
semi-crystalline three-dimensional aluminosilicate polymers. They are composed of silicate
and aluminate tetrahedrons which are linked by sharing oxygen atoms. The negative
charge on the IV-fold coordination of Al**-ions is balanced by the positive charged alkali

ions (e.g. Na*, K* etc) as shown in Fig. 1.6 [22,28].

o
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202 4303

o

Fig. 1.6. A part of geopolymer structure, from [28].

A schematic diagram of the geopolymer structure is shown in Fig. 1.7 as published by [36].
Geopolymer gels are structurally disordered but show similarity to zeolite on atomic to
nanometer level [17]. Unreacted particles and pore network containing the water are
embedded within the geopolymer gel phase. Water from the alkaline solution acts as the
reaction medium and resides within the pores of gel [17]. Taking in account the theories
about the chemistry of silica described by ller in 1955, Glukhovsky suggested the general
model to describe the mechanism of alkali activation [17]. His model was divided in three
stages named as Dissolution — Coagulation, Coagulation — Condensation, Condensation —
Polymerization [17]. The detailed reaction mechanism of geopolymerization is described in
chapter 2, section 2.1. The main reaction product in this type of systems is a N-A-S-H gel
as presented above. However, the secondary reaction products in this type of systems has
been reported as zeolites such as hydroxysodalite, zeolite P, Na-chabazite and zeolite Y /
faujasite [20]. The available literature indicates that the surface area, curing temperature
and type of activator significantly controls the reactions kinetics [37]. It is reported that the
nature of reaction product changes with increasing age of the geopolymer reaction, where
the long curing periods lead to formation of silica-rich products which give rise to

mechanical strength [20].
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Fig. 1.7. Schematic diagrams of the three-dimensional geopolymer structure, from [36].

The properties of each binder are determined by the micro-structure, chemical structure
and chemistry of raw materials. A mathematical model presented by [38,39] considered the
impact of several parameters such as amount of water, Si/Al ratio, temperature, and surface
area on the alkali activation of low calcium aluminosilicate precursors such as fly ash and
metakaolin. According to this mathematical model as presented in Fig. 1.8,
geopolymerization can be described by several steps [38,39]. First step is dissolution of the
precursor forming silicate and aluminate monomers. This step is in principal comparable to
weathering of minerals, but in case of geopolymerization the pH and the solid-to-liquid ratio
is higher, and therefore the reaction is much faster [38,39]. Because of the high
concentrations in activator solution, silicate oligomers (in the Fig. 1.8 mentioned as
polymerized silicate species) exist which persist over the whole time of reaction [38,39].
There is an equilibrium between silicate monomers and oligomers. Silicate oligomers
participate only very less in the condensation step [38,39]. Silicate monomers and
aluminate monomers built up aluminosilicate oligomers. From the aluminosilicate

oligomers, two different reaction paths can be taken [38,39]:

1. Formation of amorphous aluminosilicate which results via further incorporation of
silicate monomers in amorphous aluminosilicate gel
2. Quasi- or nano-crystalline aluminosilicate nuclei which develop crystalline zeolitic

phases by consuming aluminate from the solution

Consequently, the zeolitic reaction product is richer in Al than the amorphous gel and the

over-all system [38,39]. In this model, the reaction stoichiometry with respect to water is
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designed such that all the water used in the dissolution of the aluminosilicate source would

be released by the end of geopolymerization, if all reactions achieve completion [38,39].

Structure

Metakaolin or fly ash Layered or glassy aluminosilicate

/ Silicate monomer‘ | Aluminate monomer Dissolved (Q°)
Polymerised Dissolved (@'/Q°)

silicate species i
| Aluminosilicate oligomers Dissolved {Q‘/Qz)

—— - 3

Aluminosilicate polymer Aluminosilicate ‘nuclei’ Initial gel formation (Q°)
(amorphous) (quasi- or nano-crystalline)
A 4

Aluminosilicate gel ‘Zeolitic’ phase ) . .

(amorphous) (nanocrystalline) Final gel formation (Q’)

Fig. 1.8. Layout of the mathematical model for alkaline activation of low Ca-aluminosilicate

precursors, taken from [38].

The inclusion of calcium in the structure results in a higher complexity of the structure of
the reaction product. Consequently, the reaction mechanisms for alkali activated materials
with high calcium content are not described so far [38]. The alkali activation of GGBFS
results majorly in formation of C-A-S-H, whereas layered double hydroxides are also
observed as secondary reaction product in Mg-rich systems [40]. C-A-S-H gel in structure
is comparable to C-S-H gels [41] and have been reported to contain disorder tobermorite-
like structure [40]. The structure of C-A-S-H as presented by [40] is shown in Fig. 1.9. C-A-
S-H gel contains layers of tetrahedrally coordinated silicate chains with dreierketten
structure and the interlayer region contains Ca?* cations, alkalis and water of hydration
chemically incorporated into the gel structure. The silicate tetrahedron can be replaced by
aluminate tetrahedron especially on the bridging side, whereby the charge balance is
maintained by incorporation of alkali cation in the interlayer [40]. The C-A-S-H gels are

reported to have lower Ca content than hydrated PC systems [40].
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Interlayer region
Substitution of Ca%*, Na*,

Nanoscopic particle size

. — CaO layers
Layer buckling, vacancies?

o %Ya A

9 Q o 9 Dreierketten silicate chains

—

. v v v v v ‘ Cross-linking, Al substitution,
H;0, HT, Al species I vacancies in bridging sites

Fig. 1.9. C-A-S-H gel structure, taken from [40]. Blue triangles are Si tetrahedra, red triangle

is Al tetrahedra, green rectangles are CaO layers, circles donate various interlayer species.

On contrary the hydration reaction of PC is driven by the addition of water and this can be

divided in several periods/phases named as: initial period of high heat development,

induction/dormant period of low heat development, acceleration and deceleration phase

[42]. A conceptual diagram of cement hydration after [43] is shown in Fig. 1.10.

Heat Flow

Initial period:
- Complete dissolution of bassanite and arcanite
- Partial dissolution of anhydrite and CSA

- CsA dissolution is stopped due to an amorphous AI(OH)3-Iayer or adsorbed sulfate ions
- Initial precipitation of ettringite

Acceleration period:
- No reaction of C S
- Further dissolution of sulfate carriers

Induction period: - Further precipitation of ettringite from Al(OH) -layer

- Nucleation of C-5-H - Fast dissolution of C,S synchronous to

- Dissolution of anhydrite precipitation of portlandite and C-S-H-phase

- Slow precipitation of ettringite
Deceleration period:

- Slowdown of silicate reaction

from AI(OH),-layer

- Slowed dissolution of sulfate carriers

causes further dissolution of C_A

ya
2" Heat flow maximum: d time

- Resorption of sulfate ions from C_A surfaces
- Further dissolution of C,A and accelerated ettringite precipitation

Fig. 1.10. Conceptual diagram of cement hydration, taken from [43]. Sulfate depletion peak

is labelled as 2" heat flow maximum in this picture.
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In the initial period, majorly CsA (tricalcium aluminate) and calcium sulfates dissolve and
ettringite (CasAl2(SO4)3(OH)12-26H20) precipitates [42,43]. In the induction period, calcium
sulfate dissolution and ettringite precipitation proceeds, while the nucleation of C-S-H also
starts [42,43]. In acceleration phase, reactions of induction period continue but CsS
(tricalcium silicate) starts to dissolve strongly, consequently, C-S-H and portlandite
(Ca(OH).) form in large quantity. The exact time point at which the C3S dissolution starts is
still under discussion in the scientific community [42,43]. In deceleration phase, CsS
dissolution and C-S-H as well as portlandite precipitation slow down [42,43]. On the sulfate
depletion peak, sulfate exhausts and the CsA starts to dissolve again. In this phase,
ettringite is also consumed and AFm (Al.O3-Fe;O3-mono) phases forms from C3A and
ettringite [42,43]. The structure of C-S-H as described by [41,44] is based on silicate chains
which shows structural similarity to minerals jennite (Cag((OH)4|SizOsOH).-6H.0) and

especially tobermorite (Cas(SizOsOH)2-2H,0) and is majorly X-ray amorphous.

1.3. Raw materials for geopolymer synthesis

The term supplementary cementitious material (SCM) is referred to all the materials which
possess (latent) hydraulic or pozzolanic properties. These materials can be a suitable
precursor for geopolymers/alkali activated binders. They are classified as natural or
artificial, where natural SCMs or natural pozzolans are abundant available around the globe
and are being used as cementing material from ancient times. Fig. 1.11 shows the global
distribution of volcanic rocks and occurrences of reported natural supplementary
cementitious material taken from [15]. Historically, the use of man-made binders dates back
to 2000 — 1500 BC in Minoan civilization on Crete, where a mixture of slaked lime and finely
ground potsherds was used as binder. The Santorin earth has been long used as a
pozzolan in Eastern Mediterranean. The first intentional use of pozzolanic volcanic
materials by ancient Greeks dates back to 500 — 400 BC. Alternatively, Romans used
volcanic pumices or tuffs from mostly renowned sources found in Pozzuoli as binding
component for construction binders and there the name pozzolan came into being [15].
Pozzolan is an aluminosilicate raw material which in itself contains little or no cementitious
properties but when finely ground and in the presence of moisture reacts chemically with
calcium hydroxide at ambient conditions to form cementitious composites exhibiting binding
characteristics [45]. The excellent famous examples of Roman buildings constructed with
the pozzolan-lime concretes and mortars include the Pantheon and the Pont du Gard,

which substantiate the durability and excellent performance of these binders.

12



Introduction

Fig. 1.11. Distribution of volcanic rocks (grey areas) and deposits of reported natural

supplementary cementitious materials (black dots) around the globe, from [15].

Natural pozzolans often belong to rocks of volcanic or sedimentary origin [15]. They vary
greatly in their composition as shown by the ternary diagram in Fig. 1.3 and the composition
largely depends on the magmatic or diagenetic processes. The materials of volcanic origin
can partially alter to zeolites or clays, while unaltered rocks are vitreous pumices and ashes
etc. The materials of sedimentary origin can be further subdivided in chemical sediments
and detrital sediments [15,46]. While a special case also includes naturally burnt clays.
Moreover, another type of pozzolan can be the materials formed by meteorite impact,
known as impactites. The high temperature and pressure due to meteorite impact can
partially melt the rock on earth’s surface and due to rapid cooling pieces of the melt can
form glass. An example of such a pozzolan includes Bavarian trass found in Germany [46].
A detailed literature survey about the use of natural pozzolans as geopolymer precursor is

presented in chapter 2, section 2.1.

Artificial pozzolans include burnt clays, industrial and agricultural waste products, municipal
solid waste ash, waste glass etc. The most common low calcium artificial pozzolans used
for geopolymer synthesis are fly ash (FA) and metakaolin (MK). Metakaolin is produced by
burning of kaolin clay, while fly ash is the by-product of coal power plants. The work
conducted on the FA- and MK-based geopolymers shows that the composition of raw
material, its particle size distribution, curing conditions, concentration and type of alkaline
solution influence their geopolymerization potential. The higher surface area of MK results
in a higher water demand of the mixture thus resulting in high drying shrinkage and high

porosity. The spherical shape of fly ash particles helps in reducing the water demand and
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reducing the porosity [47]. Moreover, fly ashes are varying in their composition depending
firstly on the impurities present in the coal before burning and secondly on the combustion
parameters and quenching process [47]. Therefore, different fly ashes can exhibit diverse
behaviour in geopolymer synthesis [48]. The strength development in geopolymers is

controlled by particle size distribution as in Portland cements [47].

However, as explained earlier the strong need of alternative binder development and lack
of most common artificial pozzolans lead to the need of using other abundant available
resources for geopolymer synthesis such as natural pozzolans. The use of local available
raw material in natural state is not only environmentally but also economically viable and
sustainable solution. Therefore, this work will focus on the determination of geopolymeric
potential of various natural pozzolans for geopolymer synthesis and factors that affect their
properties. The originality of this work is the determination of geopolymeric potential of
several natural pozzolans which are not tested till to date. As the composition of pozzolans
varies with origin depending on the condition at their formation, it is necessary to explore
the potential of several natural pozzolans. Moreover, determination of the behaviour of
mineralogical phases of natural pozzolans in the geopolymer reaction is also a part of this

research study which is not done before.

1.4. Research objectives

The work on natural pozzolan-based geopolymers presented in literature does not discuss
the potential of European pozzolans for geopolymer synthesis. However, there are several
natural pozzolan resources available in Europe including Germany and ltaly. Therefore, the
main objectives of this work include to study the potential of six natural pozzolans from
Germany and ltaly for development of geopolymers at ambient synthesis conditions and to
examine the role of various minerals in geopolymer reaction. The preliminary investigations
showed that the geopolymeric potential of these precursors is depended on the type and
concentration of alkaline solutions. Therefore, as a first part of the research work, these
natural pozzolans with different mineralogical composition were used to study the effect of
silica modulus of sodium silicate solution and age of sample on the properties of the
geopolymers. The degree of reaction and phase composition are determined by several
methods at various ages. The second goal includes to study the effect of reactivity
enhancement methods for a low-reactive natural pozzolan to achieve better performance.
Based on the results of the first two parts, the third part of the study was designed which
involved to study the role of minerals, as found in studied natural pozzolans, in geopolymer

reaction. For this study, fifteen mineral phases were used to examine their reactivity in
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sodium hydroxide and sodium silicate solutions. Additionally, the reactivity of calcium
carbonate minerals was determined in further detail for eight calcium carbonate samples.

The reaction mechanism and reaction products were investigated.

1.5. Research outline

The experimental research is presented in six scientific publications: two published peer-
reviewed journal articles, two submitted articles in peer-reviewed journals, two published
conference articles (one peer-reviewed). Moreover, further work which is not submitted and
not published is also part of this thesis. Accordingly, this thesis is structured in five main

sections, as follows:

Chapter 1 contains general information about the ecological impact of cement industry and
the need of development of new binders such as geopolymers/alkali activated materials.
Furthermore, it presents a short background about geopolymers, alkali activated binders
and precursors for their synthesis, objectives of this research, research outline and brief

information about the natural pozzolans used in this study.

Chapter 2 and 3 present the main body of the thesis where the peer-reviewed publications
and major work is included. Chapter 2 contains all the scientific publications. The first peer-

reviewed publication in a journal is a literature overview on the state of the art for natural

pozzolan-based geopolymers. In this regard, the mechanical, durability and microstructural
characteristics of natural pozzolan-based geopolymers such as mechanical strength,
curing conditions, concentration of alkaline solution, setting time, water absorption, bulk
density and apparent porosity have been discussed. Moreover, reaction kinetics and phase
composition of hardened geopolymers have been given. Furthermore, the publication
presents the overview on the durability characteristics including sulphate resistance, acid
resistance, permeability, shrinkage, wetting and drying cycle and applications of natural

pozzolan-based geopolymers.

The second peer-reviewed publication focuses on the potential of six natural pozzolans for
geopolymer synthesis and determines the effect of silica modulus on mechanical and
microstructural properties of these binders. Geopolymer samples have been prepared by
using different natural pozzolans and sodium silicate solution of sixteen different silica
moduli. Isothermal conduction calorimetry has been used to draw relation between silica
modulus and reaction kinetics. While selective dissolution and thermogravimetry have been
used to evaluate the relation between degree of reaction and silica modulus at 28 d of

geopolymer reaction. To the best of our knowledge, this was the first publication dealing
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with determination of degree of reaction by selective dissolution for natural pozzolan-based
geopolymers. Moreover, the phase composition at 28 d for samples with various silica

moduli has been determined by X-ray diffraction analysis.

The third publication submitted in a peer-reviewed journal presents the impact of

mineralogical composition of natural pozzolans on the properties of selected silica modulus
samples at various ages. The influence of mineralogy on the formation of sodium carbonate
| efflorescence, compressive strength and degree of reaction has been shown. The phase
composition as studied by X-ray diffraction analysis showed changes occurring in X-ray
amorphous and crystalline phases which helped to explore the impact of mineralogy on the
properties of geopolymers. A brief study about the reactivity of calcite in such systems has

also been included in this publication.

The fourth peer-reviewed conference paper focuses on a comparative study between the

effect of two reactivity enhancement methods on properties of derived geopolymers. A low
reactive natural pozzolan prone to development of efflorescence was subjected to heat
treatment and mechanical activation. The potential reason for the effectiveness of each

method has been explained. The fifth conference paper focuses on implementation of heat

curing regime on two low reactive natural pozzolans for geopolymer synthesis. The
compressive strength of samples prepared with various types and concentrations of
alkaline solution has been determined at 7, 28 and 90 d of age while using two curing
methodologies which include curing at room temperature and heat curing. Reaction kinetics

have been studied for geopolymers based on both pozzolans at 20 °C.

The results presented till this part of the work laid foundation for the investigations related
to reactivity of minerals in sodium hydroxide and sodium silicate solutions. Fifteen mineral
phases were chosen based on the mineralogical composition of the used natural
pozzolans. Out of all the tested minerals, calcium carbonate exhibited distinct behaviour
and was therefore studied in further detail as part of sixth publication. For a better
comparison all the mineral phases were ground in laboratory to comparable Blaine fineness

values.

The sixth publication submitted in a peer-reviewed journal discusses the reactivity of

calcium carbonate minerals in sodium silicate solution. Eight calcium carbonate samples
with two polymorphs of calcium carbonate, calcite and aragonite, were used. The samples
were reacted with sodium silicate solution of silica modulus 1.061 (= 1.1). The reaction
mechanism, reaction kinetics, the early and late age reaction products were determined

using in- and ex-situ X-ray diffraction analysis, in-situ Fourier transform infrared
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spectroscopy, isothermal conduction calorimetry, thermogravimetric analysis coupled with

mass spectrometry, differential scanning calorimetry and thermodynamic modelling.

Chapter 3 presents the unpublished work conducted about the reactivity of fifteen mineral
phases in sodium hydroxide solution and six minerals in sodium silicate solution. Their
reactivity in sodium hydroxide solution (16 mol/kg) and sodium silicate solution (silica
modulus 1.061 = 1.1) was determined by thermogravimetric analysis and X-ray diffraction
analysis at 8, 28 and 90 d age. While the reaction kinetics were determined by isothermal

conduction calorimetry for first 5 d.

In Chapter 4 all the results and achievements presented in this work are collected and
summarized. Chapter 5 presents the general conclusions drawn from this thesis and some

recommendations for the future research.

1.6. Used natural pozzolans

For the purpose, six European natural pozzolans collected from Germany and ltaly were
used for geopolymer production including Rhenish trass (RT), Bavarian trass (BT1 and
BT2/BT), pozzolan Laziale “Red” (PLR), pozzolan Laziale “Black” (PLB) and pozzolan
Flegrea (PF). Rhenish trass (RT) is a natural pozzolan of volcanic origin which was formed
by the eruption of Laacher See volcano and about 100 other volcanos in the eastern Eifel,
Germany that were active until about 13,000 years ago. Bavarian trass (BT1 and BT2/BT)
also referred as Suevit was formed approximately 14.5 million years ago, when a meteorite
hit the earth in a region later called the Noérdlinger Ries, Germany. Initially, it was assumed
that Ries was formed because of volcanic eruption. However in 1960, it was shown that the
depression in the landscape was caused by meteorite impact [46]. (Note: It is worth to
mention here that BT2 in section 2.2 and BT in section 2.3 & 2.4 are two different
abbreviations used for same material. However, in chapter 4 abbreviation BT will be used.)
Pozzolan Laziale “Red” (PLR) and pozzolan Laziale “Black” (PLB) have been mined at
Ponte Lucano quarry, Tivoli (approx. 30 km from Rome, Italy) and was formed in volcanic
complex of volcano Laziale some million years ago. PLR occurs in the outcrops of Ponte
Lucano quarry, ltaly and its red colour is because of oxidation process. Pozzolan Flegrea
(PF) is also a volcanic ash and has been obtained from area Campi Flegrei at north of

Naples, Italy.
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1. Introduction

Natural pozzolan is a type of aluminosilicate generally from vol-
canic origin, that can react with lime at ambient temperature to
form a solid rock [1]. The term pozzolan refers to the city of Poz-
zuoli in Italy where it has been first discovered by Romans. The lat-
ter observed that those natural pozzolan have cementing
properties and started using them for making building blocks [2].
The cementitious characteristics are known as pozzolanic proper-
ties which depends on the amount of reactive SiO, and Al,03 avail-
able in the aluminosilicate [2,3]. Because of the pozzolanic
properties natural pozzolan have been widely used as supplemen-
tary cementitious material (SCM) in Portland cement industry [1].

The use of natural pozzolan for making various types of cement
have been reviewed in recent time. The first one was made by Sid-
dique et al. in 2011 who summarized the effects of using volcanic
ash as SCM in cement paste and mortar [4]. The microstructure,
physical, mechanical and durability properties of cement paste
and mortar were thus reviewed. The authors reported that the
addition of volcanic ash had beneficial effect on long term physical
and mechanical properties, electrical resistivity of resulting cement
paste and mortar. The second review authored by Cai et al. in 2016
reported the fresh properties, microstructural, mechanical, and
durability properties of concretes using volcano-related materials
as SCM and lightweight aggregate [5]. That review highlighted that
volcano-related materials can be used to develop the concretes
with moderate properties. Their use as SCM significantly improved
the durability properties of cement paste and mortar. More
recently another comprehensive review dealing this time with
the use of volcanic ash for developing alternative cement-based
materials named alkali activated materials and geopolymer was
successfully reported [6]. The main contribution of that paper
was the summary of the existing literature addressing the relation-
ship between the inherent properties of volcanic ash and the syn-
thesis parameters as well as their potential use as raw material for
geopolymer synthesis.

The present paper reviews and discusses mechanical,
microstructural and durability characteristics of natural pozzolan
based geopolymer obtained with alkaline solution as hardener or
activator. Since, the mechanical and durability characteristics of
geopolymer cement and concretes depend on their properties at
nano-structural level this review also aims at giving better under-
standing of the microstructural analysis results used so far to elu-

cidate the nanometric characteristics of geopolymer materials
from natural pozzolan.

1.1. Overview on geopolymers

Geopolymers are inorganic aluminosilicate binders that have
polymeric silicon-oxygen-aluminium framework structures.
Geopolymers binders result from reaction of solid aluminosilicate
from source material (natural pozzolans, industrial and agricul-
tural waste products) with highly concentrated aqueous alkali
hydroxide or alkali silicate solution. The alkaline source supplies
alkali metal cations thus raising the pH of solution it accelerates
the dissolution of solid precursors [7]. The available calcium con-
tent of reacting components should be low to enable the formation
of three-dimensional polymeric chain and ring structure consisting
of Si-O-Al-O bonds [7,8]. As studied by Davidovits, the network of
the silico-aluminate based geopolymers consists of SiO4 and AlO4
tetrahedra linked alternately by sharing all the oxygens. The posi-
tive ions present in framework of cavities balances the negative
charge of AI** in IV-fold coordination [8,9]. The basic empirical for-
mula for geopolymer chain is as given in Eq. (1).

M, [~(Si0z), — AlO,] - WH,0 (1)

where M is the monovalent alkali metal or cation such as K*, Na*,
Ca?*, Li*; the symbol ‘-’ indicates the presence of bond, n is the
degree of polycondensation or polymerisation; z is 1, 2, 3, or higher.

Geopolymers are considered as environmental friendly binder,
since they harden at ambient temperatures and therefore, their
synthesis demands less energy, and depending on the activator
up to 80 % less CO, is emitted in comparison to ordinary Portland
cement [10-12]. In 1908 for the first time, a German scientist Hans
Kiihl investigated the setting properties of ground granulated blast
furnace slag (GGBFS) with caustic potash (KOH) solution
[1,7,13,14]. In 1937, Chassevent observed the reactivity of slags
using caustic potash and caustic soda solution [1,13,15]. However,
in 1940 the first extensive experimental study on clinker less
cements was done by Purdon [16,17]. His work focused on the
reaction of GGBFS with caustic soda or caustic alkalis. In 1957, Glu-
khovsky discovered the possibilities of producing the binder using
low basic calcium or calcium free aluminosilicate and solutions of
alkali metal known as soil cements and corresponding concretes as
soil silicates [18,19]. Later in 1981, Davidovits produced binders by
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mixing alkalis with a burnt mixture of kaolinite, lime stone and
dolomite named as geopolymer since they have a polymeric struc-
ture. These types of materials belong to the alkaline binding sys-
tem as discovered by Glukhovsky [1,13].

1.1.1. Mechanism of geopolymerization

The general mechanism of geopolymerization consists in a
three-stage reaction: Dissolution - Coagulation, Coagulation -
Condensation, Condensation — Polymerization [20]. The reaction
starts with the breakage of siloxane (Si—O-Si) ions with OH™ ions
from alkali activating solution yielding silanol (-Si-OH) and sialate
(-Si-O7) species. The presence of alkali cations normalizes the neg-
ative charge while the formation of Si-O -Na* bond hinders the
reversion to siloxane [13]. The OH™ ions also impacts the Si-O-Al
bond in the same way and forms complex species, majorly Al
(OH)z anions [8]. The dissolution step depends on the temperature,
pH of mixture and possible treatments of the source materials.
Higher fineness and higher pH favours the dissolution step and
monomeric aluminate and silicate units are formed [21]. In the
2nd stage, the assemblage of ionic species helps to generate con-
tact between the disaggregated products and polycondensation
starts causing an increase in the coagulated structure. The silica
monomers inter-react to form dimers and then polymers. In the
last stage, the further reaction products precipitate because the
particles present in the initial solid phase are forming three-
dimensional polymeric chain and ring structures consisting of Si-
0-AI-0 bonds. However, these three steps can overlap with each
other and occur almost simultaneously, thus making it difficult
to isolate and examine each of them separately [7,8,13,21-23].

1.2. Raw materials for geopolymer synthesis

The raw materials for geopolymer synthesis could be natural
pozzolanic materials like volcanic ash (tuff), diatomaceous earth,
opaline cherts, shales and pumicites etc. or naturally tempered
pozzolanic materials like zeolite, kaolinite, phonolite etc. Artificial
raw materials for geopolymers include pozzolanic materials from
industrial or agricultural waste such as low calcium fly ash, silica
fume, brick powder, granulated blast furnace slag, sugarcane
bagasse ash, rice husk ash etc. [3,24-28]. Since recent decades,
geopolymers are being used as an alternative to conventional bin-
ders with a lot of work carried out on metakaolin or fly ash based
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geopolymers, however, only little has been done on the use of nat-
ural pozzolans for geopolymer synthesis. Since industrial by-
products such as fly ash and slag are available only to the extent
that they arise in the production of the main product, their use is
limited. In addition, decarbonisation will continue to reduce the
burning of coal, which is already leading to a shortage of fly ash
for concrete production in some countries. This makes the use of
alternative binders with a low ecological footprint increasingly
important.

1.2.1. Production of natural pozzolans

Pyroclastic rocks resulting from the explosive volcanic erup-
tions are considered as wide category of natural pozzolans. The
explosive volcanic eruption projects minute particles of melted
magma into the atmosphere while the rapid pressure decrease
results in formation of microporous structure by release of gases
dissolved in particles of the magma. Simultaneously, quenching
process results for their glassy state. On contrary, non-explosive
eruption results in crystallisation of molten magma (little or no
pozzolanic activity) due to insufficient quenching [2].

The deposits of volcanic pozzolans exposed to weathering and
cementation of loose particles through diagenetic or other natural
processes form compact layers (tuffs). Weathering can cause either
zeolitisation or argillation resulting in zeolitic minerals or clay
minerals respectively, therefore, zeolitisation enhances the poz-
zolanic properties [2,29]. Fragments of rocks, minerals and volcanic
glass produced during the volcanic eruption having sizes less than
2 mm are characterized as volcanic ashes [5,6,29]. The size of the
volcanic ashes reduces with the distance from the volcano and
can be as small as 0.034 pm for 621 km distance from the volcano
[5]. Based on the chemical composition and degree of vesicularity,
extrusive volcanic eruptions can form four different types of vol-
canic ashes named as: felsic, intermediate, mafic and ultramafic.
Felsic rocks are acidic and result from explosive eruptions while
mafic are basaltic and are result of non-explosive eruption [6,30].

1.2.2. Reactivity of natural pozzolans

The capacity of aluminosilicate material to dissolve in alkaline
medium defines its reactivity [31]. The latter depends on fineness /
specific surface area of particles, chemical and mineralogical
composition of materials [32,33]. Table 1 presents the chemical
composition of various natural pozzolans used by researchers for

Table 1
Chemical composition of various volcanic ashes.
Source SiO, Al,05 Cao Fe,05 K;0 Na,0 MgO TiO, MnO P,0s5 LOI Total
Mt. Shinmoe, Southern, Japan [38] 54.9 16.4 8.8 10.9 1.7 2.8 33 0.8 0.2 99.9
South East, Iran [39-40] 61.7 15.9 8.0 43 2.1 3.2 2.0 0.4 1.9 97.7
North West, Iran [39-40] 70.1 111 2.5 13 2.3 1.0 0.9 0.1 10.3 89.4
North West, Iran [41] 64.7 119 6.8 3.0 43 23 1.1 0.5 52 94.5
South East, Iran [41] 68.5 11.8 29 3.7 32 1.6 14 04 6.1 93.6
South East, Iran [41] 68.3 12.6 39 2.7 33 24 14 03 44 94.8
Chihuahua, Mexico [11] 59.5 9.4 8.0 2.3 143 79.3
Foumbot West Region, Cameroon’ [42] 44.2 14.1 10.4 13.2 1.5 3.7 9.7 2.7 0.2 0.6 -0.6 100.3
Foumbot West Region, Cameroon [43] 43.4 15.3 11.1 125 1.7 4.5 6.8 2.9 0.2 0.9 99.3
Djoungo, Littoral Region, Cameroon  [44] 46.3 154 9.1 133 - 39 6.7 2.8 0.2 0.6 -0.4 98.4
Djoungo, Littoral Region, Cameroon [45] 44.0 15.3 9.3 12.8 1.4 5.6 7.0 29 0.2 0.5 1.1 98.9
Loum, Littoral Region, Cameroon [32] 47.7 154 8.3 12.9 1.1 3.6 6.5 2.8 0.2 0.5 0.7 98.9
Galim, West Region, Cameroon [45-48] 41.4 15.4 7.9 12.9 1.0 2.2 6.5 3.0 0.2 0.5 9.3 90.9
Jordan cement factories Lafarge, Jordan [49] 40.2 139 9.7 15.2 1.5 3.7 9.6 4.8 93.7
Bayburt Stone waste, Turkey [50] 68.9 12.0 3.9 0.3 24 0.2 13 10.1 89.2
Rhine Land, Germany [51] 58.6 17.7 4.7 6.2 5.1 3.4 2.4 98.0
Yellow Tuff, Italy [2] 54.7 17.7 3.7 3.8 6.4 34 0.9 9.1 99.7
Bacoli, Italy [2] 53.1 17.9 9.0 43 7.6 3.1 1.2 03 3.0 99.5
Barile, Italy [2] 441 19.2 9.0 4.3 7.6 3.1 1.2 03 3.0 91.8
Coastal Region, Ecuador [52] 68.2 11.5 3.7 41 1.0 88.5
Coastal Region, Ecuador [52] 66.0 11.0 4.7 3.9 1.5 87.1

" The negative value of loss on ignition presents that there was a gain in mass after heating the sample till 1000 °C which could be possibly because of the oxidization [44].
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Mineralogical composition of volcanic ashes [25,32-33,35-37,41-48,50-51,53-64].

Group

Common Minerals

Probability of Occurrence

Feldspar Group

Alkali feldspar including Albite ((Na,Ca)[(Si,Al)40g]) (now as Plagiclase
classified), Anorthoclase ((Na,K)[AlSi5Og]), Sanidine ((K,Na)[(Si,Al)40s]),
Microcline (K[AlSi5Og])

High

Plagioclase feldspars including Anorthite ((Ca,Na)[(Si,Al)40s]), Oligoclase ((Na, Average
Ca)[(Si,A)4Os])
Olivine Group Forsterite (Mg5[SiO4]) Average
Fayalite (Fe,[Si04]) Low
Foids Nepheline ((Na,K)[AISiO4]) Average
Leucite (K[AISi,Og]) Low
Pyroxene Group Augite (Ca,Fe)(Mg,Fe)[Si,O¢], Diopside (CaMg[Si,O¢]) Low
Mica Group Muscovite (KAL[(OH),|AlSiO40]), Biotite (K(Mg,Fe**)s[(OH,F),| (Si,Al)4010]) Low
Oxide minerals Quartz (SiO;), Hematite (Fe,03), Anatase (TiO;) Average
Maghemite (y-Fe,03) Low
Minerals formed by alteration
Zeolite Group Heulandite ((Ca,Na,K)o[(Si,Al)36072]-26H,0, Analcime (Na[AlSi»Os]-H>0), Low
Phillipsite ((K,Na,Ca)4[(Si,Al)16032]-12H,0), Chabazite ((Ca,Na)4[(Si,Al)12024]-
13H,0), Mordenite ((Na,Ca,K)s[AlSi5013]s-28H,0)
Sulphates Anhydrite (CaSO4) Low
Carbonates Calcite (CaCOs), Manganocalcite (MnCOs) Low
Amphibole Group Ferrohornblende (Na.osCay(Fe?*,Mg)4(AlFe** Fe?*)[(OH)|(Si,Al)4011]2), Low
Magnesiohornblende (Na<psCas(Mg,Fe?*), (Al,Fe**,Fe*")[(OH)|(Si,Al)4011]5)
Clay Minerals Montmorillonite ((Al;.67Mgo.33)[(OH)3|Si4010]-Nag.33(H20)4), lllite ((K,H30) Low
Alz[(H20,0H),[(Si,Al)4010])
Chlorite Group Chlorite ((Mg,Fe?*,Al)3[(OH),|AlSiz010]-(Mg,Fe*,Al)3(OH)s) Low

geopolymer synthesis. This indicates the presence of a fair amount
of silica and alumina indicating the suitability of these raw mate-
rials for geopolymer synthesis. Higher amount of loss on ignition
in some of the materials indicate the presence of dissolved gasses
such as CO, and water in glassy form, showing the presence of car-
bonates and clay minerals respectively [6]. The difference in the
chemical composition observed in that table depends upon factors
like composition of magma, temperature and humidity conditions,
nature of eruption, crystal content and dissolved gasses of erupting
magma [4,34]. Mineralogical compositions of various volcanic
ashes determined by X-ray diffraction (XRD) analysis in various
studies are presented in Table 2. Weathering of volcanic glass with
time due to climatic condition can produce minerals as mica and
clay [6]. It must recall that it is not easy to distinguish between
highly and lowly reactive natural pozzolan based only on the
chemical and mineralogical composition of the whole sample. This
is because only the chemical composition of the glassy phase can
determine the degree of reactivity of natural pozzolan. The deter-
mination of the reactivity of natural pozzolan has been performed
by using the chemical method [35-37]. This involves the dissolu-
tion of natural pozzolan in concentrated NaOH or KOH solution
at different temperatures and the analysis of the leachate by ICP-
OES. The tests showed that roughly, natural pozzolan has a lower
reactivity compared to other aluminosilicates, and the glassy phase
is mainly constituted of Si, Al, Fe, Ca and Mg with Si as the major
component [35-37]. Finally, a total amount of at least 20 wt-%
reactive phases are require in natural pozzolan to be suitable for
geopolymer synthesis [37].

2. Characteristics of geopolymer pastes
2.1. Calorimetry

Various calorimetry techniques were used to assess the reactiv-
ity and geopolymerization of natural pozzolan by measuring heat
released during reaction. The two techniques used were Differen-
tial Scanning Calorimetry (Isothermal and non-Isothermal DSC)
which measures the heat released when temperature rises and
Isothermal Conduction Calorimetry (ICC) which measures the heat

flow at a constant temperature. The non-Isothermal DSC of four
volcanic ashes carried out by Lemougna et al. highlight that when
temperature rises the maximum heats released were reached
between 131 and 166 °C; whereas, the Isothermal DSC at 90 °C
showed that the maximum heats released were very low compared
to the one of metakaolin for example [56]. The authors thus, con-
cluded that volcanic ash is less reactive than calcined clay. This
was later on confirmed by the investigation of Djobo et al. who
studied the heat released during geopolymerization of Cameroo-
nian volcanic ash at 27 °C by ICC [35]. The latter stressed that the
calorimetric curve of geopolymerization of volcanic ash is charac-
terized by a single exothermic peak whose maximum is reached
in less than 1 h. This peak which is associated with sorption of
alkaline activator solution on the surface of ash particles and disso-
lution of the ash particles. This demonstrates that the maximum
dissolution rate and the maximum amount of dissolved species is
achieved within 1 h. Fig. 1 shows the ICC curve depicting the stages
of geopolymerization reaction and the effect of fineness on the rate
of heat evolution. The fast retardation after the first peak attributes
to the wetting process and later stage dissolution and polymeriza-
tion reaction continues in apparently thermally steady state with
lower rate of heat evolution [65].

According to a research study of Kani et al., during geopolymer-
ization of natural pozzolan the reaction time (time at which no fur-
ther heat is released, and the rate of heat evolution fell to zero)
ranges from 21 to 29 h, and the apparent activation energy varies
between 49.6 and 64.8 kJ/mol. These data allowed to understand
that depending on the temperature at which the reaction takes
place and the synthesis conditions, the geopolymerization of natu-
ral pozzolan ends within 21-29 h [65]. It is worth pointing out that
the activation energy translates the minimum energy that should
be applied to the system to undergo a chemical reaction. So, the
higher activation energy observed means that higher temperature
is required for the geopolymerization and indicates the low reac-
tivity of natural pozzolan compared to fly ash or metakaolin.

2.2. Setting time

Setting time of geopolymer mixtures depends upon the specific
surface area and content of free CaO available in the mixture. The
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Fig. 1. Heat evolution on different stages of geopolymerization reaction and effect
of fineness on heat evolution [32,65].

lower the specific surface area and lower the content of free CaO in
the source material leads to higher setting time of geopolymer
mixtures. Setting time of geopolymer mixtures can also be con-
trolled with the amount and modulus of the activator sodium sili-
cate; the higher the SiO,/Na,O molar ratio the lower is the setting
time [37]. Tchakoute et al. studied the compressive strength and
setting time of two Cameroonian volcanic ashes originating from
Djoungo and Galim named as Zp and Z respectively [37]. Alkaline
activating solutions with SiO,/Na,O molar ratio of 0.7, 0.9, 1.1, 1.3
and 1.4 were prepared with NaOH (12 M) and Na,SiO5 (28.7 % SiO5,
8.9 % Na,0). Liquid to solid mass ratio for Zg was kept constant at
0.49 and for Zp, at 0.37. Low specific surface area (2.3 m?/g) and low
free CaO (3.23 wt.-%) content of Zp resulted in a setting time longer
than 14 days and low compressive strength. Whereas, for Zg
(specific surface area of 15.7 m?/g and free CaO of 5.11 wt.-%)
based geopolymers it was shown that the setting time was reduced
with the increase of SiO,/NayO ratio, from 490 min to 180 min,
hence higher compressive strength was achieved, as shown in
Fig. 2 [37,66,67]. Similar trend was also observed for volcanic ash
based geopolymer partially replaced with metakaolin. With
increase of SiO,/Na,O content in alkaline solution and increased
content of metakaolin in the mixture, the initial setting time
decreased from 500 min to 160 min for Zp-metakaolin mixtures,
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Fig. 2. Effect of SiO,/Na,O molar ratio of alkaline solution on setting time and
28 day compressive strength of Zp and Zg based geopolymer; after Tchakoute et al.
[37].
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while for Zg-metakaolin geopolymer initial setting time decreased
from 220 min to 125 min [45].

Tchakoute et al. studied the setting time of fused soda-volcanic
ash based geopolymer. Fused soda-volcanic ash with varying over-
all Al;03/Na,0O molar ratio was prepared by calcination of mixture
at 550 °C for 1 h [53]. Results of setting time indicated that with
decrease of Al;03/Na,0 from 0.29 till 0.13, setting time decreased
by 40 % (from 25 to 15 min), while with further decrease of
Al;03/Nay0 from 0.10 till 0.06 the setting time increased from
16 min to 20 min. The authors reported that these results were
found to be in correlation with amount of amorphous phase calcu-
lated for each sample and compressive strength, furthermore, it
was reported that excess of fused soda hindered the geopolymer
synthesis process [48,68].

Influence of the particle size of volcanic ashes on the setting
time of geopolymer paste was studied for volcanic ash samples
milled for 30, 60, 90 and 120 min and it was reported that with
increase of milling duration the initial setting time of geopolymer
paste samples firstly decreased from 600< minutes for 30 min
milling time to 150 min for 60 min milling time. With further
increase of milling time to 90 min the initial setting time decreased
to 15 min. However, with further increase of milling time to
120 min the setting time increased slightly to 22 min. The increase
of milling time increases the fineness of particles and thus the dis-
solution rate increases. However, with excessive milling causes
agglomeration of particles and recrystallization or polycondensa-
tion of glassy phase forms quartz, thus reducing the reactivity of
pozzolan sample [32].

3. Physical and mechanical properties
3.1. Water absorption, bulk density and apparent porosity

Water absorption, bulk density and apparent porosity are the
primary physical characteristics of the geopolymers. Many influ-
encing factors for these three parameters were investigated. Effect
of particle size, Na,0/SiO, molar ratio, curing temperature and age
of sample on water absorption, bulk density and apparent porosity
have been studied.

Djobo et al. varied the milling time for Cameroonian volcanic
ash samples between 30 and 120 min and reported that in most
cases minimum bulk density and maximum water absorption
and apparent porosity for the paste sample prepared with volcanic
ash milled for 90 min was found at 28 days of age. No direct rela-
tionship between particle size and physical properties was exam-
ined. However, it was seen that with increasing curing
temperature (27 °C, 45 °C and 60 °C) water absorption increased
from 8.7 % to 11.4 %, apparent porosity increased from 17.5 % to
19.8 %, while bulk density decreased from 2105.6 kg/m> to
1798.5 kg/m> for Cameroonian volcanic ash based samples at
28 days of age [32]. However, the relation is not consistent with
the results presented in [44], where with increase of curing tem-
perature from 27 °C to 80 °C, decrease in water absorption and
apparent porosity and increase in bulk density has been observed
at 28 days of age. This apparent discrepancy could be due to differ-
ent examined temperatures and different nature of tested samples.
In later study, the temperature between 27 °C and 80 °C has not
been studied. It can be assumed that with increase of curing tem-
perature, initially water absorption and apparent porosity
increases while bulk density decreases. However, with further
increase of curing temperature the trend becomes opposite. It
should also be noted that in [32] authors used paste samples while
in [44] mortar samples were used. Nevertheless, detailed investi-
gation is necessary to fill the gap of knowledge for paste and mor-
tar samples.
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Influence of curing period was examined between 7 days and
180 days for mortar samples [44]. With increase of curing period
from 7 days to 28 days, a gain in water absorption and apparent
porosity was found. However, from 28 to 180 days the values of
these two properties changed slightly. However, reverse trend for
bulk density had been recorded. With increasing age of sample,
bulk density decreased for samples cured at 27 °C, while no uni-
form trend has been seen for samples cured at 80 °C [44]. No clear
influence of water to binder ratio on water absorption of geopoly-
mer samples has been observed [58].

Silica modulus of activator solution has been found to effect the
physical properties of geopolymer paste samples. Lemougna et al.
studied the effect of Na,0/SiO, molar ratio on the water absorption
and bulk density of geopolymer paste samples. It has been reported
that with increase or decrease of Na,0/SiO, beyond optimum, the
water absorption increases, while bulk density doesn’t change
appreciably with change of Na,0/SiO, ratio. For optimum Na,O/
SiO, molar ratio of 0.25, minimum water absorption of 14.08 %
and maximum bulk density of 1910 kg/m? was recorded [42].

Inclusion of aluminium and calcium by partial replacement of
volcanic ash by bauxite or calcined oyster shell (both 0 to 30 %)
respectively, leaded to a progressive increase of apparent porosity
of the paste [47].

3.2. Compressive strength and indirect tensile strength

Factors affecting the degree of geopolymerization are particle
size, type and concentration of alkali activator, pre-treatment of
raw material and curing conditions [32,36,69]. Primary findings
from different authors using volcanic ashes for geopolymerization
are summarized in Table 3. It is seen that raw volcanic ash without
any pre-treatment have poor reactivity due to low dissolution of
volcanic ash in alkaline medium, therefore, pre-treatment of vol-
canic ashes like calcination, alkali fusion, mechanical activation
and partial replacement with secondary cementitious materials is
suggested [32,40,41,45,47,48,52-54,70]. Sodium hydroxide,

Table 3

sodium silicate, potassium hydroxide and potassium silicate are
the majorly used alkali activator solutions [41].

Higher concentration of the activator improves the dissolution
of the aluminosilicate and therefore, improves the mechanical
properties. However, depending upon the type of activator, curing
conditions and mineral type after reaching a certain content of
alkali no significant increase in strength can be observed as shown
in Fig. 3 [36,38].

The optimum concentration of alkalis should be determined
from properties and economic point of view. Bondar et al. studied
the effect of using various concentration of NaOH and KOH for Taf-
tan pozzolan based geopolymer paste samples and found out that
longer time or higher temperature is required for the sample with
higher concentration of alkaline solution beyond 7.5 M concentra-
tion and unfavourable properties such as efflorescence and brittle-
ness can enhance due to increased free alkali content in the
binding system [36,71].

4571 @sSeal cured at 40°C [@Seal cured at 60°C [ Autoclave curing

40

Compressive Strength (MPa)

2.5M 5M 7.5M 10M 2.5M 5M 7.5M 10M

NaOH solution concentration KOH solution concentration

Fig. 3. Effect of type and concentration of activator on geopolymer compressive
strength seal and cured at 40 °C, seal and cured at 60 °C and autoclave cured at
2 MPa pressure & 150 °C for 3 h; after Bondar et al. [36].

Summary of primary findings and synthesis parameters studied on natural pozzolan based geopolymer.

Author

Raw material &
Activation

Alkaline Solution Used

Curing Condition

Compressive Strength

Djobo et al. [32]

Tchakoute et al. [37]

Tekin [50]

Bondar et al. [41]

Takedan et al. [38]

Villa et al. [11]

Lemougna et al. [42]

Haddad & Alshbuol [49]

Vogt et al. [51]

Mechanical activation
of volcanic ash in ball
mill

Volcanic ash of particle
size 80 um

Marble, travertine and
volcanic ash waste
crushed and grinded
Heat treated dacite and
andesite ashes at 700
and 800 °C and ground
to <75 um

Volcanic ash with
particle size <200 pm
Homogenized zeolite
sample

Volcanic ash ground
and sieved through a
400 um mesh

Basaltic Tuff of fineness
in excess of 700 m?/kg
Volcanic tuff of Blaine
fineness = 6000 cm?/g

Na,SiO3/NaOH = 2.4, SiO,/

Na,0 = 1.4, Liquid/ash (mass)
=04

Si0»/Na,0=0.7, 09, 1.1, 1.3 and
1.4 liquid/solid = 0.49, 0.37,
Na,SiO3; and NaOH

NaOH 1, 5 and 10 M

NaOH, KOH, Na,SiO3

8.5-16.5 M NaOH, Na,SiO3

Na,SiO3/NaOH = 0.4, 1.5, 5, 10
and 15 ratios using 7 M NaOH,
activator/ligand = 0.6

Volcanic ash mixed with NaOH
with Na,0/SiO, = 0.15-0.35,
water/ash = 0.21

Na,Si0s, NaOH (10, 12, 14 M)

Na,SiO5; and 50% NaOH.

27, 45 and 60 °C for 24 h
afterwards cured at room
temperature in a plastic bag
24 +3°C

22 +2°C &40 + 5% R.H. 45 °C for
24 h after demoulding 75 °C for
24h

20, 40, 60, and 80 °C

50 °C and 80% relative humidity
for 72 h.
40, 60, and 80 °C

Seal cured at 40 °C for 24 h, then
unsealed cured at 40 °C for 24 h.
Afterwards, samples were cured
for 5 days in water and open air
at 40, 70 and 90 °C

40, 80 and 120 °C.

80°C

0-37.4 MPa at 28 days
6.6-53.6 MPa at

90 days

23-50 MPa at

46 MPa at 90 days

0-81 MPa at 28 days

80.1 MPa at 3 days

8-35 MPa at 90 days

55 MPa at 7 days

30 MPa at 28 days

22.7 MPa at 7 days

28
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The modulus of sodium silicate (SiO2/Na,0) is an important
parameter influencing the properties. Keeping the alkali content
constant, the higher modulus of water glass promotes develop-
ment of higher strength within a specific range due to greater con-
tribution of silica. In other way, if the solid sodium silicate content
is kept constant in a mixture then the effect of alkali activation is
higher than silica. Therefore, it is necessary that an optimum mod-
ulus of sodium silicate is selected depending upon the raw material
and curing condition. In general, a higher modulus is preferred; a
lower modulus should be used only if the alkali activation is insuf-
ficient [36,51].

Curing conditions have been found to affect the geopolymeriza-
tion as well. Higher curing temperature improves the mechanical
properties by increasing the rate of dissolution at early ages but
does not have much effect on final strength [11,32,72]. However,
higher temperature curing also causes fast evaporation of water
and propagation of shrinkage cracks, therefore, extended curing
should be avoided [38,49,50]. Wet curing causes efflorescence in
the samples [50].

The addition of reactive Al,O3 helps to improve the mechanical
properties of the material by increasing the geopolymeric phase of
the material which imprisons the unreacted/partially reacted crys-
talline phase of the starting material and thereafter, helping to
reduce the efflorescence [54,73,74].

At early ages, alkali activated natural pozzolan concrete have
lower static modulus of elasticity (SME) compared to OPC concrete.
However, long term results indicated 5-20% higher SME for alkali
activated natural pozzolan concrete than OPC concrete. SME for
geopolymers is also affected by the curing temperature; higher cur-
ing temperature at early ages improves SME to a limit depending
upon water to binder ratio. The higher curing temperature can cause
evaporation of water, therefore, causing loss of strength due to
incomplete geopolymerization and hence, lower SME [59]. SME
has been found to increase with increased concentration of alkaline
activator and the results have been found to be comparable to results
of compressive strength [75]. For natural pozzolan based geopoly-
mer mortar synthesised with varying concentration of NaOH, mod-
ulus of rupture of have been recorded between 0.732 MPa and
8.490 MPa, ultimate strain between 200 pe and 795 pe and modulus
of elasticity between 3481 MPa and 21554 MPa [75].

Indirect tensile strength of geopolymer specimens have been
found directly proportional to their compressive strength [59]. In
comparison to ordinary Portland cement (OPC) concrete speci-
mens, natural pozzolan based geopolymer concrete exhibit higher
indirect tensile strength at later ages. At 7 days, the indirect tensile
strength of natural pozzolan based geopolymer was 16.25% less in
comparison to 7 days old OPC samples, while at 28 days it
increased by 33.7% in comparison to OPC sample of same age
[59]. The indirect tensile strength of natural pozzolan based
geopolymer is greatly influenced by the curing temperature, as
the tensile strength majorly depends on the bond between aggre-
gate and gel. The higher temperature curing improves the strength
of geopolymeric gel itself while it may not necessarily increase the
interface between aggregate and gel, as at higher temperature and
in sealed curing condition, water cannot reabsorb to enhance the
matrix bonding properties particularly at the interface of matrix
and aggregate [59].

4. Microstructural characteristics of hardened products
4.1. X-ray diffractometry (XRD)
Roughly after geopolymerization or alkaline activation reaction

there is the possibility of formation of new crystalline phases and
the disappearance of some minerals initially present in the alumi-
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nosilicate. Itis worth recalling that during geopolymerization or alka-
line activation reaction the amorphous phase reacts preferentially to
the crystalline phase. The mineralogical changes observed depend
upon the type and composition of the alkaline solution, the type
and content of calcium source in the mix design. One of the main
change is the shift of the 2theta range characteristic of the glassy
phase of natural pozzolan. In the case of natural pozzolan based
geopolymer, which are obtained with high silica modulus (molar
ratio SiO,/Na,0 > 1.4) the changes observed are generally the
decrease of peaks intensity and often the disappearance of minerals.
For example, it was reported that nepheline and clay mineral-like
muscovite, initially present in volcanic ash had taken part to the
geopolymerization, while, for the other minerals only the peak inten-
sity was affected [45]. The formation of new crystalline phases (gen-
erally hydrated minerals) occurs in the alkali-activated natural
pozzolan system which are obtained with alkaline solution contain-
ing very low silica modulus (molar ratio SiO,/Na,O < 1.4) or by using
only highly concentrated NaOH and KOH solution. The new crys-
talline phases formed include zeolite minerals type (hydroxysodalite,
sodalite, sodium hydrogen silicate hydrate, potassium aluminium sil-
icate hydrate, sodium aluminosilicate hydrate, sodium calcium alu-
minium silicate hydrate) and carbonate mineral like natrite
(Na,CO0s) [36,46,48,49,53,57,63].The new minerals were reported to
be formed due to the reaction between the glassy phase and the alkali
from the alkaline solution [46]. Moreover, in the system with addi-
tional calcium source calcium based hydrated minerals such as cal-
cium silicate hydrate (CaSiO4H,0) can also be formed [46].

4.2. Fourier transform infrared (FTIR) spectroscopy

Table 4 summarizes the infrared bands assigned to various
wavenumbers for natural pozzolan based geopolymers. During
alkali activation, every bridging oxygen atom (BO) on the surface
of the original aluminosilicate is replaced by two negatively
charged non-bridging oxygen atoms (NBO), which are charge com-
pensated by alkalis. As a result, the infrared (IR) band attributable
to the T-O-Si asymmetric stretching vibration of the TO4 tetrahe-
dral of an aluminosilicate in glass has been found to shift to lower
energy with increasing alkali content [36,51,76].

4.3. Mdossbauer spectroscopy

The chemical composition of natural pozzolan showed it is con-
stituted of up to 16 wt-% of iron oxide, and it was reported that iron
takes part to the reaction [42,79]. In order to understand the beha-
viour of iron during alkaline activation of natural pozzolan °’Fe
Mossbauer spectroscopy of natural pozzolan has been studied by
Lemougna et al. [43] the findings of that work involved the
followings:

- The reactivity of iron depends on the form in which it is avail-
able in the material.

- Iron exists in its two-ionic form Fe**and Fe3" it is contained in
ferroan forsterite and augite mineral in both octahedral and
tetrahedral geometry.

- After geopolymerization there is the conversion of some octa-
hedral Fe?" into tetrahedral Fe** suggesting their participation
in the reaction.

- Finally, iron plays role of network forming and is beneficial for
the development of strength.

4.4. ?7Al and ?°Si nuclear magnetic resonance (NMR)
This test has been used to address the structural changes that

happen during geopolymerization of volcanic ash with varying sil-
ica modulus and curing temperature. The test results showed that
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Table 4

Infrared (IR) bands attributed to natural pozzolan based geopolymers [35,37,45,47,54,56-57,62,64,76-78].

Assignments Wave number (cm™')

Natural pozzolan Natural pozzolan

based geopolymer

Comments

O-H Stretching
O-H Bending

2917-2856, 3420
1540, 1645-1667

2360, 3410-3455
1540, 1645-1667

Strong band of surface adsorbed and chemical bound water

Strong band of surface adsorbed and chemically bound water

Strong band due to carbonation of free Na + into Na,CO3

Strong band. Bridging oxygen atom (BO) of the original aluminosilicate framework. After
reaction the band shift to lower value indicating non-bridging oxygen atoms have

replaced bridging oxygen atoms on the surface of aluminosilicate and is charge
compensated by alkalis

0-C-0 stretching Absent 1407-1484
Si-0-Si, Si-0-Al asymmetric 1093-1000 968-1035
stretching 879-1027
Symmetric stretching Si-O-Si 798 798
stretching Si-OH Absent 882
Si-OH Bending Absent 840-842
Stretching Al 6-coordinated 736-916 Absent
geometry (Aly)-OH &
Alvi-0)
Si-0O symmetric stretching Absent 620-715
Si-0-Si, Al-O-Si symmetric Absent 480-600

stretching

Medium band

Strong band appears in lesser polymerized product
Strong band appears in lesser polymerized product
Should disappear after polymerization

Should appear as shoulder only in polymerized product
Should appear only in polymerized product

in 27Al NMR spectra the characteristic peak (16 ppm) describing
the Al in 6-fold coordination disappears after geopolymerization,
indicating transformation to 4-fold coordination of Al atoms [35].
The main peak centred at 62 ppm in volcanic ash characteristic
of Al in 4-fold coordination shifts to higher frequency after reaction
indicating Al substituting Si atom in tetrahedral sites with 3 bridg-
ing oxygen [35,80]. For higher curing temperatures partial crystal-
lization of amorphous phases is indicated by the increase of the
peak widths [35].

295i have been found to provide better insight of the structural
variation in the geopolymer matrix by change of silica modulus
and curing temperature. The characteristic peak of Si in tetrahedral
environment lies between —60 and —120 ppm frequency. The
broad peaks indicate the Si(IV) in different environments [35,81].
The variation of silica modulus in geopolymer products shifts the
main peak of Q* from —89 to —86 ppm after reaction, which occurs
because of de-shielding due to decrease of mean electronic cloud
around SiO,4 tetrahedra, increase of the mean Si-O bond length
and decrease of mean Si-O-T (T = Si or Al) bond angle [35,82].

4.5. Thermogravimetric analysis (TGA)

Mass loss during thermogravimetric analysis can be used to
measure the extent of geopolymerization. Higher overall mass loss
relates to higher extent of geopolymerization [51]. The TGA curve
can be divided into three stages as shown in Fig. 4. The first stage
corresponds to evaporation of physically adsorbed water in the
geopolymer matrix and appears before 100-150 °C [35]. The sec-
ond stage starting from 150 °C till 600 °C corresponds to chemi-
cally bound water, which comes from dissolution of
aluminosilicate raw materials to form aluminate and silicate spe-
cies. So, this stage gives useful information about the extent of
geopolymerization reaction [35,61,83]. However, TGA is not repre-
sentative of chemical and nano-structural evolution taking place
during reaction as it considers only the final reaction product
[35,84]. This is the case of a recent study where authors observed
and increase of the extent of reaction by isothermal calorimetry
with decreasing silica modulus, but the TGA result showed differ-
ent behaviour as the recorded mass losses between 150 and 600 °C
were 2.14, 2.91 and 2.67% respectively for silica modulus of 1.66,
1.50 and 1.40 [35]. Therefore, it should be used carefully and
preferably in combination with other analytical tests (FTIR,
Calorimetry etc.) to give final conclusion. The total mass losses
and temperature range of stage I and Il depend on the synthesis
conditions and to the reactivity of the initial ash. The values

recorded so far vary between 3.5 and 14 wt-% [35,46,56,57]. The
third stage represents the mass loss due to decomposition of car-
bonates, whose effect decreases with yield of the reaction
[46,51,61,83]. The latter stage is generally observed in the alkali
activated system with high amount of calcium and sodium oxide
(Na,0) content. It should be noted that in the alkali activated sys-
tem the temperature range of the stage I and II overlaps due to the
incorporation of calcium in the binder composition [85]. The latter
being the mixture of N-A-S-H, K-A-S-H, C-A-S-H, N-(C)-A-S-H and/
or C-S-H whose decomposition take place at very low temperature
(below 250 °C) [42,46,57,86,87].

4.6. Scanning electron microscopy & energy dispersive X-ray
spectroscopy (SEM/EDX)

The morphology and the composition of the resulting geopoly-
mer matrix depends on the chemical composition of natural poz-
zolan, curing temperature and type of alkali activating solution
and its SiO,/Na,O molar ratio. The different features generally
observed in the micro-structure includes unreacted particles and
reacted phases. The latter may be constituted of geopolymer phase,
hydrated gel and new crystalline phases. The geopolymer phase is
based on mixture of poly (ferro-sialate-siloxo), poly (ferro-sialate-
disiloxo) and poly (ferro-sialate-multisiloxo) binder types with
Ca%*, Mg?" and Na' as charge-balancing cations [32,35] The
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Fig. 4. Thermogravimetric curve representing 3 stages of mass loss [35,51].
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Fig. 5. High magnification combined SEM-EDS map of alkali-activated oyster shell-
volcanic ash showing various phases: A) C-S-H gel; B) and C) various type of (N, C)-
A-S-H gel; D) unreacted volcanic ash . adapted from [46]

hydrated phase is constituted of sodium or potassium aluminosil-
icate gel (N-A-S-H, K-A-S-H). Because of the presence of CaO in nat-
ural pozzolan and sometime when additional calcium source is
added various types of hydrated phases sodium calcium alumi-
nosilicate hydrate (N, C-A-S-H), calcium aluminosilicate hydrate
(C-A-S-H) and calcium silicate hydrate (C-S-H) are formed. Higher
curing temperatures result in micro-crystalline gel structure due to
formation of zeolites while lower curing temperature results in
more homogeneous gel [40]. Scanning electron microscope (SEM)
images coupled with EDX results show distinguishable reacted
phases and unreacted particles, as depicted in Fig. 5 [33,46]. With
the increase in concentration of NaOH solution the gel structure
becomes more dense with lesser amount of unreacted particles
[46]. The undissolved particles in geopolymer matrix can cause for-
mation of cracks, however, addition of optimum amount of Al,03
helps to reduce the micro crack in geopolymer matrix [54]. Never-
theless, amount of Al,0; beyond optimum exhibited much non-
homogenous microstructure with cracks, this could be because of
formation of octahedral Al at very high Al content which cannot
incorporate into gel network [54].

5. Durability characteristics

Considering geopolymer binders as an alternative to OPC con-
crete, the durability characteristics of natural pozzolan based
geopolymers should be studied in order to achieve dense, crack
free micro-structure, low capillary porosity and fine pore structure
[88]. As geopolymers are considered as environmental friendly
binding materials, therefore, the durability characteristics of natu-
ral pozzolan based geopolymers are important to be studied.

5.1. Sulphate resistance

Bondar et al. studied the sulphate resistance of alkali activate
natural pozzolan in 2.5% Na,SO,4 and 2.5% MgSO, solution. Maxi-
mum loss of compressive strength recorded was 19.5% after
2 years of immersion in sulphate in solution. Maximum expansion
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of 0.074% was recorded after 6 months of immersion. X-ray diffrac-
tion analysis of the samples immersed in sulphate solution was
conducted by extruding the sample from surface and middle of
the sample. Results indicate that mainly sodium aluminium sul-
phate (NaszAl(SO4)3), langbeinite (K;Mg,(SO4)3), palyigorskite
((MgAl)S(SIAl)SOZO(OH)Z8H20), leonite (KzMg(SO4)24H20) and
picomerite (K;Mg(S04),-6H,0) minerals were formed because of
the reaction with sulphate present in solution [58].

5.2. Acid resistance

Acid resistance of geopolymers have found to be closely related
to the porosity of specimens, pore size diameter, connectivity of
pores and presence of Na-rich gel in geopolymer gel structure
[44]. It must note that the literature about this subject is very
few. Till now there is only two published papers dealing with acid
resistance of volcanic ash based geopolymers. This show the lack of
information and the necessity for scientists to focus on this topic.
The effects of adding calcium rich material (calcined oyster shell)
and Al-rich material (bauxite) on 3% sulphuric acid resistance of
volcanic ash based geopolymers were studied [47]. The authors
reported a decrease from —2.32 to —1.91% of mass loss with the
bauxite content up to 30 wt-%, and from —2.32 to —1.72 with only
with 10 wt-% of calcined oyster shell added. This trend was due to
the beneficial effect brought by these minerals additive on the
extent of geopolymerization. Djobo et al. studied the influence of
curing temperature on acid resistance of volcanic ash based
geopolymers for 180 days in 5 wt-% H,SO4 solution [44]. For first
90 days, for samples cured at 27 °C and 80 °C the monthly mean
rate of strength loss was recorded as 0 and 3.5% respectively, there-
after, the monthly mean rate of strength loss increased appreciably
to 8 and 6% respectively. Maximum loss of strength for samples
cured at 27 °C and 80 °C after 180 days of immersion in acidic solu-
tion was found to be 24% and 60% respectively, while ordinary
Portland cement completely destroys under these conditions
[44,89,90]. This result demonstrated that heat curing has detri-
mental effect on acid resistance of volcanic ash based geopolymer.
Visually there was no surface degradation in samples till 180 days
of immersion in acid, but the samples became only lighter in col-
our. The SEM combined with EDX analysis of samples immersed
into sulfuric acid helped to identify gypsum as reaction product
between sulphate from acid and calcium from volcanic ash. The
formation of gypsum which was much prominent for heat cured
samples was indicated as responsible of the higher strength losses
compared to the sample cured at room temperature [44].

5.3. Corrosion of steel reinforcement

More alkalis present in geopolymers based on natural pozzolan
makes the pH at the steel-concrete interface higher than normal
OPC concrete. The pH value is normally higher then 10, which
helps to improve the corrosion resistance [75,88]. However, further
research is necessary to understand this parameter.

5.4. Permeability

The long term durability of concrete depends mainly on the
pore network and their connectivity inside the concrete block.
Thus the determination of the permeability has been found to be
suitable test to assess the sustainability of concrete against aggres-
sive agents (carbon dioxide, chloride etc.). It should be noticed that
regarding geopolymer concrete from natural pozzolan there are
only two research papers dealing with its transport properties
capacity. The data available involve oxygen permeability and chlo-
ride penetration test.
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Oxygen permeability of two Iranian natural pozzolan based
geopolymers was determined by using ‘cembureau permeameter’
[88,91]. The results showed that oxygen permeability of natural
pozzolan based geopolymers concrete varies with synthesis condi-
tions and it ranges from 1.5 x 10" m? to 5 x 1077 m? at 90 days.
The authors concluded that natural pozzolan based geopolymers
concrete exhibited 10-35% lower oxygen permeability compared
to OPC concrete at 90 days. In the studied system, the oxygen per-
meability decreased with the curing temperature and extent of
geopolymerization and decreased with the amount of water in
the system. For the samples with lower water to binder ratio the
rate of reduction of permeability was faster for 7 and 28 days of
age and later was slowed down with age of sample. With increas-
ing age of the sample permeability decreased at a higher rate of
reduction at early ages. The lower water to binder ratio forms
fewer capillary pores thus lower permeability. Permeability of
the specimens also decreased with higher curing temperature, as
higher curing temperature promotes the geopolymerization with
higher dissolution and polymerization rate and water removal
resulting in pore space blockage, hence a stronger structure with
lower shrinkage is generated [88].

Pore structure and pore solution composition effects the rapid
chloride permeability. Increase in temperature with high applied
voltage, measurement before reaching steady state migration of
current and passage of current by all ions in the pore solution
makes the experimental implementation of rapid chloride perme-
ability test (RCPT) difficult for the lower quality concretes as with
higher passage of current at assigned voltage more heat is pro-
duced [75,88,92]. Therefore, Bondar et al. measured the rapid chlo-
ride permeability of natural pozzolan based geopolymer concrete
samples according to ASTM C1202, [93], however, to reach the sim-
ilar conditions as OPC mixtures the applied voltage was reduced to
20V DC (up to 500 mA and 90 °C) instead of 60 V DC for OPC spec-
imens for 6 h. While, Ghafoori et al. measured the RCPT of natural
pozzolan based geopolymer mortar by reducing the voltage to
10 V. It was reported that with reduction of water to binder ratio
the chloride permeability decreased for natural pozzolan based
geopolymers by approximately 11% to 14% for 0.04% reduction in
solution to binder ratio [75,88]. With increasing age of the samples,
chloride permeability reduced with a higher rate of reduction at
early ages [88]. Samples cured in sealed conditions showed 20%
lower chloride permeability in comparison to samples cured in
moist conditions [88]. With increasing concentration of alkaline
activator the rapid chloride permeability has been found to
decrease from 6308 C to 1054 C [75].

Long term chloride penetrability of natural pozzolan based
geopolymer concrete was determined in accordance with ASTM
C1556 [94], for saturated samples sealed from three sides. The only
exposed surface was introduced to 2.8 M (16.25 wt-%) NaCl solu-
tion for 90 days. It should be noted that the average salinity of
sea water is 3.5 wt-% [88]. The ground concrete samples were col-
lected at every 5 mm depth by using lathe machine equipped with
diamond-tipped bit. The total chloride content of the powdered
samples was determined according to AASHTO T260 [88,95].
Results indicated that the total integral chloride ion penetrability
of geopolymer concrete at 41 mm depth after 90 days is 0.63 to
1.13, which is in range of AASHTO T259 moderate to high (0.8-
1.3) chloride ion penetrability [88,96]. The chloride penetrability
was found to be lower in samples with lower water to binder ratio
and is found to be 20% lower in samples cured at 40 °C with 20%
lower water to binder ratio [88].

5.5. Shrinkage properties

Natural pozzolan based geopolymers have significantly lower
drying shrinkage in comparison to the OPC concrete with same

water to binder and cement to aggregate ratio [59,97,98]. The dry-
ing shrinkage of natural pozzolan based geopolymers depends on
curing temperature, humidity and water to binder ratio. In sealed
curing conditions, the higher water to binder ratio reduces the dry-
ing shrinkage [59]. For natural pozzolan based geopolymer con-
crete samples sealed cured at ambient temperature, with
increase of water to binder ratio from 0.45 to 0.55 the drying
shrinkage reduced from 1185 x 107 to 514 x 10°% at 180 days
[59]. Higher curing temperature also reduces the drying shrinkage
which could be because of removal of water at higher temperature
and further cross-linking of hydration product. The lowest amount
of drying shrinkage reported was 239 x 10°% and 161 x 10~ for
natural pozzolan based geopolymer with water to binder ratio of
0.45 and 0.55 respectively, seal cured at 60 °C [59]. Fog cured sam-
ples show higher amount of drying shrinkage because of retention
of water in geopolymer matrix giving rise to more porous
microstructure [59].

Kani and Allahverdi studied the effect of SiO,/Na,0O molar ratio
of natural pozzolan based geopolymer on the total shrinkage and
found out that at constant Na,0/Al,03 molar ratio the total shrink-
age at 90 days ranges between 0.29% and 0.83 % for SiO,/Na,0
molar ratio less than 0.6 and with further increase of SiO,/Na,O
molar ratio to 0.6 and beyond total shrinkage increases signifi-
cantly from 1.52% to 4.81%. The acceptable value of total shrinkage
for industrial application is less than 1% [62]. The total shrinkage
also increased with increase of H,O/Al,03 molar ratio, and the
changes occurred were more prominent compared to those hap-
pened because of varying Na,O/Al,03 molar ratio [62]. For Na,0O/
Al,05 molar ratio between 3.44 and 7.69 the linear shrinkage has
been found to decrease, while with further increase of Na,O/
Al,05 molar ratio the linear shrinkage increased which is associ-
ated with the gel characteristics of the geopolymer binder as linear
shrinkage originates from the capillary tension with the gel frame-
work [48,53]. Shrinkage control measurement was studied by cur-
ing the 1 and 7 days pre-cured samples hydrothermally at 85 °C for
20 h, and it was found that for all hydrothermally cured samples
total shrinkage increased till 7 days and thereafter, became con-
stant with age of sample. The most suitable results were obtained
for hydrothermally cured samples after 1 day procuring, and the
total shrinkage ranged between 0.26 and 0.46 % [62].

Thermal shrinkage of volcanic ash based geopolymers have
been found to be approximately 2% after two cycles of heating
up to 1000 °C and cooling, which is approximately 4 times lesser
then metakaolin based geopolymers, indicating the suitability of
these binders [42,57]. During first heating cycle, significant shrink-
age has been observed for heating temperature up to 110°C
because of evaporation of less tightly bound water, after this for
further heating of up to 600 °C, the sample behaves more or less
stable [42,57]. During first cooling cycle, the already heated sam-
ples shrinks almost linearly at coefficient of thermal expansion of
8 x 1078 K'to 16 x 1076 K~!. In second heating and cooling cycle,
the thermal expansion coefficient has been recorded to be same as
that in first cycle [42,57].

5.6. Wetting and drying cycles

Lemougna et al. investigated the compressive strength of alkali
activated natural pozzolan in wet and dry condition [42,56,57]. The
work showed that after 24 h immersion of samples into water (wet
condition) there is a decrease of the compressive strength of up to
89%. But the compressive strength was partially or totally recov-
ered when samples were dried overnight at 90 °C. This was attrib-
uted to the partial dissolution of Si-O-Na bond and hydrolysis of
some silica bond -Si-0O-Si- from hydrated minerals (zeolitic min-
erals) or silicate gel which are generally soluble into water. These
were due to the presence of excess of alkali (Na*) during the
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synthesis. These observations were later confirmed by the work of
Djobo et al. where alkali-activated volcanic ash with a calcium
source (oyster shell) was tested [46]. The latter investigation
reported a decrease of up to 50% of the compressive strength in
wet condition for samples aged of 180 days. All these previous
works reported only the 24 h immersion into water on strength
evolution. Recently a more comprehensive studied on the perfor-
mance of 28 days aged volcanic ash based geopolymer mortars
specimens in 25 wetting and drying cycles was reported. Consider-
ing one cycle of drying and wetting as drying specimens at 65 °C
for 24 h followed by soaking in water at room temperature for
24 h. Results indicate that samples cured at 27 °C had 24% reduc-
tion in compressive strength after 25 cycles while samples cured
at 80 °C had 14% reduction in compressive strength, with no visual
deterioration up to 25 cycles of wetting and drying [44]. These
works showed that volcanic ash based geopolymers mortars per-
formed well in dry and wet condition and are suitable for severe
hot and dry climate.

6. Applications

Geopolymer mortar samples lie within the ASTM recommenda-
tion of building materials. While heating up to 900 °C geopolymer
samples lost 40% of their initial compressive strength and shrank
slowly, which indicates the suitability of these materials for low
grade refractories and potential building material [35,42].
Geopolymers formed by mixture of volcanic tuff and NaOH
(14 M) had an Zn?* uptake efficiency of 97.78% against 78.51% vol-
canic tuff and uptake capacity of 8.15 and 6.54 mg/g respectively,
at pH of 7 dosage of 0.7 g and therefore, have been found feasible
for removal of heavy metals [99]. In a more recent study on the
natural zeolite based foamed geopolymer concrete, it is recom-
mended that zeolite based geopolymers are suitable for household
masonry wall construction according to NTE 638 and NTE 643
Ecuadorian construction technical standards [78].

7. Conclusions

Natural pozzolans can be used as potential raw material for
geopolymer synthesis because of their huge availability in nature,
lower cost associated with extraction and comparatively lower
environmental footprint. The extend of geopolymerization
increases with the increase of curing temperature giving higher
compressive strength at early ages with no significant impact on
later age strength, however, addition of other cementitious materi-
als helps to improve the mechanical and durability properties of
these geopolymers. The work presented here describes the suit-
ability of natural pozzolan based geopolymer as alternative binder,
however, for practical application of these binder additional
research studies should be conducted such as rheological charac-
teristics, freeze thaw resistance, carbonation, alkali silica reaction,
light weight geopolymer concrete, fibre reinforced geopolymer
concrete and geopolymer concrete for special applications. Greater
number of efforts are needed to establish standard testing proce-
dures for geopolymer cement and concrete. Life cycle analysis
(LCA) of natural pozzolan based geopolymers should be carried
out to investigate the sustainability and role in reduction of green-
house gases.
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of the alkaline solution. The degree of reaction increases with the reduction of silica modulus. However,
the reduction of silica modulus beyond certain limit has a negative influence on the mechanical proper-
ties of resultant geopolymers. The optimum silica modulus requirement depends on the mineralogical
composition of the raw sample used. The rate of partial dissolution of semi-crystalline and crystalline
mineral phases present in natural pozzolan depends on the silica modulus of the alkaline solution used.
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1. Introduction

Geopolymers are a class of inorganic binders which are charac-
terized as semi-crystalline aluminosilicate materials and can be
synthesised by reaction of aluminosilicate precursor with a con-
centrated alkali metal silicate or hydroxide solution [1-3]. The
structure of geopolymer consists of aluminosilicate chains where
aluminium and silicon atoms are tetrahedrally bound by shared
oxygen atoms [1,3-5]. Owing to their good mechanical and dura-
bility properties, geopolymers have gained much attention in the
last decades. Geopolymers have comparatively lower greenhouse
gas emissions compared to conventional OPC-based binders which
make them a foreseeable material for future [6-9]. Natural poz-
zolans are a tremendous source of silica and alumina. In addition,
low cost associated with mining and transportation of natural poz-
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zolans make them suitable precursor for geopolymer synthesis
[10]. This material is widely available in countries with past or pre-
sent volcanic activities. Several works have successfully reported
the utilization of natural pozzolans of volcanic origin as geopoly-
mer precursor. However, elucidating the criterion prevailing the
reactivity of natural pozzolans in alkaline medium is still not com-
pletely understood. The microstructure, chemical, mechanical,
physical and thermal properties of geopolymers depend upon the
type of raw material used [1].

Several studies on the use of various volcanic ashes as geopoly-
mer precursor have been conducted and reported that their reac-
tivity varies considerably depending on the specific surface area,
Si0,/Al;03 ratio of the amorphous phase and amount of amor-
phous phase [11-13]. Type of alkaline activator used has also been
reported to affect the properties of resultant geopolymers. Use of
KOH solution led to thermally more stable geopolymer product
while the use of NaOH solution imparts higher reaction rate and
therefore, higher compressive strength [14]. Use of sodium silicate
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in alkaline solution enhances the mechanical properties and work-
ability of geopolymer samples [15,16]. However, Lemougna et al.
[14] reported that the variation of the composition of an alkaline
solution has no substantial effect on compressive strength, which
is in contradiction to other literature [10,16]. Effect of water to bin-
der ratio for constant silica modulus has also been discussed in the
literature. For higher Na,O content the increasing water to binder
ratio resulted in a drop of compressive strength and reduction in
flowability, while this effect is not pronounced for lower Na,0 con-
tent [17,18]. However, the samples enriched in Na content exhib-
ited efflorescence [13].

Geopolymerization of natural pozzolans is an exothermic pro-
cess, and the reaction is characterized by a single exothermic peak
[19,20]. Further, the reactivity of volcanic ashes has been reported
to be lower than fly ash and metakaolin, but a higher concentration
of the alkaline solution and increased curing temperature slightly
helps in increasing the reactivity of volcanic ash [20-22]. Other
ways to improve the mechanical properties include calcination of
the raw sample, and partial replacement by secondary cementi-
tious material as the deficiencies in silica, alumina and lime con-
tent of natural pozzolans can be compensated by the addition of
mineral additives [23-26].

In the aforementioned studies, natural pozzolans originating
from various countries including Cameroon, Colombia, Iran, Japan,
Jordan, Kuwait, Saudi Arabia, Turkey and the USA have been uti-
lized for synthesizing geopolymer materials. However, natural
pozzolans from European countries have not been extensively
studied yet for geopolymer synthesis. It is known that the final
properties of geopolymers depend on the reactivity of natural poz-
zolan (which is closely related to the source) and the composition
of the alkaline solution. Therefore, it is needed to find general syn-
thesis conditions for natural pozzolan-based geopolymers. For the
purpose, investigation of materials from other countries is neces-
sary. Moreover, most of the works dealt with the effect of varying
alkali type, concentration and curing condition on the geopoly-
meric potential of natural pozzolan, composition and final proper-
ties of resulting products with limited information available on the
reaction kinetics and degree of reaction with varying the composi-
tion of the alkaline solution.

The present work aims at using six different natural pozzolans
with comparable specific surface area, cured at ambient condition
with several silica moduli of alkaline solutions and studying their
effect on the mechanical properties, reaction kinetics, degree of
reaction and reactivity of mineral phases. For this purpose, 16 dif-
ferent silica moduli in the range of 0.4-1.7 have been used to study
the mechanical properties, and 12 different silica moduli have been
chosen to study the degree of reaction and reaction kinetics. The
emphasis is towards understanding how silica modulus effects
the dissolution of aluminosilicate and the development of com-
pressive strength. The degree of reaction is studied by thermo-
gravimetric analysis and selective dissolution using HCI and
salicylic acid. To the best of our knowledge, this is the first publi-
cation dealing with application of selective dissolution on natural
pozzolan-based geopolymer systems. Reaction kinetics have been
studied using isothermal calorimetry by applying pseudo-first-
order kinetics. Phase composition and reactivity of various mineral
phases were determined using X-ray diffraction analysis.

2. Materials and experimental methods
2.1. Materials and characterization
In this research study, six natural pozzolan samples were used,

named as Rhenish trass (RT), Bavarian trass (BT1 and BT2), Poz-
zolan Laziale Red (PLR), Pozzolan Laziale Black (PLB) and Pozzolan

Flegrea (PF). Rhenish trass (RT) was obtained from Tubag quick-
mix Gruppe GmbH & Co. KG, Germany in powder form. Bavarian
trass was provided by Madrker Zement GmbH, Germany in two
forms, as stone (BT1) and powder (BT2). Pozzolan Laziale Red
(PLR), Pozzolan Laziale Black (PLB) and Pozzolan Flegrea (PF) were
supplied by Buzzi Unicem SpA, Italy all in stone form. In this
research study, all the samples were ground to a comparable Blaine
fineness. The natural pozzolan samples received in form of stone
were ground in the labortary. Firstly, all the samples were dried
at 105 + 2 °C to constant weight followed by crushing of big stones
using laboratory jaw crusher (BB100, Retsch GmbH, Germany) to
size <1 mm. After that, samples were homogenized using labora-
tory sample divider (PT1000, Retsch GmbH, Germany) according
to EN 932-2 in order to obtain equal representative portions of
125 g [27]. These portions were ground in a planetary ball mill
(PULVERISETTE 5 classic line, Fritsch GmbH, Germany). Blaine fine-
ness was determined according to EN 196-6 [28]. The particle size
distribution was measured using Mastersizer 2000 of Malvern
Instruments. All samples reached a Blaine fineness of
6700 + 160 cm?/g and dsg ranging 5-23 um. The exact Blaine fine-
ness, density, dsg and dgg of all samples are given supplementary
material. The chemical composition of all the natural pozzolans
was determined using X-ray fluorescence analysis using PW
2400, PHILIPS and the results are as given in Table 1.

The mineralogical composition of all natural pozzolan samples
was determined using Empyrean PANalytical diffractometer (see
Section 2.3.4.). X-ray diffractograms and minerals found in all nat-
ural pozzolans are shown in Figs. 1a and 1b. Besides the crystalline
components, samples also contained poorly crystalline or X-ray
amorphous phases. The major crystalline mineral groups which
have been found include feldspars, foids, zeolites, micas, pyroxe-
nes, soro-silicates, neso-silicates, carbonates and oxides. The min-
eralogical phase composition was determined in accordance with
the literature [29-36].

2.2. Preparation of alkaline solutions

In this research study, combinations of sodium hydroxide and
sodium silicate solutions were used as alkaline activators. NaOH
pellets of 99 wt-% purity were obtained from VWR International
GmbH. NaOH solutions were prepared by dissolving NaOH pellets
in deionized water and were stored at ambient temperature for at
least 24 h before use. The sodium silicate solution was obtained
from Woellner GmbH under the brand name of Betol 52 T with sil-
ica modulus of 2.12 (SiO,=30.2 wt-%, Na,O =14.7 wt-%) and
approx. 45 wt-% dry content. Silica moduli (Ms) used in this study
are 0.707, 0.797, 0.946, 1.061, 1.158, 1.242, 1.272, 1.308, 1.365,
1.499, 1.566 and 1.716. Additionally, for compressive strength
investigation silica moduli of 0.424, 0.491, 0.609 and 0.879 were
also used. The molar ratios of H,0/SiO,, H,0/Na,O and Na,O
mol-% for each silica modulus are presented in Table 2. To achieve
these various silica moduli, sodium hydroxide solution of 3.6, 6.6,
9.2 and 11.5 mol/L concentration was used in combination with
sodium silicate. Mass ratio of sodium silicate to sodium hydroxide
was kept equal to 0.5, 1, 2 and 3. The solution combinations and
concentrations were chosen after detailed literature study [10,37]
to cover many influencing factors for properties of geopolymer
with reduced number of samples.

2.3. Experimental methods

Geopolymer paste samples were prepared using a laboratory
hand mixer. Each sample was mixed for 90 s, following 30 s break
in which sample was collected in the middle of the mixing bowl
and afterwards was mixed for another 90 s. Therefore, total run-
ning mixing time was 3 min. The paste was poured in 20 mm cubic
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Table 1

Chemical composition of all natural pozzolans.
Sample ID BT1 BT2 RT PLB PLR PF
Total 98.45 100.25 99.74 98.66 98.94 99.83
LOI 2.85 11.24 6.50 5.46 2.69 3.82
Si0, 64.26 52.35 50.20 44.83 45.09 58.29
Al,03 15.01 12.25 17.48 16.00 15.78 17.93
Fe,03 531 4.15 5.10 10.62 10.02 3.93
MnO 0.13 0.09 0.22 0.30 0.19 0.13
MgO 0.79 0.91 1.51 4.25 4.63 0.87
Ca0o 3.29 13.85 8.76 9.22 10.36 2.54
Na,O 2.74 1.67 4.03 0.59 1.44 3.53
K>0 2.77 2.44 4.79 5.15 6.54 7.91
TiO, 0.81 0.61 0.67 0.87 0.87 0.45
P,05 0.28 0.22 0.20 0.81 0.79 0.15
SO3 <0.05 0.27 0.47 0.08 0.06 0.11

molds, then compacted for 2 min on compaction table. The sam-
ples were seal cured at 22 +2 °C and 100% relative humidity till
test age. Alkaline solution to solid ratio was determined to achieve
good workability for all silica moduli and was kept equal to 0.50,
0.75, 0.50, 0.43, 0.45 and 0.52 for BT1-, BT2-, RT-, PLB-, PLR- and
PF-based geopolymers, respectively. Compressive strength of
geopolymer cube samples was determined at 7 and 28 d. Crushed
samples from hardened geopolymer paste samples were taken at
28 d age. Samples were freeze-dried by solvent exchange method
using isopropanol followed by drying samples in a freeze-drying
device for 7 d. Later, samples were ground by hand in a mortar
and pestle and were subjected to selective dissolution analysis,
thermogravimetric analysis and X-ray diffraction analysis. If
needed, samples were stored in a desiccator together with soda
lime to reduce the effect of carbonation. The methodology of other
experiments is as discussed below.

2.3.1. Calorimetric analysis

The effect of alkaline solution concentration on reaction kinetics
of natural pozzolan-based geopolymers was studied by isothermal
heat flow calorimetry using device MC-CAL 100P, C3 Prozess- und
Analysentechnik GmbH, Germany. Samples were mixed outside
the device for 45 s each. Therefore, zero in the calorimetric curves
is the point when samples were placed inside the device. From the
results obtained, the reaction kinetics were determined using
pseudo-first kinetic process. The pseudo-first-order kinetic equa-
tion was introduced by Langergren [38,39] as stated in Eq. (1).

dq/dt = —K[Qmax — Q] (1)

where Q. and Q, are defined as the total heat (J/g) at equilibrium
and at time t, respectively. k is the rate constant of pseudo-first-
order reaction and is an important parameter for understanding
reaction kinetics. Upon integration of Eq. (1) it can be written as
follows,

Qt = Qma)c(l - eikt) (2)
Upon linearization Eq. (2) can be written as stated in Eq. (3).
In (Qmax — Qr) = In Qe — kt 3)

The equilibrium state is reached when the reaction is ceased
which means t = oo, in this case, it is considered as 2d and 7 d.
The rate constant is obtained as the slope of the best linear fit of
the plot In (Q e — Q) VS L.

2.3.2. Selective dissolution analysis

The method of selective dissolution for determining the degree
of reaction explained by RILEM TC 238-SCM based on European
Technical report CEN/TR 196-4 has been implemented on natural
pozzolan-based geopolymer prepared with various silica moduli
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at 28 d age [40]. The detail of experimental method is provided
in supplementary material. Eq. (4) was applied to calculate the
degree of reaction (o).

o = [(100fp — Rp)/100fp] x 100% (4)

where f is the mass fraction of natural pozzolan in the initial dry
binder, p is the mass fraction of natural pozzolan undissolved by
the acid solution and R, is the mass of residue from natural poz-
zolan geopolymer paste in g/100 g of the unreacted binder.

2.3.3. Thermogravimetric analysis (TGA)

The effect of silica modulus of the alkaline solution on extent of
geopolymerization reaction was determined using thermogravi-
metric analysis. Thermogravimetric analysis was performed using
TG 209, Tarsus F3, Netzsch instrument under a nitrogen atmo-
sphere at a flow rate of 250 mL/min. For each test 10 + 1 mg of
sample was used. The sample was first held at 25 °C for 20 min,
and then heated from 25 °C to 850 °C at a heating rate of 10 °C/min.

2.3.4. X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) analysis was performed using an
Empyrean PANalytical diffractometer with CuKo radiation
(k =1.540598 A) and Ni filter, operating at 40 kV and 40 mA in con-
tinuous mode with a resolution of 0.0131° and speed of 0.0176°/s
for the range of 5° to 65° for 1 h. The mineralogical phases of nat-
ural pozzolan and the resulting geopolymers were identified using
HighScore Plus software with ICDD and ICSD database.

3. Results and discussion

3.1. Effect of silica modulus of the alkaline solution on compressive
strength

Initially, trial samples for all silica moduli were prepared and
cured till 7 d. After 7d, RT and BT2 samples showed reactivity
for all silica moduli used. PLB sample prepared with silica modu-
lus of 0.797 showed 7 d compressive strength equal to 2.2 MPa.
However, all other samples of PLB and the other natural pozzolan
samples in all their combinations were not hard enough to be
demoulded till 7d. Therefore, further examinations were con-
ducted only for RT and BT2 samples. The crystalline and amor-
phous phases present in the natural pozzolans determine their
reactivity as seen later in Section 3.4. However, the mineralogical
and chemical composition of PLB, PLR, PF and BT1 samples is the
cause of their lower reactivity in the used alkaline medium as
other influencing factors such as particle size, curing condition
and the concentration of alkaline solution have been kept con-
stant. It is worth noticing here that the versatile composition of
natural pozzolans effects their potential for use as geopolymer
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Fig. 1a. X-ray diffractograms of RT, BT1 and BT2 natural pozzolans.

precursor [13]. Therefore, to generalize the use of natural poz-
zolan as geopolymer precursor several natural pozzolans should
be tested.

Results of 7 and 28 d compressive strength studied for RT and
BT2 geopolymer pastes with various silica moduli are presented
in Fig. 2. The results indicate the dependency of achieved compres-
sive strength on silica modulus of the alkaline solution. Much
higher or lower silica modulus are found to be not suitable for
achieving higher compressive strength. The compressive strength
increases with the increase of silica modulus till optimum values

of silica modulus and thereafter, the reduction of compressive
has been observed. With the age of the sample, compressive
strength is increasing for both natural pozzolan-based geopoly-
mers. For RT-based geopolymers, the 7 d compressive strength
increases with the increase of silica modulus till 0.946 and with
further increase of silica modulus the compressive strength slightly
decreases. At 28 d, RT-based geopolymers show an optimum range
of silica modulus to achieve highest compressive strength;
recorded as 0.946-1.272. While on either side of optimum the
compressive strength is decreasing with the change of silica
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Fig. 1b. X-ray diffractograms of PLB, PLR and PF natural pozzolans.

modulus. For lower silica modulus (higher alkali concentration) the
reduction rate is higher, while for higher silica modulus the reduc-
tion rate is lower. For BT2-based geopolymers, highest compressive
strength has been achieved using silica modulus in a range of
0.707-0.797 at both 7 and 28 d. With additional decrease or
increase of silica modulus, the compressive strength reduced on
a higher rate. Reduction in compressive strength for lower silica
modulus of the alkaline solution is because of an excess of alkalis
present in the mixture. As previously reported, an excess of alkalis
produces detrimental effects such as efflorescence and brittleness

41

thus reducing the compressive strength [16]. While, with the
increase of silica modulus the silica content of alkaline solution
increases, and compressive strength decreases due to the reduction
of pH, increase of viscosity and increase in polymerization degree
of silicate species of alkaline solution [1,41]. Gharzouni et al.
reported that the type of siliceous species present in a silicate solu-
tion depends on the silica modulus of the solution [41]. For higher
silica modulus of alkaline solution, the higher degree of polymeri-
sation of silicate species reduces the reactivity of alkaline solution
[41]. Therefore, increasing the strength by increasing the silica
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Table 2
Composition of alkaline solutions used.

Si0,/Na,0 H,0/Si0, H,0/NaO Na,O (mol-%)
0.424 214 9.1 9.5
0.491 22.6 11.1 8.0
0.609 24.0 14.6 6.2
0.707 13.7 9.7 4.1
0.797 143 114 8.7
0.879 258 22.7 7.6
0.946 15.0 14.2 6.2
1.061 9.9 10.5 4.5
1.158 10.2 11.8 8.0
1.242 15.9 19.8 7.2
1.272 8.6 11.0 6.2
1.308 10.6 13.8 5.1
1.365 8.8 12.0 7.5
1.499 9.1 13.6 6.9
1.566 11.0 17.2 6.2
1.716 9.4 16.1 53

modulus is not recommended from properties and economic
perspective.

For both natural pozzolans, the geopolymers with silica moduli
0.879 and 1.242 do not follow the trend given by all other samples.
These samples are characterized by lower relative Na,O than all
other samples and a comparatively higher water content in alka-
line solution. The H,O/Na,O of these mixtures is 22.7 and 19.8,
respectively, while the other samples have HO0/Nay0 in range of
9.1-17.2, where the development of compressive strength is gov-
erned by the silica modulus of the alkaline solution. However,
higher H,0/Na,O beyond this range causes sudden reduction of
compressive strength because of the lower relative content of
Na,O and diluting effect of water on the aptitude of free OH™ to
efficiently dissolve the aluminosilicate particles. Thus, generating
polymerized product with lower binding properties. Therefore,
attention must be given to the H,O/Na,O in the alkaline solution.

Comparing both natural pozzolans, it can be concluded that for
different natural pozzolans the optimum range of silica modulus
required depends upon the composition of the natural pozzolan
as the specific surface area, curing condition and type of alkaline
solution used have been kept same for both natural pozzolans.

3.2. Influence of silica modulus of the alkaline solution on reaction
kinetics

The effect of various silica moduli on the kinetics of geopoly-
merization was studied by isothermal conduction calorimetry.

Figs. 3 and 4 present the calorimetric heat evolution for RT- and
BT2-based geopolymers, respectively. The calorimetric study was
performed for all silica moduli, however, for better understanding
only selected samples are presented in Figs. 3 and 4. For RT- and
BT2-based geopolymers, the calorimetric curves are characterized
by a single peak associated with first wetting and dissolution of
the reactive phases which occurs in the first few minutes of mixing
the sample. This is followed by deceleration, which is assigned to
the polycondensation of geopolymer product with lowering of heat
release and the decrease of dissolution rate [10,19,37,42]. The time
span of the deceleration phase is ranging from approx. few hours to
days (approx. 3-72 h) depending on the silica modulus of alkaline
solution used. Thereafter, the geopolymer reaction continues at a
steady rate associated with continuous dissolution and polymer-
ization lead to a low steady heat release [10,19,37,42,43]. This
steady state reaction continues over a long time beyond the span
which is shown in Figs. 3 and 4. The continuity of geopolymer reac-
tion is indicated by an increase of compressive strength from 7 to
28 d (Fig. 2). For BT2 sample prepared with the alkaline solution
with silica modulus of 0.707, 0.797 and 1.061 a second exothermic
peak was observed around approx. 9, 11 and 28 h, respectively, as
shown in Fig. 4. To investigate the reaction occurring at this peak,
XRD analysis was conducted on samples before and after the
occurrence of this peak, however, no significant change in crys-
talline phases was observed. Therefore, it is concluded that the
2nd exothermic peak observed in BT2 geopolymer samples is reac-
tion happening between amorphous phases. However, the poten-
tial reason could be the diffusion control reaction or delayed
dissolution of some phase. Diffusion control reaction or delayed
dissolution has been also observed for alkali activated slag and
fly ash geopolymers [2,44].

Fig. 5 shows the dependence of rate constant on silica modulus;
with the increase of silica modulus, the rate constant has been
found to decrease for both natural pozzolan systems. However,
some outliers have been observed. For RT-based geopolymers,
sample with silica modulus of 1.061 exhibited the highest rate con-
stant at 2 d, which is because of higher concentration of Na,O and
SiO, in this sample, thereafter, the reaction continues at a rela-
tively slower rate till 7 d (Fig. 5). Similarly, for RT-based geopoly-
mers activated with silica modulus of 1.242 at 2 d of age, rate
constant is lower. This is because of the lower concentration of
Na,0 and SiO; in the matrix. Thus, it can be concluded that a higher
concentration of Na,O and SiO, in the matrix enhances the initial
reaction kinetics. For lower silica moduli of alkaline solutions
0.707 and 0.797, the reaction rate is slow in the beginning com-
pared to other samples, but at 7 d these samples have the highest
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heat and rate constant. For 0.946 silica modulus of alkaline solu- 0.707, 0.797 and 1.061 silica modulus. Similar characteristics have
tion, the reaction begins at a higher rate (till 2 d) and thereafter, till been observed for samples with silica modulus of 1.158, 1.272 and
7 d reaction slows down in comparison to samples activated with 1.308. For all other samples, the rate constant has been observed to
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be low. Thus, it can be concluded that higher Na,O and SiO, molar
concentration in the alkaline solution, helps to accelerate the reac-
tion in the beginning, however, care must be taken while choosing
the lower silica modulus as it can also retard the reaction in early
age.

For BT2-based geopolymers, the reaction is fastest for samples
prepared with silica modulus of 0.707, 0.797, 1.061 and 1.158.
Slower reaction with lower heat evolution has been observed for
all other samples, which correlates well with the 7 d compressive
strength of these geopolymers. Comparing 2 and 7 d rate constants,
it can be seen that the reaction is faster in the beginning and con-
tinues at a slower rate till 7 d. Like RT geopolymers, for these
geopolymer samples the rate constant increased with increasing
Na,O and SiO, molar concentration in the alkaline solution. For sil-
ica modulus of 0.707, the rate constant has been found to be high-
est in this series of samples and reaction continues at higher rate
till 7 d. For silica modulus of 0.797, similar reaction kinetics have
been observed. For silica modulus of 1.061, the rate constant is
lower than the samples with silica moduli of 0.707 and 0.797
which means that the reaction occurs at relatively lower rate than
these samples, which is because of higher SiO, molar content
beyond optimum, therefore, the system needs longer time to reach
equilibrium. For the sample with silica modulus of 1.158, no sec-
ond peak has been observed, however, reaction kinetics are compa-
rable to sample with silica modulus of 1.061. Relatively lower Na,0
and SiO, molar concentrations can be the reason that the 2nd
exothermic peak was not observed till 7 d. The lower reactivity
of all other mixtures could be the reason that for all other samples
of BT2, no second peak has been observed as reaction occurs at
negligible rate after few hours of mixing as indicated by lower rate
constant and lower compressive strength of these samples (Figs. 2,
4 and 5).

3.3. Influence of silica modulus of the alkaline solution on extent of
geopolymerization reaction

Selective dissolution and thermogravimetric analysis were used
to study the effect of silica modulus of the alkaline solution on the
extent of geopolymerization. Results of both methods and discus-
sion are presented as follows.

3.3.1. Selective dissolution analysis

Selective dissolution method for determination of the degree of
reaction was applied on RT- and BT2-based geopolymers of 28 d
age prepared using various silica moduli of the alkaline solution.
The degree of reaction vs silica modulus for both natural pozzolan
geopolymers is presented in Fig. 6. Results show that the degree of
reaction decreases with the increase of silica modulus of alkaline
solution for both natural pozzolan-based geopolymers. RT geopoly-
mers have a higher degree of reaction in comparison to BT2
geopolymers which is in accordance with the results of compres-
sive strength. The higher degree of reaction at low silica modulus
indicates that larger amount of geopolymer gel is formed for both
natural pozzzolan-based geopolymers. Which in turn should lead
to a sample that exhibits higher compressive strength. This state-
ment suits good to BT2 geopolymers. However, for RT geopolymers
the strength does not clearly increase linearly. This could be
because of the reason that for RT geopolymers the higher reactivity
of RT in highly concentrated solutions increases the number of ions
to the extent that the ion pairing can cause steric hindrance of pre-
cipitate growth [1]. As a result, the formed geopolymer gel lacks in
long-range ordering and thus has lower compressive strength [1].
Such a behaviour has not been observed in BT2 geopolymers
because of lower reactivity of BT2. Further, as explained earlier
the excess of alkalis has a determinantal physical effect such as
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Fig. 6. Degree of reaction calculated from selective dissolution results for RT- and
BT2-based geopolymers at 28 d of age.

efflorescence  which may cause a reduction in compressive
strength [16].

3.3.2. Thermogravimetric analysis (TGA)

The effect of silica modulus of the alkaline solution on extent of
geopolymerization for natural pozzolan-based geopolymer can
also be determined by measuring weight loss using thermogravi-
metric analysis. Fig. 7 presents TG and DTG results of RT and BT2
raw samples and RT- and BT2-based geopolymer samples made
with silica modulus of 0.707 at 28 d age (labelled as RT-0.707
and BT2-0.707, respectively). Like in calorimetry, all samples were
tested with TGA but selected TG and DTG curves are presented in
Fig. 7 for ease of understanding. Results indicate that thermogravi-
metric weight loss curves are designated by three stages. The first
stage has been considered from 50 to 150 °C. Typically, the first
DTG peak was observed between 86 and 93 °C for RT geopolymers
and between 76 and 83 °C for BT2 geopolymers. This stage is
mainly characteristic of physically bound water in pores of
geopolymer gel structure. This water is released during condensa-
tion and does not take part in the dissolution of aluminosilicate
species [10,20,45-47]. As the second stage, weight loss from 150
to 600 °C is characterised as chemically bound water molecules
and OH groups in geopolymer matrix [10,20,45,46]. Last weight
loss stage has been observed from 600 to 850 °C, associated with
decomposition of carbonates [10]. The DTG peak of this stage has
been observed between 601 and 640 °C for RT-based geopolymers
and between 646 and 684 °C for BT2 geopolymers. After geopoly-
merization, the overall weight loss and weight loss due to chemi-
cally bound water molecules and OH group increased for all
samples and the effect of carbonate decomposition decreased for
all samples.

Davidovits characterised the water present in geopolymer
structure in three types; physically bound water, chemically bound
water molecules (zeolitic water) and OH groups [4]. It is important
to recall here that in the raw mix the chemically bound water
comes from different crystalline and amorphous phases and in
the geopolymer sample the chemically bound water molecules
come from the dissolution of aluminosilicate species to form alu-
minate and silicate species and remain after condensation. While
the OH groups are present at the surface and edges of each
geopolymeric chains [4,47]. Therefore, to investigate the extent
of geopolymerization, chemically bound water molecules and OH
groups were quantified for both natural pozzolan-based geopoly-
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Fig. 7. TG and DTG curves of RT and BT2 samples and RT- and BT2-based geopolymer activated with alkaline solution silica modulus of 0.707 at 28 d age.

mers activated with various silica moduli of the alkaline solutions.
For this purpose, weight loss for a temperature range of 150-
300 °C corresponding to the liberation of chemically bound water
molecules and weight loss for the temperature range of 300-
600 °C corresponding to decomposition of OH groups were calcu-
lated for each geopolymer sample [4,47]. Fig. 8 presents the mass
loss in the mentioned temperature range for chemically bound
water molecules and OH groups vs silica modulus for RT- and
BT2-based geopolymers measured at 28 d age. Results show that
with the increase in the silica modulus of alkaline solution the
amount of chemically bound water molecules decreases for BT2
geopolymers. For RT geopolymers, the mass loss of chemically
bound water molecules firstly increases with the increase of silica
modulus and afterwards, it decreases with further increase in silica
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modulus. The chemically bound water molecules for both natural
pozzolans-based geopolymers follow the trends as shown by com-
pressive strength. Hence, a higher amount of chemically bound
water molecules shows the formation of more condense geopoly-
meric gel thus generating higher compressive strength.

The mass loss of OH groups in Fig. 8 decreases with the increase
of silica modulus for both natural pozzolan geopolymers. This
could be in the way that the extent of dissolution decreases with
increasing silica modulus. These results are in good agreement
with the results of selective dissolution and reaction kinetics. How-
ever, the absolute values of OH weight loss for BT2 are higher than
for RT. To explain this, it must be considered that thermogravimet-
ric analysis cannot provide the exact degree of polymerization in
geopolymeric gel phases and is not specific to the amount of
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Fig. 8. Mass loss of chemically bound water molecules (CW) and OH groups (OH) for (a) BT2- and (b) RT-based geopolymers at 28 d age.
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reacted silica and alumina (like selective dissolution). Selective dis-
solution is considered to give consistent results if the same amount
of reacted silica and alumina is in the sample, and therefore can be
applied on different natural pozzolans. On the other hand, OH
group weight loss depends not only on dissolved silica and alumina
but also on the polymerization degree of the precipitated gel.
Therefore, the OH group weight loss alone is not enough to explain
the extent of dissolution in geopolymer gel and must be combined
with the other methods for accurate investigation. The higher OH
group weight loss in BT2 geopolymer may indicate a lower degree
of polymerization. Further, for RT geopolymers, selective dissolu-
tion indicates the presence of higher amount of reaction product
formed for all silica moduli and thermogravimetric analysis shows
that the product formed is more condensed compared to BT2
geopolymers, thus RT geopolymers produces higher compressive
strength. However, for BT2 geopolymers lower amount of reaction
product is formed and thermogravimetric analysis shows that the
product formed is less condensed and has a lower degree of poly-
merization thus exhibiting lower compressive strength.

3.4. Influence of silica modulus of the alkaline solution on phase
composition and reactivity of various minerals

The XRD patterns of natural pozzolan-based geopolymers were
compared with respective raw natural pozzolan. XRD analysis was
made for all the silica moduli used in this study, but for easy
understanding selected samples are shown here. Some of the crys-
talline mineral phases present in the unreacted natural pozzolan
are also present in geopolymer product. However, several minerals
have been found to partially dissolve during geopolymerization
reaction. Fig. 9 shows the X-ray diffractogram of raw RT and RT
geopolymers at the age of 28 d made with various silica moduli.
Comparing the unreacted RT with resulting geopolymer samples,
changes in amorphous and crystalline phases can be observed.
After geopolymer reaction, the centre of the amorphous hump
has shifted from approx. 27° to approx. 31° which is attributed
to the formation of geopolymeric gel. Similar formation has also
been reported in the literature [43,48]. In addition, the increase
in the amorphous hump compared to unreacted RT samples has
been observed for all RT geopolymer samples, indicating that the
amount of semi-crystalline phase has increased, as shown in
Fig. 9. The increase in semi-crystalline phase is attributed to the
formation of geopolymeric gel which depends on the concentration
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of the alkaline solution used. The diffractograms indicate that the
amount of geopolymeric gel formed slightly increases with the
increase of silica modulus till 1.061 and thereafter, it slightly
decreases, which is in accordance with the compressive strength
of these samples and chemical bound water molecules evaluated
by TGA. However, the partial dissolution of crystalline phases is
more for lower silica modulus and decreases with the increase of
silica modulus. The partially dissolved crystalline phases include
phillipsite, chabazite, larnite and calcite, as shown in Fig. 9. Several
studies have reported the pozzolanic reactivity of zeolite minerals
and partial dissolution of calcite in cementitious systems
[24,49,50]. Thus, indicating the potential reactivity of these miner-
als in geopolymer system. Some crystalline phases which overlap
in their reflexes with the aforementioned phases including sani-
dine, leucite, biotite, muscovite and nepheline, may also be partic-
ipating in geopolymer reaction. The partial dissolution of
muscovite in alkaline medium was also described by [12]. At
29.8° reflex intensity increases which is assigned to the formation
of semi-crystalline geopolymer gel phase displaying similarity to
zeolite Y structure (98-020-0636). It can form due to partial disso-
lution and geopolymerization of an amorphous phase and some
crystalline phases like larnite, phillipsite and chabazite in the pres-
ence of alkaline solution. Further, broadening of reflexes around
35.0° and 37.8° has been observed, which arises due to formation
of aluminosilicate gel structure, as reported in literature [51].

Fig. 10(a) and (b) show the XRD of BT2 and BT2-based geopoly-
mers at the age of 28 d made with various silica moduli. The par-
tially crystalline hump present at 5.5°-8.5° attributes to the
presence of zeolite or clay minerals (Fig. 10(a)). The shape of the
partially crystalline hump from 5.5°-8.5° with centre at approx.
8° changes after geopolymerization and the centre of the hump
moves to approx. 7.2° which is the indication of the formation of
aluminosilicate gel (Fig. 10(a)). Such formation has been also
reported in literature [51]. The main amorphous hump is ranging
24°-34° and moves its centre from approx. 27° to 31° because of
the formation of geopolymeric gel [43,48]. Looking at Fig. 10(b),
the samples made with silica modulus of 0.707 and 0.797 have
highest dissolution rate of crystalline phases and highest amount
of amorphous phase formed which is in accordance with compres-
sive strength and calorimetric analysis. The excess efflorescence
formation is also reflected by XRD as new reflexes attributed to
natrite (98-009-5549, y-Na,COs3) can be seen in Fig. 10(b). How-
ever, in RT geopolymers formation of natrite was not observed
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indicating that RT geopolymers exhibit negligibly small efflores-
cence. For BT2 geopolymers, the amount and rate of formation of
efflorescence for each sample depend on the concentration of the
alkaline solution used. Crystalline phases present in BT2 including
calcite, biotite and sanidine participate in geopolymerization as
indicated by their partial dissolution (Fig. 10(a) and (b)). Some
new crystalline phases were also formed e.g. for silica modulus
of 0.707 and 0.797 a new phase formed at 32.5° and for silica mod-
ulus of 1.716 new reflex was observed at approx. 27.0° and 34.8°.
The reflex at 32.5° can be because of semi-crystalline aluminosili-
cate gel [1]. However, the sample prepared with silica modulus of
1.716 has the highest amount of soluble silica; therefore, the new
reflexes observed in this sample can be silica-rich phase(s).
Though, these reflexes were not clearly identified with the data-
base used.

These results also give insight about the low reactivity of BT1,
PLB, PLR and PF. As the reactive crystalline mineral phases found
in RT and BT2 are absent in the above mentioned natural poz-
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zolans. This might be a reason for the low reactivity of BT1, PLB,
PLR and PF. Comparing BT1 and BT2, the lower content of calcite
in BT1 can be the reason for its lower reactivity. Furthermore,
the composition and reactivity of the glass phase present in all poz-
zolans may differ. However, the high number and in some cases
the variable composition of the mineral phases present in natural
pozzolans disable an accurate determination of the chemical com-
position of the glass phases. Nevertheless, the results show that the
glass phase of natural pozzolans participate in geopolymer reac-
tion, which is in agreement with the literature [12].

4. Conclusions

The chemical and mineralogical composition of natural poz-
zolans effect their reactivity in alkaline medium. The dissolution
of aluminate and silicate species increases with the reduction of
silica modulus, and at higher silica modulus the dissolution of
the raw sample decreases. However, the mechanical properties of
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the resultant gel formed depend on the degree of polymerization of
gel structure. Low silica modulus of alkaline solution leads to efflo-
rescence and a lower degree of polymerization, thus reducing com-
pressive strength. While at higher silica modulus, the compressive
strength reduces again. Therefore, increasing the silica modulus to
achieve higher compressive strength is not recommended from
economical and properties perspective. The reaction kinetics
depend on silica modulus, a faster reaction can be obtained by
increasing the alkalinity of the solution, but care should be taken
for adverse effects. Results show the suitability of selective dissolu-
tion method to determine quantitatively the amount of geopoly-
mer product formed for natural pozzolan-based geopolymers. RT
showed higher reactivity in the used alkaline medium in compar-
ison to BT2 as indicated by a higher amount of geopolymer gel
formed. Determination of the amount of chemically bound water
molecules from TGA gives insight about the influence of silica
modulus on compressive strength. A higher amount of chemically
bound water molecules indicates the formation of a more con-
densed geopolymer product, thus exhibiting higher compressive
strength. The natural pozzolan samples which have lower reactiv-
ity in the alkaline medium are more prone to exhibit efflorescence
at lower silica modulus. Various solid phases of the raw material,
including both crystalline and amorphous phases, participate in
geopolymer reaction. However, the extent of participation of each
mineral phase depends on the silica modulus of alkaline solution
used. The crystalline phases participating in geopolymerization
by their partial dissolution include phillipsite, chabazite, larnite,
calcite, biotite and sanidine. The geopolymer gel formed is amor-
phous or semi-crystalline. The more crystalline parts of resultant
geopolymer gel correspond to zeolite structure.
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Table 1
Physical properties of all samples used in this study

Density Blaine fineness doo dso
Sample ID (glem?) (cm?/g) (um) (um)
BT1 2.6309 6641 38.551 12.567
BT2 2.6391 6746 22.867 5.393
RT 2.5955 6623 19.031 6.892
PLB 2.7922 6539 75.530 22.918
PLR 2.8437 6829 64.455 14.987
PF 2.5193 6576 51.125 13.238

o Experimental method for selective dissolution analysis

Several methods for determination of the degree of reaction of SCM’s are available [1-3]. In
the present research, the method of selective dissolution for determining the degree of
reaction has been applied to natural pozzolan-based geopolymer prepared with various silica
moduli. Selective dissolution method is an economical method and easy to perform. For this
purpose, the method explained by RILEM TC 238-SCM-based on European Technical report
CEN/TR 196-4 has been implemented [3]. The hardened geopolymer samples were immersed
in isopropanol for 24 h followed by freeze-drying for 7 d. To reduce the effect of carbonation
outer layer of the sample was not included. Immediately before application of selective
dissolution experiment, samples were ground by hand with mortar and pestle to < 125 ym. If

necessary, the samples were stored (after freeze drying or grinding) in a desiccator under
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vacuum with soda lime to reduce the effect of carbonation. Prior to dissolving the sample in
acid solution, the ground samples and filter paper of pore diameter 2 — 3 um were oven dried
at 105 °C for 1 h and were stored in a desiccator. The filter paper was weighted to a precision
of 0.0001 g after drying. The acid solution consisted of 41 mL concentrated HCI (37 wt.-%)
and 50 g salicylic acid, made up to 1 L with methanol. 2.000 £ 0.001 g of ground geopolymer
samples was mixed with 200 mL of prepared acid solution on a magnetic stirrer for 30 min,
followed by filtering the samples through pre-moisten filter paper under vacuum to obtain the
insoluble residue. The glass beaker was washed thoroughly with methanol to obtain all residue
on filter paper. During the filtration process, the filter paper was observed to get violet colour
which is because of the precipitation of salicylic acid due to evaporation of methanol.
Therefore, the filter paper was washed with methanol until it became white. Afterwards, the
residue with filter paper was dried in an oven at 105 °C for 2 h and was weighted to a precision
of 0.0001 g. Subtracting the weight of clean filter paper from the weight of residue and filter

paper provided the weight of residue. Eq. 1 was applied to calculate the degree of reaction

(@).
a = [(100fp — R,)/100fp] x 100 % (1)

Where f is the mass fraction of natural pozzolan in the initial dry binder, p is the mass fraction
of natural pozzolan undissolved by the acid solution and R, is the mass of residue from natural
pozzolan geopolymer paste in g/100 g of the unreacted binder. Because of the lower sulphate

content present in the natural pozzolans, sulphate correction was not applied.
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Impact of the mineralogical composition of natural pozzolan on

properties of resultant geopolymers

This paper presents a comparison between the impact of different mineralogical
compositions of natural pozzolans for geopolymer synthesis. Beyond an optimum
silica modulus, the compressive strength either increases on low rate or decreases
with age. The presence of zeolite minerals enhances the reactivity of natural
pozzolans. In contrast, the presence of calcite can lead to the incorporation of
calcium into the reaction products. At the same time, the carbonate can enhance
the formation of sodium carbonate, which can deplete the alkalis and water from
binder gel, thereby reducing the rate of compressive strength development. In
severe cases, the crystallization pressure of sodium carbonate can cause a
complete disintegration of the structure. These effects are pronounced for
samples outside the optimum silica modulus range and for low reactive

pozzolans.

Keywords: natural pozzolan; compressive strength; degree of reaction; crystalline

mineral; calcite; sodium carbonate

1. Introduction

Use of natural pozzolans for alkali-activated materials / geopolymers is another way to
reduce the carbon dioxide (CO») footprint of construction industry [1,2]. Several studies
have shown the potential of natural pozzolans as geopolymer precursor [3]. Being a rich
source of silica- and alumina-bearing phases, natural pozzolans are potential raw
materials for geopolymers [3,4]. The effect of the ionic concentrations of an alkaline
solution on the properties of resultant geopolymers synthesized from several natural
pozzolans showed varying compressive strength and microstructural characteristics [5—
7], indicating that the reactivity of different natural pozzolans is affected mainly by their
chemical and mineralogical composition [8,9]. Furthermore, not only X-ray amorphous

but also crystalline phases can participate in geopolymer reaction [8,10]. Though, the
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impact of the mineralogical composition of a pozzolan on its reactivity is only partially
understood. For example, the composition of natural pozzolans like volcanic ashes
depends on the composition of lava and the external conditions at the time of formation
until the current age [11]. These compositional variations limit the formulation of
general rules for the use of natural pozzolans as geopolymer precursor. In order to
extrapolate the use of natural pozzolans, it is necessary to carry out comparative studies
between different natural pozzolans, taking into account the effect of mineralogy on the
properties of the resultant geopolymer and to understand the reasons behind the
different reactivity of these natural pozzolans.

A further impact on the performance of natural pozzolan-based geopolymers is
the formation of alkali salts [5,12,13]. Carbonation, in general, is the formation of
carbonates within the binder which reduces the pH of the system and can degrade the
binding gel, whereas efflorescence is the precipitation of the salts on the surface because
of the reaction of free alkalis with environmental CO, [14,15]. Efflorescence under the
surface of the sample is known as subflorescence [14], which can cause crystallization
pressure in the voids, thus generating inner tensile stresses, causing weakening of the
structure and reducing the compressive strength [14,16]. Moreover, the formation of
efflorescence can cause depletion of alkalis, thus hindering the further progress of
reaction [5,14,16] and therefore, the rate of strength gain can decrease. However, the
impact of the mineralogical composition of natural pozzolan on the carbonation and
efflorescence is not studied.

Therefore, this study aims at a comparison of two natural pozzolans with
different mineralogical composition as precursors for geopolymers at short and long
curing times. These differences will enable to compare the underlying differences in the

geopolymeric potential of these precursors. These pozzolans include a zeolite-
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containing pozzolan and a calcite-containing pozzolan. The impact of crystalline phases
and the reasons for the performance of each pozzolan are discussed. Furthermore, the
impact of the crystalline phases on compressive strength, degree of reaction and
microstructure are discussed. At the outset, several silica moduli were used to examine
the development of the compressive strength of the resultant geopolymers until an age
of 90 d. Based on these results, the three silica moduli which exhibited the highest
compressive strength for each natural pozzolan were used to study the impact of
mineralogy via X-ray diffraction (XRD) analysis and degree of reaction by

thermogravimetric analysis (TGA) and selective dissolution at 7, 28 and 90 d.

2. Materials and methods

2.1. Materials

Two natural pozzolans from Germany, named as Rhenish trass (RT) and Bavarian trass
(BT), were used in this study. Their chemical compositions, provided in Table 1, were
determined by X-ray fluorescence (XRF), using a PHILIPS PW 2400. Specific surface
area is a factor determining the reactivity of natural pozzolans, therefore, the Blaine
fineness (measured in accordance with [17]) of RT and BT was kept equal to 6600 and
6700 cm?/g, respectively. To achieve this Blaine fineness, RT was further milled in a
planetary ball mill (PULVERISETTE 5 classic line, Fritsch GmbH), while the BT
powder was used as received. XRD analysis was performed using a PANalytical
Empyrean with CuKa radiation (A = 1.54 A) and Ni filter operating at 40 kV and 40 mA
in continuous mode, with a resolution of 0.0131° and a speed of 0.0176 °/s, in a range
from 5° to 65° 20. The phase evaluation was performed using HighScore Plus software
with inorganic crystal structure database (ICSD). Figure 1 presents the X-ray

diffractograms of both natural pozzolans with their mineralogical phases. Besides the
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crystalline phases indicated, at least one glass phase was present in both samples. The
determined mineralogical phases were in accordance with the literature [18—21]. The
mineralogical analysis of both pozzolans showed that RT contained albite, augite,
biotite, calcite, larnite, leucite, muscovite, nepheline, quartz, sanidine, and several
zeolite minerals such as chabazite, phillipsite and analcime. In contrast, BT contained
albite, augite, biotite, quartz, sanidine, and a prominent amount of calcite.
Quantification of the phases was not done as the high number of phases (with in most
cases flexible chemical and crystallographic characteristics) would lead to a limited
accuracy of the quantification.

For the desired study, geopolymer samples were prepared with alkaline solutions
of several silica moduli (Ms = Si02/Na;O, mol/mol) and were tested at various ages.
The silica moduli used and the detailed molar ratios of H>O/Si0; and H>O/Na,O are
presented in Table 2. To achieve the various silica moduli, sodium hydroxide (NaOH)
solutions were combined with a sodium silicate solution (Betol 52T from Woellner
GmbH, Ms =2.12, SiO; = 30.2 wt.-%, NaxO = 14.7 wt.-%). NaOH solutions were
prepared by dissolving NaOH pellets (99 wt.-%, VWR International GmbH) in

deionized water at least 24 h before use, to allow full dissolution and equilibration.

2.2.  Experimental methodology

The pastes were prepared by mixing natural pozzolan with the alkaline solution for 3
min, with an in-between break of 30 s, using a laboratory hand mixer. The samples were
then molded into cubes (2-2:2 cm?) and compacted on a vibration table for 2 min. The
samples were seal cured at 22 + 2 °C and 100% relative humidity till the test age. The
alkaline solution to solid ratio was determined, in order to attain pastes of standard
consistency in accordance with [22] and was kept at 0.50 for RT and 0.75 for BT

geopolymers.
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The compressive strengths of the hardened geopolymer samples were measured
at 7, 28 and 90 d age, using a Toni Technik Model 2060, Zwick Roell. The samples
were prepared using silica moduli, as given in Table 2. Based on the results of
compressive strength tests, geopolymer samples prepared with silica moduli of 0.946,
1.061 and 1.272 for RT and 0.707, 0.797 and 1.061 for BT were further investigated by
X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA) and selective
dissolution analysis at 7, 28 and 90 d age. These tests were performed to study the
impact of the different mineralogical composition of these natural pozzolans on the
phase composition and degree of reaction by indirect and direct methods. For these
investigations, crushed samples from the hardened geopolymer pastes were taken at the
ages mentioned above and the reaction was stopped with solvent exchange using
isopropanol and freeze-drying. In case of storage, the samples were placed in a
desiccator with silica gel and sodium hydroxide (on support, Merck, KGaA) to reduce
the effect of environmental carbonation.

XRD on powdered (by mortar and pestle) geopolymer samples was performed
using the method explained in section 2.1. TGA was performed using a TG 209 Tarsus
F3, Netzsch Instruments, under a nitrogen atmosphere at a flow rate of 40 mL/min. For
each test, 10 £ 1 mg of ground sample was used. Each sample was first held at 25 °C for
20 min and then heated from 25 to 850 °C at a heating rate of 10 °C/min. Selective
dissolution was performed to directly quantify the degree of reaction, using a method
explained by RILEM TC 238-SCM, based on European technical report CEN/TR 196-4

[23]. The degree of reaction (a) was calculated using Eq. (1):

a={1—[Rb/(100-f -p)]} 100 % (1)
Where f is the mass fraction of natural pozzolan in the initial dry binder, p is the

mass fraction of natural pozzolan undissolved by the acid solution, and Rb is the mass

59



of residue from natural pozzolan geopolymer paste in g/100 g of the unreacted binder.
Because of the low sulphate content present in the natural pozzolans, sulphate
correction was not applied. The detailed experimental method has been explained in [8].
To allow further conclusions form the results obtained from the pozzolan
samples, a natural calcite sample (6700 cm?/g) was reacted with sodium silicate solution
(Ms =1.061) for 8, 28 and 90 d age and tested with XRD and TGA, by following the

same methodology as explained above.

3. Results

3.1.  Compressive strength

Figure 2 and 3 present the dependence of the compressive strength on curing time and
the silica modulus of alkaline activator for RT- and BT-based geopolymers,
respectively. Throughout the text, the samples are labelled with their respective natural
pozzolan, silica modulus and/or age. The compressive strength changed non-linearly
with the age of the sample, and the rate of strength gain with age depended on the silica
modulus of the alkaline activator and the type of natural pozzolan used. For RT-based
geopolymers (Figure 2a, 2b, 2¢) the rate of strength gain was faster from 7 to 28 d as
compared to the interval from 28 to 90 d, which in turns reveals that the rate of
geopolymer reaction is faster at early ages but continues over a longer time. The sample
with the lowest Ms (RT-0.707, Figure 2a) exhibited an increase in strength from 7 to 28
d and a drop in strength at 90 d. Similar behavior was also observed for samples made
with the highest silica moduli (1.305, 1.499, 1.716). The samples made with silica
moduli of 0.946, 1.061, 1.158 and 1.272 exhibited the highest rate of strength gain with
age. The sample RT-1.272 achieved 29% and 55% of 90 d compressive strength at 7

and 28 d, respectively. Its highest rate of strength gain was observed between 28 and 90

60



d. The outstanding behavior of this sample is further investigated by selective
dissolution in section 3.3.2.

To see the effect of the silica modulus, the compressive strength was plotted
against silica moduli for various ages (Figure 2d). It clearly shows the presence of a so-
called optimum range of silica modulus, where the highest compressive strength is
achieved. At 7 d, the strength increased with rising silica modulus until 0.946, after
which it decreased slightly with a further increase in the silica modulus. At 28 and 90 d,
the samples prepared with the silica moduli 0.946, 1.061, 1.158 and 1.272 exhibited the
highest compressive strength. For these optimum range samples, the strength was found
to increase over the whole time of observation. However, several samples outside this
range exhibited either a very low rate of increase of strength or even a decrease of
strength with the age of the sample, as described above.

For BT-based geopolymers (Figure 3), the highest compressive strength was
obtained for samples prepared with silica moduli of 0.707, 0.797, 0.946 and 1.061,
which can be considered as the optimum range for BT. The rate of strength gain was
highest for silica modulus of 0.707. Like in RT geopolymers, the strength and rate of
strength gain both decreased outside the optimum silica modulus range. For BT,
samples with activator solution high in SiO2 exhibited much lower strength than
samples with a higher Na>O content (Figure 3¢). However, for several samples, the
formation of sodium carbonate (confirmed by XRD) remained a problem (Figure 3a, 3b,
3d). The samples made with silica moduli of 1.158 and 1.272 (Figure 3b) lost their
structure entirely at 90 d due to sodium carbonate and were therefore untestable
(compressive strength equal to zero).

For both geopolymers, higher silica modulus of alkaline solution reduced the

compressive strength likely due to a decreasing rate of reaction. As the reduction in pH
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of alkaline solution, higher viscosity of the alkaline solution and a higher degree of
silicate polymerization in alkaline solution slows down the geopolymer reaction
[24,25]. The reduction of compressive strength with age in RT can be attributed to a
possible collapse of geopolymer gel due to alkali depletion or unstable geopolymer gel
formation [26].

For each natural pozzolan, three samples exhibiting the highest compressive
strength were chosen for the analyses presented in sections 3.2 and 3.3. For RT
geopolymers, these samples included silica moduli of 0.946, 1.061 and 1.272; while for
BT geopolymers, samples with silica moduli of 0.707, 0.797 and 1.061; each at 7, 28

and 90 d.

3.2.  Impact of mineralogical composition

To explore the reasons for the different performance of the two pozzolans, the impact of
mineralogical composition was studied by comparing the raw pozzolans with respective
geopolymer samples by XRD. Figure 4a and 4b present the diffractograms of RT and
BT and their corresponding geopolymer samples at 90 d, respectively. The
diffractograms of other silica moduli and ages depicted similar trends and are therefore
presented in the supplementary material (Figure S1 to S3). Comparing the raw
pozzolans with their geopolymers, changes in the crystalline and amorphous phases can
be discerned. Again, a quantification of the phases was not done as due to the complex
nature of the samples, considerably low accuracy of the quantification is to expect.
Nevertheless, a relative comparison of the peak intensities is possible. Several
crystalline minerals present in RT and BT reduced substantially in their reflex heights
after the reaction, which indicates that these minerals have partially participated in
geopolymer reaction. For RT, the participating crystalline phases include phillipsite

(reflexes at 25.2°, 32.5° and 34.4° 20), chabazite (24.8°, 27.5° and 29.4° 20), larnite
9
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(32.2° and 34.4° 20) and calcite (only main peak at 29.4° 20 visible) (Figure 4a). The
diffractogram of raw pozzolan BT (Figure 1, Figure 4) shows compared to RT a much
stronger main reflex of calcite (29.4° 20) and also several other reflexes of calcite
(23.1°, 35.9° and 39.5° 20) indicating a higher calcite content in BT. All these reflexes
were found to reduce strongly in BT geopolymer sample, while the reflex intensities of
biotite, albite and sanidine may also have slightly reduced.

In both RT and BT geopolymers, the formation of a new semi-crystalline phase
was observed by the shift of the amorphous hump center from approx. 27° to 31° 20 for
all samples. Furthermore, a significant increase in the height of the amorphous hump
between the raw and reacted sample was observed for RT, while for BT a slight increase
in the height of the amorphous hump was observed. Such a shift and increase of
amorphous hump is attributed to the formation of geopolymeric gel [27,28]. Moreover,
in BT geopolymers, the shape of the amorphous hump ranging from 5.5° — 8.5° 20
changed and its center moved to higher 20 values, which may correspond to the
participation of this partially crystalline phase in geopolymer reaction [29]. In RT
geopolymers, the successive increase in the intensity of the reflex at 29.8° 20
corresponds likely to the formation of zeolite-like geopolymeric gel [29], while
broadening of reflexes around 35° and 37.8° 20 at all ages reflects the formation of an
aluminosilicate gel structure.

The formation of sodium carbonate in BT geopolymers (as also seen in Figure 3)
was reflected by XRD as the new phase natrite (y-NaxCO3, ICSD No. 95549), at all
ages. It should be mentioned here that the actually formed carbonate phase is
thermonatrite (NaxCO3-H20, ICSD No. 6293) which converted to natrite by the applied
freeze-drying. This was confirmed by collecting the material from the sample surface

and directly testing by XRD. Such conversion was useful for accurate measurement of
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bound water in geopolymer gel which is presented in section 3.3.1, while for all other
methods the hydration state of sodium carbonate is not relevant. The formation of this

phase and aragonite has been attributed to carbonation or efflorescence [14,30].

3.3.  Degree of reaction

The degree of reaction can be determined indirectly by water contained in the
geopolymer gel or directly by selective dissolution. In this part, both methods are used
to firstly determine the degree of reaction and secondly to see the impact of the formed

sodium carbonate on geopolymer reaction.

3.3.1. Thermogravimetric analysis (TGA)

Figure 5 shows the results of RT- and BT-based geopolymers prepared with silica
modulus of 1.061, while the other results are presented in the supplementary material
(Figure S4). The thermogravimetric curves (TG) are characterized by two mass loss
steps (Figure 5a and 5b), with the first step mainly representing the liberation of loosely
bound water, followed by a more or less continuous liberation of more tightly bound
water molecules and OH groups till 600 °C [26,31]. The second mass loss step starting
at 600 °C, represents calcite (CaCO3) decomposition [32,33]. The intensity of this
second mass loss step decreased with geopolymerization, indicating once again the
participation of calcite in geopolymer reaction. For all the reacted samples, the overall
mass loss increased in comparison to the raw samples, however, the rate of increase was
different for both natural pozzolan-based geopolymers, and it depended on the silica
modulus of alkaline solution and age of the sample.

Winnefeld et al. [34,35] described that the mass loss for total bound water from
30 — 600 °C could be used as a relative measure of the degree of reaction. Therefore,

similar investigations are made on RT and BT geopolymers and results are presented in
11
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Figure 6. For RT geopolymers (Figure 6a), a continuous geopolymer reaction till 90 d
can be seen by the increase of bound water content. The samples RT-0.946 and RT-
1.061 had a higher amount of bound water at 7 d, in comparison to RT-1.272. However,
all samples had nearly the same bound water content at 28 d. The compressive strength
of these samples at 7 and 28 d followed a similar trend. At 90 d, all samples showed
nearly the same amount of bound water, while compressive strength being highest for
sample RT-1.272. The higher compressive strength could be due to the higher amount
of soluble silica in this sample in comparison to the other samples (Table 2).

For the BT geopolymers (Figure 6b), the bound water content increased from 7
to 28 d, indicating an increase in the extent of the geopolymer reaction. Sample BT-
1.061 had the lowest amount of bound water at all ages and also the lowest compressive
strength. Similarly, BT-0.707 and BT-0.797 had comparable compressive strength and
bound water content at 7 d. However, at 28 d the compressive strength of BT-0.707 was
higher than that of the other samples, as was the bound water content. At 90 d, the
bound water content decreased slightly for all samples, which is expected to be a result
of sodium carbonate formation. As it has been reported by Zhang et al., Na" and OH" in
a geopolymer can react with environmental CO», thus taking water out of the
geopolymer matrix and forming alkali carbonate [16]. These findings support the slow
rate of strength gain observed at later ages, as the depletion of mobile Na™ and OH
resulting from sodium carbonate formation hindered geopolymer reaction and thus
effected the strength development. As no sodium carbonate was observed in RT
geopolymers, therefore, this impact is only observed in BT geopolymers. However, the
impact of mineralogical composition on sodium carbonate formation will be discussed

in section 4.
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3.3.2. Selective dissolution analysis

The results of the degree of reaction, calculated from the selective dissolution for RT-
and BT-based geopolymers, are presented in Figure 7a and 7b, respectively. For RT
geopolymers (Figure 7a), the degree of reaction increased with sample age for all silica
moduli of the alkaline activator. For each sample age, the degree of reaction was higher
for lower silica modulus, which is in accordance with the compressive strength and
thermogravimetric analysis. However, at 7 d, the compressive strengths of the three
samples of RT-based geopolymers were in a close range, while bound water content by
thermogravimetric analysis showed a lower value for RT-1.272 and the degree of
reaction by selective dissolution showed a value almost 18% lower. This sample had the
highest amount of soluble silica. For the sake of comparison, selective dissolution
analysis was also applied on both liquid and dried sodium silicate solution with the
results showing no dissolution of sodium silicate in the acidic system used. It can
therefore be said that the increase in compressive strength for sample RT-1.272 was a
result of the presence of the hardened activator, with a lower amount of geopolymer gel
formed, as shown by selective dissolution. This also confirms that higher SiO> content
in a system leads to a lower dissolution of aluminosilicate phases.

For each age of the BT geopolymers (Figure 7b), a higher silica modulus of
alkaline solution led to a lower degree of reaction, which is in accordance with the
compressive strength and thermogravimetric analysis. However, the degree of reaction,
by selective dissolution, was found to decrease significantly till 28 d and stayed
afterwards apparently constant. The accurate determination of degree of reaction by
selective dissolution for these samples is hindered by sodium carbonate. As the sodium
carbonate collected from the surface of geopolymer samples dissolved entirely in the

used acidic solutions, hence giving false indication of the degree of reaction.
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4. Discussion

Based on the available literature, the low performance of BT-based geopolymers can be
attributed to efflorescence or subflorescence. As the subflorescence can cause inner
tensile pressure which can weaken the structure, reduce the rate of strength gain by
alkali depletion or in extreme cases, destruction of the sample (Figure 3b). Considering
the impact of mineralogical composition, BT contains an appreciable amount of calcite
which participated in the geopolymeric reaction (Figure 4 and 5). Consequently, the
reaction of calcite could be a potential source of carbonate for sodium carbonate
formation next to the efflorescence caused by atmospheric CO». To confirm this
possibility, natural calcite was subjected to reaction with the sodium silicate solution,
and the paste samples were tested with XRD and TGA. Such study is made only to
mimic this reaction, as the tested natural calcite and calcite present in the natural
pozzolan can differ in particle size and degree of crystallinity. Nevertheless, using a
natural calcite sample clarifies its general behavior in the discussed system.

The reaction of calcite with sodium silicate solution resulted in an increase of
background in XRD and natrite was observed (Figure 8a), which was also detected in
the geopolymers of BT. The increase in the background indicates the formation of a
semi-crystalline reaction product. TGA (Figure 8b) gave three distinct thermal
decomposition events in the reacted calcite sample at various ages. The first
decomposition is likely because of the liberation of loosely bound water. The second
decomposition is associated with the decarbonization of calcite, and a third mass loss
begins at approx. 800 °C. The strong decrease in the mass loss of calcite in reacted
samples indicates significant but incomplete participation of calcite in reaction. Natrite
does not decompose in the examined temperature rage [36]. Therefore, the mass losses

around 100 and 800 °C are likely because of the semi-crystalline phase observed by
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XRD. Based on the chemistry of the system (calcium carbonate + sodium silicate
solution), calcium-containing binder gel is likely to form. Upon reaction of limestone
with sodium silicate solution, the formation of C-S-H, N-C-S-H and N-S-H have been
reported by [37]. Combing these results, the first mass loss in TGA (around 100 °C) is
due to the water liberation from a semi-crystalline phase, while a mass loss around 800
°C can be attributed to the dehydroxylation of C-S-H gel [33,38].

It can thus be stated that calcite has both positive and negative roles in
geopolymer reaction, as on the one hand, it can participate in gel formation, while on
the other hand, it leads to the formation of alkali carbonates. The inclusion of Ca?" from
calcite can replace alkalis in the gel structure, thus leaving free alkalis in the system
which can react with COs* from calcite and form alkali carbonate. These reactions
increase the rate of alkali depletion and water as indicated by TGA (Figure 6b), thus
weakening the structure and causing lack of strength development.

As the source of carbonate for sodium carbonate formation can also be calcite
and not only atmospheric CO», the definition of efflorescence and subflorescence might
be extended, or a new term like self-florescence or auto-florescence can be introduced.
The alkali carbonate formation in BT is responsible for its reduced performance as the
calcite supplies carbonate from the beginning of the reaction. Consequently, alkali
carbonates can form in large quantity inside the sample (and may damage the structure
by introducing tensile forces) whereas the CO> penetration depth for alkali-activated
slags has been reported to be 1 mm/year [39]. Therefore, the damage because of calcite
is likely more severe than the formation of carbonates with CO> from the air in the
experimental duration.

Furthermore, compressive strength showed dependency on silica modulus

(Figure 2 and 3). For BT, several samples showed sodium carbonate formation while
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samples rich in alkalis showed high compressive strength. Several samples outside the
optimum range showed a complete collapse because of sodium carbonate. This can be
understood in the way that for the samples achieving high compressive strength, their
tensile strength is also high enough to bear the crystallization pressure caused by the
growth of sodium carbonate. While for a low reactive sample, the crystallization
pressure is too high and damage to the structure (in some cases till the total
disintegration) occurred.

Considering the differences in the mineralogy of both natural pozzolans and
resultant reaction products, the higher reactivity of RT is may be due to the presence of
zeolites actively participating in the reaction. Previous studies have shown the
pozzolanic reactivity of zeolite minerals (chabazite, phillipsite, analcime) [40,41]. For a
tuff majorly composed of zeolite (mordenite) upon its reaction with sodium silicate
solution, the formation of N-A-S-H gel has been observed [42]. The formation of
zeolite-like geopolymer gel in RT geopolymers and participation of zeolite minerals is
in good agreement with the literature. Additionally, RT also contained calcite which had
also participated in the reaction (Figure 4a), but the formation of sodium carbonate was
not observed. This can be because of two reasons, (1) low content of calcite in RT, (2)
the higher reaction degree of RT suppresses the negative effect of calcite. As a result,
RT exhibited higher compressive in comparison to BT. For BT, a lower silica modulus
of the alkaline solution was required to achieve useful strength. Moreover, the
formation of sodium carbonate hindered the determination of the degree of reaction by
selective dissolution indicating that selective dissolution cannot be accurately applied to

low reactive natural pozzolan samples, which are prone to carbonate formation.

5. Conclusions

In this work, two natural pozzolans were subjected to geopolymer synthesis. For a low
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reactive pozzolan, a lower silica modulus of the alkaline solution is required to achieve
higher compressive strength. A pozzolan rich in zeolite minerals is a more suitable
precursor than a pozzolan containing calcite. The presence of calcite in natural pozzolan
can enhance the availability of calcium for binder gel. In contrast, the carbonate can
enhance the precipitation of efflorescence-like phases, which can cause depletion of
alkalis and water, thus weakening the geopolymer structure and reducing the
compressive strength. The adverse effects of carbonate are more evident for samples
outside the optimum range because of their low reactivity. Selective dissolution by
acidic solutions is not suitable for low reactive natural pozzolans containing calcite
prone to sodium carbonate formation. As this carbonate also dissolves in the used acidic
solutions, thereby giving a false indication of the degree of reaction. Use of alcohol-
based solutions for an accurate determination of the degree of reaction for such systems
could prevent this error. The formed geopolymer gel is majorly X-ray amorphous, and
for a zeolite-containing pozzolan, the more crystalline parts of geopolymer gel have a

zeolite-like structure.
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Table 1. Chemical compositions of RT and BT natural pozzolans in wt.-%.

Sample LOI  SiO2 AlLO3 Fe:03 MnO MgO CaO Na2O KxO SOs

RT 6.50  50.20 17.48 5.10 022 1.51 8.76 4.03 4.79 0.47
BT 11.24 5235 1225 4.15 0.09 0091 13.85 1.67 244 0.27

LOI is the loss on ignition at 1000 °C
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Table 2. Molar ratios of all alkaline solutions used in this study.

SiO2/Na:O  0.707 0.797 0.946 1.061 1.158 1.272 1.308 1.365 1.499 1.716

H:0/Si10: 137 143 150 99 102 86 10.6 8.8 9.1 9.4
H:O/NaO 9.7 114 142 105 11.8 11.0 13.8 12.0 13.6 16.1
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geopolymers at different ages in wt.-%.

Figure 7. Degree of reaction based on selective dissolution plotted against age for (a)

RT and (b) BT geopolymers.

Figure 8. (a) XRD and (b) TGA of calcite sample reacted with sodium silicate solution

at various ages
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Abstract - Natural pozzolans are suitable raw material for geopolymer synthesis as they are a tremendous
source of silica and alumina with ease of mining and transportation accompanying lesser cost and lower
environmental footprint than for artificial precursors. In this research study, a natural pozzolan formed as
a result of meteorite impact has been used for the production of geopolymers. A comparative study has
been made between heat treatment and mechanical activation as reactivity alteration methods. The
geopolymer samples have been synthesised using raw and altered pozzolans. Several silica moduli of the
alkaline solution and curing at ambient conditions were used. Results show that the heat treatment is more
suitable as a reactivity alteration method compared to the mechanical activation as indicated by higher
compressive strength and accelerated geopolymer reaction. Based on these results, microstructural
characteristics have been studied for the geopolymer samples made with raw natural pozzolan and heat-
treated pozzolan. Findings indicate that the heat-treated pozzolan has higher reactivity because of partial
conversion of calcite to lime. A shift of optimum silica modulus to higher value in order to achieve
maximum compressive strength has also been observed. Results of ATR-FTIR show the shift of various
bands with the time due to uptake of Al into the structure. On the one hand, broadening of the band
corresponding to Al/Si-O-Siindicates disorder introduced by initial geopolymetization. On the other hand,
sharpening of this band denotes an increase in order with the age of geopolymer. TGA gives insight about
the changes occurred during geopolymerization and shows the formation of C-S-H gel in geopolymer of
heat-treated natural pozzolan. Results of XRD and SEM reveal that geopolymer gel is nevertheless mainly
a mixture of N-A-8-H and (C)-N-A-S-H phase with the incorporation of Mg, Fe and K as charge-balancing
cations.

Keywords: Geopolymer, natural pozzolan, compressive strength, alkaline solution, heat treatment.

1 Introduction

Global warming is the increase in the average atmospheric temperature over long-time, and it is one of the
major issues which the world is facing currently. Scientists around the globe are thriving to find ways to
reduce the green-house gas emissions. Building industry is one of the major contributors to global warming
because of high production and consumption of cement [1]. Hence, there is a need to develop building
materials with comparatively low CO2 emissions for specific applications in order to cut short the use of
cement. In this context, geopolymers have gained a lot of interest in recent decades. Comparatively low
green-house gas emission, good mechanical and durability properties make them a foreseeable material for
specific applications [1-3]. Geopolymers are a class of inorganic binders which possess a polymeric Si-O-
Al framework structure and can be synthesised by reaction of aluminosilicate source material with a
concentrated alkaline solution [2, 4, 5]. Several aluminosilicate sources including natural and artificial
pozzolans can be used as geopolymer precursor. Studies conducted till to date show that the natural
pozzolans of volcanic origin can be used for geopolymer synthesis [6—13]. However, there is limited
published data on the usability of other natural pozzolans for geopolymer synthesis which include
diatomaceous earths, opaline cherts, shales, pumicites and materials formed by meteorite impact. This
research study focusses on the use of natural pozzolan formed as a result of meteorite impact for

90



ICSBM 2019
2" Tnternational Conference of Sustainable Building Materials
12-15 August, Eindhoven The Netherlands

geopolymer synthesis. The material named as breccia Suevite or Bavarian trass was formed approx. 14.5
million years ago when a meteorite hit the earth in a region later called the Noérdlinger Ries, Germany [14].

Studies show that natural pozzolans have lower reactivity in alkaline medium in comparison to artificial
pozzolans such as fly ash and metakaolin [8, 15]. Several methods have been applied to improve their
reactivity including mechanical activation, heat treatment, partial replacement by secondary cementitious
materials and alkali fusion [8, 16-19]. Bondar et al. applied heat treatment by calcinating four different
natural pozzolans at different temperatures. Results showed that the calcination can have positive and
negative effects on the reactivity of natural pozzolan depending on the mineralogy of the raw sample [18].
Dijobo et al. investigated the effect of mechanical activation on Cameroonian volcanic ash and found that
mechanical activation helps in improving the reactivity, however, excess milling beyond a certain limit can
have adverse effect on the reactivity of volcanic ash [16]. Alkali fusion includes calcination in the presence
of alkali hydroxides. Tchakoute et al. applied the alkali fusion technique on Cameroonian volcanic ash using
NaOH pellets and burning at 550 °C for 1 h. Geopolymer samples synthesised using this fused volcanic
ash and metakaolin showed good mechanical properties, short setting time and low shrinkage [19]. Several
materials such as kaolinite, metakaolin, bauxite, calcined oyster shell and slag have been used as partial
replacement of natural pozzolan for geopolymer synthesis [17, 20-22]. Results pointed out that the addition
of kaolinite give similar compressive strength has no appreciable effect on the improvement of compressive
strength [17]. Whereas, replacement by slag and metakaolin improves the properties of resultant
geopolymer [21, 22]. The inclusion of bauxite has been found a promising way to reduce efflorescence
while the addition of calcined oyster shell helps in reduction of setting time [20].

However, there are limited published studies available on the comparison of different reactivity
enhancement methods and their effect on the properties of the geopolymer product. This research study
aims to compare two reactivity alteration methods, i.e. heat treatment and mechanical activation and to
study their effect on final geopolymer product. Geopolymer samples have been obtained by mixing raw
natural pozzolan, heat-treated or mechanical activated natural pozzolan with an alkaline solution. For the
purpose, three different silica moduli of alkaline solution have been used. Based on the results of
compressive strength and reaction kinetics, one reactivity enhancement method has been chosen to study
its effect on the microstructural properties of final geopolymer made with several silica moduli at various
ages. TGA, XRD, ATR-FTIR and SEM have been used to study the microstructural characteristics.

2 Materials and methods
2.1 Materials and characterization

— Pozzolans

Natural pozzolan from Germany named as Bavarian trass (BT) has been used in this study. Bavarian trass
was supplied by Mirker Zement GmbH, Germany. Chemical composition was determined by XRF analysis
using PW 2400, PHILIPS and is given in Table 1.

Table 1: Chemical composition of all natural pozzolans.

S/“‘g‘rtﬂl/e Total  LOI  SiO, ALO; Fe,03 MnO  MgO  CaO  NaxO KO TiO, P05 SOs
. /0
BT 10025 1124 5235 1225 415 009 091 1385 167 244 061 022 047

Bavarian trass (BT) was subjected to heat treatment and mechanical activation. Heat treatment was
conducted by calcining the sample at 700 °C for 3 h, followed by cooling to room temperature in a
desiccator with silica gel. While, the mechanical activation was performed by milling in a planetary ball mill
(PULVERISETTE 5 classic line, Fritsch GmbH, Germany) at a speed of 200 rpm for 5 min or 10 min with
media to material ratio of 1:0.16. The grinding bowl made of hardened steel consisting of 125 ml capacity
was filled with 80 g of pozzolan sample. 15 grinding balls made of hardened steel of 20 mm diameter were
used for milling. The calcined Bavarian trass has been named as BT'C and milled Bavarian trass for 5 and
10 min has been named as BT5 and BT10, respectively. It should be noted here that applying reactivity
alteration methods add additional cost to the production of the building material. Therefore, from
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economical and industrial perspective more practical methodology was adopted. Specific surface area as
measutred by Blaine fineness according to EN 196-6 [23] was recorded as 6746 cm?/g for BT sample. For
BTC as a result of heat treatment specific surface area increased to 7141 cm?/g. While for BT5 and BT10
the specific surface area was recorded as 7018 cm?/g and 11721 cm?/g. Figure 1a presents the particle size
distributions of BT, BTC, BT5 and BT'10 samples measured using Mastersizer 2000 of Malvern Instruments
and Figure 1b shows the dso particle size for BT, BT5 and BT10 samples. With the applied mechanical
activation method, a reduction of 23% and 43% in dso has occurred for BT5 and BT10, respectively. X-ray
diffraction analysis was performed on BT, BTC, BT5 and BT10 using the method as described in section
2.2. Figure 2 presents the X-ray diffractograms of all pozzolans with the mineralogical phases. The
mineralogical phases were determined in accordance with the literature [24-29]. In addition to mentioned
crystalline phases, BT sample also contain a glass phase. Due to heat treatment, some amount of calcite has
been found to decompose (calcite peaks reduced in height) and formation of lime has been observed in
XRD in BTC sample (as shown in Figure 2). Partially crystalline phases present in BT which may
correspond to the presence of clay and zeolite minerals also decomposed as a result of heat treatment. XRD
detects entirely no differences between BT, BT5 and BT10.
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Figure 1: (a) Particle size distribution for BT, BTC, BT5 and BT10 samples, (b) dso for BT, BT5 and BT10 samples.

— Alkaline activator

Alkaline activator consisting of combinations of sodium hydroxide (NaOH) and sodium silicate solutions
(NaSi03) were used. NaOH of 99 wt.% purity was obtained from VWR International GmbH in pellets.
NaOH solutions were prepared by dissolving NaOH pellets in deionized water at least 24 h before use.
Sodium silicate solution (Betol 52T) was obtained from Woellner GmbH with silica modulus of 2.12. The
NaOH solution and Na»SiOj solution were mixed in different fractions to obtain the alkaline solutions of
desired silica modulus. Three silica moduli of alkaline solution of 0.707 (H2O/Na,O molar ratio = 9.7),
0.797 (H,0/Na,O molar ratio = 11.4) and 1.061 (H.O/Na,O molar ratio = 10.5) were used for BT and
BTC geopolymers, while silica modulus of 0.707 was used for BT5 and BT10 geopolymer samples.

2.2 Experimental methodology

The geopolymer paste samples were prepared using a laboratory hand mixer with a mixing time of 3 min.
In-between break of 30 s was taken after mixing the sample for 90 s to collect all the sample in the centre
of the bowl for homogeneous mixing. After complete mixing, the paste was poured in 20 mm cubic molds
and was compacted using vibration table for 2 min. Samples were sealed using plastic foil from all sides and
were cured at 21 = 1 °C and 100% relative humidity till test age. Alkaline solution to solid ratio was kept
equal to 0.75 for all geopolymer samples to achieve good workability.
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The compressive strength of cubic samples was determined at 7, 28, 90 and 180 d age. Pieces of broken
samples were collected at 7, 28 and 90 d age and geopolymer reaction was stopped for examination by
TGA, XRD, ATR-FTIR and SEM-EDX. The reaction was stopped by solvent exchange using isopropanol.
Samples were submerged in isopropanol for 24 h followed freeze-drying for 7 d. Afterwards, samples were
ground by hand in mortar and pestle to a size <125 pm. In the case of storing, the samples were stored in
a desiccator with sodium hydroxide (on support) obtained from Merck, KGaA, Germany to avoid
environmental carbonation.

L

» MJUW BT10

T T T T T T T T T T T T 1

5 10 15 20 25 30 35 40 45 50 55 60 65
Position (° 2theta)

q Quartz (98-008-9277), O Sanidine (98-000-9583), ¢ Albite (98-003-4870), c Calcite (98-005-2151),
+ Augite (98-005-6931), L Biotite (98-009-8156), P Poorly crystaline phase, L Lime (98-006-0199)

Figure 2: X-ray diffractograms of BT, BT'C, BT5 and BT10 samples.

Isothermal conduction calorimetry was performed to understand the reaction kinetics and to study the
effect of heat treatment and grinding on the reactivity of natural pozzolan. For the calorimetric study, device
MC-CAL 100P, C3 Prozess- und Analysentechnik GmbH, Germany was used. Samples were mixed outside
the device for 45 s each with vortexer. Therefore, zero in the calorimetric curves is the point when samples
were placed inside the device.

Thermogravimetric analysis (TGA) was performed using TG 209, Tarsus F3, Netzsch Instruments under
a nitrogen atmosphere at a flow rate of 250 mL/min. For each test, 10 £ 1 mg of sample was used. The
sample was first held at 25 °C for 20 min, and then heated from 25 °C to 850 °C at a heating rate of 10
°C/min.

Foutier transform infrared spectroscopy (FTIR) was performed on raw natural pozzolan and respective
geopolymer samples using Spectrum Two of PerkinElmer fitted with diamond crystal via the attenuated
total reflection (ATR) method. IR spectra were obtained between 4000 to 400 cm! with a resolution of 1
cm .,
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X-ray diffraction analysis (XRD) was performed using an Empyrean PANalytical diffractometer with Ni
filter and CuKo radiation (k = 1.540598 A), operating at 40 kV and 40 mA in continuous mode with a
resolution of 0.0131° and speed of 0.0176 °/s for a range of 5° to 65° for 1 h. The phase evaluation was
performed using HighScore Plus software with ICDD and ICSD.

Polished freeze-dried samples were impregnated in epoxy resin to study the microstructure and elemental
distribution. For the purpose, scanning electron microscopy fitted with energy-dispersive X-ray
spectrometer (SEM-EDX) was performed using device GeminiSEM500, ZEISS operated at 15 kV.

Throughout the manuscript, the geopolymer samples made with BT, BTC, BT5 and BT10 are labelled with
the respective raw sample, silica modulus used to prepare each geopolymer and the age of the sample.

3 Results and discussion
3.1 Effect of heat treatment on compressive strength

Figure 3 presents the compressive strength development of BT and BTC geopolymer samples. Results
indicate that heat treatment of BT improved the reactivity as found by an increase of compressive strength
in BTC geopolymer samples. An increase of 32% and 45% in compressive strength has been observed at
90 d age for samples BTC-0.797 and BTC-1.061, in comparison to corresponding BT samples. While for
sample BTC-0.707, 7- and 28-d compressive strength was improved and thereafter, no significant
improvement in compressive strength has been observed. Considering the BT geopolymer, the optimum
silica modulus to achieve highest compressive strength was recorded as 0.707, while for BTC geopolymers
itis found as 0.797. Thus, the optimum silica modulus shifted to higher silica modulus for BTC geopolymers
in comparison to BT geopolymers. This confirms the improvement in reactivity of this natural pozzolan
and a reduction in the alkali concentration of the solution used, which is beneficial from both economic
and environmental perspective.
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Figure 3: Compressive strength of BT and BTC geopolymers at different ages.

Table 2 presents the visual observation of BT and BTC samples prepared with various silica moduli at 90
d. The pictures presented in Table 2 show that for sample BTC-0.707, efflorescence formation increased
in comparison to sample BT-0.707. While for sample BTC-0.797 and BTC-1.061, the formation of
efflorescence decreased in comparison to samples BT-0.797 and BT-1.061. The formation of efflorescence
is because of an excess of free alkalis in geopolymer matrix which react with carbon dioxide from the
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environment and produce sodium carbonate which precipitates at the surface or in pores of geopolymer
matrix.

Table 2: Visual observation of BT and BTC sample at 90 d age.
Silica modulus 0.707

1.061

BT

BTC

3.2  Effect of mechanical activation on compressive strength

The effect of mechanical activation as the reactivity alteration process has also been studied by compressive
strength and the results are presented in Figure 4. A slight improvement in strength with grinding has been
found. However, no significant improvement in strength has been observed at all ages of the sample, and
the values are mostly within the range of standard deviation.
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Figure 4: Effect of mechanical activation on the compressive strength of BT sample.

3.3 Effect of heat treatment on reaction kinetics

Figure 5 presents the calorimetric curves for BTC compared to BT samples. Results show that geopolymer
reaction for BT geopolymer samples is characterised by two exothermic peaks. The initial peak occurs when
natural pozzolan and alkaline solution come in contact and is therefore attributed to wetting and dissolution
of reactive phases. This peak is followed by deacceleration which is associated with polycondensation thus
the amount of heat released decreases. Thereafter, a second exothermic peak has been observed which is
assigned to a delayed dissolution of some phases. Delayed dissolution of calcium-rich phases leading to a
second exothermic peak was observed by Gebregziabiher et al. [30]. The formation of early product in
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alkali-activated system depletes the alkalis and the relative silica concentration increases, which in turn
retards the dissolution of calcium phases [30]. For samples BT-0.707, BT-0.797 and BT-1.061, second

exothermic peak was observed at 11 h, 12.6 h and 28.3 h with a maximum at approx.12.5 h, 14.5 h and 34.7
h, respectively.

Comparing BT and BTC geopolymer samples, the rate of reaction increased for all calcinated samples in
comparison to BT samples indicated by higher heat evolved over 168 h, higher heat flow in first hours and
shift of second exothermic peak to an eatlier time or complete disappearance. For sample BTC-0.797 and
BTC-1.061 this peak was not observed at all. For BTC-0.707 sample, this peak moved to approx. 8 h and
appears only as a slight hump (Figure 5). These findings are in accordance with the results of compressive
strength, as for sample BTC-0.707 compressive strength is also lower than for sample BTC-0.797 and BTC-
1.061 which can be described by the delayed dissolution and therefore, lack in a gain of compressive
strength. Comparing BTC-0.707, BTC-0.797 and BTC-1.061 to each other, the rate of dissolution increases
with the decrease of silica modulus.
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Figure 5: Heat evolution curves for BT and BT'C geopolymers.
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The improvement of pozzolanic reactivity as a result of calcination for this natural pozzolan has also been
reported by [25], however the authors found that a possible reason of such improvement was presence of
smectite minerals. In the current research, this mineral group has not been identified. Therefore, the reason
for such improvement in reactivity as a result of the heat treatment is most likely the conversion of calcite
to lime which imparts higher reactivity [31]. This is because the reaction of lime with water leads to a rise
in the pH of the system which enhances the dissolution of aluminosilicate species [32]. Thus, the rate of
reaction increases and 2" exothermic peak shifts to earlier times. Henceforth, the increase in dissolution
rate results in a higher amount of precipitated geopolymer gel associated with an increase of compressive
strength in most cases (Figure 3) and heat evolved over 168 h (Figure 5) of calcinated samples in comparison
to BT samples. This finding also enables to explain the alteration of efflorescence development depicted in
Table 2. The samples with silica moduli 0.797 and 1.061 precipitate enough geopolymer gel to incorporate
most of the alkalis of activator solution. Therefore, lower efflorescence product is formed. On the other
hand, the alkaline concentration in sample BTC-0.707 is too high and most of it has not been incorporated
in geopolymer gel and thus it leads to formation of higher amount of efflorescence (as seen in Table 2).

34 Effect of mechanical activation on reaction kinetics

To study the influence of mechanical activation on reaction kinetics, isothermal conduction calorimetry was
conducted. Firstly, BT, BT5 and BT10 raw samples were separated in two fractions by a 40 um sieve,
afterwards, calorimetry was conducted on these separated fractions. The fractions of material were
separated to understand the effectiveness of mechanical activation on the fine and coarse fractions of the
sample, such that the first hump of bimodal particle size distribution was separated (Figure 1). Geopolymer
samples were prepared with silica modulus of 0.707 for each fineness and are labelled as BT-0.707, BT5-
0.707 and BT10-0.707. The results of the calorimetric study are presented in Figure 6 for both fractions of
samples.

Results indicate that the fraction <40 pum exhibits higher reactivity than fraction >40 pum. Mechanical
activation in the ball mill is more effective in reducing the size of larger particles. The calorimetry curves of
BT samples show that the part of sample <40 um develops approx. twice as much hydration heat after 168
h as that >40 pm. Total heat slightly increases with increasing fineness of sample (from BT over BT5 to
BT10) for fraction <40 pm. While for the fraction >40 pum, total heat released stays neatly unchanged from
BT to BT5 but increases significantly for BT10-0.707.

It is important to note here that the second exothermic peak occurs only for fraction <40 pm for sample
BT-0.707 and BT5-0.707. While for sample BT10-0.707, it occurs for both fractions. By increasing the
overall fineness of sample (from BT over BT5 to BT10), this reaction triggers to carlier time and heat flow
value decreases but time span over which reaction occurs is increased. These observations indicate that
with the increase in fineness the reaction degree is increasing at a lower rate; therefore, only a slight
improvement in compressive strength has been observed. However, to see a significant impact of
mechanical activation, sample may be milled for a longer time, but care must be taken while choosing a
reactivity alteration method and its economic advantages.

XRD analysis was performed on the separated fractions of BT, BT5 and BT10 as shown in Figure 7 to
understand calorimetric analysis. The results show that the fractions <40 pm have excess amount of calcite
while the fractions >40 um are enriched in minerals such as quartz, sanidine and albite which have higher
Mohs scale hardness. Further the fraction BT <40 um has highest amount of calcite while as a result of
milling the calcite content is slightly decreasing in BT5 <40 pm and BT10 <40 um. Therefore, as a result
in calorimetric analysis the height of 204 exothermic peak is decreasing with increasing milling time.

With increasing milling time, the calcite content in fraction >40 um is consequently increasing. This is
because of possible agglomeration of soft and small calcite particles during milling. In BT10 geopolymer
samples both fractions exhibit the 204 exothermic peak. This can be because of sufficiently high content of
calcite in both fractions. The agglomeration leads also in coarse fraction to a sufficient amount of calcite
content to develop the 2rd peak. While the hard minerals are not much effected by grinding and therefore,
doesn’t exhibit any appreciable differences in their reactivity.
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Figure 6: Heat evolution curves for BT, BT5 and BT10 geopolymers.
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Figure 7: Diffractograms of BT, BT5 and BT10 fractions below and above 40 um showing reflexes for (a) quartz (b)

sanidine and albite (c) calcite.
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Comparing both reactivity alteration methods, the effect of heat treatment is more prominent than reduced
particle size. Looking at Figure 1, BTC sample has a higher fraction of coarser particles in comparison to
BT5 and BT10 samples. But the inclusion of more reactive phases such as lime imparts higher reactivity
than reduced size of particles. Based on these results, heat treatment has a higher influence on the reactivity
of BT. Therefore, further detailed microstructural analysis has been made only on BT- and BTC-based
geopolymers in following sections.

4 Microstructural characteristics
4.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed on BT and BTC geopolymer samples at the age of 7, 28 and 90
d. Results for the sample prepared with silica modulus of 0.797 for both pozzolans are presented in Figure
8. The overall mass loss for BT and BTC geopolymers prepared with silica modulus of 0.797 is higher at
all ages than in raw pozzolans. Similar behaviour has been also observed for BT and BTC geopolymer
samples prepared with silica modulus of 0.707 and 1.061 which are not shown here. The overall mass loss
seems to increase with the age of sample slightly. This increase in the mass loss is attributed to
geopolymerization reaction.
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Figure 8: TG and DTG cutves of BT and BTC samples at 7, 28 and 90 d age.

Mass loss till approx. 150 °C is considered as the liberation of loosely bound water. Mass loss from 150 —
600 °C is attributed to liberation of stronger chemically bound water. As a result of geopolymerization,
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bound water is introduced in the system as a part of geopolymer gel which is formed due to dissolution and
subsequent precipitation of aluminate and silicate species. This mass loss in the range of 30 — 600 °C can
be correlated to the amount of reaction product formed [33]. Results presented in Table 3 show that
dehydration in the temperature range of 30 — 600 °C is affected by the change of silica modulus of alkaline
solution used and the age of the sample. For samples BTC-0.797 and BTC-1.061, the mass loss in
mentioned temperature range increases with age while for all others it initially increases from 7 to 28 d and
then decreases till 90 d. Such a reduction in water content with the age can be caused by efflorescence
formation in these samples with age [34]. The last stage in TG refers to decarbonization (600 — 850 °C) and
shows that the carbonate content of samples is reduced as a result of geopolymerization |35, 36].

The effects mentioned above are observed in both BT and BTC geopolymers. Additionally, for BTC
geopolymers, two other peaks in DTG have also been found, i.e. a diffuse peak in the temperature range
of 160 — 300 °C with its centre at approx. 200 °C and a sharp peak above 790 °C with a maximum at approx.
795 °C. The first peak is attributed to dehydration of C-S-H gel which has been observed to form in case
of availability of reactive calcium [35, 36]. This peak has been observed in all BTC geopolymer samples but
in none of the BT geopolymer samples. This shows that as a result of calcination, calcite converts to lime
which imparts more reactive calcium. After that, the second peak observed only in BTC geopolymer
samples is attributed to the decomposition of C-S-H to wollastonite; such decomposition has been also
observed in the literature and was also confirmed here by conducting XRD on the decomposed residue

36, 37].

Table 3: Mass losses in the temperature range of 30 — 600 °C for BT and BTC geopolymer samples at various ages.
Mass loss (wt.%)
BT-0.707 BT-0.797 BT-1.061 BTC-0.707 BTC-0.797 BTC-1.061

Age of sample

7d 11.87 11.88 10.76 11.44 11.40 10.38
28d 13.25 12.98 12.38 11.74 12.40 10.98
90d 13.00 12.48 12.17 11.43 12.77 11.40

4.2 X-ray diffraction analysis (XRD)

Figures 9 and 10 show the XRD diffractograms of BT and BTC geopolymers at the age of 7, 28 and 90 d
prepared with silica modulus of 0.797, respectively. XRD analysis was made on all samples, but for easy
understanding selected samples have been shown here.

In raw BT and BT geopolymer samples, two amorphous humps were recorded ranging approx. 5° — 8° and
24° — 34° While in raw BTC and BTC geopolymer samples only the second hump mentioned above has
been recorded. The first hump in raw BT and BT-based geopolymers was not identifiable, but it may
correspond to the presence of clay or zeolite minerals. As a result of geopolymerization the shape of this
amorphous hump changed indicated by the shift of the centre of the hump. This may be due to the
formation of aluminosilicate gel phase.

In both raw pozzolans, the centre of the second amorphous hump was recorded at 27°. While in both
pozzolan-based geopolymer samples the centre of the second amorphous hump shifted to higher 2 theta
values i.e. 31°. Such a shift has been described to occur due to the formation of geopolymeric gel [38—40].
Further, in BT geopolymer sample made with silica modulus of 0.707 at 7 d and in BTC geopolymer samples
made with silica modulus of 1.061 at 28 d a new reflex has been observed to form at approx. 27°. This
reflex has not been observed in all other samples. It is attributed to the formation of aragonite (98-028-
0991) which is a polymorph of calcium carbonate and may form under high alkaline conditions [41, 42].
However, the lower stability of this phase is the reason that it has been not observed in other samples.

As seen earlier, efflorescence formation was observed for BT and BTC geopolymer samples. XRD results
reveal that efflorescence is caused by precipitation of natrite (y-NaxCOs ,98-009-5549). This is formed
because of the reaction of excess free alkalis in the geopolymer system with environmental carbon dioxide.
Looking at Figures 9 and 10, the participation of calcite and lime in geopolymer reaction can be clearly
observed as indicated by the reduction of reflex height of calcite while reflexes of lime are completely absent
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in geopolymer samples. This confirms the previous finding that lime imparts higher reactivity than calcite
as indicated by its complete participation in geopolymer reaction. Other crystalline phases may be

participating in geopolymer reaction include biotite and sanidine, as indicated by slight changes in the
reflexes for these minerals.
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Figure 9: Comparison of raw BT and BT geopolymer sample at the age of 7, 28 and 90 d for geopolymer sample
prepared with silica modulus of 0.797.
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Figure 10: Comparison of raw BTC and BTC geopolymer sample at the age of 7, 28 and 90 d for geopolymer sample
prepared with silica modulus of 0.797.
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4.3 Fourier transform infrared spectroscopy (FTIR)

ATR-FTIR spectra were collected for the BT and BTC raw samples and their respective geopolymer
samples at 7, 28 and 90 d ages. Results have been presented in Figure 11. FTIR analysis was made on all
geopolymer samples and they showed comparable characteristics; therefore, for the easy understanding
sample prepared with silica modulus of 0.707 has been shown here. The major characteristic peaks have
been observed in region 1600 to 400 cm!. In region 4000 to 1600 cm ! only one broad hump around 3100
cm! has been observed which indicates the OH stretching vibration.
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Figure 11: ATR-FTIR spectra of raw BT and BT'C samples and BT and BTC geopolymer samples prepared with silica
modulus of 0.707 at 7, 28 and 90 d age.

An intense band in raw BT and raw BTC samples at 1013 and 1003 cm!, respectively, attributed to
asymmetric stretching of Al/Si-O-Si has been found to move to lower wavenumber i.e. 995 and 976 cm'!
in respective geopolymer samples. This is significant of changes that occurred as a result of the dissolution
of the raw sample to form Al-rich geopolymer gel. As the SiOj4 tetrahedra of silica-rich network of the raw
sample are broken and precipitates take AlO4 tetrahedra up [9, 43]. Further, broadening of bands observed
at 995 and 976 cm! in comparison to respective raw sample has been observed. This broadening is
significant of structural disorder with the addition of water in structure [44]. Moreover, in BTC geopolymers
the band present at 976 cm! is sharpening with age, which indicates the increasing order in the phase [43].

Another significant change observed between raw BT and BTC samples is the reduction of the carbonate
group as a result of heat treatment. As the stretching bands of O-C-O observed at 1435, 873 and 710 cm!
in raw BT sample and at 1435, 875 and 712 cm! in raw BTC sample reduced in intensity while comparing
BT and BTC samples to each other. Moreover, comparing the BT and BTC geopolymer samples, a clear
reduction in this band has been observed as a result of geopolymerization. This indicates the participation
of carbonates in geopolymer reaction. Further, a characteristic band corresponding to symmetrical
stretching of Si-O-8i has been observed in both geopolymer samples at 798 and 520 cm!. Bending vibration
band of Si-O-8i has been observed at 466 cm™! in BT geopolymers and at 420 cm! in BTC geopolymers.
This shift from higher to lower wavenumber is significant of incorporation of Al in gel structure [43].
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4.4 Scanning electron microscopic (SEM) analysis coupled with energy dispersive X-
ray spectroscopy (EDX)

Figures 12 and 13 show the scanning electron microscope micrographs and elemental maps of same region
of the selected samples obtained for BT and BT'C geopolymers, respectively. The microstructure illustrates
a heterogeneous morphology, while elemental maps show a nonhomogeneous distribution of several
elements. Looking at the micrographs of BT geopolymers, three different zones in microstructure labelled
as 1, 2 and 3 and microcracks are visible (Figure 12). The microcracks may appear as a result of the sample
preparation method. Zone 1 in the micrograph shows a sponge-like structure which corresponds to Na-
rich aluminosilicate geopolymer gel as indicated by the presence of Na, Al, Si and O in this zone from
elemental maps. In addition to Na, the presence of Mg and Fe has also been recorded in this zone. While
the elemental maps of K and Ca show that there is a small amount of K present while no Ca has been
observed. Comparison of Si and Al elemental maps in this zone shows that the reaction product is richer
in Al. Thus, it signifies that zone 1 potentially consists of N-A-S-H geopolymer gel incorporating Mg and
Fe cations.

Zone 2 shows a natural pozzolan particle under alkali attack and dissolution of the particle. The particle
has broken to small fragments under alkaline solution attack. Meanwhile, the reaction product is
precipitated in cavities as indicated by the elemental map. Further, the elemental maps show that K and Ca
are non-uniformly distributed in gel structure in contrast to zone 1. Zone 3 shows an unreacted particle of
natural pozzolan which is rich in Si and O, and can be a quartz particle.

A1

[
Sig A MAG: 2000x HV: 160KV WD: 10,7 mm  Px: 71 nm

Figure 12: SEM image and elemental maps of BT geopolymer made with silica modulus of 0.707 at 7 d age.

Figure 13 presents a micrograph and elemental maps for BTC geopolymer sample. At least two types of gel
phases can be seen marked as 1 and 2. The micrograph of the BTC geopolymer sample depicts a more
homogencous and compact microstructure with a more uniform distribution of several elements than the
BT geopolymer. Like BT geopolymers, zone 1 shows Na-rich aluminosilicate gel, with an absence of Ca
and the presence of Mg and Fe cations. As seen in BT geopolymers, this gel also has sponge-like structure.
Zone 2 is characterized by a heterogeneous morphology with a compact gel structure where Na- and Ca-
rich regions are overlapping each other. Further, in BTC micrograph a clear reduction in the size of
unreacted particles of natural pozzolan can be seen in comparison to BT geopolymer sample. The
geopolymer binder strongly binds the unreacted particles present. Comparing the elemental maps of Si and
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Al, the geopolymer gel in BTC geopolymers is rich in Si. This justifies the higher reactivity of BTC and
higher compressive strength as Si-O bonds are stronger than corresponding Al-O bonds [2]. Combining
the results of BT and BTC geopolymers, it is obvious that the geopolymer binder is heterogeneous in nature
and consists majorly of N-A-S-H, within cooperation of Mg, K, Fe and Ca.

Figure 13: SEM image and elemental maps of BTC geopolymers made with silica modulus of 0.707 at 7 d age.

5 Conclusions

In this work, the natural pozzolan Bavarian trass obtained from Germany has been subjected to heat
treatment and mechanical activation as reactivity enhancement methods. Results show that pozzolans in
their natural state and after implementation of reactivity enhancement methods can be used as a precursor
for geopolymer synthesis. The chemical composition, particle size and mineralogical phase composition of
natural pozzolan effects the properties of resultant geopolymer product. The calcite-rich natural pozzolans
can be used as geopolymer precursor by heat treatment, as the conversion of calcite to lime imparts higher
reactivity and thus, an increase in compressive strength. An economical mechanical activation method was
applied as reactivity enhancement method. However, no significant improvement in compressive strength
has been observed as a result of mechanical activation. The calorimetric study showed that the fine fraction
of natural pozzolan largely contributes to the reactivity. While mechanical activation helps majorly in
reducing the size of coarser fraction thus only a slight improvement in reactivity has been observed.
Comparing both reactivity enhancements methods, it is seen that the effect of calcination is more
prominent than the reduced particle size.

For geopolymer samples prepared with calcined Bavarian trass (BTC), less amount of efflorescence was
observed in comparison to BT samples for high silica modulus samples. As a result of heat treatment, an
increase in the optimum silica modulus required to achieve higher compressive strength has also been
observed. Therefore, the choice of reactivity enhancement method should be made depending on the
properties, economic and environmental advantages. The second exothermic peak observed in the
calorimetric study of BT geopolymers is assigned to the delayed dissolution of some phase(s) likely calcium
rich phases. This delayed dissolution shifted to an eatlier time for BTC geopolymers because of higher
reactivity of BTC. The chemically bound water in the geopolymer structure gives insight about the
dependence of the rate of reaction on silica modulus and age of the sample. Crystalline mineral phases such
as calcite, lime, biotite and sanidine participate in geopolymer reaction by either complete or partial
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dissolution in alkaline medium. Phase composition of geopolymer gel shows that it consists of N-A-S-H
and (C)-N-A-S-H with the incorporation of Mg, Fe and K in the structure for both BT and BTC
geopolymers.
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1. Introduction

Geopolymer science has gained a lot of interest in recent decades
because of superior mechanical and durability characteristics and
potentially lower environmental foot-prints /1/. Geopolymers are a class
of inorganic binders which are synthesised using aluminosilicate
precursor with a concentrated alkaline solution /2, 3/. Natural pozzolans
are one of the suitable precursors for geopolymer synthesis /2, 4/. The
properties of geopolymers are widely affected by several influencing
factors, including the type of source material, particle size distribution,
fineness, alkali concentration, amount of water, curing conditions and
age of specimen /5/. Owing to lower reactivity of natural pozzolan
compared to fly ash and metakaolin, several reactivity enhancement
methods are possible to apply such as addition of mineral admixture,
mechanical activation and heat treatment /6-8/. This manuscript
explains briefly the effect of the alkali type in alkaline solution,
concentration of alkaline solution, ambient or heat curing on reaction
kinetics and properties of resultant geopolymer product using two
different natural pozzolans.

2. Materials and methods

In this research study, natural pozzolans originating from Italy has been
used for geopolymer synthesis. Pozzolans Laziale black (PB) and
pozzolan Flegrea (PF) was supplied by Buzzi Unicem SpA, Italy. The
chemical and mineralogical composition of both natural pozzolans is as
given in Table 1 and Table 2.

Table 1. Chemical composition of PB and PF

S/?N”t"g/'oe LOI | SiOz | Al,Os | Fe203 | MnO | MgO | CaO | Naz0 | KO

PB 55 | 448 | 16.0 | 10.6 | 0.3 4.3 9.2 0.6 5.2

PF 3.8 | 5883 | 179 | 3.9 0.1 0.9 2.5 3.5 7.9
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Table 2. Mineralogical composition of PB and PF
Sample | Minerals found
PR Nepheline, Leucite, Analcime, Muscovite, Augite, Diopside
ferrian, Akermanite, Chloritoid, Quartz, Magnetite, Hematite
PF Sanidine, Albite, Anorthite, Analcime, Muscovite, Quartz

The geopolymer samples were prepared by mixing these natural
pozzolans with sodium hydroxide, potassium hydroxide and sodium
silicate solution. Sodium hydroxide and potassium hydroxide solutions
labelled as NH and KH (obtained from VWR International GmbH),
respectively, were prepared by dissolving pellets of 99 wt.% purity in
deionized water to give a concentration of 12 and 16 mol/kg. Sodium
silicate solutions (NS) of silica modulus equal to 0.7 and 0.8 were
prepared by mixing sodium hydroxide solutions and a sodium silicate
solution with silica modulus equal to 2.12 (obtained from Woellner
GmbH). For comparison of PB- and PF-based geopolymers both natural
pozzolans were ground to comparable Blaine fineness in range of 6560
+ 20 cm?/g. Geopolymer paste samples were prepared by mixing natural
pozzolan and alkaline solution using laboratory hand mixer for 3 min
followed by compaction for 2 min. For compressive strength
determination 20 mm cubic samples were prepared. Samples were
cured using two methods as: ambient curing at 22 + 2 °C, 100% RH and
heat curing at 40 °C, 100% RH for first 28 days, followed by ambient
curing till 90 days. Reaction kinetics were determined using isothermal
conduction calorimetry at 20 °C. Samples were mixed outside the
device for 45 s each.

3. Results and discussion

In a previous study by the authors, the effect of silica modulus of alkaline
solution was studied in detail /2/. Therefore, based on these findings
firstly the trial samples were prepared for a wide range of concentrations
for all three alkaline solutions. Based on these trial samples,
concentration used in this study were selected for studying the effect of
alkali metal type, concentration and curing method on two different
natural pozzolans.

Results of 7-, 28- and 90-days compressive strength of PF and PB
geopolymers cured at ambient curing conditions are presented in Fig.
1. Results show that PB have better reactivity compared to PF for all
type and concentrations of alkaline solutions used at ambient
concentration. PF based-geopolymers showed poor reactivity with NH
and NS solution, while showed comparatively better reactivity with KH
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solution. PB showed an increase in compressive strength with the age
of sample, indicating that geopolymer reaction spans over long time. At
ambient curing conditions, the higher reactivity of PB in comparison to
PF is because of the differences in chemical composition of both natural
pozzolans. Looking at Table 1, PB has higher wt.% of MgO and CaO
compared to PF, which can be a possible reason for its higher reactivity.
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Fig. 1. Compressive strength of PB and PF geopolymers cured at 22 °C and
100% RH at various ages

Fig. 2 presents the calorimetric heat evolution curves for PB and PF
geopolymers. The first exothermic peak recorded occurs within first few
minutes of mixing of the specimen. This peak is attributed to the first
wetting. The first exothermic peak is followed by the deacceleration
which is in literature ascribed to polycondensation of geopolymer
product /2, 9/. The rate of deacceleration has been observed to vary
with the change of alkaline solution type and concentration (Fig. 2). PB
samples prepared with KH solutions exhibit highest heat evolution in
deacceleration region. However, compressive strength value recorded
for these samples shows that condensed geopolymer gel amount is too
less till 7 days to carry any load. Thereafter, geopolymer reaction
continues at steady rate as indicated by increase in compressive
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strength. PB samples prepared with NH-12 exhibited a wide peak
starting on 6™ day and ending on 7™ day. The reaction occurring at this
peak has been thought to be delayed dissolution of some phases as
also seen in /2/. PB samples prepared with NS solution shows faster
deacceleration and thereafter, continuous heat evolution till 7" day. The
lower reaction kinetic of these samples is very likely because of lower
pH of these solution as compared to NH and KH solutions.
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Fig. 2. Heat evolution curves for PB and PF geopolymers recorded for 7 days
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Looking at PF samples in Fig. 2, it can be seen that all samples have
lower reactivity as compared to PB samples. This is also indicated by
compressive strength of these samples. However, these samples show
continuous heat evolution at a steady rate. This indicates that in these
samples geopolymer reaction is occurring at very slow rate and
therefore, the system needs much longer time to reach polymerization
stage.

Owing to lower reactivity of used natural pozzolans, a heat curing
regime was applied on these geopolymers in order to study its effect on
the properties of the resultant geopolymer. Compressive strength
results of PB and PF geopolymers cured at heat curing regime are
presented in Fig. 3. Results show that PB samples prepared with NS
solution exhibited improvement in reactivity as indicated by
enhancement of compressive strength. While, PB samples prepared
with NH and KH solution also exhibited improvement in compressive
strength at 28 days. However, for nearly all PB samples loss of strength
after 28 days of curing has been observed. The reason for such a loss
in compressive strength is not clear.
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Fig. 3. Compressive strength of PB and PF geopolymers cured at heat curing
regime
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PF performed higher reactivity for all combinations of alkaline solution
used at heat curing regime. PF geopolymer samples prepared with NS-
0.7 exhibited highest compressive strength at all ages in comparison to
other samples. The higher alkalinity of this sample compared to NS-0.8
indicates that synthesis of PF for geopolymer production require both
higher concentration of alkalis and silicates in reactive form.

4. Conclusions

The geopolymerization of various natural pozzolans is affected by the
composition of natural pozzolans, type of alkaline solution,
concentration of alkaline solution and curing conditions. These results
also show that geopolymer reaction can be accelerated using higher
curing temperature. Nevertheless, heat curing regime can also effect
reactivity of some natural pozzolan negatively. Therefore, a careful
regime should be chosen after considering all possible factors. Use of
silicate based alkaline solution imparts higher compressive strength
because of availability of reactive silica.
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Abstract

This article investigates the role of calcium carbonate minerals in an alkali-activated system
through their reaction with sodium silicate solution. The early reaction kinetics and reaction
products are investigated using isothermal conduction calorimetry, in-situ XRD and in-situ
FTIR. Later reaction products are identified with thermodynamic modelling and analysis of
the paste samples after 8 and 90 d using XRD, TGA, DSC and mass spectrometry. After a
few hours of reaction, natron precipitates as the first crystalline carbonate phase, while
changes in the connectivity of silicates are observed due to the precipitation of C-S-H, which
may contain Na. After 8 and 90 d, C-S-H is observed together with thermonatrite instead of
natron. It is shown that calcium carbonate is not just a filler in an alkali-activated system but
can provide Ca to form C-S-H and can also enhance the availability of carbonate for the

formation of alkali carbonates.

Keywords

Calcium carbonate, alkali-activated binder, thermodynamic calculations, X-ray diffraction,
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1. Introduction

In the development of environmentally friendly construction materials, alkali-activated
binders / geopolymers have gained much interest in recent years (Komnitsas and Zaharaki,
2007). Reasonable mechanical and durability characteristics of these binders make them
popular in the field of construction materials (Duxson et al., 2007). Natural or artificial
pozzolans containing a substantial amount of reactive silica and alumina can be the sole
precursor for these binders in the presence of an alkali hydroxide or alkali silicate solution
(Xu and van Deventer, 2002; Pacheco-Torgal et al., 2012; Provis and van Deventer, 2014).
The properties of the resultant reaction product largely depend on the curing conditions, the
composition of the alkaline solution, the chemical composition and mineralogy of the
precursor (Duxson et al., 2007; Rattanasak and Chindaprasirt, 2009). The alkali-activated
binders and geopolymers are differentiated based on the calcium content of the precursor
and the phases present in the resultant binder (Herrmann et al., 2017). A low-calcium
system tends to produce binders such as geopolymers, which may contain phases such as
N-A-S-H gel, while a high-calcium system produces an alkali-activated binder containing
phases such as C-S-H or C-A-S-H gel (Pacheco-Torgal et al., 2012; Herrmann et al., 2017;
Niu et al., 2020a). Low-calcium pozzolans such as volcanic ash, fly ash (FA) and metakaolin
(MK) are the most commonly used precursors for geopolymers, while ground granulated
blast furnace slag (GGBFS) is a prominent precursor for high-calcium systems (Pacheco-
Torgal et al., 2012; Herrmann et al., 2017; Lu et al., 2020). The use of natural resources is
becoming more prominent as the availability of FA and GGBFS resources is limited in
several countries and the use of MK is not practical due to the environmental footprint
associated with its production (Snellings et al., 2012; Sharif et al., 2015; Firdous and Sharif,
2016; Snellings, 2016). Several research studies have been published in recent years on the
use of natural pozzolans (NPs) for geopolymerization (Bondar et al., 2011a; Firdous et al.,
2018b; Firdous et al., 2018a; Firdous and Stephan, 2019a). The mineralogical compositions

of natural pozzolans vary considerably, thus making it challenging to define generally valid
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rules for their use in geopolymer production (Bondar et al., 2011b; Djon Li Ndjock et al.,

2017; Firdous and Stephan, 2019a).

Previous studies have shown that the incorporation of reactive calcium sources (such as
GGBFS) in NP-, FA- and MK-based geopolymers enhances the mechanical and durability
properties of these binders (Yip et al., 2005; Gao et al., 2015a, 2015b; Robayo et al., 2016;
Najimi et al., 2018). This is because of the precipitation of C-S-H gel in addition to
geopolymer gel, which fills the pores and acts as a microaggregate, thus increasing the
compressive strength of these binders (Yip et al., 2005). Furthermore, the addition of
GGBFS improves the silica-to-amorphous alumina ratio, thus increasing the dissolution of
precursors and the formation of geopolymer gel (Robayo et al., 2016). Another possible
source of calcium could be calcium carbonates (CaCOs), such as calcite. In nature,
tremendous amounts of calcium carbonate are available in the form of calcite and this
mineral phase is often found in natural as well as in artificial pozzolans (Firdous and
Stephan, 2019a; Moukannaa et al., 2019; Firdous and Stephan, 2020; Niu et al., 2020b; Niu
et al., 2020a). By use of non-calcined calcium carbonate in alkali-activated systems, the
environmental burden of its calcination, as in cement production, can be reduced (Juenger,
2018). However, the reactivity of calcium carbonates in the alkali-activated / geopolymer
system has been seldomly investigated. A study reported that the addition of oyster shell
(tempered to remove organic substances) helped to reduce the setting time and resulted in a
minor improvement in compressive strength. The comparatively high crystallinity of oyster
shells was reported to be the reason that the improvement in mechanical properties was not
more significant (Djobo et al., 2016). By the addition of marble and travertine waste in the
natural pozzolan geopolymer, a compressive strength of up to 46 MPa can be achieved at
90 d of age using a 10 M NaOH solution (Tekin, 2016). Moreover, a recent study showed the
utilization of limestone as a precursor for alkali-activated binders (Ortega-Zavala et al.,

2019). However, the reaction mechanisms of calcium carbonate in the alkali-activated /
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geopolymer system are not described. In recent studies, the unusual calorimetric behaviour
of a natural pozzolan in a geopolymer system was found to be related to its calcite content
(Firdous and Stephan, 2019b, 2019a); the exact reason for such behaviour was not
understood. As mentioned above, calcium carbonate is found nearly all over the world and is
therefore often present in natural as well as artificial pozzolans (Firdous and Stephan, 2020;
Niu et al., 2020a; Niu et al., 2020b). Based on these observations and the presence of
calcium carbonates in many pozzolans, it is investigated how the various polymorphs of
calcium carbonate react in alkali-activated systems and how they affect the reaction product

and resulting binder composition.

The current study aims to investigate the reactivity of calcium carbonate and especially
calcite in sodium silicate solution. The emphasis is on understanding which phases develop
and what role calcium carbonate could play in the formation of alkali-activated binders under
alkaline conditions. For this purpose, eight calcium carbonate samples were used and
subjected to react with the sodium silicate solution. Isothermal conduction calorimetry (ICC),
in-situ and ex-situ X-ray diffraction analysis (XRD), in-situ Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC) and mass spectrometry (MS) were used to evaluate the reaction kinetics and phase
development over the first days and months of the reaction. Scanning electron microscopy
(SEM) was performed to analyse the microstructure of the reacted samples. Thermodynamic
modelling was utilised to examine the expected long-term behaviour. The results of this
investigation can be used as an ideal system for the role of the calcium carbonate phase in

an alkaline medium.
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2. Materials and methods

For this study, both natural and synthetic calcium carbonate (CaCOs3) samples were used to
explore the factors influencing the reactivity of calcium carbonates in an alkaline medium.
Additionally, two polymorphs, calcite and aragonite, were tested to investigate the impact of
the crystal structure of calcium carbonate on its reactivity. The samples included one natural
aragonite, one chemical-grade calcium carbonate (>98.5 wt.-% pure), four natural calcite
samples and two limestone samples. The abbreviations used in this study for each sample,
their origin, Blaine fineness, dso and dgo particle sizes are given in Table 1. The particle size
distribution curves are presented in Fig. S1 of the supplementary material. Blaine fineness
was measured in accordance with EN 196-6 (EN 196-6, 2010). Samples were milled in a
laboratory ball mill to the desired fineness. Particle size distribution curves, including dso and
dgo, were determined using laser granulometry (Mastersizer 2000 from Malvern Instruments).
The mineral phases present in each sample were investigated using XRD. All calcite
samples (C-CMX, C-NMX, C-PK, C-GR), limestone samples (L-RUD, L-KAR) and CaCO;
chemical (C-CHEM) contained only the calcite polymorph of CaCO3, while the aragonite
sample (A-SIC) contained mostly aragonite and a minor amount of calcite. Only three
samples contained other minor impurities detectable by XRD. All minor phases are listed in
Table 1, and the diffractograms of raw samples are presented in Fig. S2 of the
supplementary material. The symbols used in XRD figures, the ICSD (inorganic crystal
structure database) card numbers and the chemical formulas of all mineral phases

mentioned in the manuscript are summarized in Table S1 of the supplementary material.
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Table 1. Characteristics of all calcium carbonates used and the minor mineral phases in
each sample as identified by XRD. The abbreviations are A for aragonite, C for natural or

chemical calcites and L for limestones, as well as an abbreviation of the sample’s place of

origin.
Blaine d d
Sample  Origin Abbreviation fineness | > % Minor phases *
2 (um)  (pm)
(cm?lg)
Aragonite  Sicily, Italy A-SIC 6230 3.3 24.0 Calcite
CaCOs ~ AppliChem — oy 7050 46 127 -
chemical GmbH
Calcite ah'h.“ah“a’ C-CMX 6690 62 422 -
exico
Calcite ,\N/Ia'c.a’ C-NMX 7520 42 311 -
exico
Calcite ~ Balochistan, ¢ 7200 52 287 -
Pakistan
Calcite g"honbr“””’ C-GER 7000 52 27.1 Dolomite
ermany
Limestone g”ders"orf’ L-RUD 7990 44 131 Quartz
ermany
Limestone farsdort, AR 7770 48 139 Dolomite, quartz
Germany

* Dolomite (CaMg(CO:s),), quartz (SiO3)

The pastes were prepared from 5 g of a solid precursor which reacted with a sodium silicate
solution (water glass) at a solution-to-precursor ratio of 0.88. This equals to 53.3 wt.-% solid
precursor and 46.7 wt.-% sodium silicate solution in the paste sample. The composition of
the used sodium silicate solution was 20.2 wt.-% SiOz, 19.8 wt.-% Na2O and 60.0 wt.-% H20
(molar SiO2/NazO ratio of 1.1). This equals a H.O/(CaCO3+SiO,+Na2O) ratio of 0.39 (g/g)
and a CaCO3/SiO; ratio of 3.39 (mol/mol). Samples were prepared by pouring the powder
into a calorimetric vessel with the sodium silicate solution already inside. A vortex mixer was
used to mix each sample for 60 s. If samples had to be cured, they were seal cured at 20 + 1
°C until test age. The early reaction and phase development were observed with calorimetry,

the pH value of the solution from leached samples, in-situ XRD and in-situ FTIR.
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Isothermal conduction calorimetry was performed using the device MC-CAL 100P, C3
Prozess- und Analysentechnik GmbH for the first 6 d. A vortex mixer was used for mixing
each sample outside the calorimeter. The time zero in the calorimetric curves is the time
when the solution and powder came in contact. Measured heat flows were normalized to the

weight of the calcium carbonate sample.

To follow the relative changes of the pH value during reaction, the prepared samples were
cured for different time intervals and subsequently leached (1 g of paste sample was
leached in 10 mL of water) for 30 min each, and after that the pH value of the solution was
measured. A SG78 pH meter from Mettler Toledo was used for pH measurements. Standard
buffers for pH electrode calibration were pH 4, 7 and 9. Direct extraction of the pore solution

from the binder was also tried but was not successful.

The early phase development in the paste samples during the first 59 h at 20 °C
(conditioned sample stage) was measured in-situ using the Empyrean XRD device from
PANalytical. After mixing, pastes were poured into the XRD sample holder, which was
subsequently placed in the device and covered with Kapton foil to reduce carbonation and
evaporation of water. The first scan was started 3.5 min after the contact of solution and
powder, and each scan took 23.6 min (step size of 0.0131°, range from 12° to 56.8° 20 in
continuous mode). An X-ray tube operating at 40 kV and 40 mA generated CuKa radiation (A
=1.54 A), and the radiation was subsequently passed through a Ni filter. Diffractograms
collected over time were analysed using HighScore plus software. First, the Ko, peaks were
removed, then a peak search and background approximation were performed. The peaks
corresponding to various phases were assigned by the ICDD (International Centre for

Diffraction Data) and the ICSD (Inorganic Crystal Structure Database). After this, the fitting
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of the peak position, peak area, full width at half maximum, and shape was conducted.

Finally, the development of peak areas for selected peaks was chosen for analysis.

In-situ FTIR analysis was performed on paste samples using Spectrum Two from
PerkinElmer fitted with a diamond crystal using the attenuated total reflection (ATR) method.
IR spectra were obtained between 4000 and 400 cm™', with a resolution of 1 cm-'. Paste
samples were poured on the diamond and sealed with a polyimide film. Spectra were

obtained every 20 min, with the first spectrum collected 2 min after mixing.

In order to investigate the temporal development, hardened samples cured for 8 and 90 d
were ground by hand with a mortar and pestle made from agate and examined using ex-situ
powder XRD, DSC-TGA and TGA-MS. Furthermore, scanning electron microscopy (SEM)

and thermodynamic modelling was performed.

Ex-situ XRD was performed on these powder samples using a PANalytical Empyrean with Ni
filter and CuKa radiation (A = 1.54 A), operating at 40 kV and 40 mA in continuous mode,
with a resolution of 0.0131° and a speed of 0.0176 °/s, with a range from 5° to 65° 26. The
phase evaluation was done using HighScore Plus software with ICDD and ICSD databases.
Furthermore, Rietveld refinements for quantification were performed on reacted samples by

using rutile as internal standard.

A selected sample (C-PK) with an age of 90 d was characterised by simultaneous thermal
analysis. This sample was freeze-dried before DSC-TGA and TGA-MS were performed (to
convert thermonatrite into natrite) in order to minimise the bound water; see section 3.2.2.

The simultaneous thermal analysis was carried out in two separate sets of experiments, 1)

125



203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

differential scanning calorimetry and thermogravimetry (DSC-TGA) and 2) thermogravimetry
combined with exhaust gas mass spectrometry (TGA-MS). The MS analysis of the gases
emitted by the thermally treated sample could not be performed simultaneously with DSC, as
MS requires a comparably large sample amount which is inappropriate for the accurate
measurement of DSC. Therefore, two separate subsets of the same sample were measured

and compared via the respective TGA measurements.

The DSC-TGA was performed using a Netzsch STA 449 F3 Jupiter equipped with a DSC
sample holder. Both the reference and sample crucibles were made from aluminium oxide
with lids of the same material. The sample had a mass of 11 mg, and the temperature was
regulated from 24 — 1000 °C at a heating rate of 10 °C/min. The baseline signal was

recorded by performing the same program with the same empty crucibles.

TGA-MS was performed with a Netzsch STA 409C/CD coupled to a BALZERS QMS 403
mass spectrometer. The STA 409C/CD was equipped with a carbon furnace, a DTA/TG
sample holder and aluminium oxide crucibles. The sample weighing 53 mg was measured at
a heating rate of 10 °C/min from 20 — 1000 °C in an argon flow of 100 mL/min. Part of the
gas flowed through a skimmer of glassy carbon to the mass spectrometer. For MS
measurement, the liberation of H,O and CO- from the sample was considered. The

baselines of TGA and MS were determined with the same experimental set-up.

Scanning electron microscopy (SEM) was performed using a low-vacuum scanning electron
microscope GeminiSEM500, ZEISS. The gas pressure in the sample chamber was 100 Pa
and a voltage of 15 kV was used to examine the samples, which were neither ground nor
coated. The signal of secondary electrons was used to obtain the micrographs of

microstructure.
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In order to predict the phases to be expected in a mixture of calcium carbonate and sodium
silicate solution in the long term, thermodynamic modelling was performed using the Gibbs
energy minimisation software GEMS (Wagner et al., 2012; Kulik et al., 2013) in version 3.5
combined with the PSI-Nagra 12/07 thermodynamic database (T. Thoenen, W. Hummel, U.
Berner, E. Curti, 2014) (this database includes gaseous and aqueous species as well as the
thermodynamic values for calcite and aragonite). Furthermore, C-S-H (the CNASH model
developed by Myers et al. (Myers et al., 2014)), lime, portlandite, sodium oxide and
amorphous silica from the Cemdata18 database (Lothenbach et al., 2019) were included.
Moreover, several sodium-calcium carbonates which might form in such systems as
summarized in Table 2 were included. The activity coefficients of the aqueous species were

calculated using the Truesdell-Jones extension to the Debye-Hiickel equation:

—A, 23\ X;
logoy; = —————+ bl + log,g—~
g10Yi 1 +dBy\/7 y gd10 X,

where y; equals to the activity coefficient, z; is the charge of the i" species, A, and B, are
temperature- and pressure-dependent coefficients, I is the effective molal ionic strength, X;,,
the molar quantity of water and X,, the total molar amount of the aqueous phase. The
common ion size parameter a equals to 3.31 A and by, a short-range interaction parameter,

is 0.098 kg/mol, using NaOH as background electrolyte (Helgeson et al., 1981). The

thermodynamic calculations were performed for a temperature of 20 °C.

Table 2. Thermodynamic properties of the Na-Ca carbonates added to PSI-Nagra and the

Cemdata18 database in this study.

AGof 1 AHof 2 so 3
Phase (kd mol")  (kJmol")  (J mol'K-) Ref
i ) (Monnin and
Nahcolite: NaHCO; 851.0 951.7 92.6 Schott, 1984)
i i (Monnin and
Natron: Na;COs10H;0 3428.1 4089.5 5303 Schott, 1984)
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(Monnin and

Thermonatrite: Na,CO3-H.O -1285.9 -1438.8 136.5 Schott, 1984)
Trona: Na;COsNaHCOs2H,0 o006 -2689.5 276.6 é“fﬁél?"l ggf)
Gaylussite: Na,Ca(COs)5H,0 59720 -3834.0 386.7 (E(tjgllgsf 500)
Pirssonite: Na,Ca(COs)2H,0 2098 29558 239.1 (E(t)glﬁsf ges;g‘)ar

' Gibbs free energy of formation; 2 Enthalpy of formation; 3 Entropy

3. Results and discussion

3.1. Early reaction kinetics and phase development

3.1.1. Calorimetry, in-situ XRD and pH

The reaction kinetics within the first days of reaction as studied with isothermal conduction
calorimetry are shown in Fig. 1. The results show that the reaction is exothermic for all
samples. The first peak, which occurs within the first few minutes after liquid and solid come
into contact, is mainly attributed to the external mixing of the samples and the initial wetting
and dissolution of the reactive phase. This is followed by a deceleration whose rate is
different for each sample. Thereafter, a second exothermic peak is observed for A-SIC, C-
CHEM, C-NMX, C-PK, C-GER and L-RUD, indicating a sudden reaction. For the samples C-
CMX and L-KAR, this peak is not observed but may appear at a later time than the duration
of the experiment. The time at which the second exothermic peak occurs is different for each
sample. The sample A-SIC with aragonite shows this second calorimetric peak in a medium
period, which indicates that the modification of calcium carbonate has no significant effect on

the time of the second exothermic event.

The possible reasons for different reaction kinetics could be, for example, the specific
surface areas, particle size distributions or mineralogical impurities in the raw samples.
Based on the literature, reduction in particle size or increase in specific surface area tends to

increase the dissolution of the reactive phases (Tenoutasse, 1967; Minard et al., 2007;
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Firdous et al., 2018a; Joseph et al., 2019; Moukannaa et al., 2019). Whereas the presence
of mineralogical impurities can impact the reactions in several ways (Kumar et al., 2010); for
example, the presence of aluminate can slow down the dissolution of silicates under alkaline
conditions (Snellings, 2013). Considering the particle size distribution of the samples (Fig.
S1), they can be classified into three groups according to their bimodal particle size
distribution curves (Fig. S1); also, the values for dsp and dgo (Table 1) as well as the Blaine
fineness vary between the samples. However, a closer look on these differences in particle
size distribution and connected parameters shows that the time of appearance of the second
exothermic event does not clearly correlate with particle size distribution presented in Fig.

S1.

The presence of minerals other than calcium carbonate in the samples could also have an
impact. Presence of dolomite seems not to influence the time of the second calorimetric
peak, as C-GER has the peak relatively early, but L-KAR does not show any peak in the
time of observation. Quartz could play a role, as both limestone samples, which contain
quartz, show the peak late or not at all. On the other hand, samples which contain only
calcite or aragonite (C-CHEM, C-PK, A-SIC and C-NMX) develop the second thermal event
early (approx. 6 h), at a medium time (approx. 56 h) or not within the time of observation (like

C-CMX), which seems to indicate that the impact of both quartz and dolomite is negligible.

The presence of minor amounts of Ca(OH). or CaO could be the reason for the early peak of
C-CHEM, as Bertram and Klimm (Bertram and Klimm, 2004) found that commercial CaCO3
may also contain traces of CaO, which forms Ca(OH). in the presence of water. For the
natural samples, it is less likely that they initially contain CaO or Ca(OH).. Although traces of
Ca(OH); can also be formed from the reaction of CaCO3; with NaOH: CaCOs; + 2Na* + 20H-

— Ca(OH),; + 2Na* + COs? in the alkaline environment. This reaction can take place,

129



298

299

300

301

302
303

304

305

306

307

308

309

310

311

312

especially if the reaction of the calcium source is faster than the formation of C-S-H (Bergold
et al., 2013, 2015). However, it should be noted that Ca(OH). is not observed by XRD as

described below; therefore, this is also a less likely possibility.

40 -
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——C-PK
. 354
) —C-GER
g A-SIC
= 30 + —— C-NMX
; - -L-RUD
0 254s — C-CMX
¢ m, — L-KAR
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Fig. 1. Comparison of the calorimetric signals of all examined calcium carbonate samples.
The samples in the legend are sorted according to the time of appearance of the second
thermal event. The last two samples (C-CMX and L-KAR) do not show a second thermal

event within 144 h.

It can be said that the observed reaction kinetics are the combined results of several factors,
which may include the aforementioned criteria, but no strong correlation to the here
described factor can be proven. To understand the reaction occurring during the second
exothermic peak, in-situ XRD was conducted on C-CHEM and C-PK, as these sample

exhibit the peak at the earliest. Fig. 2 presents the correlation between in-situ XRD, heat flow
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313  and pH value (of solutions from leached samples) measured over time for C-CHEM.
314  Whereas the results of C-PK are presented in Fig. S3 of supplementary material. This
315 makes it possible to draw a correlation between phase development and reaction kinetics at

316  the same time point.

317
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318

319  Fig. 2. Comparison of the calorimetry, in-situ XRD of C-CHEM (areas of the natron-related
320 peaks at 16.3° and 33.2° are divided by 10 and 30, respectively, for better presentation) and

321  the pH value of the solution from leached samples.

322

323  The results shown in Fig. 2 and Fig. S3 indicate that during the initial calorimetric peak,
324  calcite is dissolved, as seen by the reduced peak areas of calcite at 29.3°, 39.2°, 43.0° and
325  48.4° 206, while no crystalline reaction products are formed within the first few hours. Until
326  approx. 5 hand 6.5 h, in sample C-CHEM and C-PK, respectively, calcite continues to

327 dissolve at a low rate, consistent with the low heat development observed in calorimetry,
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while the pH value of the sample decreases. Note that the presented pH values refer to
samples suspended and leached in water so that only the trends and not the absolute pH
value is representative for the sample; the absolute pH value of the sample will be higher

than that shown in Fig 2.

At the second thermal event, where the heat release suddenly increases, the precipitation of
natron (Na>-CO3-10H,0) is observed with XRD (Fig. 2 and Fig. S3), while the pH value of the
sample increases slightly due to the reaction 2NaOH + CaCO3; + 10H,0O — Na;CO3-10H20 +
Ca?* + 20H-. Thus, the second exothermic event is due to the formation of natron and/or the
formation of poorly crystalline C-S-H, which is better visible with the FTIR and the thermal
analysis discussed below. The formation of C-S-H and natron at the time of this sudden heat
release indicates that the nucleation of C-S-H could be the decisive factor for the observed
sudden heat release as well as for the largely different kinetics. This is similar to Portland
cements, where the nucleation of C-S-H has been observed to be the decisive factor for the
acceleration of the alite reaction after the "dormant" period (Scrivener et al., 2015; Scrivener
et al., 2019). Furthermore, it is to notice that both samples (C-CHEM and C-PK) exhibit
similar reactions in in-situ XRD, showing that both natural and chemical sources of calcium

carbonate behave comparable under the applied conditions.

3.1.2. In-situ FTIR

In-situ Fourier transform infrared spectroscopy (FTIR) was performed on C-PK and C-CHEM
during their reaction with sodium silicate solution. These samples were chosen such that the
natural and synthetic calcium carbonates were tested that exhibited the second calorimetric

peak at the earliest time. Fig. 3 presents the infrared (IR) spectra of raw materials (C-CHEM,
sodium silicate solution) and selected data from the in-situ FTIR of their reaction. The in-situ

FTIR results of C-PK, together with raw samples, are presented in Fig. S4 of the
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supplementary material. A summary of the bands observed in the sodium silicate solution

and calcium carbonate is presented in Table 3. The infrared spectrum of sodium silicate

solution (SoSi) showed the main silicate network group signals in the range of 1200 — 400

cm' (Roggendorf et al., 1996). The broad band from 3700 — 2400 cm™' indicates the

existence of more than one type of hydrogen bonding with different bonding energies and

different structural surroundings (Roggendorf et al., 1996).

Table 3. Summary of bands observed in sodium silicate solution and calcium carbonate.

Wavenumber
(cm™)

Assignment

Ref

Sodium silicate solution

425, 550

890

750, 810, 966
1640

2400 - 2100
3700 — 2400

Calcium carbonate
713

873

1424

Si-O-Si deformation vibrations
Si-O stretching vibration of Q'
Si-O-Si vibrations

H>O deformation vibration

Hydrogen bridge bonds between
Si(OH)4 tetrahedra and a silicate
network

OH group stretching vibration

Out-of-plane bending vibration of

CO32'

Split-in-plane bending vibration of
C032'

Asymmetric stretching vibration of
C032'

(Bobrowski et al., 2012)
(Bobrowski et al., 2012)
(Roggendorf et al., 1996)

(Roggendorf et al., 1996;
Bobrowski et al., 2012)
(Roggendorf et al., 1996;
Bobrowski et al., 2012)

(Roggendorf et al., 1996)

(Fernandez-Carrasco et al.,
2012)
(Fernandez-Carrasco et al.,
2012)
(Fernandez-Carrasco et al.,
2012)

As a result of the reaction between calcium carbonate and sodium silicate solution, the OH

bands present in sodium silicate solution (3700 — 2400 cm™') decrease, while the band

corresponding to the vibration of hydrogen bridges between Si(OH), tetrahedra and a silicate

network (2400 — 2100 cm') becomes more prominent, showing that the silicate is

incorporated in a polymerized (possibly solid) phase. The signal of water molecules

observed at 1640 cm™' remains unchanged. The carbonate band of the precursor at 1424
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cm-' initially moved its centre to 1396 cm, indicating the liberation of CO3s? into the solution
(Griffin et al., 2014). Later on, the centre shifts to 1370 cm-', which can be an indicator of the
formation of natron (Kiefer et al., 2018). The time of natron formation in in-situ FTIR is earlier
compared to calorimetry and in-situ XRD. This is likely because calorimetry and in-situ XRD
were performed at 20 °C, whereas in-situ FTIR was not equipped with a temperature
controlling unit. Thus, the temperature during in-situ FTIR measurement was above 20 °C
and therefore the reactions are likely faster. The CO3? split-in-plane bending visible at 873
cm-' is not only characteristic for calcite but can also be due to natron. However, the 713 cm-

" band is characteristic for calcite, thus showing that unreacted calcite is still present.
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Fig. 3. IR spectra of C-CHEM, sodium silicate solution (SoSi) and in-situ data from their

reaction labelled with the time in h.

The changes in the main silicate network range can be observed by the formation of a new

band at 1055 cm™', which is interpreted by Yu et al. (Yu et al., 1999) as a Si-O stretching
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vibration of Q2 in C-S-H. The band present at 966 cm-' is sharpening, which can be due to a
Si-O asymmetric stretching vibration in Q? (Garcia Lodeiro et al., 2009). The peak at 890 cm-
' is superimposed by the formation of a new peak. The small changes observed in the region
of 600 — 400 cm-" are likely due to SiO4 deformation vibrations (Yu et al., 1999). These
results tentatively indicate that the silicate from the sodium silicate solution partially reacts to

C-S-H. This finding is studied further in the followings sections.

3.2. Later age reaction and reaction products

3.2.1. Powder XRD

Fig. 4 presents the XRD of raw samples compared to 8 and 90 d reacted samples of C-
CHEM, C-NMX, C-GER and A-SIC; the samples C-PK, C-CMX, L-RUD and L-KAR are
presented in Fig. S5 of the supplementary material. The comparison of the raw samples with
the reacted samples shows changes in the crystalline and amorphous phases. In all the
reacted samples, calcite is partially dissolved, as indicated by the reduction of the calcite
peak areas (Fig. 4 A, B, C and Fig. S5 A, B, C, D), which is in agreement with the
observations from in-situ XRD described in section 3.1.1. The most prominent new
crystalline phase formed in all reacted samples after 8 and 90 d is thermonatrite

(Nach)s'HzO).

Additionally, in all calcite samples, the background is slightly increased around 29.5° 20 at 8
and 90 d, indicating the formation of a poorly crystalline phase such as C-S-H, which likely
also contains some amount of sodium as suggested by (Firdous and Stephan, 2019b;
Ortega-Zavala et al., 2019) and is shown here later by thermodynamic calculations. Also, the
main calcite peak at 29.4° 26 in the reacted samples is broadening at the base, which may
indicate structural disorder on the surface of calcite grains in the used alkaline conditions or

the formation of a poorly crystalline phase. The quantification by Rietveld refinement of the
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sample C-CHEM at 8 d shows that this sample contains 44.6 wt.-% calcium carbonate, 8.9
wt.-% thermonatrite and 46.5 wt.-% X-ray amorphous content. In comparison, the
composition of sample C-CHEM at 90 d is found to be 40.0 wt.-% calcium carbonate, 9.2
wt.-% thermonatrite and 50.7 wt.-% X-ray amorphous content. Comparing these values with
the composition of the sample at the time of mixing (53.3 wt.-% calcium carbonate, 46.7 wt.-
% sodium silicate solution), a time-dependent reduction in the calcium carbonate content, as
well as increases of the shares of the X-ray amorphous phase and thermonatrite content,

can be seen.

The peak areas of aragonite in A-SIC are also decreasing (Fig. 4D), showing that aragonite
also participates in the reaction. Comparable to the calcite samples, the new crystalline
reaction products observed in the reacted A-SIC also include thermonatrite. Additionally, in
A-SIC (Fig. 4D), a broad peak at around 29.5° 28 is visible, which could indicate the
formation of low Ca/Si C-S-H (Grangeon et al., 2016; L’'Hopital et al., 2016). The observation
of C-S-H in these samples is consistent with the observation by in-situ FTIR (Fig. 3). This
shows that aragonite also partially dissolves in the used alkaline system and behaves
comparably to calcite irrespective of its crystal structure. The XRD of C-GER (Fig. 4C)

shows that the minor phase dolomite also participates strongly in the reaction.

136



430

431

432

433

434

435

436

437

438

439

440

O
O
9]
O

c

CoE
C ==

»
-
=

20 30 35

Position (°26 CuKa)
o

EQ] C

L

25 30 35
Position (°20 CuKa)

(o]
—

|
CCC

45

40

25 30 35

Position (°26 CuKa:)
a a

aa a
o
t
C a
t
90d csh
i a t
t t I }\M
8d
. " T

35
Position (°26 CuKa)

Fig. 4. Powder XRD of raw samples, 8 and 90 d reacted samples for A) C-CHEM, B) C-

NMX, C) C-GER and D) A-SIC. Symbols in the figure are c: calcite, t: thermonatrite, d:

dolomite, a: aragonite and csh: C-S-H.

It should be noted that at early reaction time (up to 59 h) only the formation of natron was

observed by in-situ XRD, while at later ages (8 and 90 d), thermonatrite was visible with the

powder XRD, indicating a replacement of natron (Na>CO3:-10H20) by thermonatrite

(NazC03-H20), possibly because of kinetics reasons.
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3.2.2. Thermal analysis and mass spectrometry

To obtain a deeper insight into the reaction products formed after 90 d of reaction,
simultaneous thermal analyses using DSC-TGA (Fig. 5) and TGA-MS (Fig. 6) were
performed. As a higher sample mass should be used in TGA-MS, the thermal events and the
associated gas liberations can be slightly shifted to higher temperatures. Nevertheless, as
during both MS and DSC also TGA was performed. Therefore, the signals of DSC and MS

can be compared using their respective TGA signals.

Before the examination with DSC-TGA and TGA-MS, the powdered sample was freeze-dried
to remove the water contained in thermonatrite, which resulted in the conversion of
thermonatrite (Na>CO3-H20) to natrite (Na2COs3). This dehydration of thermonatrite
eliminates the only crystalline phase in the sample, which contains water (see section 3.2.1.)
and thus facilitates the identification of water contained in non-crystalline phases using TGA

and MS.

In Fig. 5, the first mass loss of the TGA combined with the DSC occurs immediately at the
beginning of heating and is associated with an endothermic signal. The TGA signal of TGA-
MS (Fig. 5 and Fig. 6) shows this mass loss at a slightly higher temperature due to the
higher sample mass used. The MS shows mainly signals of OH and H»O for this mass loss
(Fig. 6), indicating water released from non-crystalline phases, which can be expected to be

C-S-H (Ben Haha et al., 2011).

The next mass losses occur between approximately 400 — 700 °C and 700 — 775 °C (Fig. 5).
Likewise, DSC shows a slight bending for the first gentle mass loss (400 — 700 °C) and a

sharp, intense signal for the mass loss between 700 — 775 °C. For both events, MS reveals
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separate signals of C, O, CO and CO.. This indicates the liberation of carbon dioxide from at
least two different phases in the samples. The first mass loss (400 — 700 °C) is likely due to
a carbonate-containing reaction product. It is unlikely that this decarbonation is from natrite,
as its decomposition temperature given in the literature is above 1200 °C (Kim and Lee,
2001). The large mass loss between approximately 700 — 775 °C combined with sharp DSC

and MS signals originates from the CO, emitted from the unreacted calcite in the sample.

In DSC at approximately 850 °C, a small but sharp endothermic signal is visible, which could
indicate a solid-to-solid phase transition or a melting process. A likely phase is natrite
(Na2CO0O3), whose melting temperature is reported to be 850 °C (Kim and Lee, 2001). This
DSC peak is superimposed by a broader endothermic peak which stretches from 800 — 950
°C and is accompanied by an equivalent mass loss in TGA (Fig. 5). Furthermore, it is
accompanied by the detection of Hz, CO and some other carbon and oxygen species in MS
(Fig. 6). The signal of CO and other carbon species does not necessarily indicate carbon
dioxide liberation, as at this high temperature the liberated gases react with the carbon of the
skimmer of the MS device. The detection of H. indicates water liberation from the sample,
which is converted to Hz and carbon species (C, CO, CO) in contact with the carbon-
containing skimmer. The endothermic peak from 800 — 950 °C and the water liberation could
be from the destabilisation of C-S-H into wollastonite (CaSiO3) and SiOg, as previously

observed by (Myers et al., 2015; Tajuelo Rodriguez et al., 2017) in this temperature range.
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3.2.3. Scanning electron microscopy

Scanning electron microscopy was performed on C-CHEM and C-PK samples of 8 d age
and is presented in Fig. 7. The samples are characterized by a heterogeneous morphology.
In Fig. 7A, mainly irregular small particles can be recognized (labelled as 1 in Fig. 7A),
representing one of the reaction products, possibly the C-S-H. Furthermore, bigger, mainly
smooth, and more angular particles can be observed in some places (labelled as 2 in Fig.
7A). These are likely partially reacted calcite particles. The sample of C-PK shows similar
characteristics. For Fig. 7B, a particular part of the sample was chosen, which allows to
recognize further details. Especially the right half of the micrograph shows the same
unregular (labelled as 1 in Fig. 7B) and bigger angular particles. Additionally, in the centre a
large angular particle (labelled as 3 in Fig. 7B), whose outer shape and step-like surface
structure likely arise from the very good cleavage of calcite. Furthermore, on its right side,
the particle exhibits an elongated depression (labelled as 4 in Fig. 7B), which is filled with the
irregular reaction product. Down-left from this particle, another grain with an intensely
perforated surface can be seen (labelled as 5 in Fig. 7B). In this way, the SEM results

confirm the participation of calcite in the reaction and formation of the reaction products.
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Fig. 7. Scanning electron microscope images of 8 d old A) C-CHEM and B) C-PK samples.

3.2.4. Thermodynamic modelling

Fig. 8 presents a thermodynamic model in which calcite was reacted with a sodium silicate
solution as in the experiments. The calculation shows the effect of the amount of calcite
participating in the reaction on the hydrates to expect, which mimics the progressive calcite
reaction observed in the experiments. The calculated thermodynamic model gives an insight

into the mechanisms and possible phases that form in the equilibrium state.
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The calculations indicate that Na-containing C-S-H is already expected to form at a low-
reacting amount of calcite, as the CNASH solid solution model of (Myers et al., 2014;
Lothenbach et al., 2019) predicts a high content of the theoretical end-member INFCN
(chemical composition (Ca0)1(Naz0)o.3125(Si02)15(H20)1.1875). These findings coincide with
the results of simultaneous thermal analysis (TGA-DSC and TGA-MS). Furthermore, in-situ
FTIR showed the formation of C-S-H by the appearance of the band at 1055 cm' (Fig. 3).
Additionally, thermonatrite is predicted to precipitate next to C-S-H. With increasing reaction
degree of calcite, the amount of C-S-H increases and thermonatrite (NazCO3-H20) is
replaced by natron (Na>,COs-10H20) (Fig. 8). Thermodynamic calculations indicate the
thermodynamically stable phases (end products) and do not necessarily reflect intermediate
states during the reaction, while the experimental results also show the intermediate states
during the reaction. The prediction of thermonatrite and natron by thermodynamics (Fig. 8)
supports the findings of in-situ and powder XRD (Fig. 2, Fig. 4), though the experimental
results show that first natron and then thermonatrite is formed. The thermodynamic
modelling (Fig. 8) indicates that the predicted stabilities of natron and thermonatrite are quite
comparable in these solutions containing high concentrations of Na and carbonate, such that
either a small difference in the kinetics of formation and/or errors in the used thermodynamic
data could affect the result. If both solids are oversaturated to a similar degree in the original

solution, their formation depends mainly on the nucleation kinetics.

With the further rise in calcite dissolution, the precipitation of gaylussite is predicted.
Gaylussite has been observed in the carbonation / efflorescence formation of geopolymers
(Bernal et al., 2012; Walling et al., 2018) but was not observed in the current experiments.
Furthermore, the model predicts that in maximum, approximately 34 wt.-% of the calcite
could participate in the reaction. This is in agreement with experimental XRD results, which

showed an only partial reaction of calcite up to 90 days. However, the XRD of samples with

143



549

550

551

552

553
554

555

556

557

558

559

560

561

562

563

an age of up to 90 d reveal thermonatrite as the only sodium-containing carbonate, while no
natron and gaylussite are observed, which could indicate a kinetic limitation of their

formation or a limited reaction of calcite.
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Fig. 8. Thermodynamic model of the reaction of calcite with sodium silicate solution. Results
shown for an increasing degree of calcite reaction plotted against the overall mass of phases

formed.

To account for the possible errors in the thermodynamic data used (Table 2), the sensitivity
of the predictions of the thermodynamic modelling on changes in the Gibbs free energy is
examined. The values of the thermodynamic quantities of the sodium and calcium-sodium
carbonate hydrates in Table 2 vary slightly between different publications (Monnin and
Schott, 1984; Woods and Garrels, 1987; Robie and Hemingway, 1995; Kdnigsberger et al.,

1999; Krupka et al., 2010). These differences are equivalent to variations of the solubility
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products by approximately + 0.5 log units or a change of the Gibbs free energy (G°) by +

2.85 kJ/mol.

The thermodynamic model in Fig. 8 predicted the formation of thermonatrite, natron and
gaylussite depending on the degree of calcite reaction. The Gibbs free energies of these
three phases were systematically varied (Table S2) by + 2.85 kd/mol and the alteration of the

Gibbs free energy can influence which phases form at which degree of reaction.

The formation of thermonatrite is only suppressed in the case of an increase of the Gibbs
free energy of thermonatrite (G° + 2.85 kJd/mol), which corresponds to a significant
destabilization of this phase. The increase of G° of gaylussite and especially natron can
substantially decrease the range of degree of reaction in which thermonatrite forms but
complete disappearance of thermonatrite is not predicted. When the G° of natron is
increased, the range of thermonatrite formation substantially increases. These results are in
good agreement with the XRD results for 8 and 90 d showing the formation of thermonatrite
only. The increase of G° of gaylussite leads to its replacement by pirssonite. The order in
which the phases form depending on the degree of reaction of calcite is not affected by any
applied changes to G°. The general order regarding the increasing degree of reaction is
thermonatrite — natron — gaylussite/pirssonite (but not all of these phases appear in all

cases).

3.2.5. Role of calcite reaction in geopolymerization

A clear second exothermic peak has been observed for natural pozzolan reacted with
sodium silicate solution in a calorimetric study (Firdous and Stephan, 2019a), although no

precise interpretation of this event could be offered. Combining those observations (Firdous
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and Stephan, 2019a) with the findings of the present study, the second exothermic peak can
be assigned to the reaction of the calcite present in that natural pozzolan with the sodium

silicate solution.

The formation of thermonatrite in alkali-activated / geopolymer systems has been reported
before where the reaction of alkalis with CO; from air resulted in the formation of
efflorescence products or carbonation (Bernal et al., 2012; Firdous and Stephan, 2019a,
2019b). The present study shows that thermonatrite in alkali-activated samples can also
form due to the reaction of calcium carbonate with a sodium silicate solution. Such a reaction
of calcium carbonate in alkali-activated systems can supply Ca?* for the formation of C-S-H
as observed in the present study. The Na* ions remaining in the solution can potentially
react with the CO3?- provided by the calcium carbonate and water to form thermonatrite. The
growth of thermonatrite within the structure of an already hardened binder can potentially
cause inner crystallization pressure, weakening the structure and reducing mechanical
strength of the samples as reported by (Zhang et al., 2014; Firdous and Stephan, 2020).
Therefore, a reaction of calcium carbonate with sodium silicate solution can contribute to a
similar effect. The schematic diagram shown in Fig. 9 presents the general reaction
mechanism and its impact in alkali-activated binder based on the findings of (Zhang et al.,
2014; Firdous and Stephan, 2020) and the current study. An increase of the inner
crystallization pressure beyond the tensile strength of the sample can lead to a disintegration
of the sample (Firdous and Stephan, 2020). The results of the current study provide a
potential reason for the experimentally observed lower performance of calcium carbonate-

containing pozzolans in alkali-activated / geopolymer systems.
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Fig. 9. Schematic representation of the damaging mechanism of an alkali-activated pozzolan
by the formation of sodium carbonate hydrate. The photograph shows samples of an alkali-
activated binder ripped in pieces by the growth of sodium carbonate hydrate (sample BT-

1.272 of study (Firdous and Stephan, 2020).

4. Conclusions

The use of natural resources such as natural and other pozzolans or materials from mine
tailings for the production of alternative binders such as geopolymers/alkali-activated binders
is an environmentally friendly solution and leads to a sustainable development. The natural
raw materials or natural pozzolans comprise of several mineralogical phases often including
calcium carbonates and these mineralogical phases define their reactivity. The current study
evaluates the early reaction of calcium carbonate with sodium silicate solution and the role of
this reaction in geopolymer/alkali-activated binders. It can be concluded that calcium
carbonate in the polymorphs calcite and aragonite is not inert under alkaline conditions.
Calcium carbonate acts partially as a filler and partially as a reactive phase in alkali-activated
systems. The reaction with sodium silicate solution results in the formation of C-S-H, which

likely contains some sodium. The reaction starts with the dissolution of calcium carbonate
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and a delayed formation of natron as the first crystalline precipitate. Later, thermonatrite is
found instead of natron, which is perhaps due to kinetic reasons. A sharp second exothermic
event observed in calorimetry is connected to natron precipitation as seen in XRD. The
formation of C-S-H was observed by FTIR and exhaust gas analysis in mass spectrometry.
C-S-H nucleation could be the decisive factor for the sudden heat release observed at the
time of natron formation. Thermodynamic calculations showed that upon the reaction of
calcite in sodium silicate solution, the formation of C-S-H (incorporating sodium) and in
dependency of the degree of reaction different sodium-containing carbonates can be
expected. On the one hand, the reaction of calcium carbonate with sodium silicate solution
resulted in the formation of sodium-containing calcium silicate hydrate and on the other hand
it resulted in the formation of thermonatrite. Such growth of thermonatrite within the binder
gel depleted the alkali-activated binder in water and cations for further progress of the
reaction. Its precipitation within the hardened binder can result in the generation of inner
crystallization pressure, which when exceeding the tensile strength of the binder can result in
the collapse of the sample. Therefore, the findings of this study are directly related to the

understanding of the use of several types of pozzolans for the alkali-activated binders.
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Highlights

e Calcium carbonate in its various polymorphs reacts with sodium silicate solution

e This reaction results in formation of Na-containing C-S-H and sodium
carbonates

e Formation of natron and C-S-H are observed at time of second calorimetric
peak

e Formation of natron or thermonatrite depends upon the kinetics of reaction

e With higher reaction degree of calcite, formation of gaylussite is predicted
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Fig. S1. Particle size distributions of all raw samples.
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Fig. S2. X-ray diffractograms of raw samples with identified phases. The small quartz peak

found in C-GER, C-PK, C-NMX, C-CMX, C-CHEM and A-SIC is due to the sample holder

used.

Table S1. Symbols and ICSD card numbers for all mineral phases mentioned in the

manuscript.
Symbol Phase Chemical formula | ICSD card number
c Calcite CaCO3 166365
q Quartz SiO, 89278
d Dolomite CaMg(COs3): 171530
a Aragonite CaCOs; 169895
t Thermonatrite Na>COs-H>O 6293
n Natron Na.COs-10H.0 16033
nt Natrite Na.COs3 281362
r Rutile TiO2 51932
csh C-S-H C-S-H -
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Reactivity of minerals

Chapter 3

Reactivity of minerals

The findings of the previous publication added in chapter 2 gave indications about the
reactivity of crystalline minerals observed in the used natural pozzolans in geopolymer
system. However, the available literature on the reactivity of crystalline minerals in highly
alkaline conditions is limited. Therefore, the present study is conducted to determine the
reactivity and resultant phase formation upon reaction of several crystalline minerals, one
amorphous mineral and one synthetic phase with sodium hydroxide (NaOH) and sodium
silicate solutions. NaOH solution is one of the common alkaline solutions used for
geopolymer synthesis. Therefore, this part of work considered the reactivity of the minerals
observed in Rhenish and Bavarian trass with NaOH solution and selected minerals with
sodium silicate solution. For this study, the minerals were received from several origins as
given in Table 3.1. Consequently, the minerals present in the natural pozzolans can differ
in particle size and degree of crystallinity from the minerals used in this study. Moreover,
several minerals such as zeolites can have varying composition. Because of these factors,
the reactivity of minerals existing in the examined natural pozzolans and used in this study
can be different. Nevertheless, such a study helps to get first indications about the
behaviour of these minerals in the used alkaline conditions and in predicting the reactivity

of pozzolans containing these minerals.
3.1. Materials and methods

For this study, fifteen mineral samples are used which were ground in laboratory ball mill
(KM 1, MLW company) to comparable Blaine fineness. The origin of each mineral phase
and Blaine fineness are given in Table 3.1. All mineral samples were characterised with X-
ray diffraction analysis (XRD), and the identified mineral phases together with their ICSD
card numbers or RRUFF ID are listed in Table 3.2. Moreover, the crystalline reaction
products/new phases observed in this chapter are also listed in Table 3.2 with their ICSD
card numbers or RRUFF ID, chemical compositions and the respective symbols used for

them in this chapter.
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Table 3.1. Origin and Blaine fineness of each mineral used in this study.

Sr Blaine
" | Sample name | Origin fineness
no. 2
(cm?lg)
1 | Albite Vanne, south east Evje, south Norway 6820
2 | Augite Hochstein mountain, Ettringen, Eifel, Rheinland- 6910
Pfalz, Germany
3 | Biotite Eretveit, lveland, near to Evje, south Norway 7050
4 | Calcite Chihuahua, Mexico 6690
5 | Chabazite Steinbruch Freisen, Baumholder, Nordpfalzer 2490
Bergland, Germany
: Possibly llmen mountains, south Ural Mountains,
6 | Clinochlore Chelyabinsk Oblast, Russia 6830
7 | Glass phase Campi Flegrei, Naples, Italy 6720
8 | Kaolinite Sedlec u Karlquch Var, Karlovy Vary, Bohemia, > 9000
Czech Republic
9 | Larnite *VUSTAH, Czech Republic (Synthetic) 6740
10 | Leucite Roccamonfina, Italy 6650
11 | Montmorillonite Open-pit mine in north Oberwiddersheim, 5760
Vogelsberg, Hessen, Germany
12 | Muscovite *Berliner Mineralien Zentrum 6700
13 | Nepheline Central Europe 7460
14 | Phillipsite *Mineralogische Sammlungen at TU Berlin 8830
15 | Sanidine Volkesfeld, Eifel, Rheinland-Pfalz, Germany 6620

*Provided by

The reactivity of these minerals with sodium hydroxide solution of 16 mol/kg concentration
and sodium silicate solution of silica modulus 1.061 was investigated by isothermal
conduction calorimetry, X-ray diffraction (XRD) analysis and thermogravimetric analysis
(TGA). Reaction kinetics for first few days were determined by isothermal conduction
calorimetry. For each sample, 1 g of mineral sample was mixed with 0.82 g of NaOH
solution or 0.88 g of sodium silicate solution using a vortex mixer for 1 min. Immediately
after mixing, samples were placed inside the device (MC-CAL 100P, C3 Prozess- und
Analysentechnik GmbH) which measured the heat flow at 20 °C. To investigate the reaction
products forming till 8, 28 and 90 d of reaction, XRD analysis and TGA were used. The
samples were prepared as described for calorimetric examination and were seal cured at
20 + 1 °C till test age. Before implementation of XRD and TGA, pieces of samples were
collected at desired ages and reaction was stopped by solvent exchange using isopropanol
followed by freeze-drying. Thereafter, these freeze-dried samples were ground to fine
powder by hand with an agate mortar pestle. XRD was measured with Empyrean of
PANalytical with Ni filter and CuKa radiation (A = 1.54 A), operating at 40 kV and 40 mA in
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continuous mode, with a resolution of 0.0131° and a speed of 0.0176 °/s in a range from
5° to 65° 20. The phase evaluation was performed using HighScore Plus software
(PANalytical) using ICDD, ICSD and RRUFF databases. TGA was executed using a TG
209 Tarsus F3 from Netzsch Instruments, under a nitrogen atmosphere at a flow rate of 40
mL/min. For each test, 5 + 1 mg of ground sample was used. Each sample was first held
at 25 °C for 20 min and then heated from 25 °C to 850 °C at a heating rate of 10 °C/min.

Table 3.2. Symbol, name, ICSD card number (or RRUFF ID when marked with **) and

chemical composition of all crystalline phases observed in this chapter. Chemical

compositions are taken form the respective ICSD or RRUFF data.

Symbol | Name ICSD card Chemical composition
number

a Albite 34916 (Nao.75Cao.25)Al1.26Si2.7408
an Analcime 2930 Na(AlSi2Os)(H20)
au Augite 16905 (Mgo_eFeo_2A|o_2)Ca(Si1_5A|o_5)05
b Biotite 95359 K(Fe2.554Al0.446)((Al1.55Si2.45)O10)(OH)2
C Calcite 40116 CaCOs
cb Chabazite 34654 CazA|4Si3024(H20)13
cbn Chabazite-Na 201464 Na3_16(AI3_728i8_28024) (HzO)g,ae
cl Clinochlore 156708 (Mg11.148F €0.852)((Si.00Al3.01)O20(OH)1s6)
ct Clinotobermorite | 403090 Cas(SisO16(OH)2)(H20)4)
g Gaylussite 4424 CaNay(CO3)2(H20)s
h Hydrosodalite 413496 Nag(AlSiO4)s(H20)2(0OH),
k Kaolinite 68698 NaAlSizOs
I Larnite 79550 Cax(Si0s)
le Leucite 161630 K(AISi>Os)
mt Montmorillonite | R110053** | (Na,Ca)o.3(Al,M@)2SisO19(OH)2-nH,O**
m Muscovite 202261 KAI2.9Si3.1010(OH)2
nt Natrite 16024 Na.COs3
n Nepheline 27584 KNasz(AlsSisO16)
pI PhiIIipsite 161306 Ko_ag(Nao_73C80_312)(A|3Si5016)(H20)5_924
ph Phlogopite 181311 Ko.966(Mg 2.52F€0.48)((Si2.71Al1.29)O10)(OH)2
pi Pirssonite 9012 CaNaz(CO03)2(H20):
p Portlandite 202220 Ca(OH)2
q Quartz 89279 SiO.
S Sanidine 64961 (K0_93Nao,07)(A|Si303)

Sodium
sh hydrogensilicate Nas(HSiO4)(H20)s

pentahydrate 21051
t Thermonatrite | 15959 Naz(COs)(H20)

**RRUFF ID and composition from RRUFF database
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3.2. Results and discussion

3.2.1. Reactivity of minerals with sodium silicate solution

The selected minerals tested for their reactivity in sodium silicate solution included albite-
rich plagioclase (later referred to as albite), augite, chabazite, clinochlore, muscovite and
sanidine. The heat flow measured over time for several mineral phases is shown in Fig.
3.1. The reaction of each mineral is characterized by a single exothermic peak associated
with the first interaction and wetting, which occurs within the first few minutes. This is
followed by deceleration of heat evolution. The rate of deceleration is different for every
mineral. After the deceleration, the reaction attains a steady state. These findings show
that each crystalline mineral phase exhibits a unique heat flow upon reaction with sodium
silicate solution; this may define its participation in geopolymer reaction and will be

examined further by XRD and TGA at various ages of the mineral-activator mixes..

0.8 . 0.8 .
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Fig. 3.1. Calorimetric heat evolution curves for crystalline mineral phases subjected to
reaction with sodium silicate solution. The heat flow is normalized to weight of mineral
sample.

The reaction product of chabazite with sodium silicate showed one decomposition event in
TGA (Fig. 3.2B), while in XRD, a clear increase in the amorphous hump can be seen (Fig.
3.2A). Furthermore, with the age of sample, a slight shift of the main chabazite reflexes
was observed, indicating the formation of Na-rich chabazite. The similarity of TGA (Fig.
3.2B) curves for chabazite and its reacted samples also confirmed the structural similarity
of both the raw and reacted samples. The precipitation of amorphous product and the
formation of Na-rich chabazite, confirm the reactivity of chabazite in the alkaline medium
used.
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Fig. 3.2. (A) XRD, (B) TGA of the raw chabazite and its reacted samples at 8, 28 and 90
d. For the symbols used refer to Table 3.2.

The reaction of clinochlore with sodium silicate solution showed formation of amorphous
hump and some new reflexes (marked with arrows in Fig. 3.3A). With the reaction time, the
main clinochlore reflexes decreased in intensity while several other reflexes increased in
intensity. This could be because of less preferred orientation while sample preparation
either due to the formation of reaction products or dissolution of the clinochlore particles
from the edges. Furthermore, TGA conducted at 8 d showed a reduction in the typical
clinochlore decomposition events (Fig. 3.3B). Additionally, mass loss around 100 °C can
be due to liberation of physically bound water likely from the sodium silicate solution. At 28
d, the TGA curve showed a continuous mass loss which can be because of formed semi-

crystalline phase. Thus, indicating that clinochlore may have partially participated in the

reaction.
c ¢ ¢ ¢ clcel cl
EI ‘ ol @100—
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Fig. 3.3. (A) XRD, (B) TGA of the raw clinochlore and its reacted samples at 8 and 28 d.
For the symbols used refer to Table 3.2.
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Comparing XRD of sanidine and its reacted samples (Fig. 3.4A), no new reflexes were
observed, but the reflexes of sanidine reduced in intensity. This reduction in the intensity
of reflexes can be, on the one hand, due to the reaction of mineral while on the other hand
it can be due to reduced content of mineral in the mineral-activator mixtures. As in the
mineral-activator samples the absolute amount of mineral is already less from the
beginning. At 8 d, the TGA of sanidine (Fig. 3.4B) showed the presence of unreacted
sodium silicate solution. However, the TG curve exhibited a continuous mass loss at 28 d.
A reduction in mass loss from 8 to 28 d may reflect the consumption of alkaline solution in
the reaction. Therefore, TGA may indicate the formation of a new X-ray amorphous phase

and that sanidine is partially affected by the alkaline conditions.
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Fig. 3.4. (A) XRD, (B) TGA of the raw sanidine and its reacted samples at 8 and 28 d.

The other minerals, including albite, augite and muscovite, exhibited no new reflexes in
XRD (Fig. 3.5A, 3.5C, 3.5E), but the heights of the existing reflexes were somewhat
reduced. Such a reduction in intensity can be due to similar reasons as discussed in above
paragraph. TGA showed only the presence of unreacted sodium silicate solution (Fig. 3.5B,
3.5D, 3.5F). Thus, it is clear that the reactivity of these minerals in a geopolymer system is

low.

171



Reactivity of minerals

EI @1 00
~95-
28 d =
]
< —— Albite
8d 904 —38d
—28d
Albite
T T T T T T 85 T T T T 1
10 20 30 40 50 60 0 200 400 600 800 1000
Position (°20 CuKa) Temperature (°C)
<l
|
28 d ' '“ l
8d l
Augite
: i ; ; ; . 85 . . ; , .
10 20 30 40 50 60 0 200 400 600 800 1000
Position (°20 CuKa) Temperature (°C)
‘ﬂ "j 100 =y
N \
28 d =
921
a Muscovite
LRI = — 84
881 —28d
’ 84
Muscovite
10 20 30 40 50 60 0 200 400 600 800 1000

Position (°20 CuKa)

Temperature (°C)

Fig. 3.5. (A), (C), (E) XRD, (B), (D), (E) TGA of the raw albite, augite, muscovite and their

reacted samples at 8 and 28 d.

3.2.2. Reactivity of minerals with sodium hydroxide solution

The calorimetric study made on all the mineral phases showed that each mineral has a

distinct behaviour. All the mineral phases showed an exothermic reaction. The reaction of

most mineral phases (including albite, augite, biotite, clinochlore, glass phase, sanidine,
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kaolinite, leucite, larnite, muscovite, montmorillonite, nepheline) is associated with one
exothermic peak, which occurs within the first few minutes of mixing of mineral powder and
alkaline solution and is assigned to first wetting and dissolution (Fig. 3.6). This is followed
by deceleration of the reaction rate, where the deceleration rate was different for each
mineral. This indicates that each mineral has different reaction kinetics. Thereafter, the

reaction attains a steady state and continues over a longer time.

Some of the mineral phases such as calcite, chabazite and phillipsite exhibited distinct
behaviour (Fig. 3.6A, Fig. 3.6B and Fig. 3.6D). The reaction of calcite with NaOH (Fig. 3.6A)
is also associated with a first exothermic peak and the deceleration phase, followed by a
second broad exothermic event. This second exothermic event starts after approx. 40 h
and the heat flow continues to increase till the end time of experiment. Similarly, in the
chabazite and phillipsite, a second exothermic peak was observed (Fig. 3.6B, Fig. 3.6D).
In chabazite, this peak starts at approx. 42 h and reaches its maximum after approx. 56 h
(Fig. 3.6B). While phillipsite exhibited a sudden reaction starting approx. 9 h and it reached
maximum after approx. 12 h (Fig. 3.6D).
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Fig. 3.6. Calorimetric heat evolution curves for all mineral samples with NaOH solution.

The heat flow is normalized to weight of mineral sample.
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On the one hand, occurrence of a second exothermic event in these three samples clearly
indicates that these samples are reacting with NaOH solution. However, it does not mean
that the other samples are not reacting, as not every reaction is attributed to a measurable
heat formation or consumption. Therefore, further investigations about the reaction of all
minerals with NaOH solution are carried out by thermogravimetric analysis and X-ray
diffraction analysis. The findings of each mineral are individually presented in the text

below.

It is important to mention here, that XRD detected often natrite (sodium carbonate) or
thermonatrite (sodium carbonate monohydrate). The actual phase formed in all the
samples was most likely thermonatrite which upon the implementation of freeze-drying
process dehydrated to natrite. However, perhaps in some samples this conversion was not

fully achieved, therefore, traces of thermonatrite are also observed.

i Albite

The XRD analysis on the albite sample showed that it has similarity with albite which
contains not only Na but also some Ca. In XRD (Fig. 3.7A), upon reaction of albite,
formation of thermonatrite was observed, which can form by reaction of Na* ions from
alkaline solution with CO, from air. Apart from that, a slight increase in the semi-crystalline

or amorphous phase was observed by increase in background around 15° — 50° 26.
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Fig. 3.7. (A) XRD, (B) TGA of the raw albite and its reacted samples at 8, 28 and 90 d. For
the symbols used refer to Table 3.2.

The TGA (Fig. 3.7B) of raw albite showed no mass loss, while after reaction two to three

distinct mass losses were observed. The first mass loss around 80 °C can be attributed to
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liberation of physically bound water which is introduced from NaOH solution. The second
mass loss is observed around 530 — 680 °C in 8, 28 and 90 d samples. The 90-d sample
shows additionally a mass loss around 720 — 850 °C. These mass loss events cannot be
assigned with surety, as the XRD showed formation of no new crystalline phases whose
decomposition temperature is in this range. In literature the decomposition temperature of
sodium carbonate has been reported to be higher than 1200 °C [1]. The possible
explanation of the mass losses seen in albite samples can be the formation of a new phase
which is still too low in crystallinity to be observed by XRD. However, this could not be

further explained with the used experimental methods.

ii. Augite

The raw augite as characterised with XRD contained majorly augite and a minor amount of
mica matching to phlogopite. In XRD (Fig. 3.8A) of the reacted samples, formation of
sodium carbonate in form of natrite and thermonatrite was observed. While at 90 d,
additionally, a minor amount of sodium hydrogensilicate pentahydrate was also observed.
Furthermore, the reflexes corresponding to phlogopite are not observed in reacted
samples, indicating that this phase may have also contributed to the reaction. The reduction
in peak intensity of augite in reacted samples compared to raw sample can be due to its

participation in the reaction or due to lesser amount of augite in the mineral-activator

samples.
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Fig. 3.8. (A) XRD, (B) TGA of the raw augite and its reacted samples at 8, 28 and 90 d. For

the symbols used refer to Table 3.2.
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In TGA (Fig. 3.8B), raw augite showed no mass loss, while all the reacted samples showed
a mass loss around 100 °C likely corresponding to physically bound water. Moreover, like
in albite, mass losses in temperature range of 540 — 740 °C were observed for all reacted
samples, while a mass loss in temperature range of 740 — 850 °C was observed only for
the 90-d sample. The dehydration and dehydroxylation of sodium hydrogensilicate
pentahydrate is till 600 °C [2]. Therefore, it cannot be said with surety which other phases
are decomposing till 850 °C. Moreover, as mentioned above, the decomposition of sodium

carbonate is also not in the temperature range of 850 °C, as seen in literature [1].

iii. Biotite

The raw biotite used in this study, in addition to biotite also contained a minor amount of
clinochlore. In XRD (Fig. 3.9A) of the reacted sample, the major phase formed is sodium
carbonate, while no other major crystalline phases are observed. The TGA (Fig. 3.9B) of
the reacted sample showed similar characteristics as albite, where the physically bound
water mass loss is observed around 100 °C and a second mass loss around 600 °C. This
second mass loss could not be defined clearly as the only crystalline phase observed in
XRD exhibits mass loss at higher temperature than 600 °C. Therefore, mass loss can be

attributed to destabilisation of some X-ray amorphous phase as also indicated by a slight

increase in background intensity in XRD.
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Fig. 3.9. (A) XRD, (B) TGA of the raw biotite and its reacted samples at 8, 28 and 90 d. For

the symbols used refer to Table 3.2.
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iv. Calcite

The obtained calcite sample from Chihuahua (Mexico) contained no minor phases as
characterised by XRD. In XRD (Fig. 3.10A), upon its reaction with NaOH solution, formation
of several new phases is observed. These phases include gaylussite, pirssonite, portlandite
and sodium carbonate. The intensity of the XRD reflexes of these phases increased
successively with the age showing that the reaction continued over long time. Formation of
these phases under comparable conditions is also observed in literature [3]. In TGA (Fig.
3.10B), the distinct mass losses corresponding to each phase are observed. A mass loss
around 100 °C is corresponding to liberation of physically or loosely bound water. A mass
loss around 170 °C may correspond to dehydration of gaylussite and pirssonite [4].
Thereafter, a mass loss around 380 °C can be attributed to destabilisation of portlandite.
The literature decomposition temperature of portlandite is slightly higher than the
temperature observed here. However, the current XRD investigation and the literature
clearly indicate the formation of portlandite in such systems. Furthermore, the signal around
380 °C is the only mass loss out of all observed mass losses, which is close to the
dehydroxylation temperature of portlandite as reported in literature [5]. Therefore, it is likely
that this mass loss is attributed to portlandite dehydroxylation. The last mass loss is

attributed to decomposition of carbonate from unreacted calcite.
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Fig. 3.10. (A) XRD, (B) TGA of the raw calcite and its reacted samples at 8, 28 and 90 d.
For the symbols used refer to Table 3.2.
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V. Chabazite

Raw chabazite obtained from Nordpfélzer Bergland in Germany contained only chabazite
as characterised by XRD (Fig. 3.11A). The TGA (Fig. 3.11B) of raw chabazite showed a
broad mass loss starting from approx. 50 °C till 200 °C. This is likely attributed to
dehydration of chabazite [4,6]. In XRD, after reaction of chabazite with NaOH, the
amorphous hump successively increased with the age of the sample (Fig. 3.11A), indicating
that there are one or more new X-ray amorphous phases forming. Moreover, a slight
change in the 206 position of the reflexes showed the formation of Na-rich chabazite
potentially through ion exchange. The TGA (Fig. 3.11B) on the reacted samples had similar
mass losses as the raw chabazite, indicating that the new phases formed have likely similar

structural characteristics as unreacted chabazite.
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Fig. 3.11. (A) XRD, (B) TGA of the raw chabazite and its reacted samples at 8, 28 and 90

d. For the symbols used refer to Table 3.2.

Vi. Clinochlore

From the chlorite group, clinochlore is tested in this study. Its atomic structure can be
divided in an interlayer and a mica layer, and both layers contain hydroxyl groups.
Therefore, the raw sample (Fig. 3.12B) showed two mass loss events: a mass loss event
between 470 °C and 670 °C which may correspond to the dehydroxylation of the interlayer
hydroxide. While the second mass loss around 800 °C is due to dehydroxylation of the mica
layer [4]. Upon its reaction with NaOH solution, the XRD analysis (Fig. 3.12A) showed
formation of only sodium carbonate, while the changes observed in clinochlore are minor.

The formation of sodium carbonate is attributed to reaction of Na* with CO2 from air. In TGA
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(Fig. 3.12B), an additional mass loss related to physically bound water liberation is
observed around 100 °C. While the mass losses around 600 °C is changing for samples at
various age. However, these findings do not provide enough justification about the reactivity

of clinochlore in used system.
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Fig. 3.12. (A) XRD, (B) TGA of the raw clinochlore and its reacted samples at 8, 28 and 90
d. For the symbols used refer to Table 3.2.

vii. Glass phase

One of the examined phases was pumice stone found in Pozzolan Flegrea (PF). As PF
was received unground, there was possibility to sort out this mineral physically and examine
it separately. This pozzolan showed high content of glass phase in XRD but nevertheless,
the reactivity of this pozzolan was low, as presented in chapter 2, section 2.5. Hence to
examine this, the most likely glassy phase (pumice stone) of the pozzolan was collected
and ground in lab. Fig. 3.13A and Fig. 3.13B show the XRD and TGA curves, respectively,
for raw glassy phase and upon its reaction products with NaOH solution. After the reaction
of this glassy phase with NaOH solution, by physical observations, the sample remained
firstly a paste at early ages and became a thicker paste at later ages. This is comparable

to the behaviour of geopolymer samples of the natural pozzolan PF (chapter 2, section 2.5).

The raw glass phase showed a wide amorphous hump in XRD with its centre approx.
around 27° 26. After its reaction with NaOH solution, the centre of the amorphous hump
shifted to a higher 26 value (approx. 32° 26) at 8 d and remained same for 28 and 90 d
age. Such a shift is attributed to formation of new X-ray amorphous phase or phases [7].
Additionally, at all ages, several new crystalline phases were observed. At 8 d, formation

of thermonatrite was recognized, which is a sodium carbonate phase and can form because
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of reaction between mobile Na* and CO> from air. With further progress of the reaction,
formation of hydrosodalite at 28 d and clinotobermorite at 90 d is observed. Hydrosodalite
(also known as hydroxysodalite hydrate) is a zeolite mineral and can also be synthesised
by reaction of kaolinite and NaOH under hydrothermal conditions [8—10]. It is observed here
that the formation of hydrosodalite is very slow at room temperature. Possibly, the
processes of nucleation and/or growth are slow. Therefore, firstly the reactive sodium is
taken up by a phase which can form fast at room temperature (thermonatrite) and with age
hydrosodalite is forming. Furthermore, the formation of clinotobermorite is observed at 90
d only. The broad peaks in XRD indicate a substantial structural disorder of
clinotobermorite. Highly disordered C-S-H phases can also be found for example in

Portland cement reacted at room temperature conditions [11].
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Fig. 3.13. (A) XRD, (B) TGA of the raw glass phase and its reacted samples at 8, 28 and
90 d. For the symbols used refer to Table 3.2.

In TGA of the raw sample, multiple gentle mass losses which form together a mostly
continuous mass loss are observed till approx. 700 °C, this follows a better definable slight
mass loss step around 760 °C. The likely explanation of this is a continuous
dehydroxylation/dehydration of the glass phase and maybe decarbonation or
dehydroxylation at 760 °C. After reaction, the overall mass loss is increased, and three new
mass loss events are observed. The first mass loss event occurring around 100 °C can
correspond to liberation of physically bound water and water in clinotobermorite. The
continuous mass loss till 600 °C can be attributed to dehydroxylation of hydrosodalite as
also shown in [8,12]. While the mass loss steps around 300 — 400 °C and 500 — 600 °C

reflect the presence of unreacted glass phase. In 8 d sample, the mass loss curve till 600

180



Reactivity of minerals

°C is less steep compared to 28 and 90 d sample, indicating that either the amount of
hydrosodalite is low or there is no hydrosodalite in 8 d sample. This is also in accordance
to XRD findings. The findings of TGA and XRD correspond well to each other and confirm
that this glass phase present in PF is indeed reactive but the reaction is slow as the first
crystalline reaction products in tiny amount are observed after 28 d. Therefore, PF showed

poor strength formation in the measured timeframe as seen in chapter 2, section 2.5.

viii. Kaolinite

The raw kaolinite is characterised with XRD (Fig. 3.14A), in addition to kaolinite, it contained
minor amount of muscovite and quartz. In TGA (Fig. 3.14B) a broad mass loss around 500
°C was observed because of dehydroxylation of kaolinite’s octahedral sheets [8]. In XRD
of the reacted samples (Fig. 3.14A), formation of hydrosodalite and thermonatrite (sodium
carbonate monohydrate) was observed. Hydrosodalite is a zeolite mineral and is in industry
synthesised hydrothermally by reaction of kaolinite with NaOH solution [8]. While these
findings show that the same reaction product can also be expected at ambient conditions
of reaction. Furthermore, the reflexes of muscovite and quartz did not change in height

indicating that these phases may not have reacted in the given conditions. Nevertheless,

the reactivity of muscovite will also be determined individually later.
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Fig. 3.14. (A) XRD, (B) TGA of the raw kaolinite and its reacted samples at 8, 28 and 90 d.

For the symbols used refer to Table 3.2.

The TGA of the reacted samples (Fig. 3.14B) correlate well the findings of XRD. The mass
loss of physically bound water is observed around 80 — 90 °C. Thereafter the mass loss of

hydrosodalite and unreacted kaolinite is observed till 600 °C, which is in accordance to

181



Reactivity of minerals

[8,12]. As the decomposition of sodium carbonate is happening at very high temperatures,
therefore, its mass loss is not observed within the measured temperature range of the

experiment [1].

ix. Larnite

The larnite sample as characterised by XRD (Fig. 3.15A) contained no minor phases. While
the raw larnite showed nearly no mass loss in TGA (Fig. 3.15B). Formation of several new
phases is observed in XRD upon reaction of larnite with NaOH (Fig. 3.15A). These phases
included an increase in amorphous hump with centre around 32° 26 indicating formation of
a new X-ray amorphous phase which can be likely a calcium silicate hydrate. Calcium
silicate hydrate can also sorb sodium [13], which seems likely also for the system presented
here. Furthermore, the crystalline phases formed included thermonatrite (sodium carbonate
monohydrate) and clinotobermorite. In TGA (Fig. 3.15B), a mass loss observed around 100
°C is assigned to liberation of physically bound water or water retained in clinotobermorite
and semi-crystalline phase. This is followed by a continuous mass loss till 750 °C which
may indicate a continuous dehydration/dehydroxylation. In temperature range of 750 — 870
°C, a mass loss step is observed which can be assigned to destabilisation of possibly

formed calcium silicate hydrates [14].
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Fig. 3.15. (A) XRD, (B) TGA of the raw larnite and its reacted samples at 8, 28 and 90 d.

For the symbols used refer to Table 3.2.

X. Leucite

The raw leucite as characterised by XRD contained no minor phases (Fig. 3.16A). In TGA

(Fig. 3.16B), no mass loss is observed for the raw sample. Upon its reaction, formation of
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hydrosodalite and sodium carbonate / sodium carbonate monohydrate is observed (Fig.
3.16A). Formation of hydrosodalite was also observed in kaolinite and glass phase of PF
after their reaction. Perhaps, the chemical composition of leucite can also favour this
formation. In TGA (Fig. 3.16B), a continuous mass loss till 500 °C followed by a mass loss
step which can be attributed to destabilisation of hydrosodalite [8]. This mass loss step may
correspond to a carbonated hydrosodalite showing decomposition at this temperature as
reported by [8,15] and also observed here. A mass loss around 100 °C can be because of

liberation of physically bound water.
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Fig. 3.16. (A) XRD, (B) TGA of the raw leucite and its reacted samples at 8, 28 and 90 d.

For the symbols used refer to Table 3.2.

Xi. Montmorillonite

Raw montmorillonite as characterised by XRD consisted of montmorillonite with no minor
phases (Fig. 3.17A). The TGA (Fig. 3.17B) of the raw sample showed two mass loss
events, firstly a dehydration step is observed around 100 — 200 °C. While, a second mass
loss event is observed around 800 °C which may correspond to dehydroxylation [4]. Upon
the reaction with NaOH, the formation of sodium carbonate and hydrosodalite (Fig. 3.17A)
is observed. The TGA (Fig. 3.17B) of the reacted sample showed a continuous mass loss
till 500 °C which may correspond to dehydroxylation of hydrosodalite followed by a mass
loss step. As mentioned above the mass loss of hydrosodalite at higher temperature could
indicate presence of carbonated hydrosodalite [8,15]. Furthermore, a mass loss around

100 °C is representative of physically bound water in the system.
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Fig. 3.17. (A) XRD, (B) TGA of the raw montmorillonite and its reacted samples at 8, 28
and 90 d. For the symbols used refer to Table 3.2.

Xii. Muscovite

Raw muscovite as characterised by XRD contained no other phases (Fig. 3.18A). The TGA
(Fig. 3.18B) showed a mass loss in temperature range of 600 — 850 °C which is attributed

to dehydroxylation of muscovite [4,16].
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Fig. 3.18. (A) XRD, (B) TGA of the raw muscovite and its reacted samples at 8, 28 and 90
d. For the symbols used refer to Table 3.2.

Upon its reaction with NaOH, in XRD (Fig. 3.18A), formation of sodium carbonate and its
monohydrate is observed. A minor amount of hydrosodalite is also observed in these
samples. The TGA (Fig. 3.18B) showed a mass loss for physically bound water (around

100 °C) and a mass loss till 600 °C which may correspond to the dehydroxylation of
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hydrosodalite. A mass loss step around 600 °C may also correspond to decomposition of
carbonated hydrosodalite but owing to the low reflex intensity of hydrosodalite in XRD, it is

possible that this mass loss belongs to another phase which is not detected by XRD.

xiii. Nepheline

The raw nepheline sample is characterised as nepheline with a minor amount of analcime
(Fig. 3.19A). In TGA (Fig. 3.19B), the raw sample showed a continuous mass loss which
can be partially from dehydration of analcime or from other sources, which could not be
determined with used experimental methods. Upon its reaction with NaOH, in XRD (Fig.
3.19A), several new crystalline phases were observed. These phases included sodium
carbonate monohydrate and hydrosodalite. Moreover, the peaks corresponding to
analcime successively reduced in their height with progress of the reaction. In TGA (Fig.
3.19B), a mass loss event corresponding to physically bound water liberation is observed
around 100 °C. A continuous mass loss till 550 °C followed by a mass loss step can be
attributed to hydrosodalite dehydroxylation and decomposition of carbonated hydrosodalite
[8,15].
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Fig. 3.19. (A) XRD, (B) TGA of the raw nepheline and its reacted samples at 8, 28 and 90

d. For the symbols used refer to Table 3.2.

xiv. Phillipsite

Raw phillipsite was characterised by XRD (Fig. 3.20A) and it contained calcite as minor
phase. In TGA (Fig. 3.20B), the raw phillipsite exhibited a continuous mass loss till 400 °C
with a mass loss step around 100 °C. This can be attributed to liberation of water from

phillipsite [4]. Upon its reaction with NaOH, formation of hydrosodalite and sodium
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carbonate monohydrate is observed (Fig. 3.20A). Moreover, a continuous increase in the
amorphous hump shows formation of new X-ray amorphous phase with its centre around
32° 26. Additionally, broadening of the peaks around 29° 20 is also observed. TGA results
also support the findings of XRD (Fig. 3.20B), as a mass loss till 600 °C is attributable to
hydrosodalite dehydroxylation. Moreover, a mass loss corresponding to release of

physically bound water around 100 °C is also observed.

Although calcite also reacted in the given system, the phases observed in the calcite
sample reacted with NaOH (section 3.2.2. (iv)) are not observed here. This can be because
of different reaction mechanism since phillipsite is the main reacting phase here and calcite
is present only in minor amount. Possibly, the calcium ions from calcite are incorporated in

the X-ray amorphous phase.
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Fig. 3.20. (A) XRD, (B) TGA of the raw phillipsite and its reacted samples at 8, 28 and 90
d. For the symbols used refer to Table 3.2.

XV. Sanidine

The raw sanidine as characterised by XRD contained no minor phases (Fig. 3.21A). In TGA
(Fig. 3.21B), sanidine showed no mass loss. Upon its reaction with NaOH formation of
sodium carbonate monohydrate and sodium carbonate is observed (Fig. 3.21A). Moreover,
formation of a minor amount of hydrosodalite and at 90 d formation sodium hydrogensilicate
pentahydrate is observed. In TGA (Fig. 3.21B), a mass loss of physically bound water is
observed around 100 °C. Thereafter, a mass loss till 600 °C and a mass loss step around
600 °C can be due to hydrosodalite, and sodium hydrogensilicate pentahydrate at 90 d.

Nevertheless, the low intensity of these two phases in XRD indicates that the two mass
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loss events may originate not only from these two phases but also reflect presence of other

phases.
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Fig. 3.21. (A) XRD, (B) TGA of the raw sanidine and its reacted samples at 8, 28 and 90 d.

For the symbols used refer to Table 3.2.

3.3. Conclusions

Based on this study, it can be confirmed that several crystalline minerals react with NaOH
solution (16 mol/kg) and sodium silicate solution (Ms = 1.061). After reaction they form new
phases which are crystalline to amorphous. The newly formed crystalline phases observed
for several minerals included hydrosodalite, sodium hydrogensilicate pentahydrate,
clinotobermorite and sodium carbonate upon reaction with sodium hydroxide. Furthermore,
none of the mineral phases reacted completely in the used system. In most of the mineral
samples, the share of new crystalline phases increased with the time and in most cases,
the new crystalline phases can be clearly recognised only at 90 d of reaction. This
emphasises that reaction of most of these minerals under used conditions is gradual.
However, some minerals like kaolinite, chabazite, phillipsite and especially calcite showed
a considerable amount of reaction products already after 8 d showing that these minerals
have higher reaction degree compared to other investigated minerals. The reaction
products of calcite are unique, indicating that calcite behaves different than other studied
minerals, which will be mainly because it is a carbonate mineral and all others are silicate

minerals.

A summary of the reaction of minerals with sodium silicate and sodium hydroxide solution

is presented in Table 3.3 and 3.4, respectively. The reactivity of each mineral for each
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method is characterised by high, medium, or low. Based on the results of each method the
reactivity of each mineral is interpreted with respective solutions. The results show that
chabazite showed high reactivity with sodium silicate solution. While, calcite, chabazite,

kaolinite, larnite and phillipsite showed higher reactivity with sodium hydroxide solution.

Table 3.3. Summary of the reactivity of minerals with sodium silicate solution.

Sr. | Mineral Calorimetry | TGA XRD Overall intensity
no. | sample (first 24 h) | (after 28 d) | (after 28 d) | of reaction

1 | Albite + %) %) %]

2 | Augite + %) %] %]

3 | Chabazite g ++ ++ ++

4 | Clinochlore %) ++ %) %)

5 | Muscovite %) %) %) %)

6 | Sanidine + + %) %]

++ high, + medium, @ low

Table 3.4. Summary of the reactivity of minerals with sodium hydroxide solution.

Sr. | Mineral Calorimetry | TGA XRD Overall intensity
no. | sample (first 120 h) | (after 90 d) | (after 90 d) | of reaction
1 | Albite %) ++ + g
2 | Augite %) ++ + %]
3 | Biotite %) ++ + %]
4 Calcite ++ ++ ++ ++
5 Chabazite ++ ++ ++ ++
6 | Clinochlore %) ++ %] %]
7 | Glass phase + ++ + +
8 | Kaolinite %) ++ ++ ++
9 | Larnite %] ++ ++ ++
10 | Leucite + ++ + +
11 | Montmorillonite | @ ++ + +
12 | Muscovite %) ++ + %)
13 | Nepheline %) ++ + +
14 | Phillipsite ++ ++ ++ ++
15 | Sanidine + ++ + +

++ high, + medium, @ low
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Chapter 4

Main results and discussion

This chapter presents the discussion on the major results presented in chapter 2 and

chapter 3 and aims to summarise the major findings.
4.1. Raw material processing and preliminary work

The first step of the study included the processing of raw materials in order to obtain
homogenous samples with comparable Blaine fineness measured in accordance to EN
196-6 [1]. This method was chosen for the specific surface area determination as it is in
common practice in cement industry. Later, particle size distribution was also measured
with laser granulometry. For obtaining homogeneous samples with comparable Blaine
fineness, a grinding methodology was defined which included drying of the samples
followed by crushing of big stones to size < 1 mm. After that, samples were homogenized
according to EN 932-2 [2] in order to obtain equal representative portions. These portions
were ground in a planetary ball mill. This methodology enabled a better comparison of the
reactivity of the raw pozzolans as geopolymer precursor. The six pozzolans used as raw
materials for geopolymer synthesis included Rhenish trass (RT), Bavarian trass (BT2/BT
and BT1), pozzolan Laziale red (PLR), pozzolan Laziale black (PLB) and pozzolan Flegrea
(PF). Their chemical and mineralogical compositions are presented in chapter 2, section
2.2, Table 1 and Fig. 1, respectively. A summary of the mineralogical phases present in
each pozzolan is shown in Table 4.1. (Note: It is worth to mention here that BT2 in section
2.2 and BT in section 2.3 & 2.4 are two different abbreviations used for same material.

However, in this chapter abbreviation BT will be used.)

The second step was to determine the type of alkaline solution for better mechanical
performance. Therefore, trial samples were made with sodium hydroxide solution,
potassium hydroxide solution and sodium silicate solution of varying concentrations. The
compressive strength results for all natural pozzolans showed that the best mechanical
strength is achieved using sodium silicate solution as the alkaline activator. Therefore,

mostly sodium silicate solutions were used in the further study.
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Table 4.1. Mineralogical composition of all natural pozzolans

Mineral Natural pozzolan sample
Group BT1 BT RT PLB PLR PF
Sanidine, | Sanidine, | Sanidine, Saf"d'”e’
Feldspars . . . - -- albite,
albite albite albite .
anorthite
. Nepheline, | Nepheline, Nepheline,
Foids -- -- : . . -
leucite leucite leucite
chabazite,
Zeolites -- -- phillipsite, | Analcime Analcime Analcime
analcime
Micas Biotite Biotite g/ilgtsifeowte’ Muscovite Muscovite Muscovite
Augite, Augite,
Pyroxenes | Augite Augite Augite diopside diopside -
(ferrian) (ferrian)
S_o_ro- - - - Akermanite | Akermanite | --
silicates
N.?SO' - - Larnite Chloritoid - -
silicates
Carbonates | Calcite Calcite Calcite - -- -
Quartz, Quartz,
Oxides Quartz Quartz Quartz magnetite, | magnetite, | Quartz
hematite hematite

4.2. Silica modulus, age and compressive strength

The first objective was to investigate the effect of silica modulus of silicate solution and
curing time on compressive strength of the six pozzolans. For the purpose, sodium silicate

solutions of 16 various silica moduli were used, and samples were tested at various ages.

In compressive strength measurements, all the raw samples used had a distinct behaviour.
Precursors including PLB, PLR, PF and BT1 did not exhibit significant reactivity in used
alkaline system. While RT and BT showed significant compressive strength at all tested
ages. The reason of such differences in the reactivity was assigned to the chemical
composition and mineralogy of the pozzolan itself, as the other influencing factors (Blaine
surface area, curing conditions, activator solutions) were kept constant. Therefore, the
further investigations about effect of silica modulus and age were conducted only for RT
and BT.

From results presented in chapter 2, section 2.2 and 2.3, it can be concluded that for both
natural pozzolans, there is a range of silica modulus in which the highest compressive
strength can be achieved. However, this range of silica modulus, called optimum silica

modulus, is different for both natural pozzolans. For RT geopolymers, this range was
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recorded as 0.946 — 1.272, while for BT geopolymers this range was recorded as 0.707 —
0.797 till 28 d age. Additionally, the BT samples made with silica moduli of 0.946 and 1.061
exhibited also better performance than the other samples outside optimum range. The
optimum silica modulus ranges for both pozzolans differ likely because of the chemical and
mineralogical characteristics of the natural pozzolans. With further increase or decrease of
silica modulus beyond the optimum, the compressive strength significantly decreased for
both natural pozzolan-based geopolymers. The rate of reduction of compressive strength
was found to be higher for the samples on the lower silica modulus side. For increasing
concentration of alkalis in the system (lower silica modulus), such a reduction in
compressive strength was assigned to high amount of free alkali in the system [3]. While
for the higher silica modulus, the reduction in compressive strength was assigned to lower
pH of the solution, high degree of polymerization of silicate species and high viscosity of

alkaline solution [4,5].

Furthermore, the rate of strength gain with age is depended on the silica modulus of alkaline
solution used (chapter 2, section 2.3, Fig. 2 and 3). It was observed that with the age of the
sample, the samples in optimum silica modulus range showed increase of the strength.
However, the samples laying outside the optimum range of silica modulus exhibited loss of
strength with age or relatively lower rate of strength increase. Such a loss of strength with
age can be attributed to a possible weakening of the geopolymer structure with age, due

to depletion of alkalis or unstable geopolymer gel formation [6,7].

Moreover, it was found that not only the silica modulus of alkaline solution but also the
H>O/Na,O molar ratio of alkaline solution effects the rate of reaction. For alkaline solution
with H,O/Na>O molar ratio higher than 19, a significant drop in compressive strength was
observed (chapter 2, section 2.2, Fig. 2). This was assigned to the diluting effect of water
and lower relative amount of NaxO to efficiently dissolve the reactive phase. Therefore,
while designing a binder to achieve higher compressive strength, attention must be given
to both silica modulus and H20/NaO.

For BT geopolymer samples with higher share of alkalis, formation of alkali carbonate
remained a problem (chapter 2, section 2.3, Fig. 3). In some samples, alkali carbonate was
observed only on the surface of the sample. While in samples made with silica modulus of
1.158 and 1.272, the extended alkali carbonate development under the surface of the
sample or in macropores caused complete destruction of the samples (as shown in Fig. 3b
of chapter 2, section 2.3). On one hand, this can be attributed to the low reactivity of these
samples, where the free alkalis can cause formation of alkali carbonate. On the other hand,

it can be because of the mineralogical composition of the pozzolan. This pozzolan
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contained calcite, which was largely consumed while geopolymerization (chapter 2, section
2.3). The reaction of calcite in the sample liberates carbonate, which may form sodium
carbonate. Furthermore, calcite also provides calcium which can be incorporated in the gel
phase and reducing the binding of alkalis from the alkaline solution in the gel. These alkalis
which does not incorporated in the gel can additionally contribute to alkali carbonate
formation. These findings were further investigated and will be summarised here in section
4.7.2. Alkali carbonates formed from the reaction of mobile alkalis with environmental
carbon dioxide are referred to as efflorescence [7,8]. However, the results indicate that also
carbonate from calcite in the sample can be source for formation of alkali carbonate.
Possibly, the definition of efflorescence should be extended to this mechanism or a new
term should be introduced. Irrespective of the reason for alkali carbonate formation within
the binder, the development of alkali carbonate can cause internal crystallization pressure,
generating inner tensile stresses and therefore weakening the structure and/or causing

complete destruction.

Looking at both RT and BT geopolymers, it was found that the rate of efflorescence
development depends on the reactivity of natural pozzolan (which in turn depends on the
mineralogical and chemical composition of the natural pozzolan). RT had higher reactivity
in the used alkaline solutions in comparison to BT as shown by higher compressive strength
for RT geopolymers. Consequently, RT geopolymers were less affected by formation of
alkali carbonate compared to corresponding BT geopolymers. The lower reactivity of BT,
the higher calcite content and higher alkali mobility in BT geopolymers, resulted in formation
of alkali carbonates comparable to sub- or efflorescence, which can in turn cause depletion
of alkalis and water in the system [6], and thus further reducing the rate of strength

development and can cause strength loss.

4.3. Implementation of reactivity enhancement methods

Owing to the low reactivity of PLB, PLR, PF and BT1, reactivity enhancement methods
were applied on some of these pozzolans. This included implementation of heat curing on
PLB- and PF-based geopolymers. Furthermore, as BT contained high amount of calcite,
which was thought to be responsible for alkali carbonate formation in its geopolymer
samples and consequent damage of the structure. This precursor was subjected to heat
treatment and mechanical activation for reactivity enhancement followed by its use in

geopolymer production. The details of these studies are discussed in the sections below.
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4.3.1. Heat treatment and mechanical activation applied on BT

Several BT geopolymer samples exhibited a substantial formation of alkali carbonate. In
order to improve the reactivity and reduce the alkali carbonate development in BT
geopolymer samples, the raw sample was subjected to whether mechanical activation or
heat treatment. The determination of the optimum conditions for mechanical activation and
heat treatment was not in the scope of this study, rather a comparative study was made
between the influence and effectiveness of these two reactivity enhancement methods. A
method of mechanical activation between the subcategories mechanical dispersion and
surface activation as defined by [9,10] was chosen. The mechanical activation was
performed by milling the material at two milling durations (5 and 10 min) and speed of 200
rpm with constant media to material ratio (1:0.16). With the applied mechanical activation
methodology, the dso particle size was reduced by 23% or 43% for 5- or 10-min milling,

respectively.

In contrast, calcination was applied as a heat treatment methodology. As the results
presented in chapter 2, section 2.3 showed that one of the reasons for alkali carbonate
development in BT geopolymers was the higher calcite content. Therefore, heat treatment
methodology was designed to reduce the calcite content i.e. burning BT in muffle furnace
at 700 °C for 3 h followed by cooling to room temperature in a desiccator with silica gel. As
a result of heat treatment (calcination), calcite was partially converted to lime. The
mechanically activated as well as the heat-treated raw materials were subjected to react

with sodium silicate solution of silica modulus 0.707, 0.797 and 1.061.

Results of compressive strength (chapter 2, section 2.4, Fig. 3) showed that for heat-treated
BT, the compressive strength increased significantly, while for mechanically activated
samples only a marginal increase in the compressive strength was recorded (chapter 2,
section 2.4, Fig. 4). Moreover, for heat treated raw material, the alkali carbonate formation
decreased significantly. While, for mechanically activated sample, no significant
improvement in this was observed. From the visual observation of the samples presented
in Table 2 of section 2.4, the alkali carbonate formation reduced significantly in the samples
prepared with silica modulus of 0.797 and 1.061 while using BTC (calcined BT). However,
for sample prepared with silica modulus of 0.707 using BTC, the alkali carbonate increased.
For samples BTC-0.797 and BTC-1.061 compressive strength also increased significantly
in comparison to not-treated samples, while for sample BTC-0.707 the increase in
compressive strength was marginal. This shows that the samples BTC-0.797 and BTC-

1.061 precipitate enough geopolymer gel to incorporate most of alkalis and therefore lesser
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alkali carbonate formed. While, for sample BTC-0.707 alkaline concentration was too high
to be incorporated in geopolymer gel. Hence this sample exhibited high alkali carbonate

content.

For mechanically activated samples i.e. BT5 (BT milled for 5 min) and BT10 (BT milled for
10 min), no appreciable changes in alkali carbonate and compressive strength were
observed. Table 4.2 shows visual observations of alkali carbonate in BT, BT5 and BT10
samples prepared with silica modulus of 0.707 after 14 d. Comparing both reactivity
enhancement methods applied on BT, it can be concluded that for this precursor the heat
treatment is the more effective method. Furthermore, looking at the particle size distribution
curves (chapter 2, section 2.4, Fig. 1a), BTC had higher fraction of coarser particles as
compared to BT5 and BT10. However, the heat treatment in BTC imparted higher reactivity
than reduced particle size in BT5 and BT10. Such a behaviour indicated that heat treatment
or partial conversion of calcite to lime had higher impact as compared to reduced particle

size.

Table 4.2. Visual observation of BT, BT5 and BT10 samples at 14 d age.

Sample BT-0.707 BT5-0.707 BT10-0.707

Alkali carbonate
development after
14 d

4.3.2. Effect of heat curing on PLB- and PF-based geopolymers

As mentioned in the above section, the pozzolans PLB, PLR, PF and BT1 had low reactivity
in used alkaline system. Therefore, a heat curing regime was used on the prepared
geopolymer samples to evaluate its impact on the geopolymerization activity. For the
purpose, PLB and PF were chosen as the precursor. Geopolymer samples were prepared
using sodium hydroxide, potassium hydroxide and sodium silicate solutions with two
concentrations/silica moduli of each solution. For comparison, two heat curing methods
were simultaneously used: a) curing at 22 °C for all test ages and b) curing at 40 °C for first

28 d followed by room temperature curing till 90 d.

Results showed that PLB showed better reactivity in comparison to PF at ambient curing

conditions (chapter 2, section 2.5, Fig. 1). While PF samples showed a comparatively
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negligible reactivity for all types of solutions used. With implementation of heat curing for
first 28 d, the compressive strength increased for both geopolymer systems, showing that
higher temperature helps in increasing the dissolution of reactive phase and thus the
geopolymer reaction accelerates. However, for all PLB samples, loss of strength was
observed after 28 d. Such a loss of strength can be assigned to change of curing condition
i.e. samples were moved from 40 °C to 22 °C. This can be attributed to possible formation

and then collapse of an unstable geopolymer gel microstructure [7].

4.4. Silica modulus and reaction kinetics

4.4.1. Relationship between silica modulus and reaction kinetics

Reaction kinetics for RT- and BT-based geopolymers were studied by isothermal
conduction calorimetry for first 7 d of reaction (chapter 2, section 2.2, Fig. 3 and 4). Samples
were mixed outside the device. The results showed that geopolymer reaction is an
exothermic reaction for all natural pozzolan-based geopolymers. For all samples, the
calorimetric curves showed a first exothermic peak which is because of the first wetting and
dissolution of reactive phase(s) and occurred within first few minutes of mixing. This peak
was followed by lower heat evolution and decrease of dissolution rate associated to the
polycondensation of the geopolymer product [11-14]. It was found that the time span of the
deceleration phase is depended on the silica modulus of alkaline solution used. The rate
constant (k) was determined by implementation of pseudo-first order kinetics on the
calorimetric data. The correlation between silica modulus and rate constant showed that
the rate constant decreases with increase of silica modulus (chapter 2, section 2.2, Fig. 5).
However, the absolute concentration of Na,O and SiO, have significant impact. Samples
rich in Na2O and SiO; content showed higher rate constant at early age. Therefore, it was
concluded that in addition to silica modulus, higher concentration of Na>O and SiO, can be

used to accelerate the reaction at early age.

4.4.2. Second exothermic peak in calorimetric study of BT

BT geopolymers made with silica modulus of 0.707, 0.797 and 1.061 additionally exhibited
a second exothermic event in calorimetry (chapter 2, section 2.2, Fig. 4). The possible
reaction at this peak could be connected to its calcite content. This finding was confirmed
by the calorimetric study of BT batches which were heat-treated (BTC) or mechanically
activated (BT5 & BT10) (chapter 2, section 2.4, Fig. 5 and 6). As a result of heat treatment,

the calcite was converted to lime, consequently, in calorimetric study, this second
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exothermic peak shifted to earlier time or was not observed. Such a shift in reaction time
was attributed to presence of lime in the system. As the reaction of lime with water can lead
to rise in the pH of the system [15] and thus the rate of reaction increased and therefore,
this peak shifted to earlier time, showing that the reaction occurring at this peak is related

to its calcite content.

For mechanically activated BT samples, the reason for low improvement in reactivity and
reaction occurring at second peak was also investigated by a calorimetry study. For this
purpose, the BT, BT5 and BT10 samples were fractionated in order to obtain a fine fraction
(<40 um) and a coarse fraction (> 40 ym). Such a portioning was made to split the bimodal
particle size distribution curve. The XRD study on these samples (chapter 2, section 2.4,
Fig. 7) showed that the lower fraction was rich in calcite, while the coarser fraction was rich
in minerals with higher Mohs scale hardness. Whereas, as a result of further grinding, the
agglomeration of calcite particles caused a successive increase in the calcite content of

coarser fraction.

Calorimetric study on these separated fractions showed that the fraction < 40 ym had
higher reactivity compared to the coarser fraction. The second exothermic peak was
observed only for the fraction < 40 um in samples BT and BT5. Whereas in sample BT10,
both fractions exhibited this peak. With increasing fineness, this peak shifted to earlier time,
peak height reduced and time span on which reaction occurred increased. Such a
behaviour was correlated to the calcite content of the samples. Because of the
agglomeration of calcite and subsequent decrease in the calcite content of BT5 < 40 um
and BT10 < 40 um, the peak height decreased. Meanwhile, the calcite content increased
in BT5 > 40 um and BT10 > 40 ym, and in BT10 it reached to the limit that both fractions
exhibited a second exothermic peak. Such separation of BT, BT5 and BT10 resulting in
calcite separation gave additional indication that the second exothermic peak in these
samples is related to their calcite content. Moreover, the results showed that the grinding
in a planetary ball mill is mostly effective in reducing the size of larger particles, while the
reactive fraction of BT was already smaller than 40 um. This is indicated by twice as much
heat production for this fraction compared to the coarser fraction (chapter 2, section 2.4,

Fig. 6). Because of this, the improvement in reactivity for BT5 and BT10 was only marginal.

4.5. Silica modulus, age and extent of geopolymer reaction

The effect of silica modulus and age on extend of geopolymerization was studied by

thermogravimetric analysis (TGA) and selective dissolution. Samples of 28 d age were
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used for determining the effect of silica modulus on extend of geopolymer reaction. While
to determine the effect of age, selected silica modulus samples were tested at 7, 28 and
90 d age.

Mass loss in TGA in the temperature range of 30 — 600 °C is characteristic of bound water
in the geopolymer gel. The bound water in geopolymer gel can be characterised as
physically bound water, chemically bound water molecules (zeolitic water) and OH groups
[7,16]. The loss of physically bound water is considered till 150 °C. This water is released
during condensation of the geopolymer gel and does not take part in the dissolution of
aluminosilicate species [11,17-20]. While the chemically bound water molecules come
from the dissolution of aluminosilicate species to form aluminate and silicate species and
remain after condensation. The OH groups are present at the surface and edges of
geopolymeric chains [16,20]. The mass loss of chemically bound water molecules is
considered from 150 — 300 °C and the mass loss from OH groups is considered from 300
— 600 °C [16,20]. To determine the effect of silica modulus on the extend of
geopolymerization, the mass losses of chemically bound water molecules and OH groups
were considered separately for 28 d old samples. The results of chemically bound water
molecules and OH groups for RT and BT geopolymers plotted against silica moduli showed
a close relation with the compressive strength (chapter 2, section 2.2, Fig. 8). A higher
amount of chemically bound water molecules showed the formation of more condense
geopolymer gel thus generating higher compressive strength. The mass loss of OH groups
is not just representative of the extend of dissolution but is also affected by the
polymerization degree. A higher OH mass loss for BT geopolymers indicates a lower
degree of polymerization in these samples as compared to RT geopolymers. Combing
these results with findings of selective dissolution (chapter 2, section 2.2, Fig. 6), RT
geopolymers have higher amount of reaction product and the reaction product formed is

more condensed thus giving higher compressive strength.

The degree of reaction determined by selective dissolution (chapter 2, section 2.2, Fig. 6)
decreased with increase of silica modulus for both pozzolans. The RT-based geopolymers
exhibited higher degree of reaction for all silica moduli compared to BT-based
geopolymers. However, for RT geopolymers prepared with lower silica modulus, selective
dissolution showed formation of higher amount of reaction product formed, while TGA
showed higher OH content (chapter 2, section 2.2, Fig. 8) which may indicate lower degree
of polymerization. This can be a possible reason for lower compressive strength of samples

prepared with lower silica modulus of alkaline solution in comparison to the optimum
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samples of RT geopolymers. Furthermore, the depletion of excess alkalis because of

efflorescence can have detrimental effect [3,6,21].

For RT geopolymers with the age of sample, the overall amount of bound water increased.
However, the rate of increase showed dependence on the silica modulus (chapter 2,
section 2.3, Fig. 6). The sample RT-1.272 exhibited higher compressive strength at 90 d,
while the bound water content was nearly same as for other samples. Though, the degree
of reaction as measured by selective dissolution was nearly 18% lesser than for other
samples (chapter 2, section 2.3, Fig. 7). Such a behaviour was thought to be because of
unreacted activator, as the activator (sodium silicate) in liquid or dried form showed no

dissolution in the acidic medium used for selective dissolution.

For BT geopolymers, both the bound water and degree of reaction decreased with age of
sample (chapter 2, section 2.3, Fig. 6). The loss of bound water with age is attributable to
the alkali carbonate formation in these samples, as the mobile Na* and OH- can react with
atmospheric CO; or CO3% from the sample to form sodium carbonate monohydrate, thus
depleting the geopolymer matrix in alkalis and water [21]. Such depletion of alkalis is a
potential reason for lower rate of strength development and reduction of strength at later
ages. Similarly, sample BTC-0.707 exhibited excess alkali carbonate and the mass loss of
bond water decreased with the age of the sample (chapter 2, section 2.4, Table 3). This
once again confirmed that alkali carbonate in these samples is cause of depletion of alkalis
and water, thus causing reduction in the rate of strength development. Alternatively, in
samples BTC-0.797 and BTC-1.061, the bound water increased with the age and these
samples also exhibited less alkali carbonate and improvement in compressive strength
(chapter 2, section 2.4, Fig. 3 and Table 2).

Furthermore, it was found that the selective dissolution method cannot be accurately
applied on the low reactive natural pozzolans prone to form sodium carbonate monohydrate
in geopolymer samples, as this phase dissolved completely in the used acidic solutions,

thus giving false indication about the degree of reaction.

In TGA, two additional thermal events were observed in the BTC samples (chapter 2,
section 2.4, Fig. 8), where the first signal observed between 160 — 300 °C was assigned to
dehydration of C-S-H. While the presence of C-S-H was confirmed by the second thermal
event at around 795 °C which showed destabilization of C-S-H to wollastonite. Such
conversion has been also observed in the literature [22,23] and was also confirmed here
by conducting XRD on the decomposed residue as shown in Fig. 4.1. Formation of C-S-H

in these samples was attributed to conversion of calcite to lime as result of applied
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calcination process which imparted more reactive calcium. The presence of combeite in
the decomposed residue may indicate the presence of sodium calcium silicate hydrate in

the geopolymer gel [24].
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Fig. 4.1. Sample BTC-0.797-28 d after burning at 850 °C for 5 h showing formation of

wollastonite and combeite.

4.6. Silica modulus, age and phase composition of geopolymers

Phase composition of RT- and BT-based geopolymers was studied by X-ray diffraction
analysis (XRD). Study was made for all silica modulus samples at 28 d age and selected
samples additionally at 7 and 90 d age. The results gave insight about the reactivity of
several crystalline as well as the amorphous phases. The composition of the amorphous
phase for different natural pozzolans used was considered to be different. However, an
accurate quantification of these crystalline and amorphous phases was not possible,
because of the high number of phases and relatively complex composition of some phases.
Nevertheless, the changes observed in amorphous phase (as discussed below and
presented in chapter 2, section 2.2, 2.3 and 2.4) gave indication about its participation in

geopolymer reaction, which is in accordance to the reported literature [25].

XRD study on RT geopolymers for various silica moduli and ages (chapter 2, section 2.2,
Fig. 9; and section 2.3, Fig. 4 and Fig. S1) showed that several crystalline minerals may
partially participate in geopolymer reaction, which include calcite, phillipsite, larnite and
chabazite, as indicated by reduction of their peak height. While crystalline phases such as
sanidine, leucite, biotite, muscovite and nepheline were superimposing in their reflexes with

the above-mentioned phases and consequently, no clear statement about their behaviour
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can be made. The main amorphous hump in RT moved its centre to higher 26 values (from
approx. 27° to 31° 20) as a result of geopolymerization. This indicates the changes in
amorphous phase composition or formation of new amorphous phase or phases [26,27].
Furthermore, the area of amorphous hump increased for RT geopolymer samples in
comparison to the raw sample, showing that the amount of semi-crystalline phase has
increased because of geopolymer reaction. The results of XRD for various silica moduli
and ages were in good agreement with the results of compressive strength, TGA and
selective dissolution. As a result of geopolymerization in RT samples, formation of a semi-
crystalline geopolymer gel was also indicated by increase of reflex intensity at 29.8° 26
which displayed similarity to zeolite Y structure. Moreover, the broadening of reflexes
around 35° and 37.8° 26 was also indicative of formation of aluminosilicate gel structure in

RT geopolymers [28].

Similarly, for BT the results presented in chapter 2, section 2.2, Fig. 10; and section 2.3,
Fig. 4, S2 and S3 showed presence of two amorphous humps ranging 5.5° — 8.5° 26 and
24° — 34° 208 in raw BT. The first amorphous hump was assigned to presence of some clay
mineral or zeolite phase. As a result of geopolymerization, the centre of this hump moved,
which indicates the participation of this phase in geopolymer reaction and likely also the
formation of aluminosilicate gel [28]. Like RT geopolymers, for BT geopolymers the centre
of main amorphous hump (24° — 34° 26) also shifted to higher 26 value, indicating formation
of a new amorphous phase (aluminosilicate gel). Alkali carbonate formation in these
samples was reflected by observation of a new phase named natrite (y-Na>CO3). Natrite is
the dehydrated alkali carbonate as the originally formed alkali carbonate, thermonatrite
(Na2CO3-H20), converted to natrite as consequence of applied freeze-drying methodology.
Such a conversion of thermonatrite to natrite was advantageous for accurate determination
of extent of reaction. Moreover, formation of aragonite (a polymorph of calcium carbonate)
was also observed in samples with high alkalinity of activating solution. Formation of this
phase under high alkaline conditions was also observed in literature [29,30]. Moreover, this
phase has also been observed to form due to carbonation in alkali activated materials
[31,32]. However, because of the lower stability of this phase at ambient conditions, it was
not observed in all samples at all ages [33]. In several samples, some new reflexes were
observed, though these reflexes showed characteristics of low crystallinity and could not

be identified clearly.

As a result of heat treatment of BT (preparation of BTC sample), the first amorphous hump
was not recorded anymore, and formation of lime was observed (chapter 2, section 2.4,

Fig. 9 and 10). The calcite present in BT partially decomposed to lime and carbon dioxide
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as consequence of calcination. However, other than this BTC geopolymers showed similar
characteristics as BT geopolymer samples. In BTC geopolymers, lime was completely
utilized as indicated by the absence of lime peaks in BTC geopolymer samples. While
calcite peaks only reduced in height. In BT and BTC geopolymer samples, reflex intensities
were reduced for some crystalline phases such as calcite, biotite and sanidine, indicating
that these phases may also be partially participating in the reaction. The scanning electron
microscopic study (chapter 2, section 2.4, Fig. 12 and 13) showed that the geopolymer gel
in BT- and BTC-based geopolymers is a combination of N-A-S-H and C-N-A-S-H, though
K, Mg and Fe were also found as cations. While it possessed zeolite-like structure in RT
geopolymers (chapter 2, section 2.2, Fig. 9; and section 2.3, Fig. 4). Furthermore, the
participation of calcite (discussed in detail in section 4.7.2) showed that presence of calcite

promotes availability of Ca for gel phase.

4.7. Reactivity of minerals under alkaline conditions

In the context of results presented so far, it was concluded that the reactivity of different
natural pozzolans in alkaline medium was greatly affected by the differences in
mineralogical and chemical composition of these pozzolans. While the results of XRD
showed that not only X-ray amorphous phases but also crystalline phases may participate
in the geopolymer reaction. Further, a better assessment about the reactivity of natural
pozzolan can be made if the reactivity of each mineral phase is known. Therefore, further
work was carried out on the reactivity of crystalline mineral phases in sodium silicate and

sodium hydroxide solution.

For this purpose, one amorphous and fourteen crystalline mineral phases were collected
in the natural state (14 natural minerals and 1 synthetic phase) and were milled in lab to
comparable Blaine fineness. These minerals included albite, augite, biotite, calcite,
chabazite, clinochlore, glass phase of PF, kaolinite, larnite, leucite, montmorillonite,
muscovite, nepheline, phillipsite and sanidine. These samples represent nearly all the
mineral phases present in RT and BT. The reactivity of these minerals was tested with
sodium silicate (silica modulus, Ms = 1.061) and sodium hydroxide (16 mol/kg) solutions.
The higher initial pH of sodium hydroxide solution can give better indication about the
reactivity of minerals; therefore, samples were not only tested in silicate solution but also
in hydroxide solution. However, for their reactivity in sodium silicate solution only selected
minerals including muscovite, clinochlore, sanidine, chabazite, calcite, augite and albite
were tested. On the one hand, this mineral selection was made such that at least one

mineral of each representative group is tested with sodium silicate solution, while on the
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other hand the low available amount of some minerals hindered the experiments for all
minerals. Moreover, out of the minerals tested with sodium silicate solution not all were
included in the results, as they formed a stiff paste consistency which obstructed grinding
and accurate sample preparation for the applied experiments. However, all minerals were
tested with sodium hydroxide solution. The summary of mineral reactivity with sodium

silicate solution and sodium hydroxide solution is as presented below.

4.7.1. Reactivity of minerals in sodium silicate solution

The above-mentioned mineral samples were reacted with sodium silicate solution of silica
modulus 1.061 (= 1.1). The isothermal conduction calorimetry on the paste samples
(chapter 3, Fig. 3.1) showed that, like in natural pozzolan geopolymers, the reaction is
associated with a single initial exothermic peak followed by deceleration of heat evolution
and attaining a steady state of reaction. Muscovite and clinochlore exhibited highest
deceleration rate after the first peak, showing least heat formation. While other samples
such as sanidine, albite and augite evolved heat in deceleration zone. XRD study on
chabazite and its reacted samples (chapter 3, Fig. 3.2) showed that as a result of reaction,
X-ray amorphous product was formed. Moreover, the crystalline peaks showed tendency
of Na-rich chabazite formation (ion exchange of chabazite). TGA on these samples
(chapter 3, Fig. 3.2) supported the XRD results as the mass loss of reacted chabazite and
raw samples exhibited similar behaviour. Similarly, clinochlore also showed formation of an
X-ray amorphous phase and reduction of basal reflex heights and increase of other reflexes
(chapter 3, Fig. 3.3). Clinochlore has a layered structure because of which during the
sample preparation for powder XRD, preferred orientation occurred. However, a possible
reason can be that after reaction with sodium silicate solution the clinochlore particles may
dissolve from edges towards centre, thus the preferred orientation of the particles is
disturbed, therefore the basal reflexes are less pronounced. Furthermore, the particles of
formed reaction products could disable the clinochlore platelets to orientate. The TGA
results (chapter 3, Fig. 3.3) at 8 d showed presence of unreacted sodium silicate (mass
loss curve similar to mass loss curve of sodium silicate solution presented in Fig. 4.2), but
at 28 d age a continuous mass loss was observed. This also indicates that maybe a new
reaction product is formed. Thus, showing that clinochlore may have participated in the
reaction. Comparable TGA characteristics were also observed for sanidine, which gave
indication about reactivity of sanidine (chapter 3, Fig. 3.4). TGA of muscovite, albite and
augite (chapter 3, Fig. 3.5) showed presence of unreacted sodium silicate solution with only

slight reduction of peak intensities in XRD. Therefore, it was considered that these minerals
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do not react considerably with sodium silicate solution. An overall assessment of the

reactivity of these minerals with sodium silicate solution is given in chapter 3, Table 3.3.
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Fig. 4.2. TGA of the sodium silicate solution (Ms = 1.061)

The reaction of calcite with sodium silicate solution (chapter 2, section 2.3, Fig. 8) was most
interesting out of all. In TGA of reacted samples, three distinct stages were observed, first
being the dehydroxylation, followed by decarbonation of calcite and last mass loss can be
because of formation of wollastonite from material which was originally C-S-H. While, in
XRD, natrite was observed. Natrite was formed as result of freeze-drying of thermonatrite.
Formation of natrite also confirmed the previous findings of BT geopolymers, where
formation of efflorescence-like phases was assigned to its calcite content. To explore these
findings in more detail, further work was conducted on reactivity of calcium carbonates in

sodium silicate solution and is presented in following section.

4.7.2. Reactivity of calcium carbonates in sodium silicate solution

The first comprehensive study about reactivity of calcite in sodium silicate system (chapter
2, section 2.3) gave indications about the possible formation of C-S-H-like phases. This
finding was further explored in detail (chapter 2, section 2.6) for seven natural calcium
carbonates by its two polymorphs, calcite and aragonite, and for one synthetic calcium
carbonate sample. The reaction products and reaction kinetics at early and later age were
investigated by several methods such as isothermal conduction calorimetry, in-situ & ex-
situ X-ray diffractometry (XRD), in-situ Fourier transform infrared spectrometry (FTIR),
thermogravimetric analysis-differential scanning calorimetry-mass spectrometry (TGA-

DSC-MS) and thermodynamic calculations. The reaction of calcium carbonates with
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sodium silicate solution (Ms = 1.1) is associated with two exothermic events (chapter 2,
section 2.6, Fig. 1), the first peak occurred within first few minutes of mixing powder and
solution, followed by a deceleration phase. Afterwards, a second exothermic peak is
observed for several calcium carbonate samples at different times of reaction. The possible
factors such as mineralogical impurities in the samples and particle size distribution were
found not to influence the time of second exothermic peak in calorimetry. The in-situ XRD
showed the precipitation of natron (Na>CO3:-10H,0) as only crystalline phase at this time of
reaction (chapter 2, section 2.6, Fig. 2). While, combining with in-situ FTIR results (chapter
2, section 2.6, Fig. 3), formation of poorly crystalline C-S-H phase was observed. Thus, it
can be said that nucleation of C-S-H could be the pivotal factor for the observed sudden

reaction in calorimetry.

At the later age reaction (8 and 90 d), XRD (chapter 2, section 2.6, Fig. 4) showed presence
of thermonatrite (Na2CO3-H20) and poorly crystalline phase around 30° 26 which indicates
the formation of C-S-H. For the simultaneous thermal analysis including TGA-DSC-MS, the
sample was freeze-dried in order to remove the water in thermonatrite, which excludes the
water from the only crystalline water-containing phase in the sample. Thus, the water from
the non-crystalline phases can be determined. Therefore, the first mass loss around 100
°C and associated OH and H0 signals in MS can be anticipated from C-S-H (chapter 2,
section 2.6, Fig. 6). Another mass loss in temperature range of 800 — 950 °C accompanied
by detection of Hz in MS can be originating from destabilisation of C-S-H into wollastonite
(CaSiOs) (chapter 2, section 2.6, Fig. 6) [23,34]. The thermodynamic analysis gave insight
about the reaction products formed with the extend of calcite reaction and the results
showed similarity with the experimental findings. Thermodynamic calculations showed the

formation of Na-containing C-S-H (chapter 2, section 2.6, Fig. 7).

Moreover, it is observed that aragonite irrespective of different crystal structure reacts in
similar way as calcite and forms same reaction products as calcite. Therefore, it can be
said that calcium carbonates in general promote availability of calcium for formation of
aluminosilicate gel and also form the phases which are generally expected from
efflorescence formation. In other words, presence of calcium carbonate can result in a

phenomenon which could be called as self-florescence.

Combining the results of this part and the findings about the second peak in calorimetric
study of BT geopolymers, it can be said that the second peak observed in BT based-
geopolymer is related to its calcite content and possibly consequent nucleation of C-S-H,
which can be major reason for sudden change in the reaction kinetics. However, this claim

should be further investigated. These results also strengthen the previous findings of BTC
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geopolymers, where the lime content enhanced the reaction kinetics and hence the C-S-H

precipitation may occur at an earlier time.

Moreover, these findings also confirm the results presented in chapter 2 section 2.3, where
the calcite content of BT was found responsible for sodium carbonate formation and
eventually cause of compressive strength loss along with lower rate of strength gain. The
Ca?* from calcite can replace the alkalis in the gel structure. This leaves free alkalis in the
matrix which can react with CO3? from calcite and OH- from alkaline solution to form alkali
carbonate. This alkali carbonate can precipitate within the gel binder thus causing
weakening of the gel structure by alkalis and water depletion as well as internal

crystallization pressure.
4.7.3. Reactivity of minerals in sodium hydroxide solution

The reactivity of 15 mineral samples was tested with NaOH solution (16 mol/kg) by using
isothermal conduction calorimetry for first 5 d and, thermogravimetric analysis and X-ray
diffraction analysis at 8, 28 and 90 d age (chapter 3, section 3.2.2). Out of all the tested
minerals, several showed formation of new crystalline or semi-crystalline reaction products.

The minerals, their reaction products and intensity of reaction are listed below in Table 4.3.

Table 4.3. Tested mineral samples, their reaction products and intensity of reaction (++

high, + medium, & low) after 90 d of reaction with NaOH solution (16 mol/kg).

Sr. | Mineral Reaction product Intensny
No. | sample of reaction
1 | Albite Semi-crystalline phase, thermonatrite %)
2 | Augite Sodium hydrogensilicate pentahydrate, natrite %)
3 | Biotite Semi-crystalline phase, natrite 1%
4 | Calcite Gaylussite, pirssonite, portlandite, thermonatrite ++
5 | Chabazite Semi-crystalline phase, Na-rich chabazite, ++
6 | Clinochlore Natrite (%)
7 | Glass phase ngl-crystalllpe phas'e, hydrosodalite, +
clinotobermorite, natrite
8 | Kaolinite Hydrosodalite, thermonatrite ++
. Semi-crystalline phase, clinotobermorite, ++
9 | Larnite ;
thermonatrite
10 | Leucite Hydrosodalite, natrite +
11 | Montmorillonite | Hydrosodalite, natrite +
12 | Muscovite Hydrosodalite, thermonatrite %)
13 | Nepheline Hydrosodalite, thermonatrite +
14 | Phillipsite Seml-crystr_:zlllne phase, hydrosodalite, ++
thermonatrite
15 | sanidine Hydrosodalite, sodwm hydrogensilicate +
pentahydrate, natrite
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The most frequently observed phases included thermonatrite or natrite, which is likely to
form because of reaction of Na* ions from the alkaline solution with the CO, from air (or
carbonate from sample in case of calcite). The actual phase formed is indeed thermonatrite
(sodium carbonate monohydrate) which upon freeze-drying dehydrated to natrite (sodium
carbonate). This dehydration was on the one side beneficial for natural pozzolan
geopolymer samples, as the degree of reaction cannot be overcalculated by the water
entrapped in this carbonate phase. On the other hand, this dehydration in the samples of
minerals with NaOH solution was not every time fully attained, therefore, a mixture of these

two phases is observed here.

Hydrosodalite, also known as hydroxysodalite hydrate [35], is most commonly produced by
reaction of kaolinite with alkaline solution under hydrothermal conditions and is used in
several applications in fields of selective adsorption, ion-exchange and thermal stability
[36,37]. In the context of alternative binders, hydrosodalite was observed in high
temperature resistance geopolymer binders derived from fly ash and metakaolin precursors
[7,16]. The results presented in this chapter showed that this phase can be obtained by
reaction of several minerals with NaOH solution (Table 4.3) at room temperature
conditions, where only a minor amount of this phase forms after up to 90 d of reaction. The
silicate mineral phases containing sodium or potassium mostly resulted in formation of
hydrosodalite. Whereas calcium-containing silicate minerals exhibiting high reactivity
resulted in formation of clinotobermorite. The formation of clinotobermorite and sodium
hydrogensilicate pentahydrate emphasizes the likelihood of presence of C-(N)-S-H-like
phases in the resultant binder. These findings can be used as first indication about
expected phases to form while using precursors rich in studied minerals under these

conditions.

The study of the mineral reactivity with sodium hydroxide and sodium silicate solution
showed that higher reactivity of RT can be in addition to X-ray amorphous phase mainly
attributed to presence of zeolites (chabazite, phillipsite) and larnite. While the formation of
sodium carbonate from calcite and partly because of environmental CO. affected the

reactivity of BT.
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Chapter 5

Conclusions and future recommendations

The study shows the potential of various European natural pozzolans for geopolymer
synthesis. The properties of the resultant geopolymers are largely depended on the
mineralogical and chemical composition of the natural pozzolans. The highest compressive
strength can be achieved by using an optimum silica modulus range. Beyond each side of
the optimum, the compressive strength increases at a relatively slow rate with the age of
the sample or even decreases. The degree of reaction determined by selective dissolution
decreases with increase of silica modulus; however, a higher early reaction kinetics can be
obtained by using higher initial concentration of Na,O and SiO,. A higher initial
concentration of alkalis in the mixture can lead to formation of efflorescence (formation of
sodium carbonate by environmental CO;), which can affect the mechanical properties of
the geopolymer binder. The mineralogical composition of pozzolans affects its reactivity.
Presence of calcite in the pozzolan leads also to formation of sodium carbonate in the
binder gel thus generating inner tensile stresses and depleting the gel structure in alkalis
and water, causing weakening of structure or complete destruction. Formation of
efflorescence as well as participation of calcite in reaction were reflected by formation of
thermonatrite. The geopolymer gel formed in these natural pozzolans is mostly semi-
crystalline to amorphous where the more crystalline parts corresponded to zeolite structure.
The possible composition of this geopolymer gel can be N-A-S-H and C-N-A-S-H, though

K, Mg and Fe can also be present as cations.

The attempts to improve the reactivity of natural pozzolans and to reduce the sodium
carbonate formation in geopolymer system show that heat treatment is more efficient
method than mechanical activation for the studied natural pozzolan. Calcination of calcite
to lime imparts higher reactivity and lowers the sodium carbonate formation. Moreover, the
calorimetric analysis of these samples showed that the sudden change of reaction kinetics

observed in BT geopolymers is associated with its calcite content.

Study on the reactivity of minerals in sodium hydroxide and sodium silicate solutions

showed that not only X-ray amorphous phases but also crystalline mineral phases partially

213



Conclusions and future recommendations

react under used alkaline conditions. The reaction can result in formation of new semi-
crystalline to crystalline phases. Minerals such as kaolinite, leucite, montmorillonite,
muscovite, nepheline, phillipsite and sanidine upon their reaction with sodium hydroxide
solution can form the zeolite phase “hydrosodalite” in small amount. Formation of sodium
hydrogensilicate pentahydrate and clinotobermorite in augite, sanidine and larnite shows
the possible participation of these minerals in formation of calcium- and/or sodium-rich
aluminosilicate hydrates. The calcium carbonate present in the natural pozzolans promotes
availability of calcium for the formation of aluminosilicate gel while the carbonate ion can
result in formation of phases similar to efflorescence products. The results of this part
combined with the calorimetric study of BT geopolymer showed that the sudden change of

reaction kinetics of BT geopolymer is likely connected to its calcite content.
Based on this study, following recommendations for future work are proposed:

In the attempt to generalize the synthesis conditions for natural pozzolan-based
geopolymers, the potential of other natural pozzolans can be determined. These natural
pozzolans may include the pozzolans of sedimentary origin. As the reactivity of natural
pozzolans in alkali activated systems is not only depended on its glass phase composition
but also depends on crystalline phase composition, a detailed study on the reaction
mechanism of glass phases and other crystalline phases can be made. The minerals
investigated in the present study where based on the phases present in the two most
reactive pozzolans of this study. Other minerals and phases occurring in natural pozzolans
or available in large quantity in nature or industry should also be tested. The current
minerals were mainly silicates. Minerals with other chemical composition should also be
evaluated especially as calcium carbonate showed distinct behaviour in comparison to the
silicates. The effect of different quenching methods, composition of glass phase and its
particle size distribution can be studied. As the current investigation focused on the
reactivity of single mineralogical phases, a next step could be to explore mixtures of two or
more mineralogical phases. This will enable to study the interactions in their reaction
mechanisms. The reaction of calcium carbonate in the presence of other mineralogical
phases can be further explored under alkaline conditions. This detailed study will help to
give first predictions about the reactivity of various natural pozzolans for geopolymer
synthesis. The effect of incorporation of other supplementary cementitious materials in
natural pozzolan-based geopolymers can be studied such as ground granulated blast
furnace slag, metakaolin etc. Furthermore, the durability of these binders is an open

question and needs extensive work.
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