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Abstract

In 2016 the Paris agreement was adopted by 196 parties. The main goal of this agreement is to obtain a
climate-neutral world in 2050. The CO2 emissions should decrease as soon as possible to achieve this goal.
Concrete is the world’s most used building material, and with good reason, it provides cheap, solid and reli-
able products used for over 200 years. However, concrete is responsible for 5-10 % of the yearly CO2 emissions
worldwide. These emissions are mainly because of cement production, the binding agent of concrete. There-
fore, to lower the CO2 emissions from concrete, it is most effective to opt for an alternative binder. This
research focuses on alkali-activated materials (AAMs), where an alkali-activated binder has replaced cement.
This binder consists of a precursor and an alkaline activator. The materials most commonly used as precur-
sors are blast furnace slag and fly ash, waste products. The production of these materials is not nearly enough
to replace cement. Therefore, there is a need for alternative precursors. Volcanic materials can be an alterna-
tive precursor, and some have been successfully applied in AAMs before. However, since volcanic materials
come in different forms, validation of a wide range of volcanic materials.

This research has investigated four European aluminosilicate volcanic materials: trass, phonolite, perlite and
pumice. Each of these materials has been assessed on their particle size, chemical composition and mi-
crostructure to determine whether they exhibit (pozzolanic or latent hydraulic) reactivity. All four materials
classify as inert. For trass and phonolite, the lack of reactivity is most likely because of their lack of amorphous
phases (around 30% and 5%, respectively). For perlite and pumice, it is because of the too coarse particles.

The reactivity of trass and phonolite is enhanced by calcination, and the reactivity of perlite and pumice
is enhanced by grinding. Determination of the reactivity shows that calcination had no or a negative effect
on the reactivity of trass and phonolite. Most likely because of the lack of calcium and magnesium in these
materials. Ground pumice does show an increase in reactivity. However, not sufficient to be classified as re-
active. Ground perlite does show reactive behaviour and is classified as pozzolanic, less reactive.

Ground perlite and BFS are used as precursors in mortar to assess the contribution of perlite to compres-
sive strength development. It shows that perlite contributes to the strength of mortar when combined with
a sodium silicate and sodium hydroxide activator. Likely, the sodium silicate is necessary to delay the alka-
linity of the mixture. This alkaline delay makes that perlite does not form a layer of hydration products over
the particles, making it impossible for perlite to react further and contribute to the compressive strength.
TGA measurements found that because of the silicates that perlite contributes to the mixture, the hydration
products become denser, which seem to cause higher strength. However, it is also found that silicates from
sodium silicate solution are more effective in providing silicates than perlite is.

Of all four materials, only perlite seems to be reactive enough to contribute to the strength of alkali-activated
binders as precursors. Volcanic materials cannot be considered one material, and each one has to be assessed
individually.
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1
Introduction

1.1. Background
Concrete is the most commonly used building material worldwide, it is defined as a mass or product made
using a cementing medium. Concrete consists typically of a binder and water, which together form the ce-
menting medium, and sand and aggregates. The cementing medium forms a paste which acts as glue for the
sand and the aggregates. The most used binder is known as ordinary Portland cement (OPC) [1]. More than
98% of the concrete used this day is produced with OPC. One can easily explain the frequent use of OPC since
it gives cheap, reliable, high-quality concrete and has been used successfully for almost 200 years [2].

OPC must show hydraulic properties, meaning that it hardens when it comes into contact with water [1,
3]. The hydraulic concept is more elaborately explained in section 2.3.2. To exhibit hydraulic properties,
anhydrous calcium species are necessary. To obtain these properties, OPC is made by mixing and heating
materials that bear calcium-, silica-, alumina-, and iron oxide. This process produces clinker, OPC is made by
adding gypsum. In OPC, clinker is responsible for the hydration and gypsum is responsible for the reduction
of the setting time. More on OPC is discussed in section 2.2. These calcareous materials are limestone, clay
shales or chalk. OPC is produced as follows [1, 4]:

1. The raw calcareous materials are ground into a fine powder.

2. The materials are mixed in the proper proportions.

3. The fine powder is burned in a rotary kiln at about 1450◦C. In this process, fused clinker is produced.

4. The clinker is cooled down and ground into a powder.

5. Gypsum is added to the clinker powder, resulting in OPC.

During cement production, the initial reaction taking place in the kiln is:

C aCO3 →C aO +CO2 (1.1)

As seen in the reaction above, CO2 is released during cement production. Per ton of CaO produced, 0.78 tons
of CO2 is released [4]. More than 4 billion tonnes of cement are produced each year, making cement pro-
duction responsible for 5-10% of the CO2 emissions worldwide [2, 5]. The prospects are that the emissions
coming from concrete will only increase in the coming years. Researchers expect this increase because of the
foreseen development of the building industry in developing countries [2, 6].

To keep the world’s temperature rise well below 2◦C, 196 parties adopted the Paris Agreement in 2016. The
greenhouse gas emissions should peak as soon as possible to obtain the goal, reaching a climate-neutral
world in 2050. There is an urgent need to reduce the environmental impact of cement, considering the signif-
icant contribution of cement to global warming. There are several ways of doing so, and this report addresses
one of the possible options: considering the production and application of an alternative binder in concrete.
Figure 1.1 shows an overview of the process CO2 emissions from several alternative binders compared to OPC.
This figure includes the process emissions from the clinker composition of these binders, more on clinker can
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2 1. Introduction

be found in section 2.2. As shown in the figure, one of the options reaching the highest decrease in emissions
is the use of alkali-activated binders [2]. Alkali-activated binders are widely studied and generally considered
one of the best options to lower the environmental impact of concrete [4]. Therefore, this research will focus
on alkali-activated binders.

Figure 1.1: Process CO2 emissions from clinker composition of alternative binders compared to OPC, from [2] (OPC = ordinairy portland
cement, BPC = blended portland cement, BYF = belite ye’elimite ferrite, CCSC = carbonatable calcium silicate clinkers, CSA = calcium
sulphoaluminate, MOMS = magnesium oxides derived from magnesium silicates).

In alkali-activated binders (often called geopolymers), an aluminosilicate precursor replaces OPC. This
precursor hardens in an alkaline environment, resulting in a hardened paste, similar to cement [7]. The most
commonly used precursors in alkali-activated binders are blast furnace slag (BFS), coal fly ash (FA) and cal-
cined clays, such as metakaolin [8]. A more detailed explanation on alkali-activated systems is given in chap-
ter 2.3.

1.2. Problem
In the Netherlands, BFS, a by-product from the steel industry, is commonly used to produce blended ce-
ment (CEMIII/B). Using blended cements already lowers the environmental impact of concrete, shown as
BPC in Figure 1.1. The utilization of BFS in the Netherlands is quite common, but applying BFS in blended
cement is not standard in other countries [2]. The need for a more sustainable concrete type is increasing,
leading to a rise in countries implementing BFS to decrease the cement content and therefore the CO2 emis-
sions. All this leads to an increase in the demand for BFS. However, the current production of BFS is limited
(170-250 Mt/year, globally), especially when compared to the global OPC production (3-4 trillion tons/year,
globally)[9]. Which means that the production of BFS is already insufficient to supply the entire world [10,
11, 12], but the steel production is also expected to change to be more sustainable, which might influence the
slags’ quality. Therefore, a shortage in suitable BFS is predicted [3, 9, 13].

The other most used material in blended cement is fly ash (CEMII/B), a by-product of the coal industry.
The global production of FA stands currently at 500-700 Mt/year [9]. Fly ash production is expected to de-
crease because of the necessary closure of coal-fired power plants. [11, 12]. The shortage of this material is
expected to increase, leading to an urge to search for alternative materials to use as supplementary cementi-
tious materials (SCMs) in blended cements, and as a precursor in alkali-activated binders [3, 14].

Possible alternative aluminosilicate resources could be volcanic materials. In this research, volcanic ma-
terials are described as ’soils derived from volcanic ash’. Volcanic materials are an interesting source since this
material is widely available. These natural pozzolans account for approximately 0,84% of the world’s total soil
and are well distributed over the world [9]. Volcanic materials are already more often used in concrete as sup-
plementary cementitious materials, but research regarding their implementation in alkali-activated binders
is still scarce.
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1.3. Research goal and objective
This research aims to assess the potential of volcanic materials as an alternative precursor in alkali-activated
binders. Eventually, the main goal is to determine if volcanic materials are sufficiently reactive to contribute
to the properties of alkali-activated binders. The hypothesis for this research is:

Volcanic materials can be sufficiently reactive to be used as precursors in alkali-activated binders, preserving
adequate mechanical properties without compromising the reduction of CO2 emissions.

In order to test this hypothesis, several research questions are stated. The questions are the following:

1. What properties are relevant in determining the reactivity of materials to be applied in alkali-activated
binders?

2. Is the reactivity of volcanic materials originating from Europe sufficient to apply as precursor in alkali-
activated binders?

3. Can the reactivity of volcanic materials be improved, to be able to be successfully applied as precursor
in alkali-activated binders?

4. How does the application of volcanic materials influence the mix design of alkali-activated materials?

5. What is the contribution of volcanic materials to the mechanical strength development of alkali-activated
mortars?

6. What is the CO2 footprint from alkali-activated binders with volcanic materials as precursor?

By finding answers to these research questions, the hypothesis can be accepted or rejected.

1.4. Scope
This research will assess four types of volcanic materials to ensure feasibility of the thesis. The four materials
are trass, phonolite, pumice and perlite, and are all available in Europe. Trass is a natural pozzolan consisting
of volcanic ash and minerals [15], phonolite is a rock formed by the cooling of magma [16], perlite is a volcanic
glass formed from rapidly cooled lava [17] and pumice is formed by the cooling of silica rich lava and the
releasing of gases [18]. Pictures of the four materials are shown in appendix C. To ensure feasibility of this
research, the following limitations are stated:

• Only four volcanic materials shall be assessed.

• The mechanical strength will be tested on mortar-level.

• Only one of the four materials will be assessed as precursor in alkali-activated mortar samples.

• The curing time of mortar samples will be up to 7 days.

• The compressive strength is tested, flexural strength and durability are outside the scope of this re-
search.

1.5. Outline thesis
This research is divided into three phases:

1. Phase 1: Assessing the reactivity of raw volcanic materials.

2. Phase 2: Assessing the reactivity of pre-treated volcanic materials.

3. Phase 3: Assessing the properties of alkali-activated mortar produced with volcanic materials.

First, literature review is conducted to answer research question 1. In phase 1, all four volcanic materials
will be assessed in their raw state. The important properties will be examined, and their reactivity. Phase 1
will evaluate research question 2. If it is necessary, the materials will be treated and their reactivity is again
analyzed in phase 2, focusing on research question 3. Phase 3 will test one material as precursor in alkali-
activated mortar. Several mortar mixes will be tested and the contribution of the material to the strength
development of the mortar is assessed. Phase 3 will answer research question 4 in chapter 5 and question 5
and 6 in chapter 6. Figure 1.2 presents the outline of this thesis.
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Figure 1.2: Outline thesis



2
Literature review

2.1. Introduction
The literature review gives an overview of cement hydration and the state-of-the-art of alkali-activated binders
and volcanic materials. The report addresses the reaction mechanisms and relevant properties of precursors
and activators and current studies on the application of volcanic materials in alkali-activated systems.

2.2. Cement
OPC consists of clinker and gypsum, with clinker being responsible for the hardening of cement once it comes
into contact with water (called cement hydration) and gypsum being responsible for reducing the setting time
of cement [1, 19]. Section 1.1 describes the production of OPC. The four main components of the produced
clinker are:

Table 2.1: Overview of the components from clinker, after [1] (C = C ao, S = SiO2, A = Al2O3, F = Fe2O3).

Name of component Oxide composition Abbreviation
Tricalcium silicate (alite) 3C aO.SiO2 C3S
Dicalcium silicate (belite) 2C aO.SiO2 C2S
Tricalcium aluminate 3C aO.Al2O3 C3 A
Tetracalcium aluminoferrite 4C aO.Al2O3.Fe2O3 C4 AF

The calcium silicates alite and belite are considered the main compounds since they are mainly responsible
for the strength of the hydrated cement paste. Tricalcium aluminate and tetra calcium aluminoferrite react
with gypsum and may benefit the hydration of alite and belite [1, 19].

The hydration process of cement begins when the cement particles come in contact with water. Silicates
and aluminates form hydrates, which eventually form a solid mass. The main products of these reactions are
calcium silicate hydrates (C-S-H-gel) and calcium hydroxide (CH), also known as portlandite. The hydration
reactions that take place are (roughly) as follows [1, 19]:
C3S:

2C3S +6H2O →C3S2H3 +3C a(OH)2 (2.1)

C2S:

2C2S +4H2O →C3S2H3 +C a(OH)2 (2.2)

C-S-H-gel constitutes for 60-70% volume of the hydrated cement paste of OPC and is therefore mainly re-
sponsible for the mechanical strength of concrete [20, 21]. The other main hydration product is portlandite,
which makes up 20-25% of OPC hydrated cement paste volume [5]. The CH crystals are relatively large com-
pared to C-S-H, leading to a significantly smaller surface area. Due to this smaller surface area, portlandite is
less dense than C-S-H-gel and it contributes less to the mechanical strength of concrete [20].
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2.2.1. Blended cement
Blended cement consists of OPC and a percentage of supplementary cementitious materials (SCMs). The
addition of SCMs to OPC has been shown to specifically improve the durability of concrete and lower the en-
vironmental impact of concrete [3, 22]. Because the environmental impact is reduced without compromising
the structural integrity of concrete, SCMs are often implemented [1, 3].

SCMs are materials that generally show pozzolanic or (latent) hydraulic properties, as both of these prop-
erties lead to the nucleation of reaction products. The reaction mechanism is classified as hydraulic if the
material hydrates once it comes into contact with water. If this reaction is slow, the material is classified as
latent hydraulic. Alkaline conditions can accelerate the hydration of latent hydraulic materials under alka-
line conditions. If portlandite (C a(OH)2) is consumed during the hydration process, the reaction mechanism
classifies as pozzolanic [2, 3, 22]. The pozzolanic reaction in cement is as follows (A = Al2O3,C = C aO, H =
H2O,S = SiO2):

AS +C H +H →C −S −H +C − A−H (2.3)

As can be seen above, the pozzolanic reaction leads to an increase in C-S-H-gel and C-A-H-gel (calcium alu-
mina hydrates). This increase in reaction products results in a more dense microstructure and better struc-
tural integrity.

Supplementary cementitious materials can roughly be divided into natural and artificial SCMs. The ar-
tificial SCMs are commonly waste materials, such as BFS and FA, but also silica fume and calcined clay are
classified as artificial SCMs. The natural SCMs can be used as they come; often, only grinding or sieving is
necessary. Natural SCMs are of sedimentary or volcanic origin [3, 22].

Different types of cement are classified by the type of SCM and the percentage OPC/SCM. Appendix A
contains an overview of the several cement types. In the Netherlands, CEMIII/B is the most used cement type.
Using CEMIII/B instead of OPC achieves a significant reduction of CO2 emissions. Volcanic and sedimentary
rocks are categorized under natural pozzolans and are used in CEMIV.

2.3. Alkali-activated systems
The introduction discusses the environmental impact of concrete. To lower the CO2 emissions from concrete,
reducing the cement content is the most effective option. One option to lower the cement content is the im-
plementation of alkali-activated binders [4]. Calculations of Duxson et al. showed CO2 savings in the order of
80%, comparing alkali-activated fly-ash and metakaolin binders with OPC [23]. Alkali activation describes the
reaction of an aluminosilicate or calcium precursor in an alkaline environment, forming a hardened binder
similar to cement [7]. The precursor dissolves in the alkaline environment, releasing ions that are available
for the formation of hydration products. More on the dissolution and condensation mechanisms is discussed
in the next section (2.3.1).

Precursors that are commonly used in alkali-activated binders are often also used as SCMs, such as BFS
and FA. Precursors are more thoroughly discussed in section 2.3.2. An alkaline activator causes an alkaline
environment necessary for the dissolution. Often, hydroxides in combination with silicates are used. More
on this in section 2.3.3.

Alkali-activated materials are shown to have properties similar to OPC and even superior to OPC. These
superior properties are mostly related to durability [24]. Challenges regarding alkali-activated binders are in
the lack of standardization. There are no consistent guidelines because there are many parameters regarding
mix designs of alkali-activated binders [4, 24].

2.3.1. Dissolution and condensation
In alkali-activated binders, the activator ensures an alkaline environment in which the precursor can dissolve.
This dissolution process takes place according to the following steps, shown in Figure 2.1:

• First N a+ and C a2+ dissolve from the precursor surface through the exchange for H+. These are the
first ions to dissolve because they have weaker bonds to the network.

• The hydrolysis of Al-O-Si bonds starts. Since the Al-O bonds are weaker than the Si-O bonds, alumi-
nate species dissolve first. The initial tetrahedrally coordinated Si becomes partially coordinated once
aluminate species dissolve, leading to a faster dissolution of the silicate species [25].

• More ions will split from the network, leading the depolymerized glass network to break down.
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• Alumina and silica species break free from the framework into the solution. The species are now free to
form new bonds and create a new network.

Figure 2.1: Dissolution mechanism of an aluminosilicate glass during the early stages of reaction of a geopolymer mix, from [8]. (a)
Dissolution of N a+ and C a2+ through exchange for H+. (b) Hydrolysis of Al −O −Si bonds. (c) Continuation of the down breaking of
the network. (d) Dissolution of the alumina and silica species.

The dissolution and hydrolysis of alumina and silica of aluminosilicate precursors in an alkaline solution can
be described by the following reactions:

Al2O3 +3H2O +2OH− → 2[Al (OH)4]− (2.4)

SiO2 +H2O +OH− → [SiO(OH)3]− (2.5)

SiO2 +2OH− → [SiO2(OH)2]2− (2.6)

The ratio of [SiO(OH)3]− to [SiO2(OH)2]2− decreases with an increase of the pH of the pore solution [26].
It is found that the reaction between alumina and silica happens more rapidly than silica-silica reactions
[27]. This means that condensation mainly consists of the reaction of [Al (OH)4]− with [SiO(OH)3]− or
[SiO2(OH)2]2−, considering the species from reactions 2.4, 2.5 and 2.6. The condensation between [Al (OH)4]−
and [SiO(OH)3]− forms longer and more stable networks than the condensation between [Al (OH)4]− and
[SiO2(OH)2]2−. This way, the alkalinity of the pore solution influences the condensation products [27].

AAMs can be classified into three different systems, depending on the calcium content of the precursor: high-
calcium based systems, such as BFS; low-calcium based systems, such as FA, and blended systems.

The main reaction product of high-calcium based systems is a C-(N-)A-S-H type gel, which has a two-
dimensional, layered structure, similar to C-S-H-gel, shown in Figure 2.2. Besides the primary reaction prod-
uct, crystalline, secondary reaction products are formed, such as hydrotalcite (M g6 Al2CO3(OH)16.4H2O).
The secondary reaction products also depend on the alkaline activator [28, 29, 30].

The main reaction product of low-calcium based systems is an aluminosilicate N-A-S-H gel. The structure
of this gel is three-dimensional in which Si and Al are tetrahedrally coordinated, shown in Figure 2.2. The
curing time, curing temperature and the alkaline activator influence the nature of the N-A-S-H gel. Secondary
reaction products accompany the N-A-S-H gel, such as zeolites and hydroxy sodalite [4, 31].
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Figure 2.2: (a) Schematic overview C-(N-)A-S-H gel (b) Schematic overview N-A-S-H gel, from [32].

2.3.2. Precursors
To be a suitable precursor in alkali-activated binders, the precursor must present reactive behaviour from
either hydraulic or pozzolanic properties since both types of properties lead to the nucleation of species [3].
Whether or not a material displays these properties is determined by several factors. There is a distinction
between these factors of intrinsic material properties and extrinsic system properties [13]. Intrinsic proper-
ties are properties the material presents. Extrinsic system properties refer to the environment in which the
reaction takes place. Examples of the extrinsic properties are temperature, humidity and alkalinity of the en-
vironment. This section focuses on the intrinsic material properties.

The microstructure is one factor that influences the reactivity of a material. Regarding precursors, a dis-
tinction is made between crystalline and amorphous structures. If the structure is crystalline, the atoms have
formed a highly ordered pattern, the so-called crystal lattice. This lattice results in a lower reactivity because
it is difficult to break down the network. The atoms have a random pattern if the structure is amorphous
(also called glassy). Because the atoms are more loosely placed in the structure than when they have formed
a grid, it is easier to break the structure. Since amorphous structures are more easily broken down, they show
higher reactivity. The difference between these two types of microstructure is visualized in Figure 2.3. The
rapid cooling of high-temperature materials can lead to an amorphous microstructure. By cooling quickly,
the atoms do not have the time to organize themselves in the crystal grid, and they ’freeze’ in an amorphous
structure [13, 22].

Figure 2.3: Illustration of the structure of atoms in a crystal grid (left), an amorphous structure (middle) and in a liquid (right), after [33]

The chemical composition of the amorphous content of the material is another factor that influences
the reactivity of a material. A sufficient amount of reactive alumina or silica should be present to exhibit
pozzolanic properties. Anhydrous calcium silicates must be available to display hydraulic properties [14, 34].
This way, the chemical composition of the amorphous phases and the amorphous phase content indicate the
material’s reactivity.

The network’s ions are connected by oxygens. A distinction is made between bridging oxygens (BO) and
non-bridging oxygens (NBO). The BOs connect network forming ions, whereas the NBOs disrupt the network.
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A distinction is made between network forming ions and network modifying ions in the chemical composi-
tion. Network forming ions (SiO4, AlO4) have the ability to form multiple bonds and cause a tetrahedrally
coordinated (cross-linked) network. Consequently, an increase in the network forming ions leads to a more
extended network. Network modifying ions (C aO, M gO) can form one or two bonds. This way, they disrupt
the network. Figure 2.4 presents an aluminosilicate network including the network modifiers, BOs and NBOs.
The reactivity of materials strongly depends on the material’s potential to dissolve. If the material network
has more network forming ions and, therefore, longer network chains, the more difficult it is to break down
and consequently, the more difficult it is to dissolve. Network modifying ions cause a lower degree of cross-
linking, resulting in higher reactivity [13].

Figure 2.4: Schematic two-dimensional microstructure of aluminosilicate precursors, from [13].

The fineness of the particles plays a role in the reactivity of materials. A smaller grain size leads to a higher
relative surface area and higher reactivity. The reactivity increases because a higher relative surface area leads
to a higher dissolution rate of the precursor. An increase in surface area causes an increase in nucleation sites
for hydrate precipitation and growth [13].

If a material does not meet all of the previously mentioned requirements, manipulation is possible. The
particle size can be manipulated by grinding, which reduces the particle size and increases the surface area.
Thermal activation (calcination) can improve the microstructure of a material. The most well-known ex-
ample for calcination is the production of OPC (described in chapter 1), but also meta kaolin is a calcined
precursor. During calcination, inorganic materials are thermally treated at temperatures above 700 ◦C, to
release volatile components (such as C aO and M gO) from their mineral phases [35].

As society works towards lowering emissions, the use of blended cements and alkali-activated materials
increases. This leads to a rise in the demand for precursors, whereas the production is not increasing or
even decreasing [11]. Because of the reduced availability of typical precursors, there is a need to find new
precursors that display hydraulic or pozzolanic properties [3, 22, 36].

2.3.3. Activators
In alkali-activated systems, activators create an alkaline environment that can trigger the dissolution process
of precursors. Generally, activators are alkali hydroxides or silicates. They are usually applied in dissolved
form because the dissolution of hydroxides or silicates results in high heat production, leading to thermal
stresses in the evolving gel [4]. Using a solid activator can increase the setting time of the concrete, leading to
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lower early strength and a more variable strength because of the slower availability of the alkalinity [37].

Table 2.2: Overview of the different combinations of solid precursor and alkaline activator which are feasible and desirable, from [4].

MOH M2.r SiO2 M2CO3 M2SO4 Other
Blast furnace

slag

Acceptable Desirable Good Acceptable

Fly ash Desirable Desirable Poor - becomes

acceptable with

cement/clinker

addition

Only with ce-

ment/clinker

addition

N a AlO2 -

acceptable

Calcined clays Acceptable Desirable Poor Only with ce-

ment/clinker

addition

Natural poz-

zolans and

volcanic ashes

Acceptable/ De-

sirable

Desirable

Framework alu-

minosilicates

Acceptable Acceptable Only with ce-

ment/clinker

addition

Only with ce-

ment/clinker

addition

Synthetic glassy

precursors

Acceptable/

Desirable (de-

pending on glass

composition)

Desirable

Steel slag Desirable

Phosphorus slag Desirable

Ferronickel slag Desirable

Table 2.2 shows an overview of suitable activators for each precursor from the 2014 RILEM report [4]. The
’M’ stands for metal and can generally be replaced by N a (sodium) or, less often, K (potassium) [4]. Alkali
silicates and hydroxides generate the highest pH, whereas carbonates and sulphates generate moderate pH
values. Different activators bring different species into the dissolution and thus influence the nature of the
hydration products. For example, waterglass (N a2O.(n)SiO2) brings dissolved silica species into the dissolu-
tion, resulting in higher cross-linking of the hydration products. Sodium hydroxide (N aOH) generates a high
pH, beneficial for the dissolution of the precursor and bringing sodium species into the dissolution. Sodium
species cannot form multiple bonds and therefore result in lower cross-linking of the hydration products [30,
37].

Choosing a suitable activator is of great importance when designing an alkali-activated concrete mixture.
The right choice is not straightforward but depends on the specific conditions and requirements.

2.4. Precursors in alkali-activated systems
The most commonly used precursors in alkali-activated systems are fly ash and blast furnace slag. This sec-
tion discusses both these precursors and volcanic materials, an alternative option for precursors.

2.4.1. Fly ash
Fly ash (FA) is an industrial waste product from the coal consumption process in thermal power plants [38,
39]. FA consists of a heterogeneous mixture of crystal and amorphous phases. It is known for its’ spherical
particle shape. The chemical composition can be described as a fero-aluminosilicate containing toxic metals
(As,B a, H g ,Cr, Ni ,V ,Pb, Z n,Se).

The properties of FA depend on the type of coal, the handling and the storage. There are four types of coal:
anthracite, bituminous, sub-bituminous and lignite. The type of coal determines the chemical composition.
FA is divided into class C, and class F. Lignite or sub-bituminous coal results in class C FA, Anthracite or
bituminous coal results in a class F FA [38]. ASTM C618 describes the classification of FA. Table 2.3 shows
typical chemical compositions of FA.

Because of the metals present, FA could be a harmful material once these elements migrate from FA
through water when it is put into landfills. This migration leads to soil and groundwater pollution, negatively
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Table 2.3: Typical chemical compositions of FA, based on the type of coal, from [39]

[wt.%] Bituminous Sub-bituminous Lignite
SiO2 20-60 40-60 15-45
Al2O3 5-35 20-30 10-25
Fe2O3 10-40 4-10 4-15
C aO 1-12 5-30 15-40
M gO 0-5 1-6 3-10
SO3 0-4 0-2 0-10
N a2O 0-4 0-2 0-6
K2O 0-3 0-4 0-4
LOI 0-15 0-3 0-5

influencing the environment and human health [38, 39, 40]. Therefore, it is better to utilize FA. Currently, in
Europe, almost all produced FA is used. However, plenty of FA could be utilized in India, China, and the UK
instead of landfills.

The use of FA as cement replacement is well known. The spherical particles of which FA is made result in
a ball-bearing effect, decreasing the water demand for cement. FA is a pozzolanic material; adding it to a ce-
ment mixture will consume portlandite (CH) and produce a C-S-H-gel, resulting in higher strength concrete
over a long period [39].

Because FA is a waste material, utilizing it has economic, environmental and health benefits. Due to the
energy transition, coal consumption in Europe and America has decreased for many years now. However, the
global coal consumption still rose in 2018 by 0,9%, namely because of the increase in coal consumption in
Asia (i.e. China, India, Turkey and Russia) [40]. However, there is an expected decrease in coal combustion
plants. Therefore, researchers expect the amount of FA produced to decrease in countries where all FA is
utilized, which leads to a shortage of FA [40].

2.4.2. Blast furnace slag
Blast furnace slag is the non-metallic product developed during the production of iron in a blast furnace, and
it consists mainly of alumina, silicates and calcium [41]. High-pressure water jets quench the slag directly
from the furnace, ensuring the amorphous phases and producing ground blast furnace slag (GBFS). BFS in
concrete is most beneficial when the grain size is smaller than cement. To achieve this, the GBFS is ground to
a particle size of preferably 375-425 m2/kg , called ground granulated blast furnace slag (GGBFS) [42, 43].

If BFS is rapidly cooled by water, it can become almost entirely amorphous. Because of the presence of
calcium, it exhibits latent hydraulic properties. The amorphous content is most significant for the reactivity of
slag. An amorphous content of above 90% is preferred for optimal reactivity [41, 42]. Table 2.4 shows typical
chemical compositions for BFS, Figure 2.5 shows a typical XRD pattern. In the pattern, one can identify a
clear hump between 20 and 40 ◦2θ, indicating the amorphous phases present.

Table 2.4: Typical chemical compositions of GGBFS from different countries, from [43]

[wt.%] USA South Africa Turkey
C aO 29-50 30-40 34-41
SiO2 30-40 30-36 34-36
Al2O3 7-18 9-16 13-19
Fe2O3 0,1-1,5 - 0,3-2,5
M gO 0-19 8-21 3,5-7
MnO 0,2-1,5 - 1-2,5
S 0-2 1-1,6 1,2
SO3 - 0 -

Because of the latent hydraulic properties, BFS is an excellent SCM. For many years CEM-III(A/B/C) has been
available, which contains up to 70% BFS [1]. The use of BFS in concrete mixtures affects the properties of
concrete. The workability of the concrete increases because of better particle dispersion and fluidity. Because
of the latent hydraulic properties, the short term strength development decreases. However, the BFS reacts
with the developed CH to form C-S-H, which leads to a long term strength increase [41]. The newly formed
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Figure 2.5: XRD pattern BFS, showing a hump between 2 and 40 ◦2θ after [44].

C-S-H particles form in the voids, which leads to a reduction in pore volume and better durability properties.
The use of BFS in concrete mixtures has many benefits, besides improved concrete properties. For in-

stance, the use of BFS in blended cements decreases the CO2 emissions compared to OPC. Because BFS is a
waste product, no raw materials are used in the production of BFS, and resource depletion decreases as well
[43]. As mentioned before, the demand for BFS is expected to increase, whereas the current global production
of BFS is already limited. Therefore, availability is one of the biggest challenges regarding the use of BFS [13].

2.4.3. Volcanic materials
Because of the chemical composition and possible amorphous phase content, volcanic ashes can be consid-
ered a potential precursor in alkali-activated binders. An overview of the chemical composition of volcanic
materials compared to well-known precursors is given in Figure 2.6. The chemical composition of volcanic
materials is within FA and silica fume range. It must be noted that volcanic materials are present within an
extensive compositional range, depending on the origin of the volcanoes, which makes it essential to define
the chemical composition of specific volcanic material [3].

Figure 2.6: Ternary CaO-SiO2-Al2O3 diagram (wt. % based) situating the chemical composition of several SCMs, from [3].

Djon Li Ndjock et al. classify volcanic materials into two categories: one category contains a SiO2 content
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of 40-55%, the other category contains 60-75% SiO2 [45]. Note that the chemical composition refers to the
chemical composition of the amorphous phase content. The SiO2/Al2O3 ratio impacts the reactive nature of
the material. Because Si-O-Si bonds are stronger than Si-O-Al or Al-O-Al bonds, a higher ratio leads to lower
reactivity [46]. Therefore, if more alumina is present, the network will be more easily disrupted, leading to
an accelerated dissolution of the material. The reaction can also be accelerated by ensuring a higher alkaline
environment or adding active calcium since this modifies the network. The SiO2/Al2O3 ratio also influences
the activation temperature of the material. A ratio lower than three results in a relatively low activation tem-
perature. A SiO2/Al2O3 ratio larger than 4 results in an relatively high activation temperature (80-100◦C).

An advantage of the use of volcanic materials is their availability. Since volcanoes are widespread, one can
apply volcanic materials in alkali-activated binders worldwide. Natural volcanic pozzolan deposits account
for approximately 0,84% of the 124 million hectares of the world’s soils [9]. Volcanic materials are derived
from hot magma that rises to Earth’s surface and takes on a glassy structure if the lava is cooled down rapidly
enough [22]. For the Netherlands, the nearest source of volcanic materials is the Eifel region in Germany.

The four volcanic materials discussed in this report are trass, phonolite, perlite and pumice. All four ma-
terials will be examined based on the available literature, after which a comparison will be made.

2.4.4. Trass
Trass is a natural pozzolan that consists of volcanic ash and minerals. The pozzolanic nature of trass is due to
its’ siliceous ingredients [15]. Trass can be found in Iran, Indonesia and Germany, among others [15, 47, 48,
49]. Trass originating from Germany, the Eiffel region, is a material that has been commonly applied in the
Netherlands by Romans. It was widely used in masonry mortars, especially in hydraulic engineering works.
The heyday of trass in the Netherlands was in the 17th century, in trass-lime mortars. Later, in the 19th and
20th centuries, the use of trass in the Netherlands started to decrease, mainly due to trass quality problems,
which was often mixed with loose volcanic material and tuff from other sources [50].

Although not widely researched, several studies have been conducted on the properties of binders that
implemented trass. An overview of the chemical compositions from the trass samples used in these studies
is shown below in Table 2.5. The fifth column shows the yearly average values of the chemical composition
from trass samples from the Eiffel region [49].

Table 2.5: Overview of the chemical compositions of trass samples.

[wt.%] Trass 1 (In-
drawati and
Manaf)

Trass 2 (Ris-
danareni et al.)

Trass 3
(Joshaghani
et al.)

Trass 4 (Trass-
werke Meurin)

LOI 5,2
SiO2 59,65 87,5 24,24 52
Al2O3 20,64 0,2 4,25 17
C aO 3,32 1,7 58,8 8
M gO 1,02 0,5 3,8 -
Fe2O3 5,51 1,9 3,8 -
T iO2 - 0,9 - -
K2O 1,64 0,41 0,7 6
N a2O 1,5 0,8 0,6 -
SO3 0,15 6,2 3,8 0,1

As shown in Table 2.5, the trass samples from the Eiffel region (trass 4) are, in terms of chemical com-
position, most similar to the trass samples used in the research of Indrawati and Manaf (trass 1). The trass
samples obtained from the north of Iran (trass 3) differ most from the German trass because of their relatively
high calcium content. Therefore, this report will not discuss the research performed by Joshaghani et al. This
overview shows the inconsistency of the chemical composition of trass throughout the world. Consequently,
it is essential when investigating the suitability of a trass-based binder to obtain the chemical composition
and the microstructural analysis. Trass from Trasswerke Meurin belongs to the aforementioned first category
of Djon Li Ndjock et al.. It has a SiO2/Al2O3 ratio of approximately 3, which indicates that the powder could
react relatively fast with an activation temperature of 30◦C [51]. The specific surface area of trass 4 has a yearly
average value of 7600 cm2/g [49].
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The reactivity of trass is debatable. Indrawati and Manaf performed research in 2008 on the mechanical
properties of pozzolanic-lime obtained from trass reacting with lime [47]. They found that mortars with 70%
trass and 30% lime would reach a maximum compressive strength of merely 11 MPa. A similar analysis was
performed by Risdanareni, Ekaputri and Triwulan, assessing the use of trass in an alkali-activated binder [48].
They found that a FA bases binder would reach mechanical strengths of almost 50 MPa, whereas a binder
containing trass and FA would reach 30 MPa. The reduction in strength indicates that the addition of trass
lowers the mechanical strength. Neither of the researchers discussed durability aspects.

2.4.5. Phonolite
Phonolite is an extrusive igneous rock, meaning that it originates from magma, erupts out of the earth crust
as lava and then cools down and solidifies outside of the earth crust. Phonolite contains 45% zeolites and has
a texture ranging from fine-grained to fine and coarse-grained. The material has a glassy or finely crystalline
core mass [16].

The application of phonolite in concrete mix design is not a widely discussed subject. In 2006, at the
International Conference on the Occurrence, Properties and Utilization of Natural Zeolites, research on the
applications of natural zeolites in concrete was presented by F. Hauri [52]. The mechanical strength of a
hybrid cement binder, consisting of 48,5% clinker, 48,5% phonolite and 3% gypsum, was tested at seven days
and 28 days. Compared to a mix with 100% OPC, the strength of the hybrid binder was significantly lower at
seven days. However, due to the ongoing pozzolan reaction in the hybrid binder, the strength at 28 days is
almost equal (58,2 MPa for the OPC-based mix and 53,0 MPa for the hybrid binder mix) [52].

The phonolite available in the Netherlands comes from Brenk, in the Eiffel region. Volcanic activity in the
Eiffel region started around 700.000 years ago, and the last eruption occurred over 11.000 years ago [53]. The
mineral deposit is homogeneous and available in grain sizes ranging from 0-3 mm and 0-0,09 mm [54]. Table
2.6 shows the chemical composition as offered by the supplier. Due to the SiO2 content of approximately
55%, phonolite belongs to the first category of Djon Li Ndjock et al.. It has a SiO2/Al2O3 ratio lower than 3,
indicating a relatively fast reaction and low required activation temperature [51].

Table 2.6: Chemical composition of phonolite obtained from AG Steinindustrie.

Mass share [%]
LOI 3,0
SiO2 54,4
Al2O3 22,1
C aO 1,3
M gO 0,3
Fe2O3 3,1
T iO2 0,3
K2O 9,8
N a2O 7,6

The material phonolite shows potential as a supplementary cementitious material. Limited literature on the
application of phonolite in concrete mixtures is available. However, the chemical composition is encourag-
ing. A meaningful subject to address is the reactivity of phonolite since this is an essential property for a
successful precursor in AAMs. Therefore, research should assess the microstructure of phonolite to obtain an
indication of the reactive properties of the material.

2.4.6. Perlite
Perlite is a natural volcanic glass formed from silicate-rich lava which has been cooled down rapidly. The cool-
ing down occurs when the lava meets cold water and hardens [55]. The current perlite reserves are estimated
at approximately 6700 million tons and are globally available, with the primary deposits in Turkey, Greece,
the US and Japan [17]. Perlite has the unique ability to expand when exposed to high temperatures, resulting
in a highly porous material with a density of 75-80 kg /m3 [56]. Expanded perlite is commonly known as an
efficient heat insulating material due to its’ high thermal resistance, high availability, ecological friendliness
and simplicity of manufacturing [57]. Perlite is also used as lightweight aggregate in concrete mixtures and in
agriculture to improve the air content of the soil [17].

Several studies on the applications of perlite in a concrete mix have already been performed. Table 2.7
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gives an overview of obtained chemical compositions.

Table 2.7: Overview of the chemical composition of perlite samples.

[wt.%] Perlite 1 (Yu et
al.)

Perlite 2 (Er-
dem et al.)

Perlite 3
(Zhang et
al.)

Perlite 4 (Fodil
& Mohamed)

Perlite 5 (Çelik-
ten et al.)

LOI 0,64 - - - 3,21
SiO2 76,89 76,57 71,46 76,40 72,84
Al2O3 10,51 9,99 16,79 13,43 13,34
C aO 0,12 0,51 1,52 3,16 0,93
M gO 0,06 0,03 0,35 0,37 0,14
Fe2O3 2,48 0,96 - 2,92 0,67
T iO2 0,07 - - - 0,07
K2O 8,25 5,58 4,54 4,33 5,53
N a2O 0,80 0,00 4,33 0,82 3,28

One can conclude that the chemical composition of perlites does not differ significantly. Perlite belongs to
the second category of Djon Li Ndjock et al. and contains a SiO2/Al2O3 ratio higher than 4, indicating that
the reaction happens relatively slow and requires an activation temperature of 80-100◦C [51]. Erdem et al.
performed an XRD test on two perlite samples. Both patterns showed blunted peaks, shown in Figure 2.7,
indicating the amorphous nature of the material [58, 59].

Figure 2.7: X-ray diffraction pattern of two perlite samples (M: muscovite, Q: quartz, H: hauyne, from [59].

Numerous researchers tested the mechanical properties of a concrete mix design containing perlite. Fodil
and Mohamed state that a 10% replacement of Portland cement by perlite has a beneficial effect on the com-
pressive strength of the concrete [60]. Ramezanianpour et al. studied the impact of calcined perlite powder as
a supplementary cementitious material. The authors concluded that replacing 30% OPC with perlite would
reduce the compressive strength by 8-12% [61]. Yu et al. replaced Portland cement partly with perlite powder
and tested the compressive strength at 28 and 91 days. Especially at 91 days, the samples with added perlite
powder reached higher strengths than the OPC samples [62]. Erdem et al. tested the compressive strength of
blended cement containing perlite and OPC. The researchers conclude that the addition of perlite may cause
strength losses, especially at an early age. However, due to the ongoing pozzolanic reactions, the compressive
strength of the blended mixtures increases over time and might even exceed the strength of Portland cement
[59]. Considering all studies, it can be concluded that perlite can be a successful supplementary cementitious
material.

Finally, Erdogan tested the compressive strength of alkali-activated raw perlites using sodium hydroxide
and waterglass as activators. At room temperature, N aOH activation did not provide samples with sufficient
strength. However, waterglass activated samples reached a compressive strength of 30-40 MPa at 28 days.
At elevated curing temperatures (100◦C), mixtures with a compressive strength of 40-50 MPa were obtained
using either of the activators [63]. The perlite Erdogan used for his research is raw, not the commonly available
expanded form.
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Tsaousi et al. discussed the setting time of perlite geopolymer pastes, concluding that an increase in
sodium hydroxide slows the setting time of the paste, whereas increasing the curing temperature to 90◦C
reduces the setting time [64]. These statements are in agreement with the findings of Erdogan (2015).

The durability of concrete mixtures with perlite additives was researched by Fodil and Mohamed, com-
paring 100% CEM-I based concrete to concretes containing 10%, 20% and 30% perlite. The authors have
concluded that adding 10% perlite reduces the corrosion rate in an environment containing 5% NaCl for one
year [60]. Bektas et al. found that the use of perlite powder in a concrete mix design showed potential to
suppress alkali-silica expansion [65].

Investigation concludes that perlite has beneficial effects as supplementary cementitious material. As a
precursor in alkali-activated cement, it has achieved sufficient strength at elevated temperatures. Consider-
ing the above statements, perlite shows good potential to be used in alkali-activated cement.

2.4.7. Pumice
Pumice is a light-coloured, natural volcanic material that contains pozzolanic properties. It is produced by
the release of gases in melted, silica-rich lava, which then rapidly cools. This proces results in a very light,
porous material. Pumice can be found in large quantities in volcanic regions in Germany, Turkey, Greece
and Italy, amongst other countries [18, 66]. Because of the porous nature of this material, it is often used for
lightweight structural applications, such as lightweight aggregates in concrete. Building structures containing
pumice can be found in Europe and the USA, with some ancient structures in Rome still standing today [67,
68].

Because of the pozzolanic properties of the material, pumice is a promising precursor in alkali-activated
binders. Several studies have been performed, assessing the use of pumice as a precursor. The pumice sam-
ples used in these studies are from different locations worldwide. Pumice 1 and 2 origins from Papua New
Guinea, pumice 3 from Iran, Pumice 4, 5 and 7 from Turkey, Pumice 6 was commercially obtained in the USA,
and pumice 8 was obtained in Italy. Table 2.8 shows an overview of the chemical compositions of the studied
pumice materials.

Table 2.8: Overview of the chemical composition of pumice samples.

[wt.%] Pumice1
(Hossain
et al.
2011)

Pumice 2
(Hossain
2004)

Pumice
3 (Al-
lahverdi
et al.
2007)

Pumice 4
(Balun et
al. 2021)

Pumice 5
(Safari et
al. 2020)

Pumice 6
(Seraj et
al. 2017)

Pumice
7 (Özod-
abas et
al. 2013)

Pumice 8
(Occhip-
inti et al.
2020)

LOI 1,1 1,52 2,15 4,59 4,4 - - -
SiO2 61,2 60,82 61,57 63,6 75,23 69 70 70,85
Al2O3 18,1 16,71 18 14,8 14,04 12 14 12,83
C aO 4,9 4,44 6,69 2,66 0,52 0,94 0,9 0,83
M gO 1,8 1,94 2,63 1,02 0,22 0,44 0,6 0,55
Fe2O3 7,4 7,04 4,93 6,75 1,95 1,2 2,5 2,37
T iO2 - - - - 0,11 - - 0,15
K2O 2,5 2,25 1,95 4,36-

N a2O
5,05 5,2 4 4,7

N a2O 3,9 5,42 1,65 4,36-K2O 2,09 3,8 5 4,46
SO3 0,11 0,14 0,1 0,02 0,29 0,04 - -

From the chemical compositions, it can be stated that there are roughly two types of pumice; pumice with a
lower silica content and a higher alumina content (1, 2, 3 and 4), and pumice with higher silica and a lower
alumina content (5, 6, 7 and 8). Overall, the chemical composition seems to be relatively consistent through-
out the world. The SiO2/Al2O3 ratio lies between 3,3 and 5,6. Therefore, pumice will be categorized in the
second category of Djon Li Ndjock et al., indicating that a high activation temperature is required [45]. Several
researchers performed XRD analysis on pumice samples, and every pattern showed a hump in the interval of
20-40◦2θ. This hump suggests that each pumice sample contains a significant amount of similar amorphous
phases [69, 18, 66, 70]. The pattern obtained by Balun and Karatas is shown below (Fig. 2.8).
The pumice samples have been assessed as both SCMs and AAMs. Hossain conducted two experiments on
pumice as SCM in 2004 and 2011 (pumice 1 and 2). In both experiments, the compressive strength and the
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Figure 2.8: X-ray diffraction pattern of pumice sample, from [70].

slump of the mortars decrease as the percentage of pumice increases. However, reasonable strengths of 32
MPa and 28 MPa are achieved using pumice. Hossain concludes that pumice is a good option for SCMs, es-
pecially in volcanic regions, as it could decrease the costs [67, 68]. Seraj (pumice 6) has also researched the
use of pumice as SCM, specifically the influence of the particle size on the performance of the pumice. All
samples consist of 80% PC and 20% pumice. The smaller the particle size of the pumice, the more beneficial
it is for the mechanical properties. However, the workability might decrease [18].

Numerous research has been performed on the use of pumice in alkali-activated binders. The pumice
samples from Turkey all obtained a mechanical strength of over 35 MPa [66, 70, 71]. By varying the acti-
vator and the curing conditions, 100% pumice precursor paste samples could reach mechanical strengths
from 37,2 MPa to 70 MPa. Balun and Karatas and Safari et al. found elevated curing conditions could gain
optimum strength up to 80◦C. Özodabas found that samples with a mixture of BFS and pumice had similar
compressive strength as samples using 100% BFS. Therefore, this indicates that pumice from Turkey has suf-
ficient reactivity to act as a precursor in alkali-activated binders [66, 70, 71, 72]. However, research performed
by Occhipinti et al. (pumice 8), using pumice from Italy, showed no strength was obtained by activating the
pumice samples. The authors stated that the reason for this was the lack of amorphous alumina in industrial
pumice. Using an addition of 30% metakaolin, paste samples showed strength up to 14 MPa [69].

Özodabas et al. (pumice 7) assessed the durability of 100% BFS samples and 70% BFS + 30% pumice
samples. The authors found that the addition of pumice increased the resistance to sodium sulphate and
magnesium sulphate attacks [71].

Pumice shows potential to be a successful precursor in alkali-activated binders, taking all the research
discussed into account. One condition is that the pumice is of good quality and contains sufficient amor-
phous phases. If there is enough amorphous content, pumice shows excellent potential to achieve adequate
mechanical strength in alkali-activated binders.

2.5. Conclusion
There is a great need to reduce the environmental impact of concrete. One way to do so is to use an al-
ternative binder. Alkali-activated binders are a promising alternative, which has been shown to achieve a
CO2 reduction of 80%. However, a shortage is predicted in the most commonly used precursors for alkali-
activated binders (BFS and FA). Because of this shortage, there is an urge to find alternative precursors in
alkali-activated binders. Successful precursors must contain reactive (hydraulic or pozzolanic) properties.
The factors that influence the reactivity of materials are:

• Amorphous phase content

• Chemical composition

• Particle size
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Volcanic materials could be a successful precursor because of the possibility that they contain amorphous
phases. Four volcanic materials were discussed in this chapter: trass, phonolite, perlite and pumice. Ac-
cording to data available, all are reviewed based on their chemical composition, microstructure, particle size
distribution and compressive strength when applied in binders. All four materials are aluminosilicates, with
perlite and pumice belonging to the second category of Djon Li Ndjock and trass and phonolite to the first
category [45]. Noticeable is that the chemical composition of trass is inconsistent throughout the world.

The particle size of all four materials is different; however, this is not a critical property since the grain size
is relatively easy to manipulate (e.g., grinding). Research by Seraj et al. concluded that a smaller particle size
results in more satisfactory mechanical properties [18]. The amorphous content of perlite is known since this
is fundamentally a glassy material and therefore has an amorphous microstructure. Numerous researchers
have assessed the amorphous content of pumice, and all research showed a significant amount of amorphous
phases. The amorphous trass and phonolite content is unknown and must still be determined.

Perlite and pumice seem to have the most significant reactivity, according to literature. Therefore, they
would be most likely to give adequate strength when applied in AAMs, not taking phonolite into account
because of the little research performed. However, it is too soon to discard the potential implementation of
phonolite and trass in alkali-activated binders since some factors are yet to be determined. A well-considered
choice can be made as to which of the materials shows the highest potential for a precursor in an alkali-
activated binder, considering the microstructure and the chemical composition of all four available materials.

The implementation of volcanic ashes in alkali-activated binders seems to be the most commercially and
industrially viable option for the foreseeable future. However, as is shown in the literature above, volcanic
materials are not of a homogeneous composition throughout the world, so verification of the use of volcanic
materials in alkali-activated binders is necessary. Studies on the use of volcanic ashes in alkali-activated
binders are still scarce. Therefore, it is crucial to perform research to validate the reactivity of volcanic mate-
rials and options on how to activate them [9].
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3
Properties of raw materials

3.1. Introduction
This research focuses on four volcanic materials that are commercially available. Initially, this study will as-
sess the potential reactivity of the raw materials. From literature research, it was found that there are three
properties mainly responsible for the reactivity of materials: particle size, mineralogy and content of amor-
phous material, and chemical composition. Phase 1 will focus on determining these properties of the raw
materials, together with classifying the materials based on their reactivity. The evaluation of the aforemen-
tioned properties will be performed according to the following methods:

• Particle size distribution and morphology

– Laser diffraction analysis

By performing a laser diffraction analysis, the particle size distribution is measured. A small par-
ticle size is crucial to exhibit reactive properties.

– Brunauer-Emmett-Teller (BET) surface area analysis

The BET measurements determine the specific surface area of materials. A larger specific surface
area leads to more space available for the nucleation and growth of reaction products. Therefore,
a large surface area is necessary to exhibit reactive properties.

– Scanning electron microscopy

By examining materials using microscopy, the shape of the particles is studied. The particle shape
can explain the discrepancies between the particle size and surface area, and, also gives an indi-
cation on the workability of the material.

• Chemical composition

– X-ray fluorescence

By performing x-ray fluorescence analysis the elements present in the material are determined. To
show hydraulic or pozzolanic behaviour, calcium, silicates or alumina species should be present.

• Amorphous phase content

– X-ray diffraction

By performing X-ray diffraction analyses, the crystalline phases of materials can be identified. By
performing a quantitative analysis (QXRD), the amorphous phase content can be determined.
Amorphous materials show higher reactivity.

• Classification of raw materials

– Isothermal calorimetry

The hydraulic or pozzolanic reaction mechanism is an exothermic reaction. Isothermal calorime-
try measures the heat flow during the hydration of pozzolanic or (latent) hydraulic properties. A
higher heat flow indicates higher reactivity.

21
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– Thermogravimetric analysis

The distinction between a hydraulic and a pozzolanic reaction mechanism is determined by the
consumption of portlandite during hydration. The portlandite consumption can be determined
by thermogravimetric analysis.

Based on the outcome of these tests, one can make an informed decision on potential ways to activate these
materials for application in alkali-activated materials. Further analysis of these materials and their activation
will occur in phase 2 and 3. Appendix B shows a more detailed description of the tests performed in phase 1.
This chapter describes the experimental program.

3.1.1. Materials
The four examined volcanic materials are: trass, phonolite, perlite and pumice. These materials are more
extensively described in section 2.4.4, 2.4.5, 2.4.6 and 2.4.7. All four materials are obtained as commercially
available. The perlite used in this research origins from Turkey and Greece. Perlite is commercially available
in expanded form, so in this research expanded perlite is examined. The used pumice originates from the
Mediterranean sea region. The material obtained is not yet ground and, therefore, course and heterogeneous.
The phonolite and the trass used in this research originate from the Eiffel region in east Germany. Phonolite
and trass are both obtained in ground form. Figure 3.1 gives an overview of the origin of the four volcanic
materials. Appendix C contains pictures of all four materials.

Figure 3.1: Origin of the volcanic materials used in this research.

3.2. Methods
3.2.1. Particle size distribution and morphology
The particle size distribution (PSD) is of importance for the reactivity of the material. Smaller particles react
more quickly than larger particles because of the relatively larger surface area [13]. The grain size is rela-
tively easy to adjust (e.g. grinding) and significantly influences the reactivity of the materials. Because some
materials are known to be porous (expanded perlite), next to the PSD, the particle’s specific surface area is
determined. Finally all materials are analysed using scanning electron microscopy (SEM), to visualize the
particles morphology and explain possible unexpected outcomes.

Laser diffraction analysis (LDA) determines the PSD of the materials in volume [%]. This research uses wet
LDA; Appendix B shows more on this test. Each PSD analysis consists of three consecutive measurements,
which shows the average as a final result. The material is sampled by quartering a large representative sample
before adding it to the equipment. This way, a representative measurement is ensured.

BET surface area analysis measures the surface area of the particles in m2/kg . The larger the surface area,
the more space there is for nucleation and growth of the reaction products and, thus, the more reactive the
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material is. For the analysis, the material is put in the glass test tube, then placed in the equipment. Apart
from the four volcanic materials, the surface area of BFS is also measured, as reference. The reference glass
beads and the height of the tube determine the amount of material used in the measurement. The analysis is
performed at an evacuation rate of 400 mm Hg/min, evacuation time of 3 minutes and equilibrium time of
3 seconds. The number of glass beads added in the reference tube was 25, except for perlite, which used 20
beads. Perlite requires fewer beads because the material is very porous and light. Liquid nitrogen is used as
an absorption material.

By performing SEM analysis the morphology of the particles can be made visible. The visualization of
the particles helps explaining the PSD and surface area results. For the execution of the SEM analysis, a very
small fraction of the material was put on a carbon sticker. The morphology of the materials is visualized at
125, 500 and 25000 magnitudes. For trass and phonolite, the raw material is used. For perlite and pumice, the
sieved fraction (< 63µm) is used, otherwise the particles were too large for the image.

3.2.2. Chemical composition
The chemical composition is essential to determine the potential reactivity of the material. As mentioned
before, to be a successful precursor, the material must contain a sufficient amount of reactive calcium or
silicates [14, 34]. Also the ratio of silicates to aluminates is important.

X-ray fluorescence is used to determine the chemical composition of the raw materials. Note that XRF is
an elemental analysis, so the exact minerals present remains unknown. The measurements were performed
with a Panalytical Axios Max WD-XRF spectrometer on 2 g of each material. SuperQ5.0i/Omnian software
is used for data evaluation. The material should have a maximum particle size of 63µm to maximize the
elements’ exposure to ensure a representative result. The PSD is determined by performing the LDA, then
can be determined if it is necessary to grind materials for XRF.

3.2.3. Amorphous phase content
By performing an XRD, the presence of crystalline and amorphous phases can be determined. For a mate-
rial to be reactive, amorphous phases are preferred [22]. By completing a Rietveld refinement analysis and
quantitative x-ray diffraction (QXRD) , the amorphous phase content can be quantified and compared.

X-ray diffraction is used to determine the microstructure of the material. The outcome of the XRD is a
diffractogram. The peaks in this diffractogram indicate the presence of a crystalline phase, whereas a hump
suggests the presence of amorphous material [73]. For QXRD measurements, the material is mixed with an
internal standard. 10% of the material should be the reference material, in this case, silicon powder. There-
fore, 0,2 g of silicon powder was mixed using a mortar and pestle with 1,8 g of the measured volcanic material.
The measurements were performed by depositing approximately 0,5 g in PMMA holder L25. The range that is
measured is 8−110◦2θ, the counting time per step is 2 s with a step size of 0,020◦2θ. For XRD, the exposure of
the crystal planes must be maximized. Therefore, the material must have a maximum particle size of ±60µm.
The LDA determines whether or not the material must be ground.

After the analysis, the quantity of the amorphous phase content has to be determined. Profex software is
used for the Rietveld refinement and calculations. With a known addition of silicon powder, one can deter-
mine the total amount of amorphous phases. Using data from [74] the chemical composition of the amor-
phous phase content can then be determined.

3.2.4. Classification of raw materials
The reactivity of the raw materials will be analyzed according to a modified R3 test, a method proposed by
Suraneni et al. [75]. Ramanathan et al. tested and confirmed this method [76]. The exothermic reaction of the
hydration of the raw material is the base of this method. The heat released during hydration is measured by
performing isothermal calorimetry. par The reactivity test is performed by mixing precursors with C a(OH)2

in the ratio 1:3, using a mortar and pestle. The SCM-calcium hydroxide blend is mixed for three minutes
with a 0,5M potassium hydroxide solution in a water-to-solid ratio of 0,9, after which the ampoule is put
in the calorimeter. The calorimetry runs in an environment of 50◦C. The heat flow from the samples was
recorded for ten days, after which they were removed. For each volcanic material, at least three repetitions
are measured. The reference sand sample determines the total weight, which cannot be too large for the
ampoule.

Next to the four volcanic materials, FA and BFS samples are also analyzed using calorimetry to compare
the volcanic materials with known precursors. This way, the volcanic materials can be classified in compar-
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ison to known precursors. If the reactivity is not sufficient compared to FA or BFS, one can decide whether
further manipulation of the volcanic materials is necessary (i.e. calcination or grinding).

After the samples were removed from the calorimeter, the reacted materials were examined by thermogravi-
metric analysis (TGA). The ampoule was broken, after which 35−40µg was removed and put in the crucible
for the study. The TGA is performed in the range of 40−900◦C, with the temperature rising each minute with
10◦C. The weight loss of the material is measured during the temperature rise. The weight loss due to the
decomposition of C a(OH)2 occurs at a temperature range of 400−500◦C, due to the following reaction:

C a(OH)2 →C aO +H2O (3.1)

One can calculate the consumption by knowing the initial C a(OH)2 content and the loss. The measured
C a(OH)2 from TGA is determined according to [73]. The molecular masses of portlandite (mC a(OH2 = 74g /mol )
and water (mH2O = 18g /mol ) are used. It is determined as follows:

C a(OH)2,measur ed =W LC a(OH)2

74

18
(3.2)

The initial portlandite content is known, subtracting the measured content from the initial content results in
the final portlandite consumption.

3.3. Particle size distribution and morphology
Laser diffraction analysis (LDA) has been performed on all four raw materials. Appendix C presents pictures
of these materials. LDA measures the particle size distribution (PSD), which indicates whether a material
is finely or coarse-grained. LDA is a good technique for the analysis of more fine-grained particles. The
maximum size to be accurately measured by LDA is approximately 1 mm. For materials that contain larger
particles, sieving is used to determine the PSD. Sieving is a good technique for more coarse-grained particles.
However, the fraction below 53µm cannot be accurately determined. Note that the obtained PSD from LDA
is calculated as a percentage of total volume, and the PSD from sieving is calculated as a percentage of the
total mass.

Figure 3.2: PSD of volcanic materials and reference GGBFS, determined by wet LDA. Cumulative undersize [volume %].

The particle size distribution graph shows the LDA results. As a reference, a PSD of GGBFS is given
(from:[77]) (Fig.3.2). Because perlite and pumice contain more coarse particles and the LDA technique is
not fit to measure particles over 1 mm, the PSD of perlite and pumice is also determined by sieving. The re-
sults are shown in Figure 3.3. The two graphs cannot be combined because of the different bases on which the
PSDs are normalized. Next to measuring the PSD, the surface area is measured. Table 3.1 presents the D10,
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Figure 3.3: PSD of perlite and phonolite, determined by sieving. Cumulative undersize [mass %]. The PSD below 53µm is an estimation
since sieving cannot determine these values.

D50 and D90 values and the measured surface area of the materials. Finally, the morphology of the materials
is analyzed by scanning electron microscopy (SEM). All SEM images are enclosed in appendix D.

Looking at the pictures of the raw materials (Appendix C), one can see that phonolite and trass are fine
powders, perlite seems to be more coarse, and pumice is the most coarse material of all. Graph 3.2 shows
unrepresentative PSDs, as evidenced by the lack of a bendline to 100%. This vertical line represents the un-
measured coarser grains. Two reasons why these materials probably were not measured are:

1. Porous materials are very light. Therefore, the larger particles stayed afloat in the equipment and were
not measured.

2. Since wet LDA is performed, the particles have to travel through tubes. Coarser particles are too large
to pass through these tubes.

The PSD obtained by sieving perlite and pumice confirms that LDA did not measure the larger particles. Be-
cause of the non-measured particles by LDA for perlite and pumice, the D10, D50 and D90 values of the sieved
PSD are used. Note that one cannot determine the D10 value for pumice because of incomplete information
on the particle size below 53µm, which is indicated in the graph as a grey line. For trass and phonolite, the
values from LDA are used (Table 3.1).

Table 3.1: D10, D50 and D90 values (perlite and pumice from sieving, phonolite and trass from LDA) and BET surface area raw materials.

Volume D10 [µm] D50 [µm] D90 [µm] [m2/kg ]
Perlite 65 360 780 1567,9
Pumice - 300 3000 982,8
Phonolite 3 10 30 3505,2
Trass 13 53 96 7941,8
GGBFS 1540,9

The PSD shows that phonolite is a very fine-grained and homogeneous powder. The material is even finer
than GGBFS. The specific surface area of phonolite is relatively large compared to GGBFS, as presented in
Table 3.1. The PSD and the specific surface area indicate that the material’s particle size is sufficiently small
to be reactive. SEM images support these findings, and they show high amounts of small particles and some
larger particles with a large surface area, sometimes due to agglomeration (Figure 3.4).

Trass is coarser than phonolite, with the largest particle size smaller than 100µm. The specific surface
area of trass is substantial compared to the PSD (Table 3.1). A large surface area is very beneficial for the
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Figure 3.4: SEM images of phonolite, left: overview, right: agglomeration of a larger particle.

precipitation of new phases. The SEM images (Figure 3.5) of trass show that some of the larger trass particles
are agglomerates, which explains the large surface area and that the smaller particles are not shown in the
PSD. The PSD from trass is therefore not representative. Considering the large surface area, one can conclude
that trass is sufficiently fine to be reactive.

Figure 3.5: SEM images of trass, left: overview, right: agglomeration of a larger particle.

Perlite seems to have a similar PSD as trass. However, the LDA equipment did not measure larger perlite
particles, indicated by the top of the perlite line, which goes straight up instead of continuing in the same
slope. Sieving the material results in a more representative PSD, including these large particles. Figure 3.3
presents the results of the PSD of perlite obtained by sieving. The specific surface area of perlite is approx-
imately 1500 m2/kg , which is similar to the GGBFS sample. However, it is known that perlite is expanded,
which results in porous material. The BET analysis also measures the internal surface area [73], which will
not participate in the reaction mechanism. Consequently, the measured surface area is an overestimation
of the surface area that is useful. Considering the specific surface area and the D10, D50 and D90 values of
the sieved PSD, perlite is too large to show reactive behaviour. The SEM images of perlite (Figure 3.6) show
that this material is flake-like. The morphology of perlite results in an inadequate PSD since the LDA is based
on sphere-like particles, which perlite is not. Considering the shape of the perlite particles, the measured
PSD from LDA is an overestimation. Taking the larger particles that were not measured by the equipment,
one can assume that the finer particles are smaller than shown in the PSD from LDA, and the coarser parti-
cles are larger than measured by LDA. Based on the sieved PSD and the specific surface area, this material is
probably not sufficiently small to react successfully. Also, the angular shape of the particles suggests that the
workability of paste made with this material is low.

Pumice is the most coarse material, and the material seems heterogeneous. The LDA equipment did not
measure the largest particles because they were too large for the equipment. To still have an accurate idea of
the PSD of pumice, the PSD has been determined by sieving, shown in Figure 3.3. The SEM images (Figure 3.7)
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Figure 3.6: SEM images of fraction [< 63µm] of perlite, left: overview, right: flake-shaped particles.

show that pumice particles hardly agglomerate, except for the smaller particles that get into larger particles’
pores. One can conclude that the particles are too large and must be ground to be successfully reactive.

Figure 3.7: SEM images of fraction [< 63µm] of pumice, left: overview, right: larger particles containing pores.

3.4. Chemical composition
The chemical composition of the four materials has been determined by performing XRF analysis. Table 3.2
shows the obtained chemical compositions.

The chemical composition of perlite and phonolite is similar to what is found in the literature. The com-
positions of trass and pumice found in the literature vary. The compositions found from the XRF in this
research were similar to those found by Indrawati and Manaf, Safari et al., Occhipinti et al. and Ozodabas
et al. [47, 49, 66, 69, 71]. Phonolite and trass have a SiO2/Al2O3 ratio lower than 3, and perlite and pumice
have a SiO2/Al2O3 ratio higher than 4. According to Djon Li Ndjock et al., the activation temperature would
be around 30◦C for phonolite and trass and above 80◦C for perlite and pumice [45]. An important note is
that these statements concern the chemical composition of the amorphous phase, which still has to be de-
termined (section 3.5). Figure 3.8 shows the volcanic materials compared with OPC, BFS and FA. It indicates
that volcanic materials contain lower calcium than the more commonly known precursors. The lack of cal-
cium strongly influences the reactive behaviour of the materials, and it is expected that these materials show
pozzolanic behaviour.

All four materials contain a significant amount, over 7%, of alkalis (N a & K ). These alkalis might in-
fluence the microstructure and composition of the hydration products. In Ca-rich alkali-activated binders,
alkalis can be incorporated into the reaction products (C-S-H-gel). They are considered network modifying
ions and therefore disrupt the network (as mentioned in section 2.3.2). This disruption causes the presence
of alkalis to reduce the chain length of the C-S-H gels formed [4, 78]. There is a maximum of alkalis that can
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Table 3.2: Overview chemical composition of the four volcanic materials.

[wt.%] Phonolite Trass Pumice Perlite
SiO2 55,082 58,492 74,946 76,315
Al2O3 23,197 20,840 13,091 13,462
N a2O 7,956 3,953 3,987 5,170
K2O 7,190 5,029 3,827 2,174
Fe2O3 3,221 5,097 1,461 0,770
C aO 1,394 3,469 1,640 1,647
M gO 0,479 1,567 0,434 0,139
T iO2 0,340 0,700 0,127 0,097
C l 0,299 - 0,306 -
CO3 0,277 0,156 - -
MnO 0,238 0,186 - -
P2O5 - 0,217 - -

Figure 3.8: Ternary plot of the chemical compositions of the volcanic materials with ordinary portland cement, blast furnace slag and fly
ash as references, after [9]. Note that perlite is visible behind the pumice point, both have very similar chemical compositions.

be incorporated in the network, depending on the amount of calcium and silicates. The alkalis that are not
incorporated in the network can be either physically absorbed on the surface of hydration products or free
in the pore solution [4, 79]. The presence of alkalis also could influence degradation mechanisms such as
alkali-silica reaction (ASR). ASR is the reaction between silica from cement (or the alkali-activated binder)
with reactive silica in the aggregates. Due to this reaction, a gel is formed, which absorbs water and starts to
expand, which causes stresses in the concrete and consequently cracking [1, 4]. Studies have shown that alka-
lis incorporated in the reaction products reduce the risk of ASR [80]. Also, silica and alumina and a reduction
of calcium present lessen the risk [81].

All four materials seem to have the ability to be reactive because of the presence of silica and alumina,
taking only the chemical composition into account, not the amorphous phase content. Phonolite and trass
have the highest potential to react because they are assumed to dissolve more quickly because of the lower
SiO2/Al2O3 ratio. However, it is essential to note that the amorphous phase content is significant, which is
determined by QXRD analysis. The considerable amount of alkalis present in the materials could influence
the hydration products and cause a reduction in the chain length. The alkalis could also cause a higher risk
of ASR, depending on whether or not they are incorporated in the reaction products.

3.5. Amorphous phase content
XRD determines the microstructure of the materials. Most important is the determination of the amorphous
phase content. The obtained XRD patterns of the four materials are shown below.
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Figure 3.9: XRD pattern phonolite (A = Analcime, C = Calcite, S = Silica, Sa = Sanidine, Q = quartz).

Figure 3.10: XRD pattern trass (A = Analcime, C = Calcite, S = Silica, Sa = Sanidine, Q = quartz).



30 3. Properties of raw materials

Figure 3.11: XRD pattern pumice (S = Silica).

Figure 3.12: XRD pattern perlite (A = Albite, S = Silica, Q = Quartz).
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The crystalline phases are shown as a sharp peak in the XRD patterns. The identified crystalline phases
are highlighted and shown in the legend in all four patterns. Amorphous phases cannot be identified but are
shown in the pattern as hump. All four materials show sharp peaks with high intensities at 28, 47, 56, 69, 76,
88, 95 and 106 ◦2θ. As is shown in the legend, these peaks refer to the added silicon powder. This powder
was added as 10% of the total sample as reference material for amorphous phase quantification (QXRD). The
obtained minerals and their chemical formula are shown below in Table 3.3

Table 3.3: Overview of the measured minerals and their chemical formula, after [74].

Mineral Formula Mineral Formula
Muscovite K Al3Si3O10(OH)1.8F0.2 Calcite C aCO3

Analcime N a Al (Si2O6).(H2O) Nepheline N a0.75K0.25 Al (SiO4)
Quartz SiO2 Albite N a0.95C a0.05 Al1.05Si2.95O8

Sanidine K0.75N a0.25 AlSi3O8 Dolomite C aM g (CO3)2

Looking at the obtained patterns, it can be clearly stated that phonolite and trass are crystalline materi-
als, showing mostly sharp peaks. The crystalline nature of trass and phonolite is not unexpected since they
originate from the Eiffel region, which has been inactive for more than 11.000 years [53]. During this time,
the amorphous phases that might have been present have reacted and become crystalline. The identified
phases of phonolite and trass correspond to the earlier obtained chemical composition, their main elements
being silicates and aluminates. Sanidine is the main crystalline phase in both materials. Figure 3.13 shows
the results from the QXRD of both trass and phonolite. From quantification of amorphous phases, it is de-
termined that the amorphous phase content of phonolite is 5,58% and of trass is 43,491%. The amorphous
phase content of phonolite is very low, suggesting that the reactivity of this material is probably low. Trass has
a higher amorphous phase content but is insufficient to be a promising precursor. The chemical composition
of the amorphous content cannot be accurately determined, considering the low amorphous content and the
margin of error that is included when performing Rietveld refinement analysis.

Figure 3.13: Composition of phases obtained from QXRD, left: trass, right: phonolite.

The XRD pattern of pumice shows a large hump in the range 15−35◦2θ. Apart from the silica, some crys-
talline phases are identified, but they all have relatively low intensity. Primarily albite is identified, shown in
Figure 3.14. The lack of crystalline peaks indicates the presence of primarily amorphous phases. Quantifica-
tion of the amorphous phases confirms this hypothesis. The amorphous phase content calculated is 94,98%.
The high amorphous phase content of pumice is promising for the material’s reactivity.

The perlite XRD patterns also show a hump in the range of 15−35◦2θ. These humps are similar to what
is found in the pumice sample but with a lower intensity. However, more and more intense crystalline peaks
are identified in the perlite sample. The hump implies the presence of amorphous phases, although less
than in the pumice sample. Quantification of the amorphous phases confirms this hypothesis. The amor-
phous phase content calculated is 81,94%, shown in Figure 3.14. The content is lower than pumice, but still a
promising result and corresponding to the findings from the literature [59]. Two crystalline phases are iden-
tified: albite and quartz, both primary consisting of silica. With the known chemical composition of both
materials and the known crystalline phases present, the amorphous phase content’s chemical composition
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Figure 3.14: Composition of phases obtained from QXRD, left: pumice, right: perlite.

can be determined and shown below (Tab.3.4). The chemical composition of the amorphous phases of both
materials is reasonably similar. A slight difference is that perlite contains more alumina, which benefits the
SiO2/Al2O3 ratio. However, one cannot conclude that perlite is the more reactive material from this analysis.
It is such a subtle difference that it might be due to the marginal error in the Rietveld refinement, and the
reactivity also depends on the fineness of the material.

Table 3.4: Chemical composition of the amorphous phases of perlite and pumice.

[wt.%] Perlite Pumice
SiO2 74,64 75,91
Al2O3 15,21 12,82
N a2O 5,09 3,65
K2O 2,65 4,05
C aO 1,89 1,32
Fe2O3 0,94 1,55
M gO 0,17 0,41

3.6. Classification of raw materials
A modified R3 test assesses the reactivity of the materials after research from Suraneni et al. [75]. The heat
release from the volcanic material and two reference samples were measured. The hydraulic or pozzolanic
reactions that are expected to take place are rough as follows (the exact response depends on the SCM that is
measured [3, 22](A = Al2O3,C =C aO, H = H2O,S = SiO2):

AS +C H +H →C −S −H +C − A−H (3.3)

The reaction products that are formed primarily constitutes C-S-H. Dissolved alumina can be incorporated
in the C-S-H gel or can form calcium-alumina-hydrates (C-A-H) [3]. The pozzolanic reaction is exothermic,
meaning heat will be released when these reactions take place. The higher the measured heat flow, the more
reactive material is. The total heat release is determined by calculating the area underneath the heat flow
graph. The results are shown in Figure 3.16. Slag and fly ash are used as references. The materials can be
classified by their total heat release: inert for <125 [J/g], less reactive for >125 [J/g] and <375 [J/g] and more
reactive for >375 [J/g]. After measuring the heat release, the calcium hydroxide consumption was measured
by performing TGA measurements on the reacted samples. The results of the heat release measurements are
shown in Figure 3.15.

Noticeably, the slag sample shows a second shoulder, whereas the other materials do not display this
shoulder. This second shoulder indicates that the reaction of slag continues for a longer time than the other
materials, leading to a higher total reactivity even though the initial peak of slag is not as high as that of
different materials. Fly ash shows similar behaviour; it does not show this second peak as clearly as BFS, but
because the reaction goes on for a longer time, the total reactivity is relatively high compared to the other
materials.
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Figure 3.15: Average heat flow of volcanic materials, with blast furnace slag and fly ash as references. It is measured by isothermal
calorimetry (ten days).

Figure 3.16 shows the total heat release, derived from Figure 3.15. The first thing that stands out is that all
four volcanic materials have significantly lower heat release than slag and fly ash and are classified as inert
by Suraneni et al. [75]. Of all volcanic materials, perlite seems most reactive, whereas pumice seems least
reactive. The higher reactivity of perlite agrees with the previously found results; the material contains amor-
phous alumina- and silica-oxides. However, the reactivity is still insufficient, and the material is classified
as inert. The inert nature could be because of the particle size of the perlite sample. As mentioned before,
grinding the material is necessary. Pumice shows the lowest heat release of all the materials. The low heat
release is most likely because pumice is the most coarse of all materials.

Phonolite and trass both show low heat release at ten days, presumably because of the microstructure
of both materials, which are both predominantly crystalline. Both materials have a similar chemical com-
position, shown in the total heat release. The main difference between the two materials is the PSD, where
phonolite has the smaller PSD and trass the larger specific surface area.

Figure 3.16: Total heat release volcanic materials with blast furnace slag and fly ash as references. The area under the heat flow curve is
determined from isothermal calorimetry (ten days).
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The results of the calcium hydroxide consumption measurements are shown below. In Figure 3.17 the mass
loss in percentages is shown. Figure 3.18 shows the rate of mass loss. The loss in calcium hydroxide is iden-
tified in the second drop/peak from 400-500◦C. The more significant the drop in Figure 3.17, and the larger
the peak in Figure 3.18, the more C a(OH)2 is lost during the TGA measurement. The higher the loss during
the TGA measurements, the less C a(OH)2 the precursor consumes. The final loss of C a(OH)2 is determined
according to [73], which is more extensively discussed in section 3.2.4.

Figure 3.17: Mass loss [%] plotted to increasing temperature for the volcanic materials with blast furnace slag and fly ash as references,
measured by thermogravimetric analysis. left: 0 - 1000 ◦C, right: 380 - 550 ◦C.

Figure 3.18: Rate of mass loss [%/min] plotted to increasing temperature for the volcanic materials with blast furnace slag and fly ash as
references, measured by thermogravimetric analysis. left: 0 - 1000 ◦C, right: 380 - 550 ◦C.

The DTG graph (Fig.3.18) shows that perlite has the lowest peak, meaning high C a(OH)2 consumption of
the material, corresponding with the relatively high reactivity of perlite measured during the calorimetry. Slag
has a higher peak, meaning little C a(OH)2 consumption of the material, even though it is the most reactive
of all measured materials. The low C a(OH)2 consumption is because of the amorphous calcium that slag
contains, making it a latent hydraulic material instead of pozzolanic. Fly ash is a pozzolanic material but still
consumes less portlandite than perlite while showing a higher reactivity. This can also be explained by the
chemical composition of fly ash, which, even though less than slag, still contains a more significant amount
of calcium than the four volcanic materials.

The total calcium hydroxide consumption is plotted in Figure 3.19. Since the distinction between latent
hydraulic and pozzolanic properties is determined by the calcium hydroxide consumption, the materials can
be classified taking both heat release and C a(OH)2 consumption into account. The heat release is responsi-
ble for the classification of the reactivity (inert, less reactive, more reactive) and the C a(OH)2 consumption
for the reactive behaviour (latent hydraulic or pozzolanic). Plotting the heat release to the C a(OH)2 con-
sumption, the materials are classified, shown in Figure 3.20. All four raw volcanic materials are classified as
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inert. The reactivity of these materials should be increased to be able to apply these materials as precursor in
alkali-activated binders successfully.

Figure 3.19: Overview calcium hydroxide consumption of the raw materials, determined from thermogravimetric analysis as is described
in 3.2.4.

Figure 3.20: Classification of the volcanic materials and blast furnace slag and fly ash as references (inert, pozzolanic, latent hydraulic,
less reactive, more reactive). Determined after modified R3 method from Suraneni et al. [36].

3.7. Conclusion
The reactivity of four volcanic materials is assessed by analyzing particle size, chemical composition and
microstructure. Finally, the materials are classified by determining the heat release and calcium hydroxide
consumption.

In the raw state, all four materials are classified as inert. Meaning that, as they are, the reactivity of these
materials is too low to contribute to the mechanical strength of alkali-activated binders. To further test the
possible pozzolanic characteristics of these materials, they should be treated to increase their reactivity.
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Considering the PSD, microstructure and chemical composition, there are several ways to activate these
materials. Table 3.5 shows how each of the materials perform based on the three important properties with
regard for reactive behaviour. For perlite and pumice, the main limiting factor seems to be the particle size

Table 3.5: Overview of the performance on reactive properties of volcanic materials.

Particle size Amorphous
phase
content

Chemical composition Classification

Trass Sufficient, specific surface
area of 8000m2/kg

Low, 30% Sufficient silicates and alumi-
nates, low ratio

inert

Phonolite Sufficient, specific surface
area of 3500m2/kg

Low, 5% Sufficient silicates and alumi-
nates, low ratio

inert

Perlite Insufficient, specific surface
area of 1500m2/kg

High, 80% Sufficient silicates and alumi-
nates, high ratio

inert

Pumice Insufficient, specific surface
area of 1000m2/kg

High, 95% Sufficient silicates and alumi-
nates, high ratio

inert

of these materials. Grinding is an efficient way to lower the particle size of materials and consequently, in-
creasing the specific surface area. Therefore, perlite and pumice could be activated by grinding. The limiting
factor for phonolite and trass is likely to be the crystalline microstructure. Calcination, the thermal treat-
ment of materials at temperatures above 700 ◦C [35], could enhance the microstructure of materials, making
calcium and magnesium available to react. To activate phonolite and trass, they could be calcined.
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4
Properties of pre-treated materials

4.1. Introduction
Phase 1 determines the initial reactivity of the raw materials. The outcome of the research shows that the
volcanic materials all show insufficient reactivity when applied raw. However, based on the XRD and PSD
measurements, one could enhance the reactivity of all four materials.

As discussed in chapter 4, perlite and pumice will be ground to improve their particle size, and phonolite
and trass will be calcinated. After manipulating these materials, the reactivity will be again assessed in the
same manner as is done in phase 1. This chapter will look into the properties of the pre-treated materials,
which are:

• Particle size distribution and morphology

– Grinding and sieving

Perlite and pumice both have too coarse particles to show reactive behaviour. Grinding will reduce
the particle size of these materials, sieving will remove agglomerates that may have formed during
grinding.

– Laser diffraction analysis

The particle size distribution after grinding and sieving is measured by LDA to check the fineness
of the ground material, more finely grained material leads to higher reactivity.

– BET surface area analysis

The surface area of the ground materials are measured since a higher surface area leads to an
increase in space for the nucleation and growth of reaction products. Therefore, a larger surface
area leads to higher reactivity.

– X-ray fluorescence

The chemical composition of the sieved fraction of a material is compared to the chemical compo-
sition of the raw material. This gives an indication on the homogeneous or heterogeneous nature
of the material.

• Mineral phases

– Calcination

Because of their crystalline nature, trass and phonolite are activated by thermal treatment (cal-
cination). By calcinating these materials, volatile components are removed and reactive compo-
nents (C aO, M gO) could become available to react.

– X-ray diffraction

After calcination, the microstructure of trass and phonolite are examined to examine the effect of
calcination.

• Classification of the pre-treated materials

39
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– Isothermal calorimetry

To determine the reactivity of the pre-treated materials the heat release of samples using these
pre-treated materials is determined by performing isothermal calorimetry.

– Thermogravimetric analysis

To determine whether the pre-treated material is hydraulic or pozzolanic the portlandite con-
sumption is measured using thermogravimetric analysis.

4.2. Methods
4.2.1. Grinding
As discussed before, the particle size of perlite and pumice was not sufficiently small. Both materials are ma-
nipulated by grinding and sieving. Note that sieving will result in a relatively small fraction of the material
being applied in practice and is therefore not a viable option for industrial applications. However, analyz-
ing the sieved fraction of material can gain more insight into the properties of a material. For example, the
smaller particles might have a different chemical composition than the larger particles, indicating a hetero-
geneous material. The XRF measurement are performed in the same way as is described in chapter 3.

Grinding is performed using a ball milling machine, which supposedly will lead to fine grained particles and
therefore a large surface area. By performing the modified R3 test on the ground samples, the influence of
particle size can be investigated. Perlite and pumice are both ground for one and a half hours at 200 rpm.

Sieving is performed using sieves of 250µm, 125µm, 63µm and 52µm. This research uses the material left
in the bottom two sieves (< 63µm) for further tests.

After manipulating the materials, LDA measurements determine the PSD, and BET measurements deter-
mine the surface area of the ground materials. Also, SEM analysis is performed on the ground materials to
analyse the particle shape after grinding. The LDA, BET and SEM measurements are performed in the same
way as is described in chapter 3.

4.2.2. Calcinating
As discussed in phase 1, both trass and phonolite show little reactivity, probably because of their crystalline
nature. Calcination might be an option to enhance the reactivity of crystalline materials. To calcinate the
materials, they are placed in an oven at 900◦C for three hours. By heating the material to such high tempera-
tures, all internal volatile components are removed. The most well-known calcination reaction is carbonates
into oxides [35].

After calcinating the materials, the material should contain more oxides. To check if this assumption is
correct, XRD is performed on the calcinated materials. The XRD measurements are performed in the same
manner as is described in chapter 3.

4.2.3. Classification of pre-treated materials
The reactivity of the manipulated materials is assessed in the same manner as is done in phase 1, by per-
forming calorimetry for ten days and afterwards TGA measurements. Comparing the outcome of the results,
one can determine whether or not the grinding/calcinating of the materials has a satisfactory effect on the
reactivity of the volcanic materials.

4.3. Particle size distribution and morphology of ground perlite and pumice

Table 4.1: D10, D50 and D90 values (raw from sieving, ground from LDA) and BET surface area raw and ground materials (G = ground).

D10 [µm] D50 [µm] D90 [µm] [m2/kg ]
Perlite 65 360 780 1567,9
Perlite G 8 28 48 6753,6
Pumice - 300 3000 982,8
Pumice G 4 16 33 3540,5

After assessment of the reactivity of the four raw volcanic materials, it is determined that two materials
(perlite and pumice) should be ground to have sufficiently fine-grained particles to be reactive. Both perlite
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and pumice are ground in the milling machine for 90 minutes. After grinding the PSD of the ground materials
is determined. Both of the materials are also sieved and the fraction < 63µm is used for further analysis.
Figure 4.1 shows the obtained PSD of the ground materials. Table 4.1 shows the obtained percentages and
specific surface area of both the ground and raw materials.

Figure 4.1: PSD of ground perlite and ground pumice, determined by wet LDA, ground using a milling machine (G = ground). Cumulative
undersize volume [%].

A discrepancy is visible in the results. The PSD shows that pumice is more fine-grained than perlite.
However, ground perlite has a significantly higher surface area than ground pumice. This difference can be
explained by the SEM images (Fig.4.2). It can be seen that the ground perlite strongly agglomerates. Since the
used LDA equipment does not sufficiently disperse the agglomerates they are measured as large particles,
which is shown in the PSD.

Figure 4.2: SEM images of ground perlite, left: overview, right: ground perlite tends to agglomerate.

The SEM images of ground pumice (Fig.4.3) show that, even though the amount of fine particles have signif-
icantly increased compared to raw pumice, there are still some more coarse particles visible. Looking more
closely at the larger particles (Fig.4.4), it can be seen that they have pores which are filled with the finer par-
ticles. By comparing the surface area of the raw and the ground materials, it can be concluded that pumice
and perlite are both ground sufficiently fine.
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Figure 4.3: SEM images of ground pumice, left: overview, right: particle that has not been ground.

Figure 4.4: SEM image of ground pumice, close-up of a pore which is filled with smaller particles.

4.4. Chemical composition
The chemical composition of the sieved fractions of perlite and pumice are determined to assess if the mate-
rial is homogeneous. Table 4.2 shows the results.

Table 4.2: Chemical composition of perlite and pumice, raw and sieved samples.

[wt.%] Perlite raw Perlite sieved Pumice raw Pumice sieved
SiO2 76,315 73,992 74,946 75,582
Al2O3 13,426 13,978 13,091 13,129
N a2O 5,170 5,358 3,987 4,754
K2O 2,174 2,741 3,827 3,841
Fe2O3 0,770 1,556 1,461 1,556
C aO 1,647 0,978 1,640 1,426
M gO 0,139 0,217 0,434 0,527
T iO2 0,097 0,092 0,127 0,209
C l - - 0,306 0,309

The chemical composition of the sieved perlite sample is nearly identical to the chemical composition
of raw perlite. These chemical compositions indicate that perlite is a homogeneous material. The sieved
pumice sample also presents a similar chemical composition to the raw sample, indicating that pumice too
is a chemically homogeneous material.

4.5. Mineral phases of calcined trass and phonolite
After calcination of phonolite and trass, the XRD patterns of the calcined materials are determined. Below
are the XRD patterns of trass and phonolite visible from before calcination and after calcination.
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Figure 4.5: XRD pattern raw phonolite (A = Analcime, C = Clinochlore, N = Nepheline, O = Orthoclase, S = Sodalite).

Figure 4.6: XRD pattern calcined phonolite (La = Lazurite, L = Leucite, N = Nepheline, O = Orthoclase, S = Sodalite).
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Figure 4.7: XRD pattern raw trass (A = Analcime, L = Lizardite, M = Muscovite, S = Sanidine, Q = Quartz).

Figure 4.8: XRD pattern calcined trass (An = Anorthoclase, dM = dehydroxylated Muscovite, L = Leucite, Q = Quartz).
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Phonolite
Raw Calcined
Orthoclase K AlSi3O8 Orthoclase K AlSi3O8
Nepheline N a0.75K0.25 Al (SiO4) Nepheline N a0.75K0.25 Al (SiO4)
Sodalite N a8 Al6Si6O24C l2 Sodalite N a8 Al6Si6O24C l2

Analcime N a Al (Si2O6).(H2O) Lazurite N a3C a Al3Si3O12S
Clinochlore M g3.75Fe2+

1.25Si3 Al2(OH)8 Leucite K Al (Si2O6)

Table 4.3: Overview of the measured phases from XRD in raw and calcined phonolite.

Table 4.3 shows the measured phases of the raw and calcined phonolite samples. It clearly shows that the
phases orthoclase and nepheline are present in the raw and the calcined sample. Also sodalite is detected in
both materials, but because of the low intensity it is not shown in the XRD patterns. The patterns (Fig.4.6)
show that the intensity of the peaks of these materials differs, however this difference is not sufficiently large
to clearly state that one of the phases has decreased/increased after calcination. The phases analcime and
clinochlore were detected in the raw sample, but were not measured in the calcined sample. These phases
have changed into Lazurite and Leucite. This is plausible since the chemical composition of analcime and
clinochlore combined barely differ from the chemical composition of lazurite and leucite.

Trass
Raw Calcined
Quartz SiO2 Quartz SiO2

Muscovite K Al3Si3O10(OH)1.8F0.2 Dehydroxylated Muscovite K Al3Si3O10(OH)1.8F0.2

Sanidine K0.75N a0.25 AlSi3O8 Anorthoclase N a0.75K0.25 AlSi3O8

Analcime N a Al (Si2O6).(H2O) Leucite K Al (Si2O6)
Lizardite M g3Si2O5(OH)4

Table 4.4: Overview of the measured phases from XRD in raw and calcined trass.

Table 4.4 shows the measured phases of the raw and calcined trass samples. The quartz phase is mea-
sured in the raw and the calcined trass samples. Muscovite seems to have dehydroxylated during calcination.
There are less phases present after calcination. Looking at the chemical composition of the measured phases,
a decrease in M gO is detected. This is because lizardite, which contains 42,62% Magnesium oxide, has dis-
appeared after calcination. Both the dehydroxylation and the decrease in M gO could lead to an increase in
reactivity. Analcime and sanidine have together a similar chemical composition as anorthoclase and leucite,
which indicates that sanidine and analcime turned into anorthoclase and leucite after calcination.

Since there is little calcium and magnesium present in trass and phonolite, it is unlikely that calcination
had much effect on the reactivity. However, magnesium that is present in the raw minerals (clinochlore and
lizardite) is not present in the calcined minerals. The modified R3 tests should show if calcinating has in-
creased the reactivity of phonolite and trass.

4.6. Classification of pre-treated materials
The reactivity of the ground perlite and pumice, and the calcined trass and phonolite are determined as
described in chapter 3. The results from the calorimetry measurements are shown below.
As can be seen in the Figure 4.9, ground pumice and ground perlite clearly show higher heat release than the
raw pumice and perlite. This reactivity increase is expected, since the material simply has a larger specific
surface area. The larger surface area causes more space for growth and nucleation of hydrates [13]. The
difference in reactivity of ground pumice and ground perlite is most likely because of the specific surface
area. Ground perlite has an almost twice as high specific surface area as ground pumice.

Figure 4.9 also shows that calcination of phonolite and trass did not have the expected results. Calcined
trass shows a similar heat release average but a higher standard deviation. Calcined phonolite even shows
a significant decrease in reactivity. The reactivity of trass would be expected to increase due to the released
M gO. Whereas the reactivity of phonolite would be expected to stay somewhat the same, since the phases
are for a large part similar to the raw phonolite. It might be possible that the calorimeter measured lower
heat release overall and therefore the outcome of the reactivity tests becomes lower. It may also be the case
that the phases that are formed during calcination are less reactive than the phases of the raw materials. To
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Figure 4.9: Total heat release volcanic materials with blast furnace slag and fly ash as references. Determined by the area under the heat
flow curve from isothermal calorimetry (ten days) (G = ground, C = calcined).

investigate extensively why calcination lowered the reactivity of phonolite and not affect the reactivity of trass
is outside the scope of this research.

A large increase in the reactivity of phonolite and trass was not specifically expected because both mate-
rials have very little C aO and M gO in their chemical composition, which are the main phases you wish to
oxidize using calcination [35].

The measured total heat release of the pre-treated materials show that activation using grinding worked
well. Activation using calcination was less successful. Ground perlite shows satisfactory reactivity, a little less
than fly ash on average.

The calcium hydroxide consumption (TGA measurements) results are shown below (Fig.4.10 & Fig.4.11).

Figure 4.10: Mass loss [%] plotted to increasing temperature for the pre-treated volcanic materials, measured by thermogravimetric
analysis. left: 0 - 1000 ◦C, right: 380 - 550 ◦C (G = ground, C = calcined).

Perlite shows the lowest peak for the C a(OH)2 consumption in Figure 4.11, this indicates that perlite has
the highest portlandite consumption. This correlates with the pozzolanic nature of perlite and the high reac-
tivity measured during calorimetry. From performing the same calculations as are performed in phase 1, the
total C a(OH)2 consumption is determined. Figure 4.12 shows an overview of the total C a(OH)2 consumption
of the raw and the pre-treated materials.

What stands out is the very large difference between the calcium hydroxide consumption of the raw and
the ground pumice. The raw pumice shows least calcium hydroxide consumption and ground pumice shows



4.6. Classification of pre-treated materials 47

Figure 4.11: Rate of mass loss [%/min] plotted to increasing temperature for the pre-treated volcanic materials, measured by thermo-
gravimetric analysis. left: 0 - 1000 ◦C, right: 380 - 550 ◦C (G = ground, C = calcined).

Figure 4.12: Overview calcium hydroxide consumption of the raw and pre-treated materials, determined from thermogravimetric anal-
ysis as is described in 3.2.4. (G = ground, C = calcined).

most calcium hydroxide consumption. This shows that grinding of pumice has a significant effect on the
consumption of portlandite. This correlates with the increase in reactivity that has taken place. Perlite also
shows a significant increase in portlandite consumption. Note that phonolite shows a decrease in the con-
sumption of C a(OH)2 and trass has a similar consumption, which correlates with the reactivity results from
the calorimetry measurements.

As mentioned in phase 1, plotting the calcium hydroxide consumption to the total heat release, the ma-
terials can be classified. Figure 4.13 shows the classification of the raw and the pre-treated materials. What
is clearly observed is that ground perlite is the only volcanic material that is classified as reactive (pozzolanic
less reactive). The grinding of pumice seems to have an effect mainly on the portlandite consumption, the
reactivity increased as well, but insufficient to be classified as less reactive. Calcination of trass and phono-
lite seems to barely show effect on the reactivity of the material. Trass has a slight increase in consumption
and reactivity, phonolite shows a decrease in portlandite consumption and reactivity. The newly developed
phases in both these materials seem to have similar or even less reactive properties than the phases of raw
trass and phonolite. To further investigate the difference between these raw and calcined materials is outside
the scope of this research.
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Figure 4.13: Classification of the volcanic materials and blast furnace slag and fly ash as references (inert, pozzolanic, latent hydraulic,
less reactive, more reactive). Determined after modified R3 method from Suraneni et al. [36] (G = ground, C = calcined).

4.7. Conclusion
Phase 1 showed that all four volcanic materials exhibit inert behaviour. Perlite and pumice are too coarse to
be reactive and were therefore ground. Trass and phonolite are both crystalline materials and to improve their
reactivity they were calcinated. After these activation treatments, the reactivity of the pre-treated materials
was tested. Of all four pre-treated materials, ground perlite shows the highest reactivity. Ground pumice
shows lower reactivity than ground perlite, even though it has a higher amorphous phase content. The lower
measured reactivity is most likely because of the lower specific surface area of pumice. Perlite has an almost
twice as high specific surface area after grinding it for the same time. Calcination of trass and phonolite
did not have the desired effect, probably due to a lack of C aO and M gO in the chemical composition. The
measured reactivity even decreased, this could be because the newly formed phases are less reactive than
the old phases, but this must be confirmed by further research. Table 4.5 shows how each of the pre-treated
materials behave on the important properties with regard for reactive behaviour.

Table 4.5: Overview performance on reactive properties of volcanic materials (G = ground, C = calcined).

Particle size Amorphous
phase
content

Chemical composition Classification

Trass C Sufficient, specific surface
area of 8000m2/kg

Low, 30% Sufficient silicates and alumi-
nates, low ratio

inert

Phonolite
C

Sufficient, specific surface
area of 3500m2/kg

Low, 5% Sufficient silicates and alumi-
nates, low ratio

inert

Perlite G Sufficient, specific surface
area of 6500m2/kg

High, 80% Sufficient silicates and alumi-
nates, high ratio

pozzolanic,
less reactive

Pumice G Insufficient, specific surface
area of 3500m2/kg

High, 95% Sufficient silicates and alumi-
nates, high ratio

inert

It is concluded that calcined trass and phonolite are both not sufficiently reactive to be applied as precur-
sor in alkali-activated binders. This is in line with the findings from the literature review (sections 2.2.4 and
2.2.5). If pumice is ground to contain more fine particles, it might eventually be sufficiently reactive. How-
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ever, because the reactivity of perlite is measured to have sufficient reactivity with the same level of grinding,
it is determined that perlite is the best material to apply as precursor in alkali-activated binders. This is also
expected in view of the literature review.
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5
Application of perlite in mortar

5.1. Introduction
In phases 1 and 2, the reactivity and the critical properties (particle size, microstructure, and chemical com-
position) of four volcanic materials were determined. From the results, one could conclude that ground
perlite shows sufficient reactive behaviour and, therefore, is promising to act successfully as a precursor in
alkali-activated binders. Phase 3 investigates alkali-activated mortar made with ground perlite.

First of all, several mixtures are designed using ground perlite as a precursor. AAMs present a wide range
of variables on their obtainment route, as it relies on the implementation of precursors with different chem-
ical compositions. These different precursors, for instance, display differences in reactions according to the
activator. Currently, there are no standards that dictate an optimum mix design, which makes the designing
of a mixture complex. Factors that need to be taken into account are:

• Water-to-binder ratio (or solution-to-binder ratio).

• Type of precursor.

• Precursor content.

• Type of activator.

• Activator content.

Since this research focuses on the application of perlite, only elements relevant for the application of perlite
are discussed. This chapter finally determines on several alkali-activated mix designs containing perlite as
precursor which are investigated in this research.

5.1.1. Materials
The mortar mixtures contain perlite, BFS, N aOH solution, waterglass and sand. Perlite and its’ origin is
already discussed in section 3.1.1. The perlite is ground to a specific surface area of approximately 6500
m2/kg . The slag used in this research comes from Ecocem. The slag has a specific surface area of 410-443
m2/kg and the chemical composition is shown below (Tab.5.1)[82].

Table 5.1: Chemical composition of BFS from Ecocem, from [82].

[wt.%] C aO SiO2 M gO Al2O3 Fe2O3 Mn2O3 C l− S2− N a2O K2O
BFS 39,32 35,32 9,13 12,24 0,31 0,27 0,01 0,64 0,35 0,56

For the activator, N aOH solution and waterglass (N a2O.r SiO2) are used. The sodium hydroxide solution
is a 50% N aOH solution from Brenntag and the waterglass has a SiO2/N a2O ratio of 2,0 from PQ Corporation.
The sand used is standard sand, as is described in NEN-EN 196-1.
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5.2. Background information
Due to the high silica content, perlite is not expected to gain sufficient mechanical properties at room tem-
perature [45, 63, 64]. To be applied in industry, hardening at room temperature is preferred. Therefore, it
is chosen to use a blended precursor, combining of BFS and perlite. BFS contains amorphous C aO and is
known to produce alkali-activated binders with excellent properties [4, 7, 83].

Figure 5.1: Relation between the SiO2/N a2O ratio and the hydration products, from [64]

Often, alkali-activated slag cement is made using waterglass, and a sodium hydroxide solution. The wa-
terglass activator provides additional dissolved silica in the dissolution, which is beneficial for the reaction
products. A higher SiO2/N a2O ratio in the dissolution leads to more complex hydrate structures, shown in
Figure 5.1 [4, 46, 64]. An increase in the SiO2/N a2O ratio also leads to a reduction in the porosity and micro-
cracks, which generally leads to higher strength. However, Qureshi and Ghosh [84] found that at ratios of
1,2 cracks would form at the interface between CSH and unreacted silica, which indicates that there is an
optimum in the amount of silicates to be added to the mixture. Figure 5.1 shows the relation between the
SiO2/N a2O ratio in the solution and the formed hydration products. It shows that the lower ratio favors the
formation of monomer silicate species, and therefore slows the poly-condensation of the hydration products.
The hydration products formed under the lower SiO2/N a2O ratio conditions, also perform less stable than
hydration products from higher ratios [64].

Since ground perlite contains mainly amorphous silica, it could be a great addition to BFS and decrease
the need for waterglass. Several studies have already shown similar use of silica fume or metakaolin [85, 86,
87, 88]. An estimation should be made on the SiO2 addition from perlite to predict the SiO2/N a2O ratio in
the perlite/BFS mixture. Dissolution tests were performed to determine the amount of dissolved silica ground
perlite provided.

5.3. Dissolution tests
5.3.1. Methods
The amount of silica that dissolves from perlite must be determined to design a mixture which accounts for
the reactive portion of perlite. Dissolution tests were performed to determine the dissolved silica content.
One gram of ground perlite with a specific surface area of approximately 6500m2/kg is added to a 1 L N aOH
solution. Three repetitions of the test are performed for a 4M and a 6M solution. Three plastic bottles were
cleaned with nitric acid prior to testing. Then, the bottles with 1L of the solution were prepared and left
stirring for the test. After 1 hour, 1 g of ground perlite was added to the solution. After 24 hours, the solution
was vacuum filtrated twice using a 1,6 µm pore size glass microfiber filter from Whatman. 25 mL of the
filtrated solution was used for optically emission spectroscopy - inductively coupled plasma (OES-ICP) tests
to determine the amount of dissolved silica in the solution.
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After performing these dissolution tests, the amount of silica that ground perlite will provide to the disso-
lution of the binder can be estimated and used to design a mixture.

5.3.2. Results
The dissolution tests were performed to determine the amount of dissolved silica from perlite in 4M and 6M
N aOH solutions. The results of the ICP tests are shown below in Table 5.2, in dissolved Ca, Al & Si in mg /L.

Table 5.2: Results ICP tests: amount of dissolved Ca, Al and Si in mg /L from 1 gram of perlite.

Sample Ca Al Si
1 4M 5,7 31,0 111

4M 4,0 29,2 105
4M 3,8 31,4 114

Average 4M 4,5 30,5 110
2 6M 4,1 32,6 116

6M 4,1 32,6 117
6M 3,6 31,2 113

Average 6M 3,9 32,6 115,3

From the dissolved Si in mg /L, the percentage SiO2 dissolved from 1 g of perlite in a 4M and a 6M N aOH
solution can be calculated. The results are shown in Table 5.3.

Table 5.3: The weight percentage of dissolved SiO2 from 1 gram of perlite.

[wt. %] Dissolved SiO2 from perlite
4M N aOH 23,5 ± 1
6M N aOH 24,5 ± 0,5

As can be seen, the difference in dissolution for a 4M and 6M N aOH solution is relatively small, sug-
gesting that the dissolution of perlite doesn’t significantly increase in higher alkaline environments, which
corresponds with the findings of Tsaousi et al. [64]. Using the molar mass of the elements, the amount of
silica that perlite adds to the solution can be calculated in percentages. For 4M N aOH , 23,5% of the total
perlite mass. For 6M N aOH , 24,5% of the total perlite mass. Note that these differences are marginal, taking
the standard deviation into account. These values are used for the mix designs (Table 5.4).

5.4. Mix design
From the percentage of dissolved SiO2, found in figure 5.3, one can determine on mix designs. The amount
of precursor and sand and the water/binder ratio are determined by the standard NEN-EN 196-1. For the
amount of perlite added in the precursor and to determine the activator, the main factor that is considered is
the SiO2/N a2O ratio.

The precursor is a blend of BFS and perlite. There are six mix designs, three for a 4M N aOH solution
and three for a 6M N aOH solution. For both 4M and 6M N aOH mixes, a reference sample with 100% BFS
is made for comparison. It was found by Tsaousi et al., and Qureshi and Ghosh, that a higher SiO2/N a2O
ratio results in more complex hydration structures and a reduction in porosity and micro-crakcs, which often
leads to higher strength (Figure 5.1) [64, 84]. However, Qureshi and Ghosh stated that a too high SiO2/N a2O
ratio leads to cracks between the formation products and the unreacted silicates, indicating that there is
an optimum ratio. Literature states that this optimum is between 0,9 and 1,5 [89]. For this research, the
SiO2/N a2O ratio is fixed at 1,5. By fixing the molarity of the sodium hydroxide solution and the SiO2/N a2O
ratio, the amount of N aOH , the amount of waterglass (N a2O.2SiO2), and the extra water needed can be
determined. Crucial to take into account is the extra SiO2 provided by perlite, it is determined to take into
account 100% of the reactive SiO2 from perlite, determined from the dissolution tests (Table 5.3). Next to the
100% BFS reference (Ref 4M and Ref 6M), also two 70% BFS and 30% perlite samples are made where there is
no compensation for the extra silica from perlite in the activator (B.2 and E.2). The mix designs are shown in
table 5.4.

As shown in the table, perlite causes an increase in the amount of SiO2, to keep the SiO2/N a2O ratio at
1,5, there is a decrease in the SiO2 from waterglass (SS). The N aOH solution increases to compensate for the
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loss of N a2O from fewer waterglass. The w/b ratio of 0,5 is ensured by embedded water from the activator in
combination with tap water.

Table 5.4: Overview of the mix designs (BFS = blast furnace slag, P = perlite, SS = sodium silicates). Note that the SiO2/N a2O ratio is set
at 1,5, where the total amount of SiO2 comes from (a combination of) perlite (SiO2 P) and sodium silicates (SiO2 SS).

BFS/P BFS [g] P [g] SiO2/N a2O w/b ratio SiO2 SiO2 P SiO2 SS sand [g]
Ref 4M 100/0 450 0 1,5 0,5 41,8 0 41,8 1350
A 4M 80/20 360 90 1,5 0,5 41,8 21,2 20,6 1350
B 4M 70/30 315 135 1,5 0,5 41,8 31,7 10,1 1350
B.2 4M 70/30 315 135 2,6 0,5 73,5 31,7 41,8 1350
C 4M 60/40 270 180 1,5 0,5 41,8 41,8 0 1350
Ref 6M 100/0 450 0 1,5 0,5 62,8 0 62,8 1350
D 6M 80/20 360 90 1,5 0,5 62,8 22,1 40,7 1350
E 6M 70/30 315 135 1,5 0,5 62,8 33,1 29,7 1350
E.2 6M 70/30 315 135 2,3 0,5 95,9 33,1 62,8 1350
F 6M 60/40 270 180 1,5 0,5 62,8 44,1 18,7 1350



6
Properties of alkali-activated perlite slag

mortar

6.1. Introduction
Using the mix designs from section 5.4, mortar samples are produced. The compressive strength of the mor-
tar samples is determined at curing ages of 1, 3 and 7 days. By comparing the strength of the samples, a
conclusion can be made whether or not perlite contributes to the mechanical strength development of mor-
tar. By investigation of the hydration products, the contribution of perlite can be further assessed. Therefore,
the reacted phases of the pastes are investigated by XRD and TGA. The goal of using alkali-activated binders
is to lower the environmental impact of concrete. Therefore, it is essential to know what the environmental
impact of perlite is compared to the impact of cement and BFS.

6.2. Methods
6.2.1. Casting
Once the mix designs are determined, mortar tests are executed. Six mix designs and four reference mixes,
which are discussed in section 5.4, are cast and used for further testing. The casting procedure is as follows:

1. 24 hours prior to casting, the activator of the mix design is prepared. The activator is made using the
N aOH solution and the waterglass solution as described in section 5.1.1, combined with tap water.
The liquids are measured in a plastic bottle, then shaken and left for 24 hours. Before casting, first, one
should stir the prepared activator again.

2. The right amount of sand, BFS and perlite are measured and put together in a mixing bowl from the
Hobart mixing machine, as described in NEN-EN 196-1.

3. First, the sand, BFS and perlite are mixed for two minutes at slow speed.

4. After the sand and precursors are well mixed, the activator solution is slowly added while the mixer
runs at a slow speed.

5. After all the components are added together, the mixer runs at slow speed for two more minutes.

6. Then the mixer is stopped, and the mortar adherent to the walls of the bowl is scraped and placed in
the middle of the bowl.

7. Finally, the mixer runs for two more minutes at high speed.

8. After mixing, the mixture is scooped out of the bowl and added to 40 x 40 x 40 [mm] moulds. The
moulds are filled halfway and then put on a vibrating plate to compact the mixture. After vibrating the
first time, the moulds are filled, and the vibrating plate runs again.

9. Once the moulds are filled and the air is released from the mixtures, the top of the samples are equalized
using a metal scraper.
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10. A foil is put over the moulds of the samples to ensure no moisture loss can occur.

11. The samples are stored for 24 hours at room temperature before they are demoulded.

The casting procedure is a variation on NEN-EN 196-1, more commonly used to cast AAMs.

6.2.2. Mechanical properties
The mechanical properties of the mortar cubes are tested after one, three and seven days. The compressive
strength is measured according to NEN-EN 196-1.

6.2.3. Phase formation
Simultaneously with mortar casting, pastes for all mixes from Table 5.4 were cast. The cast pastes were made
by first mixing the BFS and perlite powder and preparing the activator. For making the pastes, the activator
is added to a plastic container with the mixed powder and stirred for 3 minutes. After that, the containers
were closed and left curing for seven days. After seven days, the pastes were removed from the container and
crushed into powder using mortar and pestle. The powder of mixes Ref 4M, Ref 6M, A, B, C, D, E and F were
assessed by XRD analysis. This way, the resulting phases were identified and compared. The powder from
mixes Ref 4M, B, B.2 Ref 6M, E and E.2 were assessed by TGA measurements to quantitatively analyze the
hydrated phases. The XRD and TGA measurements are performed as described in sections 3.2.3 and 3.2.4
respectively.

6.3. Results
6.3.1. Compressive strength
Ten mortar mixes were designed (Tab.5.4), and the compressive strength of these mixes has been determined
after one, three and seven days. The results of the compressive strength tests of samples Ref 4M, Ref 6M, A, B,
C, D, E and F are shown in Figure 6.1 and Figure 6.2.

Figure 6.1: Compressive strength after one, three and seven days for the 4M N aOH mixes.

What stands out are the inconsistent results from the 6M N aOH mixes. Mix E ([70/30] 6M) shows meagre
compressive strength, and mix D ([80/20] 6M) shows a substantial standard deviation. These inconsistent
results are because of the short setting time of the 6M mixes. There was insufficient time to properly compact
the concrete when casting, resulting in granular cubes presented in Figure 6.3. The short setting time of the
6M mixes is probably due to the combination of high molarity N aOH and a low amount of silicates from
waterglass in the activator. The high molarity causes a small number of silicates to hydrate immediately.
Suppose there were more silicates present, which is the case for the Ref 6M mix. In that case, the alkalinity
becomes available later on, and the hydration of the silicates is delayed, resulting in a slower setting time
[90, 91, 92, 89]. Also, the fast dissolution of perlite in a higher molarity N aOH might have caused the short
setting time. Because of the quick setting time, the measured compressive strength depends more on the
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Figure 6.2: Compressive strength after one, three and seven days for the 6M N aOH mixes.

activator composition than on the perlite addition. Therefore, the 6M mixes are not representative to assess
the contribution of perlite to the compressive strength of mortar.

Figure 6.3: Poorly compacted mortar cubes from mix D (left) and E (right).

The 4M N aOH mixes show a clear trend regarding the development of the compressive strength. An in-
crease in perlite and a decrease in silicates from waterglass (shown in Table 5.4) results in lower strength. The
hydration of perlite is a pozzolanic reaction which is a slow reaction. Therefore, it is expected to see the effect
of perlite at a longer curing time. As a result, the contribution of perlite is predicted to cause a decrease in
the compressive strength of several mixtures over time. However, the differences in the compressive strength
of the mixtures only increase. The pozzolanic effect of perlite is therefore not visible in the results. It can be
concluded that perlite in these mixes is not sufficiently reactive to compensate for the decrease in silicates
from waterglass and the decrease in slag.

One possible explanation for why perlite does not seem to contribute to the strength of the samples may
be due to the reaction mechanisms. The perlite grains immediately react because there is a lack of dissolved
silicates in the initial dissolution resulting in a highly alkaline environment. The hydration products from
perlite form a passivating layer around the perlite particles, preventing the particle from further reacting [93].
The slag continues to react without sufficient silica present in the dissolution, which leads to a C-S-H-gel
with lower cross-linking than if silica was present in the dissolution. A lower degree of cross-linking leads
generally to a lower density of the hydration products [4, 30]. Once the hydroxyl ions can penetrate through
the passivation layer of the reacted perlite, the slag has already formed its’ reaction products, and there is not
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enough space for the perlite to react [93]. This complies with the findings of Ramezanianpour et al. [61]. The
authors found that in more porous concrete, the effect of perlite on the compressive strength was higher than
for more dense concrete, simply because there was more space for the formation of new gel in the pores.

Two extra mixes were cast (B.2 and E.2) in which there was no compensation in the activator for the sili-

Figure 6.4: Compressive strength after one, three and seven days for the 4M N aOH Ref, B and B.2 mixes.

Figure 6.5: Compressive strength after one, three and seven days for the 6M N aOH Ref, E and E.2 mixes.

cates from perlite. These mixes consist of 70% slag and 30% perlite and are activated with the Ref 4M and the
Ref 6M activators. Using these activator compositions means there is no compensation for the added amount
of silicates from perlite in the activator. The compressive strength results from these mixes are presented in
Figures 6.4 and 6.5, together with the Ref 4M, Ref 6M, B and E mixes.

Noticeable in the 4M N aOH reference mixes is that the Ref 4M mix initially has a higher compressive
strength than sample B.2. These mixes have the same activator, but mix B.2 has a precursor containing 70%
BFS and 30% perlite. However, after seven days, B.2 has a higher compressive strength than the Ref 4M mix.
This strength increase means that, even though the initial strength is lower, perlite contributes to the com-
pressive strength later. This complies with the pozzolanic nature of perlite, which is slower than the latent
hydraulic reaction of BFS. Because of the silicates from waterglass, the initial alkalinity is not as high. The
perlite grains do not react as fast and are available for reaction later [4, 30, 89, 94]. Mix E.2 does not exceed the
compressive strength of the Ref 6M mix. Comparing the seven days of compressive strength, the following
order is noted:

Ref 6M > E.2 = B.2 > Ref 4M.
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The following hypothesis could explain this behaviour: an optimum amount of silicate species per BFS. This
theory is similar to what Qureshi and Ghosh found in their research [84]. If this optimum amount of silicates
is already achieved by the dissolved silicates from waterglass, adding perlite to the mixture will only result in
less slag and thus fewer reaction products, along with the cracks that occur at the interface between CSH-
gel and unreacted silicates species. Luukkonen et al. [89] also found an optimum in SiO2/N a2O ratio, they
mentioned this ratio to be between 0,9 and 1,5. Reaching this optimum probably happened for the 6M mixes.
The Ref 6M mix has the optimum amount of silicate per BFS from the activator, therefore, exchanging BFS for
perlite only disrupts this optimum and results in lower strength (mix E.2). For Ref 4M, this optimum is not yet
reached. By exchanging BFS for perlite (mix B.2), the SiO2/N a2O ratio is improved, resulting eventually in
higher compressive strength. This hypothesis would also explain the similar compressive strength from B.2
and E.2 mixes. The optimum amount of silicates per BFS is reached in the B.2 sample, so the extra silicates
introduced by the activator in the E.2 sample do not contribute to the compressive strength.

From the compressive strength tests of several mixes, it can be concluded that perlite can contribute to the
compressive strength of mortars. However, it is not sufficiently reactive to completely compensate for the
already dissolved silicates from waterglass. This low reactivity might be improved by further grinding of the
perlite.

However, if a sufficient amount of dissolved silicates from waterglass is present in the mixture, perlite can
contribute to the compressive strength. To fully optimize the contribution of perlite in a mixture, there should
be sufficiently dissolved silicates present in the initial dissolution from waterglass and silicates from perlite,
which come available later.

Note that the compressive strength in this research has been measured up to seven days of curing time.
Since this research investigates a pozzolanic reaction, compressive strength up to 28 or even 56 days would
give better insight into perlite reactivity. However, because of feasibility reasons, this is not investigated.

6.3.2. Phase formation
To better understand the contribution of perlite to the compressive strength, simultaneously with the mor-
tars, a paste of the same composition as the mortars have been produced and characterized. After seven (±
one) days, the pastes were ground to a powder, and this powder was analyzed using XRD characterization and
TGA measurements. The Ref 4M, Ref 6M, A, B, C, D, E and F mixtures are analyzed by XRD characterization.
All eight results can be found in appendix E. The results from mix Ref 4M and mix B are highlighted in this
section.

Figure 6.6: XRD pattern paste mix Ref 4M (no crystalline phases were identified).

Figure 6.6 shows the XRD pattern of mix Ref 4M and Figure 6.7 the pattern of mix B. The main visible
difference is that more crystalline phases are present in mix B than in mix Ref 4M. The obtained crystalline
phases are quartz and anorthite, which are the crystalline phases present in perlite. Since mix B contains a
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Figure 6.7: XRD pattern paste mix B (A =Anorthite, Q = Quartz.

precursor with 30% perlite, these phases are expected. This trend is found in the XRD patterns of all eight
mixes.

In all eight patterns, a clear hump can be identified around 30 ◦2θ. This peak represents the C-A-S-H-gel
and the N-A-S-H-gel, the expected hydration products from an alkali-activated BFS paste [95]. Apart from
the increase in crystalline phases, a clear difference in the reaction products is not identified.

The mixtures Ref 4M, Ref 6M, B, B.2, E and E.2 (from Figures 6.4 and 6.5) are assessed by performing TGA
measurements. The results are shown in Figure 6.8 and 6.9.

Figure 6.8: Mass loss [%] plotted to increasing temperature for the pastes from mix Ref 4M, B, B.2, Ref 6M, E, E.2, measured by thermo-
gravimetric analysis, at 0-1000 ◦C.

The sizeable initial drop in Figure 6.8, visible at approximately 50 - 200◦C is caused by the decomposi-
tion of the primary hydration phases (C-A-S-H and N-A-S-H gel). The decomposition of secondary hydration
phases is visible at higher temperatures (300-500◦C) [73]. Figure 6.9 shows the rate of mass loss at 300-500◦C.
The peak from the Ref 6M at 300-400◦C is hydrogarnet (C2 ASH4), and the decomposition of calcium hydrox-
ide causes the small shoulder that is visible at 400-500◦C [73]. The mixtures containing perlite show a lower
mass-loss rate, indicating fewer secondary reaction products present in these samples. This is expected be-
cause of the pozzolanic nature of perlite, which consumes calcium hydroxide [3].

The primary hydration phases are mainly responsible for the compressive strength of the mortars. Figure
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Figure 6.9: Rate of mass loss [%/min] plotted to increasing temperature for the pastes from mix Ref 4M, B, B.2, Ref 6M, E, E.2, measured
by thermogravimetric analysis, at 300-500 ◦C.

6.10 shows the relation between the mass loss between 50 and 200 ◦C (caused by the loss of physically bound
water in the gel pores) and the compressive strength of the mixes. Note that Figure 6.10 does not show mix
E because the compressive strength of mix E depends on the setting time and not on the influence of perlite
and is therefore not representative.

Figure 6.10: The relationship between the strength and the mass loss between 50 and 200 ◦C of mix Ref 4M, B, B.2, Ref 6M, E.2.

Figure 6.10 shows that a higher compressive strength correlates with a lower percentage of mass loss.
Higher compressive strength can be due to an increase in gel phases or due to a more dense gel. Since the
mass loss between 50 and 200 ◦C is due to the loss of physically bound water from the gel pores, the decrease
in the mass loss at higher strength indicates that, for these samples, a higher compressive strength comes
from a more dense gel. This makes sense since both reference mixtures (B.2 and E.2) show higher compressive
strength, whereas they contain less slag. So it is unlikely they have reacted into more phases than a 100% slag
mixture (Ref 4M). Multiple researchers found that an increase in silicates leads to a more dense gel. Tänzer et
al. performed mercury intrusion porosimetry (MIP) analyses and found more dense hydrates and a reduction
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in pore size, as also mentioned by Brough and Atkinson, Qureshi and Ghosh, and Fernández-Jiménez et al.
[30, 84, 94, 96]. Zivica found similar effects from a silica fume activator. The author found that an SF activator
instead of an N aOH activator resulted in an increased content of hydration products, lower porosity and a
lower pore median [88]. Gel with a lower porosity contains less water and shows less mass loss at 50-200◦C.

Figure 6.11: The relationship between the number of silicates and the mass loss between 50 and 200 ◦C of mix Ref 4M, B, B.2, Ref 6M, E.2.

Figure 6.11 shows the relation between the total amount of silicates (from perlite and waterglass) and
mass loss at 50-200◦C. Two trends are found, one for the [70/30] precursors and one for the [100/0] precursors.
The lower the mass loss, the denser the gel. If a distinction between the uniform precursors and the blended
precursors is made, it shows that an increase in silicates leads to a decrease in mass loss and thus a more dense
gel, as expected [4, 64, 84]. Figure 6.11 indicates that the silicates from perlite contribute less to the density of
the gel than silicates from waterglass (present in the [100/0] mixes). However, mix B.2 has slightly less mass
loss than mix Ref 4M, which illustrates that perlite does contribute silicates to the gel, just not as much as
waterglass does. It is essential to note that, to verify this hypothesis further investigation on this subject is
necessary. These results comply with the earlier mentioned theory on the reaction products’ density, and the
optimum amount of silicates in the gel.

6.4. Environmental impact
Since the main goal of AAMs is to lower the environmental impact of building materials, it is crucial to assess
the impact of perlite. In this section, the environmental impact of perlite will be compared to the impact of
OPC and BFS. Finally, an AAM mixture with BFS as a precursor will be compared to an AAM mixture with a
BFS/perlite blend.

Erdogan [63] also analyzed the environmental impact of alkali-activated perlite binders. He states that
perlite has a relatively low non-CO2 related impact (such as human toxicity or freshwater toxicity). On the
other hand, the use of waste materials, such as BFS and FA, is preferred over the mining of natural materials,
such as perlite. Overall, Erdogan states that perlite could be a good material to use if it is available near the
construction site and leaching of hazardous materials (such as FA) is not acceptable [63].

Table 6.1: CO2 emissions during production from OPC, BFS and expanded perlite, after [2, 82, 56].

OPC BFS Expanded perlite
CO2 emissions from production [kg /tonne] 1000 34 438

For this research, the CO2 emissions from the production of OPC, BFS and expanded perlite are compared
since this research examined perlite in expanded form. Table 6.1 shows the results. As can be seen in the
table, perlite has a considerably lower footprint than OPC, but a significantly higher footprint than BFS. Two
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reasons can be found for this. First of all, BFS is classified as a waste product, so the emissions from the
production of BFS are almost all appointed to steel production instead of BFS production. Second of all, this
is the CO2 footprint from expanded perlite, which means it has been treated at temperatures of 850-900 ◦C.
This thermal treatment causes high CO2 emissions [2]. If one would use raw perlite (not thermally treated),
the CO2 emissions will be considerably lower. The exact amount depends on the burning process, whether
coal, gas or oil is used. Another option is to use recycled perlite. The CO2 emissions from recycled perlite
(from insulation for example) will come from grinding and transportation, which are always present.

The CO2 footprint from expanded perlite is significantly higher than that from BFS, so when used in ex-
panded form the environmental footprint from the alkali-activated binder will increase, all though it will still
be less than the footprint from OPC. However, if one can apply perlite in its raw form or recycled, the CO2

footprint will reduce significantly.

6.4.1. Life cycle analysis
A life cycle assessment (LCA) was performed to compare AAM mix designs with a perlite/BFS precursor blend
and a 100% BFS precursor mix, as well as an OPC mix design. An LCA takes into account the costs of mitigating
the environmental impact of products and is, therefore, a method to quantify the environmental impact. The
values used in this analysis are derived from [97, 98, 99] and are presented in Table 6.2. The values for perlite
refer to raw perlite. The mixtures used are (derived) from the standard mortar mixture from NEN-EN 196-
1. It is essential to mention that these standard mixtures are used to compare the impact of perlite on the
environmental impact of the mixture, the impact of possible transport is not taken into account.

Table 6.2: Overview of the environmental impact of the raw material input per impact category, values derived from [97, 98, 99]

.
global
warming

ozone
layer de-
pletion

acidification human
toxicity

Ecotoxicity,
fresh wa-
ter

Ecotoxcity,
marine
water

Ecotoxcity,
terrestic

(kg CO2) (kg CFK-
11)

(kg SO2) (kg 1,4-
DB)

(kg 1,4-
DB)

(kg 1,4-
DB)

(kg 1,4-
DB)

Waterglass 8,50E-01 3,81E-07 4,19E-03 4,42E-01 6,86E-03 3,21E+01 2,34E-03
NaOH 6,77E-02 2,44E-05 2,67E-02 4,82E-02 2,88E-04 4,83E-03 2,36E-04
BFS 3,39E+01 4,18E-06 1,49E-01 8,46E+00 2,13E-01 3,60E+02 2,18E-01
Perlite 2,19E-01 1,15E-07 8,65E-04 2,39E-01 7,57E-03 1,02E-02 2,03E-01
CEMI 4,44E+02 3,80E-06 5,42E-01 1,52E+01 4,34E-01 3,62E+03 4,15E-01
Sand 9,00E-03 5,70E-10 2,90E-05 4,30E-03 5,40E-05 5,50E-01 3,20E-05
Water 3,40E-04 1,60E-11 8,00E-07 8,30E-05 1,30E-06 2,20E-02 1,50E-06

Figure 6.12: LCA values for mix Ref 4M, mix B.2 and a CEMI mix. Each mix component is visualized individually.
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The AAM mixes considered are mix Ref 4M (7-day compressive strength of 68.11 MPa) and mix B.2 (7-day
compressive strength of 81.59). The CEMI mix contains CEMI, sand and water according to EN-NEN 196-1.
Note that each mix contains the same amount of sand and water and that the AAM mixes contain the same
amount of water glass and NaOH. Figure 6.12 shows the total environmental impact of each of these 3 mortar
mixes, also showing the impact of each component of the mix. Note that weighting factors are often used for
LCA to address the importance of each impact category. For this study, all impact categories are considered
equally important.

Figure 6.13: The environmental impact of 1 kg waterglass per impact category.

Figure 6.12 shows that the AAM mixtures have a higher environmental impact than the CEMI mixture,
which is unexpected. As can be seen in the figure, this is mainly due to the waterglass component. This is
an interesting aspect as it has been shown that the addition of perlite to a mixture can result in comparable
compressive strength with a reduction of water glass in that mixture. The reason that waterglass has a high
environmental impact is shown in Figure 6.13. As shown, the high environmental impact of waterglass is
mainly due to the impact it has on Ecotoxicity, seawater. Usually this impact category has a low weighting
factor (about 0,0001) compared to the global warming potential (0,5) or the ozone layer depletion (30) [99].
As a result, waterglass makes a much larger contribution to the total environmental impact than would be
expected. Since this research mainly focuses on the CO2 emissions, Figure 6.14 shows the environmental
impact of the global warming potential.

Figure 6.14: Global warming potential mix Ref 4M, mix B.2 and a CEMI mix. Each mix component is visualized individually.
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As can be seen in Figure 6.14, with respect to global warming potential alone, the AAM mixes show a re-
duction of more than 60% compared to a standard CEMI mix. Water glass is still the most harmful component
in the AAM mixtures but has a much less significant impact than CEMI. The contribution of perlite to the total
impact in mix B.2 is greater than that of BFS. However, the contribution of perlite is less than that of water-
glass, if the application of perlite can cause a reduction in waterglass without compromising the mechanical
properties of the mixture, the overall impact will decrease. It can be concluded that the addition of perlite has
no negative influence on the CO2 emissions of an AAM mixture.

6.5. Conclusion
In phase 3, alkali-activated mortars using a BFS/perlite precursor have been assessed by their compressive
strength. This way, it can be determined if perlite contributes to the strength of the mortars and, conse-
quently, can be successfully applied as a precursor in alkali-activated binders. Simultaneously with the cast-
ing of the mortars, pastes were made to assess the reaction products of the mixes. Finally, the CO2 footprint
of perlite was compared to OPC and BFS.

From comparing the compressive strength of the mortar mixes, it can be concluded that perlite can be
successfully applied as a precursor in alkali-activated binders. However, with a specific surface area of 6500
m2/kg , perlite is not sufficiently reactive to be used for the SiO2 content instead of waterglass. Rather, it
can be a great supplement next to waterglass, providing extra silicate species in later stages of the hydration
process and increasing the density of the hydrates. To positively contribute to the compressive strength, there
should be soluble silicates present to suppress the alkalinity and consequently suppress the fast hydration of
the outer layer of perlite. However, the number of silicate species from waterglass should not be too high
to prevent the saturation of the reaction products. Further grinding of perlite might increase the reactivity
and give better results. However, extra grinding will also result in a higher environmental impact, which is a
consideration that must be made.

The main goal of applying alkali-activated binders is to reduce the environmental footprint of concrete.
Therefore, this research also assessed the CO2 emissions from perlite production and compared them to the
emissions from OPC and BFS. It was found that the CO2 footprint from expanded perlite was twice as low as
the emissions from OPC but also 15x higher than the emissions from BFS. This is because expanded perlite is
thermally treated at 850-900 ◦C. If perlite is applied in its’ raw form, then the CO2 footprint from perlite would
be considerably lower, similar to the footprint of BFS. LCA shows that the addition of perlite has a similar GWP
value. It can be concluded that the addition of raw perlite does not negatively influence the environmental
impact of AAM mixtures.
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Conclusion, discussion and

recommendations

This research aimed to assess the potential of volcanic materials as an alternative precursor in alkali-activated
binders. The hypothesis is:

Volcanic materials can be sufficiently reactive to be used as precursors in alkali-activated binders, preserving
adequate mechanical properties without compromising the reduction of CO2 emissions.

This research has been divided into the following three phases to test this hypothesis:

1. Assessing the reactivity of raw volcanic materials.

2. Assessing the reactivity of pre-treated volcanic materials.

3. Assessing the mechanical properties of alkali-activated mortar produced with volcanic materials.

Four volcanic materials were investigated in this research: Trass, Phonolite, Perlite and Pumice. First, the
research questions will be answered, after which the hypothesis can be either accepted or rejected.

7.1. Answers to the research questions
1: What properties are relevant in determining the reactivity of materials to be applied in alkali-activated
binders?
From literature studies, three properties primarily influence hydraulic or pozzolanic reactivity: particle size,
amorphous phase content, and chemical composition. The particle size must be sufficiently small to have
enough surface area for a higher dissolution rate and an increase in nucleation sites. The material must con-
tain sufficient amorphous phase content, so the alkaline activator can break down the microstructure and
dissolve the material. Finally, the chemical composition must have amorphous alumina or silica species to
exhibit pozzolanic behaviour or anhydrous calcium to display hydraulic behaviour.

2: Is the reactivity of volcanic materials originating from Europe sufficient to apply as a precursor in alkali-
activated binders?
To assess the reactivity of the raw volcanic materials, properties influencing the reactivity of volcanic mate-
rials were tested, and, finally, by using modified R3 tests, the materials were classified. In their raw state, all
four materials were classified as inert, meaning that, as they are, none of these materials is sufficiently reac-
tive. The identified limiting property of pumice and perlite was found to be the particle size, and the limiting
property of trass and phonolite was found to be the lack of amorphous phase content.

3: Can the reactivity of materials be improved, to be able to be successfully applied as a precursor in alkali-
activated binders?
For perlite and pumice, the limiting property was the particle size. Both were ground to lower the particle size
and increase the surface area of these materials. Phonolite and trass showed to have too low an amorphous
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phase content. They were calcinated to increase their reactivity. After calcination and grinding, the modified
R3 tests were performed again to classify the materials. It was found that pumice, trass and phonolite were
still not sufficiently reactive. Trass and phonolite were not successfully activated, and calcination had no ef-
fect or even a negative effect. The reactivity of pumice was improved but not sufficiently to exhibit reactive
properties; further grinding will most likely further increase the reactivity. Ground perlite did show reactivity
and was classified as: pozzolanic, less reactive.

4: How does the application of volcanic materials influence the mix design of alkali-activated binders?
The chemical nature of the volcanic materials examined in this research were all aluminosilicates, containing
almost no calcium. Considering the pozzolanic nature of perlite and the high SiO2/Al2O3 ratio, it will only
harden at elevated temperatures. It is best to apply perlite in combination with BFS so that the mixture will
harden at room temperature, to be used in the industry. Since perlite mostly brings silicates to the mixture,
adding perlite might lower the need for a sodium silicate activator. However, sodium silicates are essential
to add to the activator, ensuring sufficient setting time for compacting, and delaying the high alkalinity so
perlite can react. The addition of perlite will bring silicate species to the dissolution at a later stage in the
reaction process and contributes to cross-linked C-S-H-gel at later stages.

5: What is the contribution of volcanic materials to the mechanical strength development of alkali-activated
mortars?
The compressive strength of mortars containing perlite as precursor were tested after 1, 3 and 7 days. Ex-
changing sodium silicate activator and BFS for perlite leads to a constant decrease in compressive strength.
The difference in compressive strength only increases over time, meaning perlite is not sufficiently reactive
to compensate for sodium silicates and BFS. However, the addition of perlite to the precursor can increase
strength at later stages. The mixture containing 30% perlite had a lower 1-day strength than the mixture con-
taining 0% perlite using the same activator. However, at seven days, the 30% perlite mixture has exceeded the
strength of the 0% mixture. This strength increase was not the case for similar mixtures but with an activator
containing higher molarity sodium hydroxide and sodium silicates. The mechanical strength development
of mixes containing perlite goes slower than mixes of 100% BFS, but the eventual strength can exceed the BFS
mixes, depending on the mix design. Perlite can contribute to the mechanical strength of alkali-activated
mortars up to seven days if sufficient soluble silicates are present to delay the alkalinity of the mixture.

Perlite contributes to mechanical strength development by bringing mainly silicates to the dissolution.
These silicates can react with secondary reaction products such as portlandite into C-S-H-gel. The silicates
can also cause a higher degree of cross-linking in the existing C-S-H-gel, resulting in lower porosity and
stronger reaction products. It is crucial to note that perlite only contributes to the mechanical strength under
certain conditions. As is seen in the Ref 6M mix compared to the other reference mixtures, adding waterglass
instead of perlite will have a higher effect on the mechanical strength. Soluble silicates (from waterglass) are
also essential to obtain satisfactory mechanical strength. There seems to be an optimum way to apply perlite,
with sufficient, but not too much, waterglass.

6: What is the CO2 footprint from alkali-activated binders with volcanic materials as precursor?
The CO2 footprint from expanded perlite was, compared to BFS, relatively high (438 kgCO2/tonne). This
high value comes from the thermal treatment that leads to the expanded form of perlite. The thermal treat-
ment occurs at temperatures of 850-900 ◦C. If this thermal treatment does not happen and perlite is applied
in its’ raw form, the CO2 footprint reduces significantly, depending on the burning type. Raw and recycled
perlite have a beneficial effect on the CO2 footprint of mixtures if the origin of the material is nearby. An LCA
of AAM mixtures with and without perlite and of a CEMI mixture, shows that the AAM mixtures have more
than 60% reduction in CO2 emissions compared to CEMI. Waterglass and CEMI are the components with the
highest environmental impact. Perlite does have a higher environmental impact than BFS, however, since the
present of perlite can result in a reduction of waterglass, the overall environmental impact can still decrease.

Considering the answers to the research questions, the hypothesis can be accepted. It can be concluded that
volcanic materials can be sufficiently reactive to be used as precursors in alkali-activated binders, preserving
adequate mechanical properties without compromising the reduction of CO2 emissions.
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7.2. Discussion
The hypothesis can be adopted; however, some remarks need to be made.

First of all, not all possible volcanic materials are investigated. Only four materials with a limiting range in
chemical composition were assessed. Volcanic materials with different chemical compositions, such as an-
hydrous calcium, will show different results. This large variety in volcanic materials leads to the most critical
remark on the results from this research: Yes, volcanic materials can be sufficiently reactive, but it strongly
depends on the chemical composition of the amorphous phase content. Since volcanic materials have a large
variety in chemical composition (as shown in figure 2.6), volcanic materials cannot be generalized, and each
type of material needs to be assessed individually.

Perlite is able to contribute to the compressive strength of alkali-activated slag binders, but only in one
specific case. Often, using waterglass is the option leading to better mechanical properties. However, using
raw or recycled perlite as an additional silicate source instead of waterglass might have better environmental
benefits. Therefore, using perlite as extra silicate addition next to waterglass can be a good option if the
mechanical properties can be guaranteed and the environmental impact is considered.

Also important to note is that in order for perlite to harden, it needs to cure at elevated temperatures
(>80◦C), or it needs to be applied in combination with (for example) BFS. Therefore, BFS cannot be com-
pletely replaced with perlite.

To ensure that the reduction in CO2 emissions is not compromised by using perlite, it is essential to use
raw or recycled perlite. Expanded perlite, as is currently primarily available, has a significant CO2 footprint,
which is half of the footprint of OPC but almost 15 times higher than the footprint of BFS.

Finally, this research has shown that perlite can contribute to the compressive strength of alkali-activated
mortars and, therefore, might be considered an interesting precursor. However, perlite is already used for
multiple applications, such as potting soil and insulation. Whether or not a precursor is the best application
for perlite has to be considered. Insulation or potting soil might be more beneficial applications for perlite.

This research has solely focused on the production of AAMs as replacement for concrete. However, alkali-
activated perlite could have beneficial properties for other applications as well. It is likely that at higher
activation temperatures (>80◦C) a mixture with a 100% perlite precursor will harden. Therefore, perlite could
be an interesting material for the ceramics industry or for the production of building bricks.

7.3. Recommendations
Some recommendations are stated for further research on using volcanic materials in alkali-activated binders.

As mentioned earlier, only four volcanic materials are analyzed in this research. Volcanic materials present
a wide range in chemical composition and microstructure. Therefore, several volcanic material resources
should be validated. Preferably, volcanic materials from volcanoes that were recently, or still are, active be-
cause these materials are more likely to have their amorphous microstructure since there was limited time
for the atoms to form a crystal grid.

Considering the materials assessed in this research, it would be interesting to further analyze the effect of
the particle size. For perlite, determining the optimum specific surface area is interesting, taking also the level
of agglomeration into account. More finely grained particles are likely to increase the reactivity and make it
easier for perlite to be applied in mixtures. For pumice, it is interesting to assess further grinding to a specific
surface area, similar to that of perlite, and compare the reactivity. Likely the reactivity of pumice becomes
equal to, or might even exceed, the reactivity of perlite at similar surface areas.

In this research, for the production of mortar containing perlite, perlite has been applied as a powder in a
blended precursor. Bernal et al. [100] advise applying similar materials, such as silica fume and metakaolin,
by adding it to a N aOH solution 24 hours before casting. This way, the reactive silicate and alumina will
dissolve before casting, making them immediately available to form hydrates. Considering industrial appli-
cation, this method was not tested. However, it is still interesting to analyze the application of perlite in this
way and compare the results to get a better insight into the dissolution ability of perlite.

Since this research only studied the application of perlite on mortar level, further research should assess
the application of perlite on concrete level. Analyzing on concrete level is necessary for the promotion of the
industrial application.

It is also recommended further to analyze the durability aspects of alkali-activated perlite binders. The
increased density of the hydrates implicates that durability aspects such as carbonation and chloride ingress
are not an issue. However, this should still be investigated, as well as shrinkage, freeze-thaw behaviour and
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creep.
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Figure A.1: Overview cement types.



B
Tests

B.1. X-ray fluorescence
X-ray fluorescence (XRF) is used to determine the chemical composition of the raw materials. XRF spectrom-
etry is based on the wavelength-dispersive principle, which states that an element emits a characteristic X-ray
wavelength that can be estimated [101, 102]. An X-ray beam that passes through a material is susceptible to
three processes: absorption, scattering and fluorescence. Fluorescence occurs when the primary beam of
X-rays contains a high enough amount of energy to generate secondary radiation from the specimen. The
secondary radiation is specific for each element. XRF isolates and measures each individual characteristic
wavelength in order to determine the elements present in the measured sample. The measured character-
istic intensities of the secondary radiation can be converted to elemental concentrations of the unknown
material [103].

The main advantage of XRF is the relatively simple, systematic technique, which is independent of the
chemical state of the elements. High accuracy is easily obtained by correcting interference in the X-ray radia-
tion line. Also the sample preparation, grinding into a fine powder, is simple and fast [102]. The XRF analysis
shall be performed according to NEN-EN 196-2 (REF EN196-2)

Some drawbacks of XRF should be considered as well. Firstly, not every XRF instrument has the ability
to measure all the elements and are therefore restricted (generally to fewer than eleven elements). Secondly,
the elements are generally calculated as counts instead of percentages, conversion to percentages requires
quantitative analysis. Other drawbacks are stated, however, these do not apply to a powder that is analysed
in a laboratory [102].

Important for XRF analyses is that samples must be larger than ten times the largest particle. This is
necessary because the sample often must be ground into a fine powder, to equally expose each element to
the radiation. Finally, it is important to ensure the purity of the sample, so accurate results can be obtained
[104].

B.2. X-ray diffraction
X-ray diffraction (XRD) is a plot of the intensity of X-rays, scattered at different angles by a sample. In XRD,
an X-ray tube sends a beam of X-rays to a sample, this sample scatters the X-ray beam, resulting in an output
beam which is detected by a detector. The detector and the sample move around in a circle, the detector
therefore only records the number of X-rays observed at angle 2θ. By rotating the sample as well, it is ensured
that the X-ray beam is focused [73, 105]. A schematic representation of XRD is shown in figure B.1.
XRD technique depends on the crystalline planes of the material and is able to identify phases. Each phase
has specific chemistry and atomic arrangement, for example, SiO2 has the phases quartz, cristobalite and
glass. In these phases, the chemical composition is identical, but the atomic arrangement differs, therefore
the X-ray output is recorded at different angles [105]. From the XRD pattern, crystalline phases and the pres-
ence of amorphous material can be determined through qualitative phase analysis. The amount of each
crystalline phase can be determined through quantitative phase analysis.
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Figure B.1: schematization of XRD after [105]

B.2.1. Qualitative phase analysis
Qualitative phase analysis in XRD entails the comparison of peaks from an unknown material to peak patterns
of known phases. Another option for identification is to compare the d-values (the spacing between the
crystal planes) of the most intense XRD reflections of common cement phases to the peak positions in the
recorded XRD pattern. Note that this way of identification is used for analysing cementitious materials. Using
Rietveld analysis, the XRD scan can be decomposed into calculated contributions of phases that build up the
material. Phase identification through XRD often only supplies a list of suggestions for the minor phases,
in that case, the analyst should decide, preferably based on additional information, which phases are most
likely to be present [73].

B.2.2. Quantitative phase analysis
The observed peak positions (2θ) can be converted into the interatomic distances (dhkl ) using Bragg’s law:

dhkl = λ

2si nθ
(B.1)

Where λ refers to the wavelength of the incident X-ray radiation, often copper (CuKα). It is important to note
that the diffraction pattern is instrument depended. Therefore, relative intensities should be used, comparing
the intensities of the peaks to the most intense ’100% peak’. To determine the intensity, peak areas are more
representative than peak heights [105]. In diffraction patterns, a high degree of peak overlap can occur. Other
problems include the variability in composition and crystal structure that can result in significant variations
in peak positions and relative intensity [73].

Whole-powder-pattern-fitting methods are enabled to overcome peak overlap problems. In whole-powder-
pattern-fitting, all reflections of all phases are considered and an algorithm is used to create a diffraction
pattern of the phases that matches the measured pattern. The calculated pattern can be a combination of
measured standard patterns or can be calculated from structure data, as in the Rietveld method [73, 105].

B.2.3. Rietveld Analysis
In the Rietveld refinement method, a theoretical pattern is refined so that it matches the measured pattern.
This is done according to the least-squares approach:

Sy =
∑

i
wi (yi (obs)− yi (calc))2 (B.2)

Where wi presents the weighted average, yi (calc) presents the calculated intensity at a certain point and
yi (obs) presents the observed intensity at a certain data point [73, 106].
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Fundamental crystal structure models are used to obtain the calculated Rietveld pattern. Crystallite size,
microstrain and preferred orientation can all be extracted from these models [105].The Rietveld refinement
method requires appropriate software to be performed (GSAS and FULLPROF are the most widely used pack-
ages) [106].

B.3. Laser diffraction Analysis
The particle size distribution (PSD), as well as the specific surface area (SSA) are parameters that give infor-
mation about the fineness of the powder. The particle size of a powder influences the handling, storage and
domain use of a powder. For example, agglomerated particles need more liquid to become a flowable paste.
Note that, since most of the particles are not spherical, when stating a diameter the measuring method has
to be mentioned because the required diameter is method-dependent [73].

For the PSD, certain percentiles can be calculated such as D10, D50 and D90, where respectively 10%, 50%
and 90% of the particles are below these diameters in the distribution graph. The sample must be represen-
tative of the material, therefore:

• The sample should be taken from a powder in motion, using rotary samplers of spinning rifflers.

• Several small samples should be taken at different time intervals.

When the two conditions mentioned above are applied, only 3 small samples are needed. The minimum
weight of the sample can be calculated according to the following equation [73]:

Wm = 0,5

(
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1 −D3
2

2

)
∗103 (B.3)

In LDA a powder is dispersed in a liquid (wet LD) or a gas (dry LD), the LD measures the light that is scattered,
diffracted and adsorbed by this powder. The laser light passes through a suspension (wet LD) or an aerosol
(dry LD) and the variation of the light intensity is given by Azzopardi’s formula:

I (θ) = I0

∞∫
0

f (R)

(
R J1αθ

θ

)2

dR (B.4)

A schematization of a laser diffractometer is given in fig B.2. When the dispersion of the particles is optimised,
the results for wet LD and dry LD are very similar. One advantage of dry LD over wet LD is that for wet more
grams of the sample can be used, which reduces the error [73].

Figure B.2: Schematization of laser diffractometer CoulterT M LS230 laser granulometry optical system [107]
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To calculate the PSD from the LDA two optical models are used: the Fraunhofer diffraction model and the
Mie theory. The Mie theory takes phenomena other than diffraction (such as transmission) into account and
is, therefore, able to offer an exact solution to the scattering of light from a homogeneous sphere [108]. When
a particle has a significant anisotropic shape, LD overestimates the width and gives bimodal distributions.
Because the diffraction pattern of the particle depends on the orientation of the particle with respect to the
laser beam. The image analyses are based on spherical particles, to that end determining the shape of the
particles might be necessary [73, 109].

B.4. Isothermal calorimetry
Cement hydration is an exothermic reaction, meaning that heat is released during the reaction. Calorimetry
is the measurement of heat and heat production rate [73]. Since a reactive material produces heat when it
hydrates, calorimetry has been a useful tool to determine the reactivity of a material [36, 76]. There are several
types of calorimetry, this section will focus on isothermal calorimetry.

An isothermal calorimeter consists of a thermostatic heat sink upon which two heat flow sensors are
placed. The sample and the reference sample are both placed in an ampoule which is placed in an ampoule
holder that is in contact with a heat flow sensor. The two samples are thermally connected by the heat flow
sensors to a thermostatic heat sink. The difference between the output from the sample and the reference
sample is the calorimeter output (NPR-CEN/TR). A schematization of an isothermal calorimeter is shown in
figure B.3. The thermostatic heat sink ensures that the surrounding temperature remains constant, in order
to establish correct heat measurements [73].

Figure B.3: Schematization of isothermal calorimeter after (NPR-CEN/TR)

A calorimeter uses a heat flow sensor that measures the heat in volts. The calibration coefficient (ε) is the
parameter that transforms this voltage into thermal power. The signal that is measured when no heat is
produced in the sample, is called the baseline (U0). When the heat produced by a sample has been measured
(U ), thermal power (P ) is calculated as follows:

P = ε(U −U0) (B.5)

Where P is in watts, U in volts and ε in watts/volt.
When performing an isothermal calorimetry analysis, the following points should be taken into consider-

ation when performing an isothermal calorimetry analysis [73](NPR-CEN/TR):

• Make a sample from a larger mix, in order to secure a representative sample.

• The baseline of the instrument should be repeatable and stable.

• The instrument should be calibrated.
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• The ampoule should be vapour tight enough to ensure that endothermic thermal powers of evaporation
do not influence the measurements.

• Weigh constituents in the calorimeter vial and mix inside the vial using a plastic spatula or on a test
tube shaker. Since the reaction, and therefore the heat release, can occur relatively fast, mixing inside
the vial ensures that the initial reaction is measured as well.

• Mixing can be performed inside the vial when it is in the calorimeter, however, in this case, it should be
taken into account that the intensity of the mixing is relatively low. This will lead to a lower hydration
rate than if standard mixing procedures are used.

B.5. Thermogravimetric analysis
Thermogravimetric analysis measures the change in weight of a sample as a function of time or temperature.
The weight is recorded while the sample is subjected to a controlled heating or cooling environment [110].
Therefore, TGA can be used to examine thermal events as absorption, adsorption, desorption, vaporization,
sublimation, decomposition, oxidation, and reduction. In addition to this, TGA can be utilized for the eval-
uation of products lost during chemical reactions, such as evaporation. Considering these data, TGA can be
used to evaluate the thermal stability of the material [110].

The main part of the TGA apparatus is the thermobalance. A schematization of the thermobalance is
shown in figure B.4. The thermobalance consists of a clamp that holds the arm of a microbalance. This is
the part which is responsible for the heating of the sample and determining the difference in weight. Sup-
plementary to the thermobalance is purge gas, this should contain less than 0,001% water content by mass
[110].

The ouput of TGA is a mass-temperature curve as shown in figure B.5. From the curve the mass loss can
be determined as follows:

ml =
ms −m f

ms
x100 (B.6)

where ms is the mass in milligrams at point A, and m f is the mass in milligrams at point B [110].

Figure B.4: Thermobalance schematization after [111]
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Figure B.5: TGA curve from [110]
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Figure C.1: Pumice

Figure C.2: Trass
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Figure C.3: Perlite

Figure C.4: Phonolite
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Figure D.1: Trass SEM 125x magnitude



89

Figure D.2: Trass SEM 500x magnitude
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Figure D.3: Trass SEM 2500x magnitude



91

Figure D.4: Trass SEM 2500x magnitude



92 D. SEM images

Figure D.5: Phonolite SEM 125x magnitude



93

Figure D.6: Phonolite SEM 500x magnitude



94 D. SEM images

Figure D.7: Phonolite SEM 2500x magnitude



95

Figure D.8: Phonolite SEM 2500x magnitude



96 D. SEM images

Figure D.9: Perlite SEM 125x magnitude
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Figure D.10: Perlite SEM 500x magnitude



98 D. SEM images

Figure D.11: Perlite SEM 2500x magnitude
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Figure D.12: Perlite SEM 2500x magnitude
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Figure D.13: Perlite ground SEM 125x magnitude



101

Figure D.14: Perlite ground SEM 500x magnitude
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Figure D.15: Perlite ground SEM 2500x magnitude
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Figure D.16: Perlite ground SEM 2500x magnitude
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Figure D.17: Perlite ground SEM 20000x magnitude
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Figure D.18: Pumice SEM 125x magnitude



106 D. SEM images

Figure D.19: Pumice SEM 500x magnitude
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Figure D.20: Pumice SEM 2500x magnitude



108 D. SEM images

Figure D.21: Pumice SEM 2500x magnitude
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Figure D.22: Pumice ground SEM 125x magnitude



110 D. SEM images

Figure D.23: Pumice ground SEM 500x magnitude
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Figure D.24: Pumice ground SEM 2500x magnitude



112 D. SEM images

Figure D.25: Pumice ground SEM 2500x magnitude
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Figure D.26: Pumice ground SEM 20000x magnitude
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116 E. XRD

Figure E.1: XRD paste mix Ref 4M

Figure E.2: XRD paste mix A
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Figure E.3: XRD paste mix B

Figure E.4: XRD paste mix C



118 E. XRD

Figure E.5: XRD paste mix Ref 6M

Figure E.6: XRD paste mix D



119

Figure E.7: XRD paste mix E
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