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Preface

This doctoral thesis was written as part of the Ph.D. program in Earth and
Environmental Sciences of the University of Catania and focuses on the
development of reinforced Alkali Activated Materials (AAMs) for cultural heritage
restoration. The research aims to explore the production of innovative and
sustainable materials, made from industrial wastes and by-products, to reduce the
carbon footprint of the conventional used materials in the construction and
restoration industries.

Granophyre and basalt sludges were used as precursors for the development of
AAMs. The reason behind the selection of these materials is that they represent a
waste, usually landfilled, that is largely produced during stone processing (i.e.,
cutting, polishing). Therefore, the valorisation of these sludges is intended through
alkaline activation processes, meeting the principles of circular economy and
developing efficient binders.

Moreover, this study explores the incorporation of local natural and synthetic fibres
to enhance the mechanical properties of the alkali activated binders. Specifically,
the addition of fibres reduces the well-known brittle nature of AAMs, making them
suitable for the application in seismic areas where the disastrous failure of the
materials has to be avoided. The fibres were chosen according to their physical
properties, availability and the environmental impact.

This thesis is made up of eight chapters that investigate specific areas of the
research. Chapter 1 introduces the current state of art of the studied field, including
a comparison between Ordinary Portland Cement (OPC) and AAMs and the
regulatory framework related to waste reuse in Italy. Chapter 2 reports the selected
raw materials, alkaline solutions and fibres, including providers. Chapter 3 deeply
outlines the applied experimental methods. Chapter 4 deals with the presentation
and discussion of the results, starting with the characterization of the raw materials
(granophyre and basalt sawing sludges and metakaolin), which included chemical,
mineralogical, molecular and thermal analysis to assess the feasibility of using them
as precursors. The development of the formulations and subsequent
characterization and testing of the consolidated and reinforced materials is then

reported. The conclusions are outlined in Chapter 5.
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The final part of the thesis is represented by Chapters 6 to 8 where three different
case studies are reported, with the aim of widening the potential application fields
of the construction and restoration materials. The first case study investigated a
Design of Experiments (DoE) approach for predictive modelling of new AAMs
formulations. The second case study explored the effects of different activator
concentrations and waste glass-to-volcanic ash ratios on potassium-based AAMs.
Both glass and volcanic ash are wastes which are generally landfilled. The case
study aims to contribute to a better understanding on the influence of these variables
on the development of the microstructure and on the final physical-mechanical
features. The third case study focused on the investigation of the rheological
behaviour of AAMs for 3D printing applications.

This thesis adopted an interdisciplinary approach, combining geosciences,
chemistry and materials engineering. The research was also supported by
collaboration and training carried out at the Centre for Functional and Surface
Functionalized Glass (FunGlass) in Slovakia, which significantly contributed to
widen the experimental phases.

This thesis aims to widen the state of the art in the field of sustainable construction
materials, opening new paths for the reuse of industrial wastes for the conservation
of cultural heritage. Furthermore, the development of innovative and low impact

materials for application in seismic areas is explored.

17



1 Introduction

In recent years, the need for a sustainable development has become a crucial goal
for our society. Indeed, there has been a growing awareness on how much the
mankind has a negative impact on the environment and, more in general, on our
planet. This is manly caused by the rapid industrialisation and ongoing urbanisation
of our cities, followed by the continued demand and depletion of resources. The
enhanced attention on environmental issues, is particularly observed among the
younger generation and it has led to widespread protests, strikes and to the
constitution of movements such as ‘Fridays for Future’, guided by Greta Thunberg
[1].

Moreover, in 2015 the United Nations approved 17 Sustainable Development Goals
(SDGs) by the creation of the 2030 Agenda for Sustainable Development [2]. The
aim of this program is for society to become concretely more conscious and focused
on sustainability, guiding countries towards the creation of environmentally
conscious communities [3]. The need to convert key fields, including the
construction sector, to more eco-friendly fields was also highlighted. In fact, the
construction industry has been recognised as one of the major end users of non-
renewable resources, as well as a large producer of carbon dioxide (CO2) [4]. In
particular, the cement industry has led to a significant and steady increase in carbon
dioxide emissions from global cement production, as reported in Figure 1 from

1960 to 2023, with emissions up to over 1500 million metric tons [5].
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Figure 1 - Carbon dioxide emissions, expressed in million metric tons, from the
manufacture of cement worldwide from 1960 to 2023 (taken from [5])

This chapter will explore the potentiality of using Alkali Activated Materials
(AAMs) as new alternative binders to Ordinary Portland Cement (OPC) which is
nowadays the most used binder in the construction field. Moreover, an insight on
the activation reaction, properties and new frontiers in the development of these

materials are investigated.

Ordinary Portland Cement (OPC) vs Alkali Activated Materials
(AAMs) and Geopolymers

The construction and cement industries are responsible for about 7-8% of global
anthropogenic CO; emissions [6]. This is related to the Portland cement production
process, which involves calcining limestone at high temperatures to produce clinker
[7]. In particular, it is estimated that the production of one tonne of cement leads to
the emission of the same amount of CO; into the atmosphere. The high demand for
energy, coupled with the progressive depletion of raw materials, makes this model
unsustainable in the long term [8]. Considering the dual need to reduce emissions

and maintain a robust infrastructure, thanks to government regulations and funding
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incentives, scientists have been stimulated to conduct research to find more
sustainable and low-impact alternative materials for construction purposes.

In this context, Alkali Activated Materials (AAMs) and Geopolymers have emerged
as promising candidates due to their significant environmental benefits, resource
use efficiency and comparable performances (i.e., mechanical properties, durability,
chemical resistance in aggressive environments) to traditional cementitious systems
[9]. These materials provide the possibility of being produced at room or at low
temperatures and of incorporating industrial by-products such as fly ash, blast
furnace slag, sawing sludge and discarded glass that can no longer be recycled, thus
avoiding the problems associated with landfill disposal and promoting the
principles of the circular economy [10]. Moreover, the versatility of the
formulations to be tailored according to the desired final performance, makes them

attractive for several applications in the construction sector [11].

In the late 1970s, Joseph Davidovits first adopted the term ‘geopolymer’,
discovering that aluminosilicate sources could be activated in alkaline
environments to form polymer chains of polysialates, a process known as
geopolymerisation [12]. Over the years, these materials have been extensively
studied, leading to an in-depth understanding of their chemical and physical
behaviour, structural properties and possible applications.

The geopolymerisation reaction, described for the first time by Glukhovsky in 1967
[13], is a complex process composed of several steps, briefly summarized as follow:
dissolution of aluminosilicate powders in a highly alkaline environment, followed
by the condensation of the dissolved species into a three-dimensional structure
ranging from amorphous to semi-crystalline [14]. The chemical mechanism
typically occurs according to the following steps, as displayed in Figure 2 - Alkaline

activation reaction of aluminosilicate powders (taken from [14]):

1. Dissociation and dissolution of the aluminosilicates;

2. Propagation and orientation of the free silicate and aluminosilicate species;
3. Polycondensation in oligomeric species;

4. Further polymerization to form a hardened matrix of repeated tetrahedra of

-S1-O-Al-O- structural units.
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Figure 2 - Alkaline activation reaction of aluminosilicate powders (taken from [14]).

Alkali-activated Materials vs Geopolymers

Although the terms ‘geopolymer’ and ‘alkaline-activated materials’ are often used
as synonyms, they refer to compositionally different final reaction products. This
difference in the chemical composition has a strong influence on the chemistry,
microstructure, and performances of the final consolidated materials. Even though
both materials refer to the activation of aluminosilicate powders, alkaline-activated
materials involve the activation of any binder in a high pH environment, including
systems with a high calcium content and various types of activator solutions
(sodium hydroxide, potassium hydroxide, sodium silicate, etc.). The heterogeneity
in composition and the higher availability of calcium lead to the development of
calcium-silicate-hydrate (C-S-H) gel as binding phase, similar to that observable in
Portland Cement (with a lower Ca/Si ratio and greater incorporation of Al into the
gel structure), together with the traditionally developed hydrated sodium/potassium

aluminosilicate compounds (e.g., N-A-S-H) of geopolymer systems [15].
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Table 1 reports the most common types of binders, the employed solid precursors
and their chemical composition, related to the developed final hydration products.
In particular, the chemical composition refers to calcium and alkaline metal (i.e.,
R>0) oxides. Ordinary Portland Cement (OPC) is characterized by high calcium
contents and very low alkali levels, which generates C-S-H (calcium hydrate
silicate gel) as hydration product. OPC can also be found as Alkaline OPC or
Blended OPC according to the presence of additional alkali or additional slags,
respectively. These additions lead to chemical modification of the system,
producing both C-S-H and N-A-S-H (hydrated sodium silica aluminate gel).
Alkaline-activated binders, including materials based on slag or fly ash, exhibit
variable CaO contents (up to 30 wt.%) and higher alkaline oxides levels (up to 10
wt.%), producing mainly but not exclusively N-A-S-H type. Geopolymers are
obtained starting from low-Ca aluminosilicates (i.e., calcium levels below 5 wt.%)
and high alkali levels (up to 20 wt.%), leading to the formation of N-A-S-H type
gel only. Figure 3 displays the classification of different cementitious systems
according to their calcium and aluminium contents. AAMs represent a wider class
of binders, including materials with both high and low calcium contents.
Specifically, high calcium systems lead to the formation of C-A-S-H gel, while low
calcium contents favour the development of N-A-S-H type gel. Geopolymers
represent a subcategory of alkaline-activated materials and refer only to binders
consisting of aluminosilicate precursors that are characterised by an amorphous
three-dimensional polymeric network of Si-O-Al bonds, similar to zeolites [16].
Portland-based and calcium sulfo-aluminate cements are binders with very high
calcium content which lie outside the broader class of AAMs and are shown for

comparison.
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Binder Type  Solid Precursor CaO Na;O/K;O Hydration
(wt.%) (wt.%) product
OPC OPC clinker 60-70 <0.6 0% 100%
Alkaline OPC clinker + RO 40-50 1-5
OPC ~
Blended OPC clinker +  25-30 25 2 "
OPC slag/Ash/basalt/red 8~ @)
mud + R,0 2= S
A.lkah Metallurgical slag 25-30 4-8 Cr's < m‘l“
activated +R,0 =z S
slags << &
Alkali Fly ash from coal _ 0-25 5-10 5 S
activated fly  combustion + RO ~
ash
Geopolymers Low-Ca 0-5 10-20 100% 0%
aluminosilicates

Table 1 - Final hydration products according to the type of binder. R refers to alkali (Na,
K) or alkaline-earth (Ca, Mg) elements (taken from [17]).
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Figure 3 - Alkali-Activated Materials (AAMs) vs Geopolymers (taken from [18]).
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The final materials will have different features, according to the mix design and
thus the formed gel, as observed in Figure 4. For example, geopolymers usually have
a denser structure, due to an extensive polymerization of SiQs(nAl) units, which
leads to highly cross-linked aluminosilicate network, resulting in an enhanced
chemical resistance, lower permeability, and higher compressive strength compared
to AAMs. On the contrary, AAMs are mainly characterized by less polymerized
structures composed of SiQ: and SiQ2(1Al) units, with possible unreacted grains
that produce a more heterogeneous matrix [16,19].

Furthermore, the precursor’s reactivity plays a crucial role in the final performances
of the materials. In geopolymers, the highly reactive precursors, such as metakaolin,
easily dissolve in alkaline media thus facilitating the formation of well-developed
N-A-S-H gel [20]. On the other hand, the industrial wastes or by-products have a
lower reactivity, resulting in slower or partial activation. While AAMs provide rapid
strength development, due to C-S-H gel formation, geopolymers have superior

long-term performances due to their more stable and compact gel network [19].

(a) (b)

siQt(2Al) —

KL AL 382R

Cross-linked chains

SIaHE) < : SiQ2(1Al)

Figure 4 - Chemical structures of geopolymers (low-calcium precursors) (a), and alkali-
activated materials (high-calcium precursors) (b) (taken from [17]).

Despite the differences in the final reaction products and properties, both AAMs

and geopolymers offer promising alternative in the construction field. The variety
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of properties make them suitable for different applications, ranging from restoration

to highly aggressive or extreme environments fields.

1.3 Italian Waste Management Policies and regulatory framework

Italy is a large producer of non-hazardous wastes coming from both natural
phenomena and industrial processes. Among these, the substantial amount of
volcanic ash generated by the frequent eruptions of Mt. Etna (i.e., estimated to be,
only for the eruptive event between the 31 of March and the 1 of April 2021, ~ 4
x 10° m®, [21]) and the powders derived by the stone processing, including
extraction, cutting and polishing (i.e., approximately 40% of the total stone) become
waste [22]. If not properly managed, the disposal of these materials can create
significative environmental problems. However, their chemical properties and large
availability offer a good opportunity for their re-use [23,24].

The Italian waste management and the disposal of non-hazardous inert wastes in
landfills is controlled by a complex regulatory framework. These laws changed over
time in order to better fit with sustainable practices and the principles of the circular
economy. One of the first innovative laws in terms of sustainability was the d. lgs.
n. 22/1997, also known as “Decreto Ronchi”, which aimed to promote the reduction
and recovery of wastes by the recycling and enhancement of people awareness on
environmental issues [25]. Afterwards, the d. Igs. n. 152/2006, also known as “Testo
Unico Ambientale”, introduced an improved regulation on the waste management.
In the IV section, a specific ruling on the disposal of non-hazardous wastes (i.e.,
volcanic ash from Mt. Etna and wastes coming from the cutting processes of rocks)
is outlined. In the text (article 185, comma 1, letter c), it is stated that the volcanic
ash from Mt. Etna is considered as a special waste which must be subject to specific
provisions for its collection, transport and re-use. In particular, if volcanic ash is
reused as a replacement for raw materials within virtuous production cycles,
through harmless processes for the environment and human health, it does not
undergo waste treatment regulations [26,27]. Therefore, this material can be used

to produce semi-processed or finished elements that meet the technical standards
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required by industry regulations. The raw material must be first characterised to
verify the absence of anthropogenic pollutants and assess levels of natural
radioactivity [28]. This integrated approach promotes the circular economy,
allowing for the aware conversion of materials, which otherwise would be disposed
of, into valuable resources. Regarding the sawing sludges of rocks, such as marble,
granite and basalt, the d. 1gs. 152/2006 also include procedures for their processing,
recovery, disposal and re-use. The main aim of the law is to reduce the
environmental impact though sustainable practices involving the re-use of these raw
materials in the industrial sector.

Integrating circular economy principles into the management of these special
wastes not only reduces environmental impact but also promotes new economic
opportunities through material recovery and reuse. Scientific research plays a
crucial role in identifying effective solutions for the recovery and reuse of these

materials, contributing to the promotion of the circular economy.

Fiber reinforced composites

In the last years, alkali activated materials have gained increasing attention thanks
to their favourable properties and performances. Nevertheless, like other
cementitious materials, AAMs suffer from brittle failure especially when subjected
to flexural stress, leading to limited applications and shorter durability [4]. In this
respect, in order to improve the general performances of these materials, fibres are
added to the formulation. The addition of fibres is proven to reduce crack
propagation (i.e., limiting the widths and expansion of cracks), resulting in
enhanced physical and mechanical properties [29], such as flexural strength,
fracture toughness, crack control, deformation and energy absorption [30]. The
possibility to achieve these properties is due to the ability of the fibres to stop crack
propagation by bearing part of the applied load even after microcracks are formed
within the matrix, bridging microcracks and distributing stresses more evenly, thus
improving the overall toughness of the material [31].

Moreover, some authors have demonstrated that the addition of fibres also

positively affects the durability of these materials by reducing cracks and porosity
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[32]. In fact, cracks can be considered as a preferential way for the transfer and
mobility of external agents such as water, moisture, sulphates, chlorinates and
carbonates, compromising their long-term performances [33]. Hence, the reduction
of cracks is essential to increase the density of the microstructure, allowing a
prolonged lifespan of the material.

The development of reinforced AAMs becomes important for the needs of the
construction field, where materials with both environmental benefits and
outstanding performances are required. The addition of fibres can further help
scientists in designing materials with improved damage tolerance and structural
safety, making these materials suitable for construction purposes in seismic regions
or application that require advanced features [34]. Nowadays, many researchers are
focusing on the field of reinforced AAMs, aiming to optimize the fibres’ type and
proportion in order to obtain improved performances. These efforts will lead to the

development of a new eco-friendly and adaptable construction industry.

When talking about fibre-reinforced materials, the selection of the type of fibre
plays a crucial role in the final behaviour of the material. Many fibres are currently
used, including steel, carbon, glass, basalt and organic [35]. Each fibre can offer a
variety of properties, according to the specific requirements and final applications.
For example, steel fibres offer high splitting tensile and flexural strength, elasticity
and durability, making them suitable for applications that require significant loading
capacity and flexural resistance (i.e., structural elements) [36]. However, steel
fibres are not recommended for aggressive environments (i.e., marine structures,
bridge decks, transportation facilities, wastewater treatment plants, and coastal or
salt-laden environments) as they suffer from corrosion that may end up affecting
the reinforcement, eventually leading to deterioration and catastrophic failure of
load-bearing elements [37,38]. In this context, glass fibres may be suitable, being
resistant to corrosion and having low density, excellent flexural and shear strength
[39]. In addition, polypropylene and polyvinyl fibres have also proved to be
resistant to corrosion and to improve the compressive strength [40].

Moreover, carbon fibres are widely used thanks to their low density, still providing
good strength and chemical stability. Although they are more expensive than other
commercially available fibres, their properties make them ideal for lightweight and

robust applications in both normal and extreme environments (i.e., structural,

27



1.5

offshore, aerospace, etc.), reducing the weight of the element while increasing the
mechanical features [41]. Carbon fibres were shown to have a good influence on
the drying shrinkage, brittleness and fracture toughness [42]. Recently, basalt fibres
have become popular due to their high thermal stability, non-toxicity, low
production cost, high resistance to chemical attack and corrosion [43]. Finally, the
proper selection of the fibre is necessary to develop materials with tailored
properties that satisfy the specific requirements, maximizing durability and

mechanical performances of the final products.

Geological setting of the areas of interest

In this study, two Italian regions are considered of particular interest: Sicily and
Lombardy. In these geographic areas, the sampling of the studied materials,
extensively described in Chapter 34, occurred. This paragraph aims to provide an
overall understanding on the complex geology of Italy with a focus on the
geological setting and geodynamics that brought to the formation of the sampled
areas.

The central Mediterranean area is made up of three structural geodynamic domains:
the foreland, the orogenic, and the internal domains (Figure 5 - Structural scheme of

the central Mediterranean domains (taken from [44]).
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Figure 5 - Structural scheme of the central Mediterranean domains (taken from [44]).

The foreland domain includes undeformed areas such as the Pelagian block and the

Ionian basin. The Orogenic domain can be divided into three overlaying structures

[45]:

- The External Thrust System: it is a deep thrust system, comprising the units
that belonged to the old Hybleo-Saccense foreland domain. It was formed
during the late Miocene, while the Tyrrhenian Basin was opening.

- Apenninic- Maghrebian Chain: it derives from the deformation and stacking
of both oceanic and continental sectors during the Miocene and Pliocene.

- Calabro-Peloritan Chain: it was formed due to the delamination of
metamorphic rocks belonging to the continental European crust, starting

from the late Eocene.

The internal domain is represented by the Tyrrhenian Basin and the Sardinia-

Corsica Block, this latter belonging to the European crust [45].

The central Mediterranean area is highly complex, consisting of several tectonic

units that originated from different geological and geodynamical domains.
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Focusing on the eastern part of Sicily, its morphology is shaped by the presence of
Mt. Etna Figure 6 - Structural scheme of Sicily.
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Figure 6 - Structural scheme of Sicily (taken from [45]).

Covering an area of 1200 km?, Mt. Etna is one of the most active volcanoes in the
world as well as the highest active volcano in Europe. It is located on the collision
zone between the Eurasian and African plates and is characterized by the emission
of mafic products. The complex evolution of Mt. Etna has been reconstructed

through different studies and is divided into four phases [46—48]:

1. Tholeiitic phase: the earliest volcanic activities occurred under the sea,
around 500 ka. Evidence of this can still be observed in Aci Castello and in
its surrounding areas. The volcanic activity gradually shifted to subaerial
eruptions due to the uplift of the eastern coast of Sicily (around 330 ka).

2. Timpe phase: starting from around 220 ka, the accumulation of numerous
lava flows led to the formation of the first volcanic edifice. This phase ended

around 110 ka.
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3. Bove Valley phase: starting from 110 ka onward, the eruptive style began to
change, shifting from fissure eruptions to central activities. During this
phase, the first eruptive centres formed, with Trifoglietto being the largest.
Moreover, the continuous overlapping of eruptive events led to the
development of a stratovolcano structure.

4. Stratovolcano phase: the final phase began around 57 ka, when the eruptive
activity migrated northwest, leading to the formation of the main edifice of
Mt. Etna, known as “Ellittico”. During this period, both effusive and
explosive activities affected and shaped the morphology and hydrogeology
of the volcano [49]. After an intense phase of eruptions, the Ellittico
collapsed, forming a caldera. This caldera was subsequently filled and
covered by newer volcanic products derived from the new crater. The new
volcanic edifice was named “Mongibello”. Mongibello experienced several
consistent landslides, which contributed to the formation of the present-day

Bove Valley [50].

Since the early development of the local community, Mt. Etna has influenced the
social, economic, and urban landscape of the area. Even though Mongibello’s
activity is predominantly effusive, some particularly intense explosive eruptions,
that had a significant impact on residents and infrastructures, occurred. One of the
most destructive events dates back to 122 B.C., when severe damages were
recorded due to the formation of the Caldera del Piano. The city of Catania was
covered in ashes and lapilli, and the destruction was so extensive that the Roman
government exempted the city from taxes for ten years, in order to support the
economic recovery [51]. During the Middle Ages, numerous lava flows reached the
low altitudes areas, posing a serious threat to towns and villages [52]. One of the
most destructive episodes occurred in 1669 and is considered one of the most
powerful volcanic events in the known history of Mt. Etna. The lava flow reached
the coast, with a length of 17 Km and 600 million m* of erupted lava in only four
months. Nine towns were destroyed and the lava eventually stopped against the
walls of Castello Ursino, marking a crucial moment in the relationship between the
volcano and the local population [53]. Moreover, the 20" century is marked by an
exponential growth in population within the areas surrounding Mt. Etna, leading to

an increased volcanic risk. In fact, the 1928 eruption was the last highly destructive
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episode which, in just 18 days, caused the complete destruction of the town of

Mascali.

The geology of Lombardy region is very complex, shaped by many tectonic,
sedimentary and magmatic events. The region is predominantly characterized by
the presence of the Po Valley to the south, and the Southern Alps to the north. The
Southern Alps are a mountain chain composed of a wide variety of rocks, ranging
from the metamorphic basement of the Palacozoic era to sedimentary sequences
dating back to the Mesozoic and Cenozoic. The current structural configuration of
the area is the result of the Alpine orogeny, which resulted in large folds and
overthrusts, while late Palacozoic magmatic activity led to the formation of granitic
intrusions and volcanic rocks. Among the most relevant magmatic bodies in
Lombardy is the Cuasso al Monte granophyre, located in the province of Varese,
shown in Figure 7. It is a subvolcanic formation outcropping in the Monte San
Giorgio area on the border between Italy and Switzerland. This intrusive body is
linked to the Permian magmatism of the region and is closely connected with both
the Permian volcanic rocks of the Piambello Series and the Variscan metamorphic

basement known as Ceneri Gneiss [54].

The Cuasso al Monte area is located within the Maroggia-Brinzio Anticline, a
tectonic structure with ENE-WSW orientation. At the nucleus post-Varisian
intrusive rocks outcrop, among them the Cuasso granophyre. This subvolcanic body
was formed as a result of silica-rich magmatism, the same process that also gave
rise to granitic rocks and leucogranites with a granophyric structure. Petrographic
and geochemical analyses suggest that the Cuasso granophyre is closely linked to
the permo-carboniferous intrusive sequences that characterise the entire south-
western Alpine region [55]. The crystallisation phases of the Cuasso al Monte
pluton show an evolution from primary magmatism to advanced hydrothermal
conditions [56]. The tectonic and stratigraphic context of the area suggests that the
intrusion of the granophyre occurred during the Upper Permian, coinciding with
marked tectonic activity that favoured the formation of sedimentary basins and

volcanic structures. The Maroggia-Brinzio Anticline may have played a decisive
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role in controlling magma ascent and the distribution of associated intrusive and

volcanic units [55].

Legend
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Figure 7 - Excerpt from the geological map of the Varese province (taken from [57]).
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2 Materials

2.1 Basalt and Granophyre sawing waste sludges

The stone industry is responsible for the production of a large amount of waste
material, deriving from the extraction, sizing, and polishing processes of rocks. The
whole wastes represent about 38 wt.% of the total raw stone, while specifically the
sludges consist of the 24 wt.%. It was estimated that, only from the granite market,
2.0 x 10° tons of sludges are expected to be produced annually [58]. In particular,
the produced sludge is made up of rock particles, water used to cool down the saw,
and potentially metallic particles coming from the latter. This sludge is mostly
disposed of in landfill. After drying, the sludge appears as a powder with very small
grain size [59]. Moreover, these wastes can create many problems for the human
health (i.e., silicosis after inhalation of the silica-rich particles [60]), as well as land

degradation, infiltration and groundwater contamination [61].

In this thesis, two sawing sludges produced from the cutting, shaping, and polishing
process of different type of rocks were selected as raw materials.

Basalt sawing waste sludge (BSW), derived from the processing of local basaltic
rocks, was provided by A.M. Basalti s.r.l.. The company is located in Misterbianco
(Sicily, Italy; Figure 8) and deals with the manufacturing process of basaltic rocks
for the production of semi-finished products, paving, coverings, and urban
furniture. After sampling, the raw material was dried in oven at 105 + 5 °C for 24
h. The dried material was then sieved in order to remove any impurities. The

material didn’t need any additional treatment.
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Figure 8 - Geological map of Mt. Etna. The red area indicates the volcanic building while
the back circle denotes the location of the A. M. Basalti company (modified after [62]).

Granophyre sawing waste sludge (GSW) was sampled from the Bonomi quarry,
located in Cuasso al Monte, a small town 10 km up from Varese (Italy) (Figure 9 -
Google Earth image of Varese province and Cuasso al Monte area. The red circle denotes

the Bonomi Quarry.).
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Figure 9 - Google Earth image of Varese province and Cuasso al Monte area. The red circle
denotes the Bonomi Quarry.

The material was provided by Prof. Danilo Bersani (University of Parma), Dott.
Paolo Gentile (Piattaforma di Microscopia, Universita degli Studi di Milano
Bicocca) and Geom. Renato Bonomi (owner of the quarry). The material arrived
still very wet (Figure 10 - GSW as received before the drying process (a); and after drying
while sieving (b).) so, following the same protocol used for the BSW, it was dried in
oven for 24h at 105 £ 5 °C and carefully sieved (Figure 10 - GSW as received before
the drying process (a); and after drying while sieving (b).).

(b)

- ] g ]

Figure 10 - GSW as received before the drying process (a); and after drying while sieving
(b).
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2.2 Metakaolin

Metakaolin derives from the calcination process of kaolinite clays which occurs at
temperatures around 500-750 °C. The high temperatures contribute to the
dehydroxylation of the material, a process through which most of the hydroxyl
groups (OH) are released [18]. The exothermic reactions occurring during the
calcination and burning processes of kaolinite clays, leading to the formation of

highly temperature-sensitive products, are reported in400-500

°C: AL, SiOs(0H), = ALSIO5(0H),05 +(2-3)H,0  (Eq.1-3[63].

400 — 500 °C: AL,Si0s(0H), —» Al,Si0Os(0H),0,_, + (2 - g) H,0  (Eq. 1)

500 — 925 °C: Al,05 - 25i0, - 2H,0 — Al,05 - 2Si0,(MK) + 2H,0  (Eq. 2)

925 °C — 1100 °C: 2[AL, 04 - 25i0,] » 241,05 - 35i0, + Si0, (Eq. 3)

At 500-800 °C the coordination of the alumina shifts from octahedral to tetra- and
penta-coordinated units. These products are highly reactive, and the clay’s structure
appears to be collapsed and disarranged, as shown in Figure 11 - Structure
modification according to increasing calcination temperature (taken from [65]). [64].
Moreover, it can be observed that temperatures below 400 °C and above 950 °C are
not suitable for the production of materials to be used as precursor in alkali-

activated reactions, due to the high cristallinity of the structures [65].
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Figure 11 - Structure modification according to increasing calcination temperature (taken

from [65]).

Thanks to its very high reactivity [66], chemical composition (i.e., low calcium and
high silica and alumina contents), metakaolin is the most used and suitable
precursor to produce geopolymers. In particular, the chemical composition of
metakaolin, ranging from 55% to 62% SiO2 and between 35% to 42% ALOs, as
reported in literature [67,68], leads to the formation of a well-defined
microstructure with a three-dimensional network [20,69,70]. Moreover, from the
environmental point of view, the use of metakaolin in the construction industry is
reported to reduce up to 70% of the carbon dioxide emissions compared to
conventional concrete [71].

In this study, a commercial metakaolin ARGICAL™ M1000, provided by IMERYS
(France), was used as an additive to enhance the reactivity of the system. The
amount of added metakaolin varied according to the reactivity of the raw waste

precursors and ranged from ~14% to ~27% for the selected best formulations.

Alkaline solutions

The binary powdered mixtures composed of the sawing waste sludges (i.e., basalt
or granophyre) and metakaolin were activated using sodium-based solutions. In

particular, a combination of sodium hydroxide and sodium silicate was employed.
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Sodium hydroxide (NaOH) was mostly used with a concentration of 8M, obtained
by the dilution of a commercial 9.9M solution. The activation process of GSW was
also evaluated with 9.9M NaOH.

The used sodium silicate (NaSiO3) was provided by Ingessil s.r.l., with a

Si02/Na.O molar ratio of 3.

Synthetic and organic fibres

In this study, synthetic and organic fibres were used to reinforce BSW and GSW-
based composites. Commercial carbon roving 1600 Tenax (24k), provided by R&G
Faserverbundwerkstoffe GmbH (Germany), was used as a synthetic fibre. The
technical parameters of the carbon fibre are shown in Table 2 - Technical data of the

carbon fibres, provided by the company., as reported by the company.

Parameter Value Unit
Density 1.78 g/cm’
Tensile strength 4200 MPa
Tensile modulus 240 GPa
Elongation at break | 1.8 %

Table 2 - Technical data of the carbon fibres, provided by the company.

The increasing attention over environmental issues and the demand for sustainable
construction materials have encouraged researchers to explore alternative fibres to
be used as reinforcement. In this perspective, natural fibres have gained attention
due to their low density and cost-effectiveness [29]. In fact, replacing synthetic
fibres with natural ones is not only environmentally beneficial but also
economically advantageous, since producing synthetic fibres typically requires
more energy compared to the agricultural processes used to produce natural fibres
[72].

In this study, organic fibres were selected to assess their behaviour when added in
the alkaline environment of the binders. Specifically, the fibres were obtained from

the cortex of two local widely spread plants in Sicily. These plants are distinctive
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of the Mediterranean scrub: the palm tree and the prickly pear. After natural air
drying, the cortex and leaves (i.e., cortex of palm tree and leaves of prickly pear,
respectively) were directly cut without requiring any additional treatment, making

the preparation process simple, sustainable and environmentally friendly.

Both synthetic and organic fibres were manually cut and directly added to the slurry
in different percentages ranging from 0% to 2%, with constant increments of 0.5%.
Based on previous studies, all fibres were cut to a length of 10 mm, as this size has
been recognized as one of the most used, balancing workability and mechanical
performance in alkali-activated systems [32,40,73,74]. Moreover, for the specific
used organic fibres, obtaining lengths greater than 10-20 mm proved to be both
challenging and time-consuming. This was mainly due to the irregular cross-
sectional morphology, roughness and presence of nodular patterns within the raw
fibre which caused the breaking of the material. Therefore, the 10 mm length
represented the most practical and efficient choice for processing and dispersion

into the matrix.
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3.1

3 Methods

Mineralogical, chemical, molecular and  morphological

characterization

3.1.1 X-Ray Fluorescence (XRF)

The elemental composition of the raw materials was investigated using an X-Ray
Fluorescence (XRF) spectrometer, model Bruker S8 Tiger. XRF provides
quantitative data by measuring the absolute amount of each element present in a
sample. This is achieved through a calibration process, where raw signal intensities
are converted into precise concentrations. Calibration involves the use of standards
with known element concentrations, allowing the creation of a calibration curve
that is then used to interpret the sample signals.

For the detection of major elements (i.e., elements present in the samples with
amounts greater than 1 wt.%), samples were prepared by fusing a mixture of 0.5 g
of finely ground material (i.e., particle size below 0.045 mm) with 8 g of lithium
tetraborate (Li2B4O-) to form glass beads. In contrast, for the detection of minor
elements (i.e., elements with a concentration of less than 1 wt.%), the sample
preparation involved pressing pellets composed of 11 g of the powdered sample
combined with 1 g of wax. Moreover, boron oxide (B20s3) was also included to
improve the accuracy of these measurements.

The XRF measurements were performed by Dr. Hana Kankkova and Dr. Jaroslava
Gombarova at the Centre for Functional and Surface Functionalized Glass
(FunGlass), Alexander Dubcek University of Tren¢in (Slovakia), where I had the
opportunity to carry out part of my research during the compulsory research period

abroad.
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3.1.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was performed to investigate the mineralogical
composition of the samples, including both crystalline and amorphous phases. The
measurements were carried out at the University of Catania (Department of
Biological, Geological and Environmental Sciences) using a Miniflex Rigaku
diffractometer, equipped with CuKa radiation and operating at 40 kV and 15 mA.
Data were collected over a 20 range between 5° to 75°, with a step size of 0.01° and
a scanning speed of 5° per minute. In addition to phase identification, to quantify
the relative amounts of crystalline and amorphous content, 5 wt.% of zinc oxide
(ZnO) was added as an internal standard [75]. The acquired diffraction patterns
were then processed using Profex software (version 5.2.4), in combination with the
BGMN database [76,77].

The analyses were conducted not only on the raw precursors but also on the final
activated materials in order to assess the occurrence of the polymerization reactions,

by measuring the changes in the amorphous amount [78,79].

3.1.3 Fourier-transform infrared spectroscopy (FT-IR)

Molecular characterization of the samples was carried out through Fourier
Transform Infrared Spectroscopy (FT-IR), using an Agilent Cary 630®
spectrometer. This technique allowed for the identification of functional groups
based on their vibrational modes. Spectral data were collected in the range of 4000
to 700 cm™, with a resolution of 4 cm™, using Agilent MicroLab software for
acquisition. The obtained spectra were processed with the NGS LabSpec software,
by eliminating the contribution of CO> present in the atmosphere consisting in

! The measurements were carried out

signals ranging between 2400 and 2280 cm™
at the University of Catania (Department of Biological, Geological and

Environmental Sciences).
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3.1.4 Confocal Microscope

Confocal microscopy is a technique that allows the acquisition of images with a
very high resolution, higher than that of conventional light microscopy. In the latter,
a beam of photons hits the sample, and it is reflected by its surface. The objective
that collects the photons is focused on a specific focal plane of the sample.
Consequently, photons, reflected from areas above and below the focal plane, will
result in the production of blurred images with lower resolution. Confocal
microscopy overcomes the problem of out-of-focus light by introducing a pinhole
that can prevent out-of-focus light from being absorbed by the detector. Thanks to
this approach, high quality and blurring-free images of an object can be produced
[80]. Specifically, the confocal microscope acquires several images at different
subsequent focal planes and then stacks them on top of each other to obtain a
complete 3D image of the sample. Figure 12 Components of a confocal microscope
(a); Scanning mirror functioning (b) (taken from [81]) shows a schematic representation
of the main components of a confocal microscope, according to the working
principle patented by Marvin Minsky in the 1950s. The microscope consists of
objective lens, detectors, pinholes, mirrors, laser illumination and filters for
wavelength selection. Specifically, light is produced from a laser, and it is brought
through a dichromatic mirror which reflects or transmits light depending on the
specific wavelength. The selected beam is then focused on a targeted sample point
thanks to the objective lens. Scanning mirrors are used to adjust the position of the
beam across the sample, point by point Figure 12 Components of a confocal microscope
(a); Scanning mirror functioning (b) (taken from [81]). Then, the emitted fluorescence
goes back through the objective lens and the dichromatic mirror. The out-of-focus
light is discarded by the pinhole, and the remaining beam is finally detected by the
photomultiplier detector.

Nowadays, confocal microscopy is mainly used in the biological field for the study
of cell structures, being able to provide very high-resolution images with a low
background noise. However, other applications can be also found in the field of

materials science [81].

(@) (b)
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Figure 12 Components of a confocal microscope (a); Scanning mirror functioning (b)
(taken from [81])

In this thesis, Sensofar Metrology S NEOX 090 Confocal microscope was used to
investigate the roughness of consolidated specimens both with and without the
addition of fibres. The microscope enables 2D and 3D imaging of surfaces in the
bright field (BF), allowing observation of specimens at different magnification
(ranging from 100x to 40 000x). The lateral resolution is of 260 nm while the Z-
axis resolution is of 10 nm. Images were acquired and processed using SensoSCAN
S neox (Version 7.6) and SensoVIEW (Version 2.2.2) softwares.

Arithmetic mean height (Sa) was computed for all samples. Sa is defined as the
arithmetic mean height of the surface, also known as average surface roughness. Sa

calculation is reported below [82]:

Sa = jj 1Z (v, )| (dx)dy

Additionally, Root Mean Square (RMS) height was calculated. RMS height, also
reported as RMS roughness takes into account the mean surface height of all data
point [82]. Three points were analysed from the top part of each specimen, being
the upper side very heterogeneous in terms of surface flatness. Moreover, in order
to avoid any overestimation or underestimation of the roughness due to the different

viscosity of the slurry caused by the fibres’ content, average surface roughness
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measurements were also carried on one point of the bottom side of each specimen.
The measurements were carried out in FunGlass research centre, under the

supervision of Dr. Branislav Hruska.

3.1.5 Inductively coupled plasma - optical emission spectrometry

(ICP-OES)

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was
conducted, by using an Agilent 5100 SVDV, to evaluate the occurrence of
significant leaching of elements in solution from consolidated specimens, both
without fibres and with the maximum fibre content (i.e., 2 wt.%), after immersion
in water. ICP-OES method is suitable for detecting a wide range of elements in
liquid samples and it relies on a high frequency inductively coupled plasma as the
excitation source, allowing precise elemental analysis of solutions derived from
either direct dissolution or decomposition of solid materials.

For this purpose, the raw powdered materials were immersed in 8M NaOH for 3
hours in order to verify the reactivity of the precursors in alkaline environment. As
for the consolidated specimens, they were boiled in distilled water for three hours,
simulating forced leaching condition. After cooling and before conducting the tests,
the resulting leached solutions were collected and centrifuged to remove any
residual solid particles, ensuring that the measurements reflected only the dissolved
elements and were not affected by suspended residual particles. The leaches were
then analysed to identify and quantify any elements released during the process,
thus verify chemical stability. The experiments were conducted at FunGlass and

ICP-OES measures were carried out by Dr. Lenka Buniova.
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3.2

3.1.6 Scanning Electron Microscope and Energy Dispersive X-ray

Spectroscopy (SEM-EDS)

Microstructural analysis of the consolidated specimens was carried out using
Scanning Electron Microscopy coupled with Energy Dispersive X-ray
Spectroscopy (SEM-EDS). This technique was employed to explore morphological
features including texture, porosity, binder-fibre adhesion and the possible presence
of unreacted particles belonging to the raw precursors.

A JEOL JSM-IT500 Analytical Scanning Electron Microscope, equipped with an
EDS detector, was used for the acquisition of micrographs and to identify the
chemical composition of selected areas within the specimens. The microscope
operated at a voltage of 20 kV and a beam current of 8 nA. Prior to the analyses,
the samples were coated, by using a Quorum Q150V ES plus sputter-coater, with a
10 nm layer of platinum to improve conductivity.

The analyses were performed at the FunGlass research centre, under the supervision

of MSc. Mohammed Boujida and Dr. Mokhtar Mahmoud.

Thermal Characterization

The thermal behaviour of the used materials was investigated using a Netzsch STA
449 F1 Jupiter instrument, which enables Simultaneous Thermal Analysis (STA) by
combining Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC) in a single measurement. The measurements were carried out in
air atmosphere, with the temperature ranging from 25°C to 1300°C and a controlled
heating rate of 5°C/min. This setup allowed for the evaluation of mass changes,
thermal stability and energy transformations occurring within the samples across
the studied temperature range. The analyses were performed on both the raw
precursors and the activated specimens, in order to evaluate how the thermal
properties evolved as a result of the polymerization process. The analyses were
carried out at the FunGlass research centre, under the supervision of Dr. Bedta

Pecusova.

46



3.3 Rheological characterization

The rheological behaviours of the materials can be represented by shear stress (t)
vs shear rate (y) graphs, as shown in Figure 13 (a-b). The curve (1) shows the
behaviour of Newtonian fluids, where the shear stress linearly increases with the
shear rate. This behaviour suggests that the viscosity is always constant and does
not depend on the deformation rate. For materials with pseudoplastic behaviour (2),
also known as shear-thinning, the viscosity decreases with the increase in shear rate.
On the contrary, an increment in viscosity is observed for materials with dilatant or
shear-thickening behaviour, represented by curve (3). Figure 13 b represents the
behaviour of materials which present an intrinsic resistance to flow and need a finite
yield stress to start flowing. Specifically, curve (4) shows the Bingham fluid
behaviour where, after overcoming an initial stress, the material starts flowing and
behaving as a Newtonian fluid. The curve (5) displays the Casson behaviour of

materials which, after overcoming an initial stress, behave in a shear-thinning way.
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Figure 13 - Rheological behaviours of materials without a threshold stress (a) and with
yield stress (b) (modified from [148]). Curves represent the Newtonian (1), Pseudoplastic
(2), Dilatant (3), Bingham fluids (4), Casson fluids (5).

47



34

The rheological properties of the slurries were evaluated using a Haake Mars III
rheometer, equipped with 35 mm plate in a parallel geometry. The analyses were
conducted exclusively on the slurries without fibre, as the high viscosity of the
fibre-reinforced mixtures made measurements impossible. Multiple test protocols
were employed to gain a comprehensive understanding of the rheological behaviour
and viscoelastic properties of the materials under different conditions.

Specifically, the viscosity recovery test consisted of two sequential steps in
rotational mode at a constant shear rate. Initially, a shear rate of 10 s™' was applied
for 60 seconds to simulate the extrusion phase, followed by a much lower shear rate
of 0.1 s7! for another 60 seconds, representing post-extrusion conditions. This setup
was designed to evaluate the slurry’s ability to recover its original viscosity after
being subjected to mechanical stress, being an essential property for maintaining
the given shape.

Additionally, a dynamic strain sweep test was carried out in oscillatory mode under
constant deformation, with strain values ranging from 0.001 to 200% with a
frequency set at 1 Hz. This test provided insight into whether the material behaved
predominantly in an elastic (solid-like) or viscous (liquid-like) manner under
oscillatory stress conditions.

Finally, flow curve tests were conducted in rotational mode, using a shear rate range
from 0.01 to 100 s'. These tests allowed to determine the shear-thinning and
thixotropic behaviour of the slurries, key features for materials as they influence
and control the flowability.

The tests were performed at the FunGlass research centre, after Dr. Ali Talimian

delivered a training.

Physical-mechanical characterization

3.4.1 Helium pycnometer

The determination of the true density and volume of the consolidated specimens
was carried out by using a Quantachrome Ultrapyc 1200e, an automatic gas

pycnometer operating in a helium atmosphere, with an accuracy of + 0.001 g/cm?.
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The pycnometer is able to provide data on the actual volume of the solid samples,
by measuring the volume displaced by helium (i.e., gas capable of penetrating even
the small pores, on the order of the nanometer).

The analyses were conducted on both specimens with and without the fibre
reinforcement, to assess whether the addition of fibres had any influence on the
internal structure of the materials in terms of density. The measurements were
carried out at FunGlass research centre, under supervision of Dr. Anna Prnova.
The helium pycnometer was used to calculate the bulk and true density of the
consolidated samples. The geometric density was calculated as the weight to
volume ratio using an analytical balance and a caliper. Furthermore, the density of
the specimens was employed to calculate the open and total porosities. The

formulas for determining the open (Eq. 4; @y¢n) and total porosity (Eq. 5; @¢orar)
involve the ratio of the geometric density (pgeom) to the apparent density (pgpp) Or

to the true density (pg) Of the specimens [83,84]:
Pgeom
=1—(——| (Eq. 4
Qopen ( Papp ) ( d )

Beotar = 1 — (222) (Eq. 5)

Ptrue

3.4.2 Freeze-thaw tests

Freeze-thaw tests were carried out using an Angelantoni Discovery DY 110 climatic
chamber, designed to simulate a wide range of environmental conditions, including
variations in temperature and humidity. The instrument is commonly used to assess

the long-term performances of materials under accelerated aging conditions.

The testing procedure followed the UNI 7087:2017 standard [85,86], which
consists of 75 freeze—thaw cycles, each lasting 12 hours, conducted on 4 cubic
specimens of 4 cm-edge for each formulation. Every cycle included three distinct

phases:
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1. Cooling phase: the temperature gradually decreases from 5°C to -20°C, with
a controlled rate of 5°C/h.

2. Freezing phase: the temperature is kept constant at -20°C for 2 h.

3. Unfreezing phase: the temperature is gradually raised from -20°C to 5°C, at
arate of 5°C/h.

The initial and final mass after the 75 cycles were measured, and the mass loss was
evaluated. Due to limited time and material availability, freeze—thaw resistance tests
were carried out only on specimens without the addition of fibres. The aim was to
evaluate the durability and the structural integrity of the consolidated materials
undergoing thermal stress. The experiments were conducted in FunGlass research

centre, under the supervision of Dr. Aleksandra Ewa Nowicka.

3.4.3 Compressive and flexural strength resistance

Mechanical tests are essential for the evaluation of the mechanical performances of
the materials. In this study, both compressive and flexural strength tests were carried
out using a 70-T1182 Controls UNIFRAME universal automatic testing machine.
Specifically, four specimens of 2 cm? were tested for each formulation to determine
the uniaxial compressive strength. The machine was equipped with a 50 kN load
cell, set with a peak sensitivity of 3 kN and a loading rate of 1200 N/s. Moreover,
for the flexural strength tests three prisms with dimensions of 2x2x8 cm? were tested
using a 10 kN load cell. The measurement sensitivity of the instrument was + 0.001
kN, ensuring high precision in data acquisition.

In the case of fibre-reinforced specimens, the six half-prisms obtained from the
flexural tests were subsequently used for uniaxial compressive strength testing, in
accordance with the EN 1015-11:2019 standard. This approach was necessary due
to the limitations associated with testing fibre-reinforced materials in small cubic
specimens. Specifically, the use of 2 cm-edge cubic specimens with 1 cm long fibres
would result in a high fibre to specimen ratio, which could lead to uneven fibre
distribution, increased edge effects, and non-representative failure modes. These
conditions can compromise the accuracy of the mechanical response, particularly

the fibre—matrix interaction [87—89].
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On the other hand, the use of half-prisms, obtained from the flexural strength tests
(i.e., initial specimen size of 2x2x8 cm?), provides a more appropriate volume for
testing, reducing boundary effects and allowing for a more homogeneous fibre
distribution [89]. The mechanical tests were carried out at the University of Catania

(Department of Biological, Geological and Environmental Sciences).
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4 Results and discussion

4.1 Raw powdered materials

The following chapter will focus on the characterization of the raw granite and
basalt sawing wastes, used as precursors in this study. The mineralogical, chemical
and elemental compositions of the materials are to be considered as representative
of the average values of the Cuasso al Monte granophyre and of the Etnean basalts.
However, minor contaminations can be potentially introduced during the sawing

process.

4.1.1 Mineralogical, chemical and molecular characterization

The X-ray fluorescence (XRF) chemical characterization of the raw powdered
precursors is reported in Table 3 - XRF analysis of the raw precursors (values in wt.%):
Granophyre sawing waste (GSW), Basalt sawing waste (BSW) and Metakaolin (MK).
Granophyre sawing waste (GSW) is mainly composed of silica (76.7 wt.%) and
alumina (12.9 wt.%). Moderate contents of alkali (namely, Na>O and K,O) were
also detected (8.3 wt.%). Basalt sawing waste (BSW) analysis revealed a substantial
amount of silica and alumina (i.e., 47 wt.% and 18 wt.%, respectively), along with
calcium oxide (10 wt.%). Moreover, high levels of magnesium oxide and alkali
were found (i.e., 5 wt.% and 5.9 wt.%, respectively). Metakaolin (MK) showed the
highest amount of alumina (35 wt.%) compared to the other powdered precursors,
coupled with intermediate levels of silicon oxide (61 wt.%). Very low amounts of
calcium and magnesium oxides and alkali were also observed (i.e., 0.13 wt.%, 0.13
wt.%, and 0.56 wt.%, respectively). The detected iron oxide levels were very low
for GSW and MK (namely, 1.3 wt.% each), while 11 wt.% was found in BSW.

Overall, the GSW and BSW exhibited suitable elemental compositions for alkali
activated process. Nevertheless, the incorporation of metakaolin is essential to
increase the alumina contents, thus the reactivity of the system which contributes
to the formation of a more stable polymeric network [90]. However, the differences
in composition of GSW and BSW make it necessary to tailor formulations based on

the specific chemistry of the precursors.
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ID SiO2 ALO3 CaO Fe203 MgO Alkali Other
GSW | 76.7+04 | 129408 | 0.65+0.05 | 1.3+0.1 | 0.09+£0.02 | 83+0.3 -
BSW 47 +2 18+ 1 10.0+ 0.4 11+1 5+1 59+0.5 3.1
MK 61+1.7 35+£3.0 0.13+0.06 | 1.3+0.1 | 0.13+£0.07 | 0.56+0.04 | 1.9

Table 3 - XRF analysis of the raw precursors (values in wt.%): Granophyre sawing waste
(GSW), Basalt sawing waste (BSW) and Metakaolin (MK). Alkali includes: Na,O and
K>0. Other includes: TiO;, P,Os and MnO.

The diffraction patterns of the studied raw materials are reported in Figure 14 - XRD
patterns of raw materials: Granophyre sawing waste sludge (GSW); Basalt sawing waste
sludges (BSW); Metakaolin (MK). Granophyre sawing waste sludge (GSW) is mainly
composed of biotite (K[Mg, Fe?']3A1Si3019(OH)2), microcline (KAISi3Os),
muscovite (KAL[AISi3010](OH)2), plagioclase (i.e., a solid solution between two
endmembers, namely anorthite (CaAl>Si2Og) and albite (NaAlSi30s) and quartz
(S102). The shown composition is typically reported for granite stones as well as
Cuasso al Monte granophyre [91]. Basalt sawing waste sludge (BSW) is mainly
characterized by plagioclase, pyroxene ([Ca,Mg Fe?",Fe** Ti,Al]2[Si,Al].O),
olivine ([Mg,Fe]2Si04), and magnetite (Fe3O4). These minerals are representative
of the typical composition of basalt rocks of Mt. Etna [21]. Metakaolin (MK)
pattern indicated the presence of peaks related to anatase (TiO2), quartz and
muscovite. Moreover, for all the raw powdered precursors zincite (ZnO) was also
detected, because it was added as internal standard for the quantification of the

mineralogical and amorphous phases.
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Figure 14 - XRD patterns of raw materials: Granophyre sawing waste sludge (GSW);
Basalt sawing waste sludges (BSW), Metakaolin (MK).

The amount of amorphous content for each material (i.e., GSW, BSW, and MK),
prior to activation process, and the mineralogical phases, determined by X-ray
diffraction with Rietveld refinement, is reported in Table 4 — Mineralogical and
amorphous phase contents, expressed in wt.%, of the raw precursors: Granophyre sawing
waste (GSW), Basalt sawing waste (BSW), and Metakaolin (MK). The negligible
amorphous content exhibited by GSW and BSW (namely, 0% and 0.6%) confirms
the crystalline nature of the precursors. On the other hand, metakaolin (MK)
showed a very high amorphous content (71.61 %), mainly due to the undergone
thermal treatment of kaolin clays.

The presence of amorphous phases is associated with enhanced reactivity in
alkaline environments, thus contributing to the improvement of AAMs properties
[92]. Hence, the incorporation of metakaolin as an additive in binary mixtures
alternately composed of GSW and BSW is crucial to improve the overall reactivity

of the system [93].
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Biotite Microcline Muscovite | Plagioclase | Quartz | Olivine | Pyroxene | Anatase | Kaolinite | Amorph
ID (Wt.%) (Wt.%) (Wt.%) (Wt.%) Wt.%) | (Wt.%) | (Wt%) | (Wt%) | (Wt.%) (Wt.%)
0.24 25.16 + 4.09 + 17.72 + 52.79 +
GSW | 0.0010 0.0061 0.0022 0.0066 0.0064 0
032+ - - 58.2+0.011 - 922+ 31.66 = 0.6+
BSW | 0.0023 0.0020 | 0.0035 0016
- 275+ 21.14 1.09 + 342+
71.61 +
MK 0.0012 0.0016 0.0008 | 0.0011 0.0025

Table 4 — Mineralogical and amorphous phase contents, expressed in wt.%, of the raw
precursors. Granophyre sawing waste (GSW), Basalt sawing waste (BSW), and
Metakaolin (MK).

The Inductively Coupled Plasma with Optical Emission Spectroscopy (ICP-OES)
was performed to assess the reactivity of the raw precursors in alkaline solution.
The dissolution rate of Al and Si in alkaline environment reflects the availability of
reactive species to form a stable network, thus it can be used to determine the
precursor’s reactivity for AAMs production [94-96]. The raw powders were
immersed with a ratio of 1:10 in 8M NaOH solution for 3 hours. The solution was
then filtered and analysed to quantify the amount of dissolved elements, as reported
in Table 5 - Elemental release of raw materials in 8M NaOH solution. Na was not evaluated
due to the high concentration of the element in the solution. Calcium detection limit (DL)
is 0.49 mg/L; Ti detection limit is 0.05 mg/L.. The GSW showed the smallest Al and Si
releases (i.e., ~56 and 148 mg/L, respectively), while Ca and Mg were relatively
higher compared to the other raw materials, namely ~12, and ~0.6 mg/L,
respectively. The high K releases (i.e., 825 mg/L) are consistent with the presence
of K-feldspar, as found in the XRD pattern. The elemental releases of BSW powders
appeared to be slightly higher, being the material more reactive in alkaline
environment. The Al contribution was almost the double of GSW (i.e., 97 mg/L),
essential during the alkaline activation reaction, while Ca content in solution was
smaller, limiting the formation of C-A-S-H products. Fe content aligned with the
presence of iron-rich minerals, such as olivine, pyroxene and biotite. The NaOH
composition after the immersion of MK powder is mainly characterized by very
high release of Al and Si, confirming its suitable role as aluminosilicate precursor

for the production of N-A-S-H network [12,97]. Therefore, the addition of MK is
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useful to balance Si/Al ratio, to enhance the reaction process and promote gel

formation.
mg/L

Al Si Ca Fe K Mg Ti Si/Al
GSW |555 +|148+2 |[11.8 +|349 +|825+29 |0.571 +|<DL 2.66

0.7 0.1 0.06 0.002
BSW 971 +|162+1 |721 +£[410 +|847+14]0.241 =023 =£|1.66

0.3 0.06 0.08 0.001 0.03
MK 3800 +|4360 =+ |<DL 511 +£|702+13 |0.183 +£|1.29 +|1.12

187 230 0.5 0.001 0.09

Table 5 - Elemental release of raw materials in 8M NaOH solution. Na was not evaluated
due to the high concentration of the element in the solution. Calcium detection limit (DL)

is 0.49 mg/L; Ti detection limit is 0.05 mg/L.

Molecular composition of the raw powders is shown in Figure 15 - FT-IR spectra of
the raw powders. All FT-IR spectra exhibited a clear characteristic main band,
associated to the aluminosilicate structure. This band typically ranges from 1200 to
900 cm™!, according to the specific nature of the aluminosilicate precursor [98]. The
peak detected at 1042 cm™ is related to the vibration of Si-O/Al-O bond of
aluminosilicate materials [99] , along with a shoulder at 1092 cm™! attributed to the
asymmetric stretching of Si-O-Si and AI-O-Si [100]. The peaks at 1042 and 1006
cm! are linked to the Si-O-Ca bonds, or to the asymmetric stretching of T-O (where
T=Si or Al) [101]. The band at 973 cm™! is ascribed to the Si-O stretching of Si-O-
Na/K [102]. Moreover, the signal at 782 cm! is related to the symmetric stretching
of Si-O-Si [100].
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Figure 15 - FT-IR spectra of the raw powders.

4.1.2 Thermal characterization

Figure 16 — Thermal characterization of the raw materials: TG (a) and DTA (b). (a-b)
display the thermogravimetric (TG) (a) and differential thermal analysis (DTA) (b)
curves of the raw materials. All raw powders exhibited an initial mass loss (up to
~700°C), followed by a stabilization. GSW and BSW appeared particularly stable
with a total mass loss of ~1%, indicating the thermal stability of the contained
minerals, while MK displayed a more extensive mass change up to ~2.5%. The
mass loss up to 300°C is mainly due to the evaporation of adsorbed water in the
pores or surface of the powdered materials [103]. Between 300°C and 800 °C the
dehydration of hydrate minerals can be observed, as in the case of MK, where the
mass loss is attributable to the dihydroxylation of clay minerals [104]. The overall
thermal events and the relative temperature ranges are summarised in Table 6.

The DTA curves revealed thermal reactions associated with phase changes (Figure

16 — Thermal characterization of the raw materials: TG (a) and DTA (b). b). GSW
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displayed a slight endothermic peak due to the transformation of a to § quartz [103],
located at ~550°C, followed by an endothermic event at ~1150°C due to the partial
melting of the powder [105]. BSW showed an exothermic reaction between 150°
and 550°C due to the oxidation of iron from Fe*" to Fe*" [106]. Moreover,
endothermic peaks located at ~800°, 900° and 1200°C can be ascribed to the
transition of olivine to hematite [103] and melting process [106], respectively.
Specifically, olivine — which crystallizes at 1620°C — during annealing reacts with
air and forms hematite, forsterite and amorphous silica [107], as reported in
Equation 6. After that crystallization of glassy phases occurs, as demonstrated by
the two sharp exothermic peaks after 1200°C [103,106]. MK exhibited a small
endothermic peak at ~100°C related to evaporation of adsorbed water. The
exothermic peak at 1000°C can be ascribed to the reaction of illite and quartz that
produce mullite [105], while at 1150°C the endothermic peak marked the partial
melting of the powder. The overall reactions are summarized in Table 7 - DTA

reactions.

— GSwW
BSW

nof e e
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DTA [uvimg]

aro T T T T T T U 04 T T T T T T 1
0 200 400 800 800 1000 1200 1300 0 200 400 600 800 1000 1200 1300

Temperature [*C] Temperature [*C]

(a) (b)

Figure 16 — Thermal characterization of the raw materials: TG (a) and DTA (b).

(Mg, Fe),Si0, + °/, 0, - Mg,SiO, + Si0, + Fe,05 (Eq. 6)
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Temperature interval Events
0—-300°C Loss of adsorbed water
300 — 800 °C Dehydroxylation of hydrate minerals
800 — 1000 °C Phases stabilization

Table 6 - TG analysis events.

Temperature interval Event Type of event
100 °C Evaporation Endothermic
150 — 500 °C Fe?* to Fe’" oxidation Exothermic

500 °C o to B quartz transformation Endothermic

800 to 900 °C Olivine to hematite transition Endothermic
1000 °C Mullite formation Exothermic

1150 to 1200 °C Partial melting Endothermic
1200 °C Crystallization Exothermic

Table 7 - DTA reactions.

4.2 Formulation of granophyre sludge-based AAMs

The

4.2.1 Binary mixtures design development

After
The
The
The
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Sample FC MK NaOH Na2SiO3 H20 Integrity
(Wt.%) | (wt.%)
GSW10-4.6 100 - 100 - - Not
GSW10-20 100 - 20 80 - Not
GSW10-30 100 - 30 70 - Not
GSW10-40 100 - 40 60 - Not
GSW10-50 100 - 50 50 - Not
GSW10-60 100 - 60 40 - Not
GSW10-70 100 - 70 30 - Not
GSW10-80 100 - 80 20 - Not
GSW5-40 50 50 40 60 - Passed
GSW6-40 60 40 40 60 - Passed
GSW7-40 70 30 40 60 - Passed
GSW8-40 80 20 40 60 - Passed
GSW9-40 90 10 40 60 - Not
GSW5-50 50 50 50 50 - Not
GSW6-50 60 40 50 50 - Not
GSW7-50 70 30 50 50 - Not
GSWS8-50 80 20 50 50 - Not
GSW09-50 90 10 50 50 - Not
GSW5-60 50 50 60 40 - Not
GSW6-60 60 40 60 40 - Not
GSW7-60 70 30 60 40 - Not
GSWS8-60 80 20 60 40 - Not
GSW9-60 90 10 60 40 - Not
NaOH 9.9M
(Wt.%)
GSW5-1H20 50 50 25 50 25 Passed
GSW3-1H20 30 70 25 50 25 Passed
GSW4-1H20 40 60 25 50 25 Passed
GSW4-1.5H20 40 60 22.2 44.4 333 Not
Table

4.2.2 Mineralogical and molecular characterization

The
Moreover,
All

Similarly,
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Figure
Sample ID GSW5- GSWé6- GSW7- GSWS8- | GSW5- | GSW3- | GSW4-
Measured 34.13 31.33 24.97 25.88 42.24 61.94 53.20
Theoretical 35.80 28.64 21.48 14.32 35.80 50.12 42 .96
Table
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4.2.3 Morphological and mechanical characterization

Figure

Figure

Figure

Generally,
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Table

Sample wt. %

Na Si Al | Si/Al | Mg P K Ca | Ti Mn Fe
GSW5-| 6.1 [ 628 259 | 24 0.2 0.3 2.1 0.5 | 0.6 0.2 1.3
GSWe6-| 44 | 61.7] 19.5 3.1 0.1 005 | 133 03] 021|007 |04
GSW7-| 45 | 64 19.3 33 0.1 0.4 11.5 0 0 0 0.2
GSWS8-| 33 [ 582 ] 13.7 | 4.2 0.2 0.1 214 | 0.6 | 0.7 0.3 1.5
GSW5-| 8.1 74 15.5 4.7 0.2 0 1.1 0.1 (021 008 | 0.7
GSW3-| 3.1 [80.1| 14.7 5.4 0.2 | 0.05 0.6 0.1 (04| 009 | 0.7
GSW4-| 46 | 56 | 348 1.6 0.3 0.2 1.1 03 | 1.1 0 1.6

Table

The

In

The
ID Compressive Standard

[MPa]
GSW5-40 27.63 2.95
GSW6-40 29.37 2.77
GSW7-40 23.07 1.73
GSW8-40 22.23 3.52

GSW5-1H20 18.63 2.20

GSW3-1H20 24.87 0.95

GSW4-1H20 22.64 2.04

Table

4.3 Advanced characterisation of the optimal GSW-based

formulation

After

4.3.1 Morphological characterization with confocal microscope

Figure

64



1408.29

1127.18

845.39

563.59

281.80

HM T 0.00 280.83 561.66 842.49 1123.32 1404.15 1684.29

Figure

4.3.2 Thermal characterization

The

65



100 0.1

98 0.0
o =
96 - -0.1
5 2
(2]
g e
= [m]
94 4 --0.2
92 . T T r r T . T T r T ; 03
0 200 400 600 800 1000 1200 1300

Temperature [°C]

Figure 22 - Thermal analysis of GSW6-40.

4.3.3 Rheological characterization
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Figure 23 - Rheological characterization of GSW6-40: structural rebuilding test.
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Figure 24 - Strain sweep test of GSW6-40 paste.
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Figure 25 - Shear stress and strain curve of GSW6-40 paste.
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4.3.4 Freeze-thaw tests
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Figure 26 - Flow curve of GSW6-40 paste.

1
500

The
This
mi mf Am Average
ID
[g] gl [wt. %] [wt. %]
GSW6-40 1 134.289 120.391 10.3
GSW6-40 2 133.642 120.154 10.1
10.1£0.3
GSW6-40 3 141.594 126.884 10.3
GSW6-40 4 139.779 126.197 9.7
Table
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(b)

Figure 27 — Appearance of specimens before (a) and after (b) the freeze-thaw cycles.

4.4 Basalt sawing waste AAMs

This

ID Basalt Metakaolin NaOH NazSiOs3 L/S

FB45 55.17 13.79 13.96 17.08 0.45

Table 13 - Formulation of AAMs based on basalt sawing waste.
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4.4.1 Mineralogical, molecular and morphological characterization

The
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Figure 28 - X-ray diffraction pattern of consolidated FB45.

The

ID Amorphous phase [%]
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FB45 40.01 £0.007

Table 14 - Amorphous phase of consolidated FB45.
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Figure 29 - FT-IR spectra of the consolidated AAMs based on BSW (FB45).
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4.4.3 Rheological characterization
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Figure 32 - Rheological characterization of FB45: structural rebuilding test.
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Figure 34 - Shear stress and strain curve of FB45 paste.
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Figure 35 - Shear stress and shear rate curve of FB45 paste.

4.4.4 Freeze-thaw resistance test

The
mi mf Am Average
ID
[g] ] [wt. %] [wt. %]
FB45 1 143.326 128.654 10.23
FB45 2 138.260 124.256 10.12
10.10+0.11
FB45 3 139.523 125.444 10.09
FB45 4 133.721 120.401 9.96
Table
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4.4.5 Mechanical characterization of FB45

(b)

Figure

Table
ID Compressive Flexural
FB45 28.8+ 1.7 6.8+ 1.2

Table 16 - Mechanical performances of FB435.

4.5 Comparison between GSW- and BSW-based binders

In
Both
Moreover,

Confocal
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Thermal
The
The
The

In

4.6 Development of fibre-reinforced Granite Sawing Waste-
based AAMs

In

4.6.1 Morphological and chemical characterization

Figure

Figure

Figure
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Figure

Figure

Figure

Taken

The
The



Roughness

Sa [um] RMS [um]
ID Top part Bottom Top part Bottom
Average Standard Value Average | Standard Value
GSW 2.73 1.55 0.60 3.42 2.02 0.77
GSW-P0.5 4.00 1.61 0.37 4.12 0.69 0.50
GSW-P1 3.76 1.15 0.75 6.15 1.84 0.95
GSW-P1.5 1.57 1.01 0.38 3.32 2.13 0.40
GSW-P2 4.50 1.75 0.46 6.26 2.65 0.48
Table
The
Sa [um] RMS [um]
ID Top part Bottom Top part Bottom
Average Standard Value Average | Standard Value
GSW 2.73 1.55 0.60 342 2.02 0.77
GSW-F0.5 2.02 0.35 0.71 2.01 1.27 0.99
GSW-F1 247 1.07 0.39 1.78 0.48 0.55
GSW-F1.5 2.28 0.50 0.34 3.40 1.64 0.39
GSW-F2 3.24 0.88 0.57 3.37 1.25 0.72
Table
The
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Altogether,

Sa [um] RMS [um]
ID Top part Bottom Top part Bottom
Average Standard Value Average | Standard Value
GSW 2.73 1.55 0.60 3.42 2.02 0.77
GSW-C0.5 12.74 1.92 1.48 16.47 1.78 4.12
GSW-CI 13.69 2.75 1.04 17.11 0.27 1.34
GSW-C1.5 17.38 2.27 2.75 21.68 1.16 7.64
GSW-C2 17.41 2.35 1.89 21.34 1.59 3.04
Table
4.6.2 Chemical, Physical and mechanical characterization
Inductively
The
Despite
Overall,
ID mg/1
Al Ca Fe K Mg Na P Si Ti B
GSW-| 3.18 | <DL | 0.32 436 | <DL | 416 0.33 6.64 | <DL | 0.04
GSW-| 290 | <DL | 0.26 4.05 | 0.05 347 0.44 6.86 | <DL | 0.03
GSW-| 3.18 | <DL | 0.23 374 | <DL | 368 0.42 6.37 | <DL | 0.046
Table
Porosity
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1D Porosity [%]
Open Closed Total
GSW no fibre 33.38 1.99 35.37
GSW-P0.5 32.00 2.02 34.02
GSW-P1 36.71 1.06 37.77
GSW-P1.5 34.18 3.73 3791
GSW-P2 35.83 3.48 39.31
Table
Table
1D Porosity [%]
Open Closed Total
GSW no fibre 33.38 1.99 35.37
GSW-F0.5 33.97 2.54 36.51
GSW-F1 35.50 1.93 37.43
GSW-F1.5 32.45 2.90 35.35
GSW-F2 39.64 2.31 41.95
Table
Table
Overall,
1D Porosity [%]
Open Closed Total
GSW no fibre 33.38 1.99 35.37
GSW-CO0.5 34.18 0.86 35.04
GSW-C1 34.48 0.99 35.47
GSW-C1.5 32.33 0.95 33.25
GSW-C2 30.85 1.45 32.30

Table
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The

ID Average Standard deviation
GSW no fibre 9.7 1.1
GSW-P0.5 73 1.3
GSW-PI 53 1.7
GSW-P1.5 11.0 1.6
GSW-P2 6.1 1.6
Table
Flexural
ID Average Standard deviation
GSW no fibre 9.7 1.1
GSW-F0.5 8.3 1.9
GSW-F1 9.5 1.7
GSW-F1.5 16.4 1.8
GSW-F2 12.6 1.0
Table
Table
ID Average Standard deviation
GSW no fibre 9.7 1.1
GSW-CO0.5 13.9 1.7
GSW-C1 16.0 1.5
GSW-C1.5 18.5 1.8
GSW-C2 22.0 2.0
Table
The
Across
Similarly,
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ID Average Standard deviation
GSW no fibre 29.37 2.77
GSW-P0.5 17.3 2.4
GSW-P1 24.5 1.9
GSW-P1.5 18.4 2.0
GSW-P2 13.8 1.1
Table
A
The
ID Average Standard deviation
GSW no fibre 29.37 2.77
GSW-F0.5 18.9 1.8
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GSW-F1 18.4 2.1
GSW-F1.5 21.8 1.9
GSW-F2 17.7 2.3
Table
On
Overall,
ID Average Standard deviation
GSW no fibre 29.37 2.77
GSW-CO0.5 41.6 1.7
GSW-C1 36.6 1.8
GSW-C1.5 46.4 2.7
GSW-C2 41.0 2.5
Table
The
Both
Taken
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4.7 Development of fibre-reinforced Basalt Sawing Waste-
based AAMs

This

4.7.1 Morphological characterization

The




Figure

Figure

Figure

Figure
The
Sa [um] RMS [um]
ID Top part Bottom Top part Bottom
Average Standard Value Average | Standard Value
FB45 2.41 0.17 0.92 3.04 0.24 1.17
FB45-P0.5 1.94 0.61 0.50 1.73 0.97 1.04
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FB45-P1 2.45 0.62 0.65 4.32 1.21 1.07
FB45-P1.5 3.16 0.92 0.66 6.49 0.85 1.10
FB45-P2 4.90 0.59 0.87 11.79 0.57 1.77
Table
Table
Sa [um] RMS [um]
ID Top part Bottom Top part Bottom
Average Standard Value Average | Standard Value
FB45 241 0.17 0.92 3.04 0.24 1.17
FB45-F0.5 2.02 0.46 0.64 2.74 0.32 0.91
FB45-F1 2.12 1.54 1.02 2.93 0.61 1.09
FB45-F1.5 2.21 0.45 0.56 3.55 0.74 0.78
FB45-F2 2.78 0.91 0.78 4.81 0.91 1.05
Table
The
Finally,
D Sa [um] RMS [um]
Top part Bottom Top part ’ Bottom
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Average Standard Value Average | Standard Value
FB45 241 0.17 0.92 3.04 0.24 1.17
FB45-C0.5 7.22 2.34 1.03 9.47 2.11 1.98
FB45-Cl1 7.86 2.33 1.99 8.89 1.97 2.49
FB45-C1.5 9.20 1.87 3.11 10.24 1.77 3.97
FB45-C2 14.92 2.38 3.10 18.18 1.21 4.77
Table
4.7.2 Chemical, Physical and mechanical characterization
The
Finally,
ID mg/L
Al Ca Fe K Mg Na P Si Ti B
FB45- 0.70 1.36 0.29 29.8 0.13 1525 | 1.39 32.8 0.03 0.18
FB45- 0.62 0.77 0.16 26.7 0.11 | 1441 1.56 50 <DL 0.13
FB45- 0.51 0.49 0.09 25.6 <DL 1304 | 1.26 35 <DL 0.14
Table
The
ID Porosity
Open Closed Total
FB45 —no fibre 28.19 2.56 30.75
FB45-P0.5 32.44 3.00 35.44
FB45-P1 30.31 5.45 35.76
FB45-P1.5 36.30 2.63 38.93
FB45-P2 38.50 1.46 39.96
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Table

Table
ID Porosity

Open Closed Total
FB45 — no fibre 28.19 2.56 30.75
FB45-F0.5 33.00 2.98 35.97
FB45-F1 35.85 1.52 37.37
FB45-F1.5 35.87 2.64 38.52
FB45-F2 36.11 5.00 41.11

Table

The

Finally,
1D Porosity

Open Closed Total
FB45 — no fibre 28.19 2.56 30.75
FB45-C0.5 32.43 0.52 32.95
FB45-Cl 33.21 0.28 33.49
FB45-C1.5 35.59 3.27 38.86
FB45-C2 36.55 0.95 37.50

Table

Table

89




ID Average Standard deviation
FB45 no fibre 6.8 1.2
FB45-P0.5 5.8 1.4
FB45-P1 6.1 1.2
FB45-P1.5 8.8 1.4
FB45-P2 6.7 1.1
Table
Table
ID Average Standard deviation
FB45 no fibre 6.8 1.2
FB45-F0.5 6.4 1.8
FB45-F1 7.3 1.9
FB45-F1.5 9.0 2.2
FB45-F2 6.7 2.1
Table
The
The
ID Average Standard deviation
FB45 no fibre 6.8 1.2
FB45-C0.5 33.6 2.1
FB45-Cl1 14.9 1.8
FB45-C1.5 23.3 1.0
FB45-C2 24.9 1.7
Table
Figure

90




-
35 [ Prickly Pear
1 I carbon
30 [ Nofiber
&
=)
£
2
&
I
E
0 05 1 15
Fibre percentage [%]
Figure
Table
ID Average Standard deviation
FB45 no fibre 28.8 1.7
FB45-P0.5 13.1 0.8
FB45-P1 13.4 0.9
FB45-P1.5 14.7 1.3
FB45-P2 15.1 1.1
Table
Table
ID Average Standard deviation
FB45 no fibre 28.8 1.7
FB45-F0.5 19.0 1.5
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FB45-F1 17.6 1.2
FB45-F1.5 17.4 1.8
FB45-F2 15.7 1.4
Table
Table
1D Average Standard deviation
FB45 no fibre 28.8 1.7
FB45-C0.5 27.7 1.2
FB45-C1 26.9 0.9
FB45-C1.5 30.2 2.3
FB45-C2 34.7 2.7
Table
Figure
At
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[
[ Prickly Pear
35 - I carbon
[ ] Nofiber

30 4

25

20 -

Compressive Strength [MPa]

Fibre [%]

Figure

92




4.8 Comparison between fibre-reinforced binders
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6 1 Case study: Preliminary evaluation of Design of
Experiments (DoE) approach for the prediction of new

Alkaline-Activated Materials (AAMs) formulations

Sabrina Elettra Zafarana', Germana Barone' & Paolo Mazzoleni!
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6.1 Introduction

This

Recently,
Traditionally,
Design
D-
6.2 Materials and methods
6.2.1 Raw materials
Sawing
Specifically,
Moreover,
FB
The
SiO2 ALQOs CaO Fe203 K20 MgO Na20 TiO2
FB 47+ 2 18+1 100+ 0.4 11+1 1.6 £0.1 5+1 43+0.5 1.7
MK 61 35 0.13+£0.06 1.3 0.52+0.04 0.13+£0.07 0.04+20 1.7
Table
6.2.2 Design parameters
The

95



Factor Low Level High level

FB 48 65
MK 10 20
NaOH 10 20
Na,Si03 12 22

Table 44 - Low and high levels of the considered factors.

RUN ID FB (%) MK NaOH NazSiO3 L/S
1 FB7MK10-91 48 10 20 22 0.72
2 FB5MK20-167 48 20 20 12 0.47
3 FB7MKI10-91 2 48 10 20 22 0.72
4 FB5MK10-45 58 10 10 22 0.47
5 FB5MK20-167 2 48 20 20 12 0.47
6 FB5MK20-45 48 20 10 22 0.47
7 FB5MK10-167 58 10 20 12 0.47
8 FB3MK10-67 65 10 10 15 0.33
9 FB4MK10-132 62 10 16 12 0.38
10 FB5MK20-45 2 48 20 10 22 0.47

Table
Table
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ID SiO2 | ALO3 CaO Fe203 K20 MgO Na:O TiO: H20 Si/Al | Na/Si | Na/Al
FB7MK10-91 28.66 | 12.14 4.81 5.41 0.82 241 2.06 0.98 33.08 2.36 0.07 0.16
FB5SMK20-167 |34.76 | 15.64 4.82 5.54 0.87 242 2.07 1.15 24.84 2.22 0.05 0.13

FB7MK10-91 2 |28.66 | 12.14 4.81 5.41 0.82 241 2.06 0.98 33.08 2.36 0.07 0.16
FB5MK10-45 33.36 | 13.94 5.81 6.51 0.98 291 2.49 1.15 26.60 2.39 0.07 0.17
FB5MK20- 3476 | 15.64 4.82 5.54 0.87 242 2.07 1.15 24.84 2.22 0.05 0.13
FB5MK?20-45 3476 | 15.64 4.82 5.54 0.87 242 2.07 1.15 25.60 2.22 0.05 0.13
FB5MKI10-167 |34.76 | 15.64 4.82 5.54 0.87 242 2.07 1.15 24.84 3.19 0.07 0.13
FB3MK10-67 36.65 15.20 6.51 7.28 1.09 3.26 2.79 1.27 19.84 241 0.07 0.18
FB4MK10-132 | 35.24| 14.66 6.21 6.95 1.04 3.11 2.67 1.22 21.85 2.40 0.07 0.18
FB5SMK20-45 2 3476 | 15.64 4.82 5.54 0.87 242 2.07 1.15 25.60 2.22 0.05 0.13

Table




6.2.3 Preparation process

The

6.2.4 Analytical methods

Quantitative
Additionally,
Ionic

After

6.3 Results and discussion

6.3.1 Mineralogical and molecular analysis

To

* Plagioclase o Pyroxene o Qlivine =Kaolinite ¢ Anatase © Muscovite » Quartz ® Zincite
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Figure 49 - X-Ray diffraction patterns of raw materials.
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Figure 50 - Diffractograms of consolidated samples.

The

For

ID Real Theoretical amorp. phase (wt.%)

FB-Raw 0.63 -
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MK-Raw 60.58 -

FB7MK10-91 36.32 6.36
FB5MK20-167 39.73 12.41
FB5MK10-45 21.32 6.42
FB5MK20-45 43.69 12.41
FB5MK10-167 18.55 6.42
FB3MK10-67 23.91 6.46
FB4MK10-132 31.41 6.44
Table
Figure
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Figure 52 - DRIFT spectra of consolidated AAMs and raw materials.
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6.3.2 Mechanical characterization
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Moreover,
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6.3.3 Conductivity measurements

Table

The

ID Ionic Conductivity [pS/cm]
FB7MK10-91 1280
FB5MK20-167 592
FB7MK10-91 2 1396
FB5MK10-45 538

FB5MK20-167 2 574
FB5MK20-45 140
FB5MK10-167 1040
FB3MK10-67 258
FB4MK10-132 590
FB5MK20-45 2 128
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Table 48 - lonic conductivity of the studied specimens.

6.4 Evaluation of the statistical model

6.4.1 Compressive strength

Using

% 25 = % 25
g 20 / g 20 /
-2 15 /. -2 15 .
: : -
‘g‘ B ‘é‘ . /
% 5 % 5
0 01 02 03 04 05 O0F 0 0,1 02 03 04 05
(FB-0,45)/0,23 Leverage, P=0,0004 (MK-0,1)/0,23 Leverage, P=0,0002
(a) (b)
F E 30
_% 25 _% =
% 20 \ % 20 st
é 15 . é 15
E \ E
E, 10 E, 10
% 5 % T
0 01 02 03 04 05 08 0 01 02 03 04 05 08
(MaOH-0,1)/0,23 Leverage, P=0,0015 (Ma25i03-0,12)/0,23 Leverage, P <,0001
() (d)
Figure
Table
In
Term Estimate Std Error Probability
FB 21.435 1.956493 0.0004*
MK 22.769 1.69098 0.0002*
NaOH -12.67017 1.647022 0.0015%*
Na,Si03 32.977167 1.647022 <0.0001*
Table
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The

The DoE analysis collected theBcompressivel = 21.43 * (FBO_ZO;S) + 22.76 *
MK—0.1 NaOH-0.1 Na,Si0;-0.12 .
( = )+ (—12.67* (—0_23 )) +32.97 « (—0.23 ) Equation

Ycompressive=21.43 » (52-2) 4 22,76+ (5 22) + (—12.67 * (%)) +

Na,Si03—0.12
0.23

32.97 * ( ) Equation that draws the effects of each factor by expressing

the compressive strength (Y) as a function of the coded variables. Each coefficient
quantifies the factors’ influence on compressive strength. In the equation, the
coefficients (i.e., the estimates) are representative of the measure of the increase or
decrease of the compressive strength. The central points (i.e., 0.45, 0.1 and 0.12)
are reference values for the factors in the experimental design. Each factor is
normalized to ensure that its effect is evaluated in relation to the central point of the
experimental conditions, with the value 0.23 representing the half-range used for
normalization (i.e., the middle point of the variation range of the experimental

factors).

FB—-0.45 MK-0.1 NaOH-0.1 Na,Si0;—0.12
Veompressive = 2143 * ((522) 4 22.76 « ( )+ (—12.67 x (—“0_23 )) +32.97 « (H22%042)

Equation 7

6.4.2 lonic conductivity

The leverage graphs shown in Figure 56 depicted how sensitive the response is to
changes in each individual component. Table 50 supported the behaviour reported
in Figure 56, by quantifying the impact of each factor. Specifically, the high
parameter estimate obtained by NaOH (i.e., approximately 2039) suggested how
strongly this factor affected the response, with increasing NaOH resulting in a
significant rise in ionic conductivity. This behaviour is due to the release of free
sodium and OH™ ions in the solution, leading to higher conductivity [265]. The
leverage plot (Figure 56) reflects this effect, showing a steep line as the amount of
the factor increases. Moreover, the statistical significance of NaOH coeftficient (i.e.,
P <0.0001) (Table 50) confirmed its role as major contributor to the conductivity of
the system. Another strong positive impact was exhibited by sodium silicate

(Naz2S10s), with an estimated coefficient of 966.41 (Table 50). While curing occurs,
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silicate species form gels and networks that retain sodium ions. The exceeding
soluble ions are then released [283—285]. The behaviour of Na:2SiOs in the system
is clearly illustrated by the leverage plot (Figure 56), showing a positive slope trend,
and by the statistically significant coefficient (i.e., P < 0.0001), underlining its
contribution to the response (Table 50). FB revealed to have a smaller positive
impact on conductivity when compared to the alkaline activators, as displayed by
the moderate slope reported in fig. 56, consistent with its relatively small influence
on the conductivity. Basalt sludges contain oxides (including iron, calcium, and
magnesium) which may partially dissolve in the alkaline environment, contributing
to increase in ionic conductivity. Even though its coefficient is statistically
significant (P = 0.0269) (Table 50), its impact is negligible compared to the alkaline
solutions.

On the contrary, MK exhibited a negative coefficient (i.e., -750.15) (Table 50),
suggesting that increasing its content resulted in a reduction in the ionic
conductivity. This behaviour may be explained by the presence of the
aluminosilicates species, contained in the MK, that react with the alkaline solutions
to form a stable gel network, leading to strong bonding within the matrix and few
soluble free ions [9,135,270]. MK leverage graph displayed a negative trend,
supporting this opposite behaviour. Moreover, the statistical significance of MK
coefficient (P = 0.0002), as showed in tab. 47, further supported the statistical

robustness of the model.

Overall, these results aligned with the Equation 8Y,,,auctivicy = 240 * (FBO'2°3'45)+

(—747.2 . (MK““)) + 2038.98 « (“20) + 966.41 « (F222212) Equation  which

0.23 0.23 0.23
models the conductivity as a function of the four factors (i.e., FB, MK, NaOH and
NazSi0s). As in the equation (1), according to the design, each factor is normalized
by its baseline (e.g., FB = 0.45, MK = 0.1, NaOH = 0.1, Na>SiOs = 0.12), in order

to ensure comparison, and then multiplied by its coefficient (reported in Table 50).
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Figure 56 - Leverage plots for each factor influencing the conductivity: FB (a), MK (b),
NaOH (c), Na2SiO3 (d).
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Term Estimate Std Error Probability > |t|
FB 240 70.25993 0.0269*
MK -750.15 60.72507 0.0002*
NaOH 2038.9833 59.14646 <0.0001*
NazSi03 966.41 59.14646 <0.0001*

Table 50 - Estimate parameters, standard errors and probabilities of each term for
conductivity measurements.

As for the ionic conductivity measurements, the model also demonstrated good
predictive accuracy, with R? equal to 0.99515 and an RMSE of 44.436 uS/cm,

indicating that the model can estimate the conductivity trends with high reliability.

FB—0.45 MK-0.1
Yeonductiviey = 240 * (W) + (—747.2 * ( 033

(Na25i03—0.12
0.23

+ 966.41 *

)) + 2038.98 + (

NaOH—O.l)

) Equation 8
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6.5 Prediction

DoE approach enables to make predictions for the selected response. The prediction
profiler shown in Figure 57 is used to assess the impact of the factors on the final
compressive strength and ionic conductivity. Each window allowed to understand
how the changes of a single factor would affect the responses. The black lines
represented the predicted regression lines for each factor, with 95% confidence
intervals displayed as grey shaded areas. The red dashed lines indicate the factor
levels. The suggested formulation that provided the optimal desirability, which is
the improved performance [286], (i.e., 0.937525), namely PRED1, was synthetized
and then tested in order to assess the reliability of the model. In addition, four other
specimens were formulated to further confirm the robustness of the design.

Table 51 displayed the predicted compressive strength ranges (low, average, and
high), expressed in MPa, and the experimental values obtained after testing the
activated materials. All formulation fell within the predicted range of the
compressive strength, with PRED2 being the only exception but having
compressive strength values close to the expected range.

The mechanical performances’ ranges are satisfied, demonstrating the reliability of
the predictive model. The best compressive strength (i.e., 27.4 MPa) was achieved
by specimen PREDI.

Furthermore, the obtained experimental values proved to be acceptable and
comparable with those obtained by other authors using different materials [62,287—

289].
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Figure 57 - Prevision profiler from JMP software. For each factor, the graphs displayed
the response variation according to compositional changes (black solid line), with the 95%
confidence interval (grey shaded area). The selected composition is indicated by the red
dotted lines and numbers above each factor. The corresponding responses for conductivity
and compressive strength, with their confidence intervals, are shown in brackets in red and
blue, respectively.

Experimental
RI[lj)N Predicted formulation Predicted COI[IR/II);ZS]SIVC strength cosrillill‘legstslllve
[MPa]
FB MK NaOH Na:SiO3
[%] [%] [Y%] [%] Low Average High
PREDI1 48 20 10 22 24.8 27.0 29.2 274 1.7
PRED2 60 15 10 15 20.2 23.5 26.8 19.7+ 1.6
PRED3 62 10 8 20 22.3 25.4 28.6 25.8+2.9
PRED4 58 15 10 17 20.9 23.7 26.4 244+1.0
PREDS 57 18 9 16 20.2 22.9 25.6 20.7+2.8

Table 51 - Experimental Compressive Strength values of predicted formulations and the
experimental values obtained after testing.

Table 52 displayed the predicted and the experimental conductivity values of the
predicted formulations. The predictions were generated using three different levels
(i.e., low, average and high). Again, all the measured data, except PRED2, fall
within the predicted conductivity range, further corroborating the reliability of the
model. In particular, the lowest conductivity values were exhibited by specimen
PREDI (i.e., 112). The software identified this formulation as the one with the most

desirable balance between conductivity and compressive strength. On the contrary,
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the highest conductivity values were achieved by PRED2 (i.e., 598), with the
measurement not falling within the predicted range. These results highlighted the
robustness of the model’s prediction in estimating the final desired responses of the

materials with acceptable accuracy.

Experimental
ID Predicted formulation Predicted conductivity [pus/cm] conductivity
RUN [ps/cm]
FB MK NaOH Na:SiOs
[%] [%] [%] [%] Low Average High
PREDI 48 20 10 22 50.0 129.2 208.4 112
PRED2 60 15 10 15 19,2 138.6 258.1 598
PRED3 62 10 8 20 379.0 492.5 606.0 336
PRED4 58 15 10 17 89.4 187.6 285.7 198
PREDS 57 18 9 16 3.5 99.9 196.5 186

Table 52 - Experimental conductivity of predicted formulations and the obtained
experimental values after measurements.

6.6 Conclusion

In this study the reliability of statistical methods, such as the Design of Experiments
(DoE), in the prediction of responses of AAMs was assessed. The possibility to
tailor selected behaviours by adjusting the starting given factors (i.e., precursors,
alkaline solutions, curing time etc.) allows scientists to reduce extensive testing,
consequently saving time, resources, and costs.

The DoE approach was used to understand the influence of different factors (i.e.,
FB, MK, NaOH and Na;SiO3) on the chosen final responses (i.e., compressive
strength and chemical stability in water by means of ionic conductivity
measurements of the eluate), verifying the accuracy of the software’s predictions
based on the experimental results. The seven formulations suggested in the
experimental plan were first studied to assess the occurred polymerization reaction
through mineralogical and compositional methods. XRD and FT-IR spectroscopy
confirmed the occurred activation of the raw materials, with the formation of an
aluminosilicate gel structure. The amorphous content differed among the

formulations according to the percentage of MK, with higher amount leading to
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greater amorphous phases and improved reactivity. Moreover, the model allowed

to draw the following considerations:

The compressive strength was positively affected when the amount of MK
and Na>Si0s was increased, while higher NaOH content led to a drop in the
mechanical performance. Moreover, the ionic conductivity measurements
also revealed a direct correlation with NaOH content, with higher amount
of the solution in the formulation leading to increased conductivity. These
results are considered true for the selected range only.

The leverage plots illustrated the significance of all factors in determining
compressive strength and conductivity, with the model providing accurate
equations for predicting both responses, allowing for tailoring formulations
with desired properties.

The predicted formulations were synthesized and tested. Specimens fell
within the predicted range, demonstrating the robustness and reliability of
the design. Only one specimen slightly deviated from the predicted ranges

limits.

Finally, the statistical model gave predictions that allowed for the selection of

formulations with desired performances. This study underlined the importance of

integrating statistical tools into material science for optimizing AAMs, speeding up

the processes and improving the sustainability of the construction materials field.

These results pave the way for further research to improve predictive algorithms by

including more variables and trials.
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ABSTRACT

In this study, binary alkali-activated pastes based on volcanic ash from Mount Etna
(Italy) and borosilicate waste glass were synthesized for the first time using
potassium hydroxide (KOH) at different molarities (i.e., 7M and 9M) and moderate
temperature (60 °C). This work aims to define how the reactants involved in the
mix design, specifically the solution concentration and solid proportions of the
waste precursors, influence the final microstructure and subsequently their physical

and mechanical properties. For this purpose, a multidisciplinary approach,
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7.1

including mineralogical, molecular, chemical, and morphological investigations,
was applied to elucidate these properties. The physical-mechanical parameters,
including density, uniaxial compressive strengths, porosity, pH, and leaching
resistance determined by boiling tests, were quantified. Increasing KOH molarity
from 7M to 9M contributes to the formation of a more stable Si-O-Si/Al network,
enhancing the compressive strength resistance (~ 21 to 23 MPa) and reducing both
weight loss (~7 to 9%) and the open porosity (~ 20%). The combined effect of
higher molarity and waste glass proportion positively influenced the mechanical
response, as a result of the formation of a denser and more compact microstructure.
Results confirmed that sustainable materials can be produced using potassium-

based binders made from volcanic ash and waste glass.

Introduction

In recent years, the EU has made significant strides in addressing ecological and
climate change issues leading to a renewed focus on the environmental impact of
construction industry, which has been recognized as a major source of greenhouse
gas emissions [290]. This sector is responsible for about 39% of atmospheric CO-
emissions and over 30% of resource consumption [235,291]. Producing one tonne
of Portland cement generates an equivalent amount of CO., highlighting the urgent
need for more sustainable practices [292]. To address these challenges, the
development of new alternative materials, which are still able to maintain high
levels of physical-mechanical performances, becomes crucial. In this regard, alkali-
activated materials (AAMs) are becoming increasingly popular due to the
sustainable synthesis process (generally at room temperature) as well as the
recycling of waste materials (industrial by-products or natural ones) according to
the principles of the circular economy [9,293-295]. AAMs represent a class of
inorganic solid materials derived by the mixing of an aluminosilicate powdered
precursor and an alkaline solution. This leads to a polycondensation reaction,
forming a N-A-S-H or (N, C)-A-S-H gel phase [9,294,295]. Numerous studies have
demonstrated the suitability of various waste materials, including fly ash [296],
ground granulated blast slag (GGBS) [297], silica fume, rice husks [298], volcanic
ash [139], and waste glass [299], for use in alkaline environments. This study
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examines binary mixtures composed of glass waste and volcanic ash from Mount
Etna in Italy. Glass is a non-biodegradable material, and its global production
reaches approximately 130 million tonnes per year [300,301]. It represents
approximately 5% of the global municipal solid waste, with a recycling rate of
around 80% and 30% of the total glass placed on the market in Europe and USA,
respectively [302-304]. However, the fine fraction is always disposed in landfills
due to possible contamination by plastics and metals [305,306], with following land
occupation and potential soil or groundwater pollution [307].

Glass reportedly provides healthier storage conditions compared to plastic, leading
to an increased use of glass materials. Consequently, there has been a significant
rise in production of glass and a corresponding increase of the amount of glass in
municipal solid waste in recent years [308]. This trend has also been confirmed by
Saadatpour et al., who studied the waste glass flow of New York city and reported
a correlation between the increase in the use of the glass and the costs of the
municipal solid waste systems [309]. Using waste glass in building materials can
decrease landfill impact, reduce emissions, and lower production costs in the
construction sector [310,311]. Specifically, the inclusion of glass fiber into cement
and concrete application can help the recycling of ~ 500.000 tons per year [312].
Several studies have explored the physical-mechanical properties of AAMs based
only on waste glass or as a partial replacement of metakaolin or fly ashes,
ascertaining that the addition of waste glass contributes positively to workability
[313,314], extends the setting time [315] and aids in controlling the final density of
the product [316]. Moreover, other authors have identified that variations in
mechanical performance may stem from the composition of the used glass.
Incorporating waste glass in the formulation of AAMs (up to approximately 20%)
can enhance the mechanical strength [317,318].

Another largely available natural material is represented by volcanic pyroclastic
deposits such as the ashes from Mount Etna volcano in Italy, where this material is
normally considered a municipal waste and it is landfilled if not included into a
sustainable production process, ensuring safe manufacturing system and an
efficient material reuse (national law n.108 of 07/29/2021). It was estimated that ~4
x 10° m? of pyroclastic material erupted in the time span between February and
April 2021 [319], which is a conservative evaluation considering the frequent

explosive activities. Several authors reported on the use of volcanic deposits in
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alkaline environments. Small amounts of metakaolin were added to overcome low
reactivity of the volcanic deposits [139,289,320,321], obtaining good chemical and
physical-mechanical properties both in one-part [139] and binary systems for
different applications, including pastes [288], foamed materials [322] or fire-
resistant materials up to 1000°C [321].

A recent development has focused on the innovative use of volcanic ash combined
with soda lime glass, activated by a low-molarity NaOH solution (3M). This
approach aims to produce materials with a "double life," allowing for their reuse at
the end of their lifecycle. These materials can be transformed into second-
generation foams designed for thermal and acoustic insulation applications. The
production of these foams involves a thermal activation process, where the samples
are placed in a muffle furnace at 950°C for 15 minutes, followed by rapid cooling
to room temperature. This method has resulted in a significant enhancement in the
compressive strength of the heat-treated specimens [323]. However, the heat
treatment is an energy-intensive process with significant carbon footprint. To
promote the production of more sustainable materials, it is preferable to synthesize
them at low to moderate temperature (room temperature or below 60°C). The
incorporation of other sources of waste glass, such as soda-lime or pharmaceutical, in
alkali-activated materials has already been studied with promising results [314,324].
However, the chemical composition of the borosilicate fiberglass waste, used in this study,
is different, with higher calcium and aluminium contents, which can lead to different
performances of the final activated materials [325,326].

This paper for the first time explores the potential of producing AAMs based on
volcanic ash from Mt. Etna and borosilicate waste glass, at moderate temperature
(i.e., 60°C), and activated by potassium hydroxide solutions of different molarities
as an alternative and better performing activator than common sodium-based
solutions. The formulations were studied by a multi-methodological approach,
evaluating microstructure, physical-mechanical properties and the chemical
stability of each formulation. X-ray powder diffraction (XRD) and scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) were
used to determine the mineralogical composition of synthesized mixtures and to
examine chemical and morphological features of the product. The density and
porosity were quantified using a helium pycnometer. Chemical stability

assessments were conducted through leaching tests on the leachates obtained after

114



7.2

boiling water experiments. Uniaxial compressive strength tests were performed to
evaluate the mechanical properties of the formulations. This research aims to lay a
robust foundation for future applications of alkali-activated materials in the
construction industry, harnessing the promising potential of volcanic ash and waste

glass as innovative and sustainable resources.

Materials

Pyroclastic materials (V) and waste fiberglass (G) were used as raw materials for
the synthesis of binary mixtures. The volcanic ashes were sampled in a landfill of
Zafferana Etnea village, located on the eastern slope of the Mt. Etna volcano (Italy),
which collects the pyroclastic deposits of volcanic activities starting in 2013. After
the sampling, preliminary quartering was performed to obtain a sample of
representative composition. The pyroclastic material was initially wet-milled in a
ball mill to achieve a grain size of less than 75 um, followed by drying in an oven
at 100 £ 5°C.

The waste glass, provided by Johns Manville Slovakia a.s. a fiber glass producer, is
a by-product of industrial glass fiber production. The material is made of coarse
particles, sometimes even made of large agglomerates, resulting from the cutting
process during the fibers’ production. Therefore, the material was first crushed in
an alumina mortar with alumina crushing balls to avoid any contamination and then
sieved below 120 um. The milling process was essential to enhance the specific
surface area of each glass particle in order to expose more glass to be attacked by
the solution and greatly enhance its dissolution.

Chemically, volcanic ash and glass are mainly composed of silica and alumina
(Table 50). Calcium oxide is also very abundant, with glass containing more than
double the amount of calcium oxide than volcanic ash. A significant difference in
composition can be also seen in the content of iron oxide and alkali metals (i.e.,
NaxO, MgO, and K»O), with volcanic ash containing a higher amount of iron oxide
and alkalis than the waste glass. This difference reflects the presence of common
volcanic minerals of basaltic composition (e.g., plagioclase NaAlSizOg —

CaAl>S1,0s; olivine Mg>S104 — FexSi04; pyroxene (ABT20¢), (where A - Na, Ca,
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Fe?", Mg, Zn, Mn?*, Li; B - Al, Fe**, Mg, Sc, Ti, Cr*", V; T - Si, Al) and iron oxides

such as hematite Fe;Os.

SiOz Ale3 Ca0O TiOz Fe203 Alkali Other
V 465 £+ 184 + 100 =+ 1.6+05 120 + 106 =+ 09+0.5

0.5 0.5 0.5 0.5 1.5
G 564 + 136 + 232+ 04 +£ 02 £ 1.1+£01 51£0.02
0.6 0.2 0.1 0.01 0.03

Table 53 - Chemical composition of the investigated waste precursors in wt.%, volcanic
ash (V) and waste glass (G) obtained respectively from previous works [321,325]. The
abundances are expressed as weight % of oxides. Alkali = Na>O, MgO and K>O; Other:
includes B>Os (for only G), P>Os and MnO (for only V).

Potassium hydroxide (KOH) solutions in different concentrations, 7M and 9M,
respectively, were used to activate two binary mixtures of powders with different
proportions (60/40 and 80/20 wt.%, respectively, for V and G), as well as 100%
waste glass as a benchmark. For ease of mixing, the liquid to solid ratio (I/s) was
set at 0.42 for all formulations. The chosen concentration (i.e., 7M and 9M)
represented, respectively, the minimum required molarity to effectively dissolve the
precursors and the maximum upper limit to avoid fast setting of the paste [327,328].
The protocol used for preparing all formulations is as follows: preparation of the
solution by dissolving hydroxide in deionized water; addition of the powders;
mixing with overhead mechanical stirrer at 500 rpm for 1.5 h. The obtained paste
was then poured into cylindrical silicone pots, sealed to guarantee a 100% relative
humidity and kept in an oven at 60°C for 4 days.

After the consolidation, the samples were carefully demoulded and subsequently
prepared for analyses. The denominations of all specimens are summarized in Table
2. Each sample was named according to the ratio between the precursors: VGi.sand
VGgstand for the 60/40 and 80/20 wt.% mixtures, respectively, followed in brackets
by the molarity of the used KOH solution (i.e., VG1.5(7) or VG1.5(9)). The binders
composed of 100% waste glass were named G(7) and G(9) (Table 51).
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A\ G Molarity of

ID sample
(wt.%) (wt.%) KOH solution (mol/l)
VGi5(7) 60 40 7
VGi5(9) 60 40 9
VGy(7) 80 20 7
VG4(9) 80 20 9
G(7) - 100 7
G(9) - 100 9

Table 54 - Nomenclature and composition of the different mix design formulations. Letters
“V” and “G” refers to Volcanic ash and Glass, respectively. The numbers in

parentheses represent molarity of the used activating solution.

The ternary diagram displaying the contribution of silica, alumina and alkali on the
binary solid mixtures (i.e., VG5, VG4 and G) is displayed in Figure 58. The plot
highlighted a consistent increase in SiO2 content with the growing waste glass
proportion within the mixtures (i.e., from VGs to G). On the other hand, the amount
of NaxO, K>O and MgO decreases, due to the limited or absent contribution of the
volcanic ash. The Al>O; content remained relatively stable, being slightly higher in
the VGg set, due to the greater contribution of alumina from volcanic ash. Despite
being limited, the difference in composition may have an impact on the formation
of the gel network, thus influencing the final microstructure and mechanical

performances.
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Figure 58 - Compositional ternary diagram of the three binary mixtures VGy (®), VG, s
(m), and G (A ), based on the weighted contribution of Al;O3, SiO; and alkali within the
raw materials. Alkali includes: Na2O, MgO and K20.

7.3 Methods

To verify the chemical stability of the activated materials, feasibility tests were
carried out. One small piece of specimen (3g) was immersed in 120 mL of distilled
water and let it boil for 3 hours. The difference in weight (compared to the starting
value) was measured. Mineralogical evaluations were conducted on both raw and
consolidated specimens by X-ray diffraction (XRD), using a Bruker D8 Advance
diffractometer with CuKa radiation produced at 40 kV and 40 mA. The step size
was set at 0.05° with a 1 s counting time, within the 20 range of 10 — 60°. The
crystalline phases were identified using Minerals and
MarsMineral Compendium/Profex 5.0 software [77]. The structures of mineral
phases were identified using AMCSD (American Mineralogist Crystal Structure
Database) reference numbers [76].

Molecular spectroscopy investigations were conducted on raw precursors and

consolidated materials using Fourier-Transform Infrared (FTIR) spectrometer
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model 2000 (Perkin Elmer, Waltham, MA, USA). The patterns were recorded in the
wavenumber range from 500 to 4000 cm™ ! with 2 cm™! spectra resolution and with
64 average scans. To ensure data comparability, the atmospheric CO; signal within
the spectral range of 2400 to 1800 cm™ was removed and spectra were then
normalized according to a baseline [321,329].

Detailed insights into the morphological distribution of elements were carried out
on consolidated materials by an Environmental Scanning Electron Microscope
(ESEM) FEI Quanta 200 ESEM (Eindhoven, Netherlands) equipped with an
electron dispersion microprobe (EDS). The EDS profiles were normalized with
respect to the most abundant element detected (Si) to improve readability and
profiles comparison.

The amount of the elements released in water after boiling the samples for 3 hours,
with a solid to liquid ratio of 1:10, was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES; Agilent 5100). Geometric density was
calculated as the weight/volume ratio using an analytical balance and a digital
calliper. Bulk and true density of the consolidated samples was measured by a
helium pycnometer (Micromeritics AccuPyc 1330, Norcross, GA, USA). The
densities were used to calculate the open and total porosity, using equations (4) and

(5), respectively [83,84]:

Bopen = 1= (22222) &)

Papp

Dtotar = 1 — (pgeﬂ) (5)

Ptrue

Moreover, specimens were immersed in distilled water for 7 days and the pH of the
solution was evaluated using an Edge pH (Hana Instruments, US) pH-meter, with
an analysis time of 2 min to stabilise the measured value.

Mechanical performances were assessed through uniaxial compressive strength
tests on consolidated cylindrical samples with an aspect ratio of 2:1 (h =24 mm, d
= 12 mm) using a universal testing machine (Quasar 25, Galdabini S.p.a., Cardano
al Campo, Italy) with a crosshead speed of 0.5 mm/min and equipped with a 25 kN
load cell. The average stress value of 5 specimens for each formulation was

reported.

119



7.4 Results and discussion

7.4.1 Structural data

After consolidation, the formation of condensed water was observed on the surface
of the samples, likely as byproduct of polycondensation processes in the system
[330]. Several authors have studied the development of the matrix in AAMs,
finding out a series of chemical reactions involving the dissolution, coagulation and
condensation [9,331]. At the beginning of the reaction, the alkaline solution
dissolves the precursor, breaking the bonds between Si and Al, forming monomeric
species in the solution. These are then reorganized into silicate and aluminate
oligomers, progressively forming an amorphous gel of the N-A-S-H (sodium-
aluminate-silicate hydrate) or C-S-H (calcium-silicate hydrate) type. During this
phase, the water previously involved in the dissolution process is released [97].

Fig. 59 shows the X-ray diffraction pattern of raw materials (i.e., V and G) and
synthetized samples. Only an amorphous phase with no crystalline mineralogical
phases were detected in the waste glass precursor. In volcanic ash and binary
mixtures, several crystalline phases were identified. These included plagioclase, a
solid solution of anorthite and albite as end-members (CaAl>Si,0g and NaAlSi3Os;
amcsd 0000874 and amcsd _0016634), augite as clinopyroxene (Ca(Mg, Fe)Si20e;
amcsd_0012864), forsterite-olivine (Mg2(SiO)s; amesd_0000171) and iron oxides
and hydroxides, consisting of hematite (Fe2O3; amcsd 0014076) and goethite
(FeO(OH); amcsd _0016645). Calcite (CaCOs3; asmcsd 0000984) and hillebrandite
(CasS1309(0OH)s; amcsd 0001745) were detected in the consolidated glass-only
specimens. No significant differences of phase composition were recognized
between the precursors and consolidated binary-mixture materials. However, an
increase in the content of the amorphous phase was observed in the final
consolidated materials, represented as a hump in the diffraction pattern, resulting
from the addition of waste glass. A shift of the centre of the hump from 26 ~26° in
raw waste glass to 20 ~ 30° in consolidated mixtures was detected (marked by

arrows in Fig. 59). This result indicates gel formation through polycondensation
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reactions, and the consequent partial dissolution of the mineralogical phases derived
from the volcanic precursor as reported in previous studies [156,323]. This
conclusion is further supported by the presence of hillebrandite, a hydrated calcium
silicate, which is involved in the final CSH gel formation.

The final structure of the alkali-activated materials was mainly influenced by the
proportion of the precursors and the concentration of the alkaline solution. The
formulations with a higher glass content contained lower amounts of crystalline

phases (plagioclase, augite, and olivine) compared to the precursor.

Legend: Plagioclase= I Pyroxene=0 Olivine=C Hematite and Goethite= A Calcite=T Hillebrandite=m

VG,(9)

VG,(7)

VG, (9)

VG, (7)

Intensity (a.u.)

G(9)

G(7)

Figure 59 - XRD patterns of both precursors (V and G) and synthetized materials
differentiated by the ratio of the solid mixtures: VG1.5(7) and VGI1.5(9); VG4(7) and
VG4(9).

Figure 60 - FT-IR spectra of both precursors and synthetized materials activated with 7M
(a) and 9M (b) KOH solutions.presents the FT-IR spectra of the precursors and
synthetized materials. Despite the difference in the ratio of used precursors, the
resulting spectra of consolidated samples are similar. The stretching and bending

vibrations of O-H bonds, which are typically associated with the formation of C-S-
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H products, were observed in the synthesized materials [124]. These vibrations
occurred in the range of approximately 3360 to 3380 cm™'. Additionally, H-O-H
bonds were detected at around 1640 cm™ only in the consolidated materials,
ascribable to absorbed water molecules within the alkali-activated matrix [101].

In all spectra, except for one raw powder, CO3%~ species were also identified, with
characteristic vibrations between 1350 and 1750 cm™!. The peak at ~ 1400 cm™ can
be ascribed to carbonatation processes and, specifically, to the asymmetric
stretching of O-C-O bonds [332]. The peak near 1740 cm™! observed in the samples
activated with a more concentrated solution, can be associated with the stretching
and bending of the excess O-H bonds resulting from the higher molarity of the
solution (Figure 60b) [160]. The observed structural differences are linked to the
different molarity of the alkaline solution used to activate the mixtures. This
suggests an unbalanced stoichiometric reaction between the precursors and the
activating solution, leading to an excess of (OH) ions and potassium. Due to the
reaction with atmospheric CO», free alkaline ions can form K>COs; [99]. The
reaction is documented by the appearance of the peaks in the range between 1350
and 1750 cm™! [99]. In the samples activated with KOH 7M, the absence of the peak
at 1738 cm’!, attributed to carbonation processes, can be explained by the formation
of a more organized and stable Si-O-Si/Al network [333,334]. A peak detected
around 1200 cm! is linked to the asymmetric deformation of Si-O-Al bonds [335].
This peak is more pronounced in sample VG1.5(9), most likely due to the enhanced
dissolution of aluminium species in highly alkaline environments (9M). Despite
volcanic ash, and consequently the set VG4, containing a higher aluminium content,
as shown in Table 50, the waste glass in VG1.5(9) appears to be more reactive. This
may be ascribed to the higher amorphous amount in the glass, rather than the
volcanic ash, that facilitates a more effective release of reactive aluminium species
(such as [AI(OH)4]"). This increase in the amount of aluminium appears to facilitate
bonding with the Si-O- chains, resulting in more effective chemical interactions
between the activator and the glass particles.

Some differences in shape and position of the characteristic main band, associated
to the aluminosilicate structure and ranging from 1200 to 900 cm™, are showed
among the precursors and consolidated materials (Figure 60 a-b), while no
significant variations were observed among the bands of the synthetized samples,

despite the differences in the molarity of the K-solution [321]. The precursors
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displayed a main band with shoulders that can be attributed to the silicate structure,
with the maxima at ~1000, 950/940, and 920 cm™!. The peaks detected in G can be
assigned to Si-O-Si asymmetric stretching vibrations, specifically to Q1 and Q2
motifs at 950 cm™ and ~1000 cm’!, respectively [336]. The volcanic ash (V) spectra
contained the most intense peak located at ~1000 cm™!, which can be ascribed to the
Si-O-Ca bond [101], to the Si—-O—M bonds (where M= K or Na) or to asymmetric
stretching of T-O (where T= Si or Al) [102], and to the presence of Si-O-Fe bonds
[337-339]. In the binary mixtures, regardless of the molarity of the solution, a
narrower and a more intense peak was detected. This is probably attributed to the
formation of a more organized and ordered structure with the consequent formation
of an alumino-silicate matrix [340]. The shift of these peaks from lower to higher
wavelengths is usually related to the specific length and bending of the Si-O bond
[329], to the polycondensation reactions in particular, which leads to the increase
of the intensity of the Si—O stretching vibration [128,340]. According to other
authors, the shift can be linked to the increase of the amount of Si-O or Al-O
tetrahedra [341].

FTIR spectra highlighted the key role of the molarity of the alkaline solution in
influencing the final structure of the consolidated materials. Despite variations in
the precursor’s proportions, the molarity of the alkaline solution was found to be
determining factor influencing the final structure of consolidated samples. Higher
molarity solutions tend to promote the formation of more organised Si-O-Si/Al and
Si-O-Ca networks, emphasizing the importance of optimising the concentration of
the activator solution to obtain the desired structural properties. Higher KOH
molarity promoted greater dissolution of Si and Al species, enhancing the
polycondensation reaction and resulting in a more cross-linked aluminosilicate
network. The K" ions balanced the negative charged AlO4™ tetrahedra, producing a
more stable network [342]. This effect is evident in the FT-IR spectra, where 9 M
consolidated materials resulted in a more intense and shifted characteristic Si-O-

Si/Al band, suggesting the formation of a dense and stable material.
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Figure 60 - FT-IR spectra of both precursors and synthetized materials activated with 7M

(a) and 9M (b) KOH solutions.

124



Figure 61 displays the microstructure and chemical composition of the matrix and
the glass grains of consolidated G-samples. In both specimens, glass particles with
sub-angular shape (i.e., grains with slightly rounded edges) and polymodal size
distribution (i.e., even if < 120 um) were observed. The fragments, especially the
most noticeable ones, displayed the typical conchoidal fracture of glass [343]. The
structures seem to be dense and compact, with a texture consisting of glass grains
and a matrix [344]. No macropores can be detected at this magnification; however,
some cracks are visible and generally surrounding larger grains. It is also possible
to discern important differences between the specimens activated with the solutions
of different concentrations. At higher molarities, the matrix appears to be visually
more compact and homogenous. At lower molarities, the grains with different sizes
appear to have fewer connections with the matrix. Despite different molarity of the
solutions, few differences in the chemical composition of their components can be
detected in both samples. The unreacted glass grains of G(7) displayed the known
composition of glass, containing Si, Al, Ca, K, Mg and Na. It has to be noted that
EDS detector cannot detect boron, which is contained in the glass precursor
according to XRF analysis. A distribution of elements typical of the Si-O- network,
based on silica-aluminates was confirmed in the matrix, of both the G(7) and G(9)
samples. The contribution of the alkaline activator on the chemical composition of
the matrix is evident, as there is a consistent increase in the intensity of the K peak

between the grain and the matrix.
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Figure 61 - SEM micrographs and EDS profiles of G(7) (a) and G(9) (b) samples. Circles,
indicating the spot analysis, are distinguished as follows: red - matrix; black — glass grain.

Figure 62 (a-d) presents the SEM micrographs and EDS profiles of binary mixtures.
Overall, heterogeneous structures, with grains showing irregular shapes and

different particle sizes were observed. Focusing on the proportions of solid
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mixtures, a stronger difference in grain size was detected, with bigger unreacted
grains mainly found in the VG s set (Figure 62 a-b). The glass grains showed the
typical composition, containing mainly Si, O, Al, and Ca as the predominant
constituents (along with B). Other elements, present in smaller quantities (i.e., Na,
Mg, and Fe), were also detected. The composition corresponds with the results of
the XRF analysis of the precursors (Table 53 - Chemical composition of the
investigated waste precursors in wt.%, volcanic ash (V) and waste glass (G) obtained
respectively from previous works [321,325]. The abundances are expressed as weight % of
oxides. Alkali = Na20, MgO and K20O; Other: includes B203 (for only G), P205 and MnO
(for only V).). The EDS spectrum of volcanic ash reflected the characteristic
composition of its constituent minerals, showing the peaks of Si, Al, Ca, Na, and
Mg. The intensity of the Fe peak is high, with some contribution from Ti and V. The
relative increase of the content of potassium in the matrix compared to the volcanic
ash and waste glass suggests successful activation of the precursors and the
subsequent formation of an aluminosilicate network.

Figure 62 (c-d) shows the SEM micrographs and EDS chemical composition
profiles of specimens VG4(7) and VG4(9). Unlike the samples with lower volcanic
ash content (i.e., the proportion of 60/40 %wt.), a more homogeneous structure can
be observed in the VG4 set, suggesting a better packing of solid particles within the
matrix, probably due to the occurrence of a more extensive reaction. Despite the
differences in the molarity of the solution, EDS analysis of the consolidated
specimens showed a similar composition for the glass grains, volcanic ash and
matrix. A small relative difference in the intensity of Mg and Fe peaks was found
in the volcanic ash. The latter contains also V, which appeared to be absent in the
specimens activated with KOH 7M. This is attributed to the heterogeneity of the
volcanic precursor, whose chemical composition may vary within the
compositional range of basalt.

The binary mixtures appeared to be more porous, albeit with a smaller pore size
when compared to the samples prepared from pure glass precursor (100% G). The
presence of these linear gaps can be ascribed to the development of voids, between
the unreacted particles and the matrix, induced by the dissolution reaction [323].
Specifically, the visible pores can be related to the expulsion of condensation water

during the dissolution process of the volcanic ash by the alkaline solution [345].
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Figure 62 - SEM micrographs and EDS chemical composition: a) VG1.5(7); b) VG1.5(9);
c) VG4(7), d) VG4(9). Circles, indicating the spot analysis, are distinguished as follows:
blue - matrix; red - volcanic ash grain; black — glass grain.

Table 55 shows the elemental composition of the activated samples determined by
EDS analysis. The samples activated with a more concentrated alkaline solution

showed a higher content of K, Al and O together with a lower concentration of Ca
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and Si. The samples with a higher glass content (e.g., set VG1.5) contained less Fe,
Mg and Na, reflecting the contribution of the raw materials composition, as

documented by the results of XRF analysis shown in Table 53.

Sample O Si Al Na Mg K Ca Fe Ti
46.1+ | 156+ | 53+ | 1+ | 1.1+ | 133+ ] 81+ |28+ |05+
VGL1.5(7)
0.5 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1
469+ | 155+ | 55+ | 1.1+ | 14+ | 137+ | 7.1+ |33+ |04+
VG1.5(9)
0.4 0.1 0.1 0.1 0 0.1 0.1 0.1 0
442+ | 153+ |47+ | 13+ | 19+ | 121+ | 6.7+ |45+ | 0.6+
VG4(7)
0.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0
466+ | 144+ | 54+ | 1.5+ | 1.8+ | 123+ | 55+ | 42+ | 0.6
VG4(9)
0.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0
a7 487+ | 167+ | 45+ | 04+ | 1+£0 | 11.7+ ] 12+ |02+ ]| 02+
@) 0.4 0.2 0.1 0.1 0.1 0.1 0.1 0
) 499+ | 167+ | 47+ 03+ | 09+ | 11.8+ | 10.7+ | 02+ | 0.2+
0.4 0.2 0.1 0 0 0.1 0.1 0.1 0

Table 55 - EDS chemical composition, expressed in atomic percentages (a.t.%), of the
matrix for all consolidated samples.

Figure 63 showed the EDS maps of the binary mixtures VG1.5(9) (a), VG4(9) (b)
and VG4(7) (c). Both the grains and the matrix showed similar overall
compositions. The VGI1.5(9) containing more glass than ash, showed a
predominantly silica-calcic composition due to the contribution of glass (Figure 63
a). Few magnesium and iron rich spots are undissolved volcanic grains,
recognisable as areas with a lighter colour within the micrographs. The sample
VG4(7) appeared to be more heterogeneous, in terms of composition, with the
volcanic ash being more abundant in proportion to glass. The presence of iron,
magnesium, silicon, and aluminium reflects the chemical composition of the
minerals that compose the volcanic ash (i.e., plagioclase, olivine, pyroxene, and
iron oxides).

The EDS analysis emphasizes the critical role that the ratio of the used precursors

and the molarity of the alkaline solution play in shaping the final structure and gel
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formation. The increase of the proportion of volcanic ash can lead to a more
heterogeneous structure, as evidenced by larger residual particles in the matrix,
indicating the partial or lower reactivity of the ash. Utilizing higher molarity
solutions, such as VG4(9), promotes chemical reactions between the constituents.
This results in a more homogeneous and compact matrix characterized by fewer

pores and cracks, ultimately enhancing the overall quality of the gel.
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Figure 63 - EDS maps: a) VG1.5(9); b) VG4(9); ¢) VG4(7). Colours are referred to the
following elements: red — Fe; green — Ca; pink — Si; blue — Al; cyan — Mg.

7.4.2 Physical-mechanical data

The results presented in Table 56 - Physical-Mechanical properties: weight loss after
boiling test (AM, %); open porosity (OP, %]); total porosity (TP, %); pH; uniaxial
compressive strength (o, MPa).highlight the physical-mechanical performance of the
material of different formulations. After 4 days of curing at 60°C, all formulations
were consolidated. The chemical stability, assessed through boiling water
experiments, showed promising results, with minimal weight loss observed for all
tested samples, as reported in Table 56. Among all specimens, the binary mixtures
activated with 9M KOH showed a reduced weight loss of 6.6%, 9.1%, and 4.9%
for VG1.5(9), VG4(9) and G(9), respectively. On the contrary, the 7M KOH
solution resulted in a higher weight loss of 10.2%, 15.2%, and 6.4% for VG1.5(9),
VG4(9) and G(9), respectively. These values align with those observed by other
authors [346,347]. The boiling water remained clear after the test, indicating that
the samples were undamaged and with no signs of mechanical disintegration
[348].A closer examination of the samples with different composition of solid
mixtures but activated with the alkaline solution of the same concentration, revealed
some differences. The VG4 set demonstrated a higher weight loss compared to the

VGL1.5 set. Considering the molarity of the solutions, the observed trend suggests
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an inverse relationship between weight loss and the concentration of the activator
solution; specifically, higher KOH concentrations correlate with reduced weight
loss.

This analysis underscores the importance of both the ratio of solid precursors—
with higher glass content producing a stronger network —and the concentration of
the alkaline solution used. A higher molarity of the alkaline solution contributes to
chemical stability. These findings indicate the potential for optimizing formulations
for improved performance and durability. This latter behaviour was also confirmed
by the results obtained in the benchmark set based on only glass, where G(9) sample
showed a lower weight loss than G(7). This is probably attributable to the more
concentrated solution's ability to make the precursors react more strongly, resulting
in a more cohesive structure. The porosity of the specimens was also in line with
the described behaviour. In the binary mixture and in the samples prepared from
100% G activated with the 7M KOH solution, the total porosity was higher
compared to the samples activated with the higher-molarity solution. Increasing the
concentration of the activating solution typically leads to a reduction in open
porosity, which is attributed to a higher dissolution of the precursors, resulting in a
denser and more uniform microstructure [349,350]. Regardless of composition,
samples contained predominantly open porosity (Table 56). The closed porosity
represented only about 1-2% of the total porosity for all tested samples. This result
could be related to the partial dissolution of solid particles. Moreover, the porosity
values align with or are even significantly lower than those previously reported by
other authors [308,323,351].

More details were obtained by the ICP-OES analysis of the released elements: the
measured values are reported in Table 57. For the specimens activated using KOH
™ (i.e., VG1.5(7) and VG4(7)), Ca concentrations were higher for the composition
with a higher amount of glass. Na and Si contents were higher in the samples
containing a lower amount of glass. The concentrations of Al and Fe were similar.
The specimens obtained using 9M KOH (i.e., VG1.5(9) and VG4(9)) showed that
the Ca content is higher in specimens with lower volcanic ash content, while Na
levels were lower. Al, Si, and Fe concentrations were higher in samples with a
greater proportion of volcanic ash. In the samples made of waste glass only, a
noticeable difference was observed for Na and Si contents for G(7) and G(9) while

Al and Ca levels were similar. Iron was below the detection limit (i.e., <0.1 mg/L),
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in accordance with the composition of the used raw materials. The results indicate
that the ash-to-glass ratio and the concentration of the alkaline solution significantly
influence the hydrolytic resistance of consolidated materials, with 9M KOH
activated samples typically resulting in an increased release of Al and Fe in the
solutions. Calcium levels showed minimal variations for all samples. Na and Si
levels were higher in samples synthetized using lower molarity alkaline solutions,
suggesting that specimens activated with 9M KOH were more stable. This is
consistent with the structural role of Na and K, forming the primary network (Na/K
+ Al and Si), while Fe contributes to the development of the secondary network.
The lower release of Na and Si in highly alkali-activated samples indicates their
stronger incorporation within the primary network, leading to enhanced stability
[99,321]. VG4(9) was the only exception in terms of release of Si, with detected
content higher than the other 9M KOH activated specimens. This may further
support the conclusion that higher molarities of the solution promotes the formation
of a more stable network of strong Si-O-Si bonds [311]. For all samples, Ti and Mg
levels were below the detection limit. There were no significant differences in the
pH of the solution. G samples exhibited a slightly lower pH compared to the binary
mixtures, although there was a slight increase in the pH of samples activated with
the 9M-K-solution (see Table 56).

In the uniaxial compressive test, the VG4 set exhibited lower strength values
compared to the VG1.5 set, with average compressive strengths of approximately
12 MPa and 22 MPa, respectively. The samples activated with a more concentrated
solution displayed higher strength values. This trend was particularly evident in the
G set, where the strength of the sample G(9) was nearly three times higher than the
strength of the sample G(7), increasing from 12 MPa to 36 MPa. These results
indicate that both a higher glass content in the solid mixtures and a higher molarity

of the alkaline solution positively influenced the compressive strength.

The addition of volcanic ash impaired the final compressive strengths of the
samples. The observed weight loss during the boiling water test, along with the
porosity measurements, suggests that a higher glass content and a higher molarity
of the alkaline solution enhance the formation of a stronger network. This improves
the chemical balance between the precursors and the alkaline solution, resulting in

improved packing and bonding within the matrix. This improvement may be

137



attributed to the significant amounts of calcium typically found in volcanic ash,
which facilitates the formation of Si-O-Ca network. This calcium-rich network is
generally stronger, in terms of mechanical properties, than the Si-O-Si/Al network
that predominates in samples made of 100% glass. However, the presence of modest
amount of iron oxide into the raw volcanic ash may contribute to long term
evolution of the aluminosilicate network, providing improvement of the mechanical
performances over time. This is due to the possible partial substitution of AI’** by
Fe’* within the gel networks, along with the oxidation of Fe** to Fe’* over time

[339,352].

In all alkali-activated systems, the calcium-based networks develops faster than the
Si-O-Si networks. This difference can be explained by the high reactivity of calcium
in alkaline environments, which promotes immediate formation of calcium silicate
hydrates (C-S-H) and other calcium-rich phases. These calcium-rich phases
contribute to the early strength and the development of the material's
microstructure. The formation of Si-O-Si bonds involves more complex
polymerization processes, leading to the creation of a more stable network, very

resistant to chemical attacks, that take longer time to develop [353,354].

Sample AM [%] OP[%] TP[%] pH o [MPa]

VGL.5(7) 102 24 247 126 21+1
VG1.509) 6.6 20 21 127 2342
VGA(7) 152 215 247 126 10+2
VG4(9) 91 202 218 128 13+2
G(7) 64 17.1 18 122 12+1
G(9) 49 145 16 121 36+3

Table 56 - Physical-Mechanical properties: weight loss after boiling test (AM, %), open
porosity (OP, %]), total porosity (TP, %), pH; uniaxial compressive strength (o, MPa).
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7.5

mg/l
Sample

Al Ca Fe K Na Si

VGI.5(7) 05+0.1 0.08+0.007 0.01+0.001 864=03 51+0.04 7.9+0.04
VG1.59) 1.2£0.02 0.1+0.005 0.01=0.001 86.5=04 5.1%0.04 7.0:+0.06
VG4(7) 0.6=0.01 0.04+0.005 0.02+0.001 87.1£03 7.0£0.05 5.2=0.04
VG4(9) 1.4+0.01 0.05=0.005 0.02=0.001 85302 6.7+0.05 6.5:+0.04
G(7) 04+001 0.1£0008 <DL  902+04 3.2+0.03 5.9+0.02

G(9) 0.7+£0.02 0.1+0.008 <DL 90.7+0.5 2.6+0.02 5.9+0.03

Table 57 - ICP-OES results of the released elements in solutions. Elements are expressed
in mg/L.

Conclusion

The reaction mixture composition and properties especially the concentration of the
KOH activator and the solid faction of waste precursors (volcanic ash and waste
borosilicate glass), significantly affected the microstructure and, consequently, the
physical and mechanical properties of the consolidated binary mixtures. The
occurrence of polycondensation reactions was assumed in all sample sets,
regardless of the mix design. The key conclusions from this study are summarized

as follows:

e The higher molarity of the activating solution promotes the formation of a
more stable Si-O-Si/Al network. Specifically, 9 M KOH solution produced
a higher degree of network polymerization, that resulted in materials with a
denser microstructure. This is attributable to the presence of potassium ions
that contributed to the stabilization of the aluminosilicate network by
balancing the negative charges of AlO4™ tetrahedra.

e SEM micrographs revealed an irregular distribution of precursor grains in
the VG 5 set, while the VG4 set exhibited a more homogeneous distribution

(better packing of solid particles). EDS maps indicated a predominantly
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silica-calcic composition in the VG5 set, attributed to a higher amount of
glass in the reaction mixture. In the VG4 set, with a higher amount of
volcanic ash, greater heterogeneity of the composition was observed.

e Both the higher molarity of the activating solution and a higher fraction of
waste glass positively influenced the uniaxial compressive strengths. Higher
variations in weight loss and open porosity were observed in the samples
activated with the less concentrated KOH solution and containing a higher

fraction of volcanic ash.

The study outlines the potential for producing alkali-activated materials from glass
and volcanic ash wastes through the activation process using potassium hydroxide
solutions with various molarities. This brings new opportunities for sustainable
production of construction materials. Future studies will focus on the exploration
of a wider experimental plan, including a larger number of samples along with the
investigation of the effects of other variables (i.e., different molarities and curing

temperatures) on long-term performances and durability.
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Introduction

The increasing awareness of environmental issues has led to reconsidering the
impact of the construction industry, which is responsible for approximately 7-8%
of the total anthropogenic emissions [355]. However, in a rapidly growing society,
developing eco-sustainable materials is essential. In this perspective, Alkali-
Activated Materials (AAMs) have emerged [356], thanks to the possibility of
incorporating industrial wastes and by-products, leading to reduced carbon
footprint [9]. These materials result from the activation reaction of aluminosilicate
powders by alkaline solution [12,137], through several steps that lead to the
formation of a polymeric network [357].

Volcanic deposits are widespread around the world and some active areas (e.g., Mt.
Etna volcano, Italy) offer a large volume [358]. The deposits, once erupted, are

considered waste if not properly valorised (i.e., according to the Italian national
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legislation) [359]. Moreover, they can negatively influence the daily city life (e.g.,
transports and mobility) [360]. In this scenario, in the last years, they were used as
precursor in alkaline activation process (in two and one-part systems) [139] thanks
to their aluminosilicate and mainly amorphous compositions, to produce alkaline-
activated pastes for different applications (e.g., fire-resistant foams) [288,321].
However, volcanic glass is less reactive than other precursors like metakaolin and
fly ash, requiring small addition of metakaolin to improve setting time and final
properties [361]. Therefore, the binary mixtures produced in previous studies have
exhibited good mechanical properties, durability and resistance to atmospheric
exposure and salt spray [362], making them suitable for construction and restoration
[288].

Furthermore, with the advancement of technology, new and revolutionary progress
has been made in the field of additive manufacturing (AM), also known as 3D
printing (3DP), of construction materials. Additive manufacturing allows for an
efficient use of resources, reducing waste of material and time [363]. While
traditional construction methods involve cutting and shaping processes, leading to
material loss, AM allows the deposition of the material only where needed,
optimising its use [364]. This lowers costs and reduces environmental impact,
meeting the principles of sustainability and driving a revolutionary approach in the
construction industry [365]. Whereas in the traditional construction industry shapes
are constrained, the production of layer-by-layer materials allows the development
of structures and elements with greater flexibility in design (i.e., from scaffolds for
biomedical application and tissue engineering to house construction) [366—-369].
Another advantage of AM lies in the speed of the construction process. 3DP allows
for much shorter construction times, sometimes resulting in small structures to be
completed in short time (i.e., ~37 m? house printed in less than two days) [370,371].
This is beneficial in cases of natural disasters, such as earthquakes, where fast
reconstruction times are required [372].

AM comprises several techniques that can be used for the 3D printing of AAMs
[373,374]. Binder Jetting (BJ) involves the deposition of a liquid, called binder, into
a powder bed surface to create the final desired shape [375]. This method meets
several drawbacks as the final material tends to have high porosity and low strength
compared to the traditionally casted AAMs. Moreover, the starting materials often

require specific properties in terms of grain size, flowability and wettability of the
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powders [376]. Post-printing treatments such as infiltration or sintering are
additionally often needed [377-379]. Photopolymerization techniques, such as
stereolithography (SLA) and digital light processing (DLP), are based on the
incorporation of a photocurable agent in the AAMs formulation which is selectively
cured through the exposure to a UV light source [380,381]. However, these agents
are very expensive, and they could affect the final activation reaction of the system,
leading to a decrease in mechanical strength and durability of the final material
[382].

Direct Ink Writing (DIW) is a method based on extruding a viscous paste through
a nozzle. The so-called ink is deposited layer by layer, allowing complex shape
building and minimal waste of material [383]. However, the need of strict control
on the rheological properties, to ensure proper extrusion, and the necessity to have
strong adhesion between layers, to avoid delamination, are crucial challenges [384].
Among all these techniques, DIW does not require any additional post-printing
treatments. Although DIW requires tight control over rheological behaviour, it
remains the most suitable method thanks to its reduced energy consumption
compared to high temperature AM techniques, making the process more
environmentally sustainable, thus contributing to the reduction of the overall energy
footprint of additive manufacturing.

However, DIW suffers from limitations, e.g., setting time and structural integrity,
to ensure extrudability and structural stability during the printing process [385].
Formulations have to balance workability, printability and mechanical features,
making the process of design and optimisation of formulations more complex.
Indeed, rheology plays a crucial role when it comes to 3D printing applications as
fresh-state properties (including viscosity, yield stress and thixotropy) significantly
influence the printability and the final mechanical performances [387,388]. Unlike
conventional cement pastes, AAMs exhibit distinctive time-dependent viscoelastic
properties, which are influenced by the type and concentration of activators,
precursor composition and curing conditions. The control over these parameters is
crucial for ensuring extrudability, shape stability and interlayer bonding of the
printed structures [389]. Furthermore, recent studies have explored the use of
rheology modifier additives (i.e., such as polysaccharides, polycarboxylated ethers
and nanoclays) to improve printability while maintaining good mechanical

performance [390,391]. In addition, optimisation of activator concentration and
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binder-to-aggregate ratio can further refine the printability of the AAMs, making
them a viable alternative to conventional materials [392].

This study aims to explore for the first time how the rheological properties of waste-
based AAMs are affected by changes on the proportions of the precursors and of
the molarity of the activator solution. Specifically, binary mixtures of volcanic ash
and waste glass (i.e., 60:40 and 80:20, respectively) activated with potassium
hydroxide at different molarities (7M and 9M) were used. These formulations were
already validated in a previous work (see II case study), which proved that the
addition of waste glass in the system contributes to the formation of a stable
aluminosilicate network with reduced porosity, resulting in improved mechanical
performance. In addition, preliminary printing tests of the best ink by DIW method

were carried out to confirm its suitable rheology.

Materials and methods

8.2.1 Materials

Waste fiberglass (G), industrial waste provided by Johns Manville Slovakia a.s.,
was firstly crushed and then sieved to ensure a grain size <40 pm. Volcanic ash (V)
from Mt. Etna (Italy) was taken from a landfill located in Zafferana Etnea, in the
eastern flank of the volcano. After a wet-milling, the material was dried at 100 +
5°C and sieved below 40 pum to match the glass powder’s grain size, thus
guaranteeing a better homogeneity. Combined binary mixtures of V and G with
ratios of 80:20 and 60:40, respectively, and activated with KOH in different
molarities (i.e., 7M and 9M) (see II case study) were studied to assess their
suitability for 3D printing processes. Regardless of the molarity of the KOH
solution, the liquid to solid ratio was always kept constant (namely, L/S= 0.46).
Samples were labelled using the powdered precursors letters followed by their ratio
in the subscript (i.e., 4 and 1.5 when the ratio was 80:20 and 60:40, respectively).
The molarity of the solution was reported in brackets.

The raw powders were mixed with alkaline KOH solution and stirred at 500 rpm
for 2h. Afterwards, the obtained inks were tested for the rheological and kinetic

characterization. Only for the printing process, the addition of a rheology modifier
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was essential. In particular, 4 wt.% of Polyethylene Glycol (PEG) was added to the
slurry after mixing the precursors for 1.5 h, followed by additional 30 min of
homogenization. The addition of PEG was necessary as the printed inks tended to
collapse. The printed scaffolds with the addition of PEG were then cured for 48h at

60 °C in a close box to ensure proper consolidation (Figure 64).

@

—)

Mixing Mixing Printing Curing
1h 30 min 30 min

Figure 64 - Synthesis procedure.

8.2.2 Methods

Firstly, the chemical composition of the raw precursors was obtained by using a
Bruker S8 Tiger X-Ray Fluorescence (XRF) spectrometer. The rheological
characterization of the inks was performed over time (i.e., 0 min, 1 h and 2 h after
the mixing process) using a rotational rheometer (Rheometer-viscometer-Haake
Mars III), equipped with 35 mm plates with parallel geometry; measurements were
performed with 1 mm gap with controlled temperature of 20 °C. Inks were tested
without the addition of any rheology modifiers. The instrument was set to evaluate
the rheological behaviour of the studied inks under different conditions to assess
their stability performance for printing. In particular, the viscosity rebuilding rate
test involved two consecutive steps in rotational mode under a constant rate (CR).
Firstly, a shear rate of 10 1/s was applied for 60 s, followed by a lower shear rate of
0.1 1/s for 60 s. The used shear rates are selected in order to simulate the extrusion
and post-printing conditions, respectively. The described setup allows the
evaluation of the inks’ ability to recover their viscosity after shearing (i.e., keep
their shape after the printing process), as reported by other authors [393,394].

Specifically, the structure rebuilding rate of the inks was calculated by considering
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the total relative recovered viscosity at 90s as a reference point of maximum
structural rebuilding. The increase in viscosity over time was then evaluated. This
approach allowed for a consistent comparison of the inks’ thixotropic behaviour.
Moreover, the dynamic strain sweep test was conducted in oscillation mode under
constant deformation (CD), with applied strain values ranging from 0.001 to 200
and a frequency of 1 Hz. The test allows to assess whether the inks were behaving
in an elastic or viscous way under oscillatory stress. Consequently, flow curve tests
were carried out in rotational mode with shear rates ranging from 0.01 to 100 1/s
with the aim of determining shear-thinning and thixotropic behaviours of the inks.
For the ink which showed the best rheological features (i.e., highest structural
rebuilding rate and enhanced thixotropic behaviour), the consolidation reactions
and thermal stability of the slurry in the early curing stages were investigated for a
better understanding of the kinetic reaction and the required curing time. Isothermal
calorimetry was performed with a Netzsch STA 449 F1 Jupiter that allowed the
Simultaneous Thermal Analysis (STA) through the acquisition of both
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
signals. Right after the 2h mixing process, a small amount of slurry was dripped
into a Pt-crucible and kept at the constant temperature of 60 °C for 24 h, to study
the thermodynamics and kinetics of the consolidation reaction. The first 100
minutes of the test, corresponding to the complete stabilization and consolidation
of the specimen, were reported.

An Original Prusa 13Mk3S 3D printer was upgraded into a DIW setup for the
printing of the selected slurry. The ink was embedded into a conical plastic syringe
(30 cm?) connected with a nozzle of 4 mm diameter. A non-captive stepper motor
with a shaft wound with piston cap was attached on top of the syringe and screwed
tightly. The torque of the stepper motor was controlled by a module to produce a
smooth extrusion. The printing took place at room temperature with a speed
maintained at 6.5 mm/seconds. The CAD file of the 3D structure was designed to
have a 3 mm layer height and 6 mm spacing between filaments, to ensure better
adhesion between layers. The file was then sliced using UltiMaker Cura software,
with 0.90° orientation. The final dimensions of the printed samples measured 40 x
40 x 25 mm (Figure 65). The printed structures were cured at 60°C for 48 h,

ensuring proper consolidation and structural stability.
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8.3

Compressive strength was assessed by Uniaxial Compressive Strength (UCS) tests
on 4 printed samples (40 x 40 x 25 mm). A Controls UNIFRAME automatic
compression testing machine, equipped with a 50 kN load cell and operated with a
speed of 1 mm/min, was used.

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS) analysis, performed using a JEOL JSM-IT500 analytical microscope,
were used to investigate the microstructural and compositional features of the

samples.

Figure 65 - CAD file design.

Results and discussion

8.3.1 Chemical characterization

The chemical composition of both waste glass and volcanic ash is reported in Table
58. Waste glass (G) is mainly composed by a high silica content and significant
presence of calcium oxide (i.e., 57 and 22.5 wt.%, respectively), together with
moderate amounts of alumina. Very low concentrations of alkaline metals and MgO
are displayed, along with boron. In comparison, volcanic ash (V) is characterized
by lower levels of silica and calcium oxides (i.e., 48 and 10.4 wt.%, respectively).

Significant content of alumina (17 wt.%), alkali metals (5.5 wt.%) and iron (10.8
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wt.%) were reported. Moreover, a small amount of titanium was identified. The
high silica and alumina contents in both materials make them suitable for alkaline

activation processes [9].

Wt.%
SiO: ALO3 Ca0O Na.O+ MgO B203 Fe203 TiO:
K>O
G 57T+1 14.1+ 225+ 0.71 + 22+ 1.8+ - -
0.2 0.8 0.05 0.05 0.1
A\ 48 +4 17+1 104 + 55+ 52+ - 10.8 + 1.8+
0.1 0.51 0.7 0.8 0.3

Table 58 - Chemical composition of the studied raw waste materials obtained though XRF.
Oxides are expressed in weight percentage.

8.3.2 Rheological characterization

Figure 66 shows the viscosity rebuilding of the four different inks at three different
times following the end of mixing. All inks displayed a substantial increase in
viscosity after the first step of the test which concurred with the reduction in shear
rate from 10 1/s to 0.1 1/s. The exhibited behaviour is also known as thixotropic,
which implies a reduction in viscosity, following the application of a high shear,
and a subsequent recovery of viscosity when the shear is reduced, due to the
reconstruction of the internal structure [149]. Moreover, a progressive increase in
viscosity is observed over time. This finding is in line with other studies on AAMs,
that highlighted how the bonding between aluminosilicate species is enhanced over
time [395]. For each tested time and applied shear rate, the same behaviour is
observed with VG4(7) being the ink which showed the lowest viscosity and VG 5(9)
showing the highest values. Furthermore, the structural rebuilding rate percentages
at 90 s of testing were calculated. It was found out that the highest rebuilding rate
was reached by ink VGi.5(9) (i.e., 93%) while the lowest (i.e., 87%) was obtained
by VGu4(7). Intermediate values of 89% and 90% were achieved by VGa4(7) and
VGi.5(7), respectively.

Regardless, the rapid increase in the system's rigidity suggested that the slurry may
exhibit suitable rheological properties for printing processes, helping to minimize

the deformation of the printed structures. These results aligned with the behaviours
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reported for alkali-activated systems, based on different precursors, subjected to

viscosity recovery testing [363,393].
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Figure 66 - Viscosity recovery for the studied inks at 0 min (a); 1 h (b) and 2 h (c). The
lines represent: black VG1.5(7); red: VG1.5(9),; blue VG4(7) and green VG4(9).

Figure 67 displays the dynamic strain sweep test, involving the evolution of both
storage modulus (G”) and loss modulus (G”’), represented by solid and dashed lines,
respectively, as functions of strain for the four investigated inks at 0 min, 1 h, and
2 h after mixing. The storage modulus (G’) is a measure of the amount of energy
stored in the material while the dissipated energy is represented by the loss modulus
(G”) [396]. For Direct Ink Writing (DIW) purposes a material with higher storage
modulus is preferred, ensuring shape stability after printing. Anyhow, a good
balance between G’ and G is also required, as the storage modulus promotes the
solid-like behaviour, making it harder to extrude throughout the nozzle [397].

In particular, at low strain levels, the inks mostly showed an initial increase in both
G’ and G", with G’ having always higher values than G”. This behaviour
highlighted a predominantly elastic response [152,398], also observed in Figure 68
(a-c). Specifically, for all specimens when the applied strain was small, the shear
stress remained very low, indicating an elastic-like behaviour of the inks. As strain
increased, both moduli decreased and then intersected at a crossover value, also
known as “gel point”. At these points, G’ and G” are balanced, and the transition

from the solid state to the fluid state starts occurring [399,400]. Beyond the
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crossover point both moduli began to decrease, with G”’>G’, marking a shift in the
material’s behaviour. In fact, the reduction in G" with increasing strain reflects
structural weakening, often referred to as strain softening, where the internal
alumino-silicate bonds are progressively broken under rising stress, making the
material act like a fluid [152,153].

The crossover points and the change from solid to viscous-like material
corresponded to the inversion in the slope of the curve [153], as depicted in Figure
67.

Inks VGi5(7) and VGa(9) displayed intermediate behaviours. Over time, the
crossover points moved to higher strain levels, reflecting a gradual reinforcement
of the microstructural network of the material. This likely occurs due to the ongoing
formation and strengthening of the aluminosilicate bonds, which contribute to
enhanced structural hardening.

Finally, for all inks the transition from solid-like to liquid-like behaviour under
growing strain was observed, which is essential for extrusion purposes. Specifically,
the crossover point was observed at lower strain levels for inks with higher volcanic
ash contents and lower KOH molarity, underlining that both the volcanic ash to
glass ratio and the alkaline concentration governed the rheological performance,
with higher glass contents and molarity of the solution facilitating rapid

crosslinking of the aluminosilicate species.
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Figure 67 - Storage Modulus (G’) and Loss Modulus (G”), expressed in Pa, for each
studied ink as function of strain. The lines represent: black VG1.5(7); red: VG1.5(9); blue
VG4(7) and green VG4(9). Solid line corresponds to G’ while the dashed line stands for
G”.
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Figure 68 - Shear Stress, expressed in Pa, and Strain for each studied ink. The lines
represent.: black VG1.5(7); red: VG1.5(9); blue VG4(7) and green VG4(9).

Figure 69 (a-b) displayed the evolution of the shear stress with the increasing shear
rate, also known as flow curves, for the studied inks measured over time. Shear-
thinning behaviour was exhibited by all specimens, observed by the reduction in
viscosity when low shear rates were applied. Right after mixing (Figure 69 a),
specimen VGi.5(9) mostly exhibited the highest shear stress over shear rate,
suggesting a less fluid behaviour due to strong interaction and aggregation between
particles [401]. On the contrary, lowest shear stress values were detected for ink
VG4(9), highlighting its ease to flow which may lead to deformation after printing.
Intermediate behaviours were observed for VGi.5(7) and VGa(7), with moderate
shear stress values across the provided shear rates.

Changes in the flow curves were determined by both the precursor ratios and the
molarity of the alkali-activating solution, which play a crucial role in reaction
kinetics [402]. During shear deformation, these inks undergo mechanical
interactions and particle rearrangement [403]. A higher solution concentration leads
to increased shear stress, primarily due to the development of inter-particle forces
[389]. This process is driven by water consumption and the formation of gel

reaction products, resulting in a significant rise in yield stress [404,405].
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After letting the inks settle for 1h (Figure 69 b), the same trend was observed with
shear stress remaining relatively small at low shear rates. Figure 69 ¢ displays the
inks 2 h after mixing. Again, higher yield stress values were shown for VGi.5(9),
providing good structural stability. A well-defined shear-thinning behaviour was
also demonstrated by VG1.5(7) and VG4(7), while VG4(9) revealed to still have a
very low shear stress that may lead to excessive flowability and further instability
in printed structures.

Overall, the rheological behaviours over time were demonstrated. The optimal
shear-thinning property displayed by VGis5(9) and VGi5(7) ensures suitable
features for DIW making them flow under intermediate stress and maintain their
structural shape after printing. VG4(9) and VG4(7) exhibited lower values, being
too fluid and facing potential collapse problems. The trends are consistent with the

one reported in literature [406,407].
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Figure 69 - Flow curves for all inks. The lines represent: black VG1.5(7); red: VG1.5(9);
blue VG4(7) and green VG4(9).

Overall, the observed rheological behaviours of the studied inks can be explained
by considering the combined effects of precursor composition and alkaline KOH
concentration. Inks with higher glass content and more concentrated KOH solution
(i.e., VG1.5(9)) exhibited enhanced structural rebuilding rate, after the removal of
the applied shear, and higher viscosity. This behaviour is likely ascribable to the

ability of the system to promote a more rapid reorganization of the bonding between
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the aluminosilicate species [153]. On the contrary, inks with higher volcanic ash
content and lower molarity (i.e., VG4(7)) showed lower viscosity and relative
recovery, indicating a less intense polymerization process that leads to the formation
of a less rigid gel network. The observed behaviour may be linked to the increased
amount of calcium in the VGis set which is known to affect the rheological
properties, by producing an increase in viscosity [408]. This is due to the fast

formation of C-A-S-H type gel which produces internal friction [401].

The rheological findings are consistent with FTIR results reported in a previous
study (see II case study), where it was observed that inks activated with 9M KOH
exhibited a more intense and faster formation of aluminosilicate bonds, leading to

a denser, stronger and more compact gel network.

8.3.3 Kinetics of the consolidation reactions and thermal stability in
the early stages

After the rheological characterization of all inks, VGi.5(9) was chosen for
preliminary study on the kinetics of the consolidation reaction, thanks to its
favourable properties and the higher mechanical features, as already investigated in
a previous study (see II case study).

The thermogravimetric (TG) and differential scanning calorimetry (DSC) curves of
the VG1.5(9) ink, displayed in Figure 70, provided important insights into the
behaviour of the material during the consolidation process. The mass loss is
ascribed to both the release of moisture and the activation reaction [409].
Specifically, the loss of hydroxyl groups in the early stages of the polymerisation
reaction, due to condensation processes, could be the responsible for the rapid
weight loss during the first 30 min (about 11%) [410]. Subsequently, a gradual
decrease in the TG curve is observed, leading to the subsequent formation of a
plateau, reaching ~84%. This decrease may be related to further decomposition of
compounds due to structural stabilization, suggesting the formation of a stable
aluminosilicate network in the consolidated material [411].

The DSC curve revealed both endothermic and exothermic reactions. In particular,
the occurrence of an important endothermic event is observed in the first 5 min,
which is consistent with the dissolution of the precursors and water evaporation

[412-414], as already confirmed by the rapid mass loss observed in the TG curve.

153



Moreover, a subsequent exothermic peak is reported, which can be attributed to the
polymerisation reaction [415—417]. After about 50 min, a complete stabilisation of
the DSC curve was observable, suggesting the end of consolidation reactions and
the achievement of a stable structure in the consolidated material [418]. Overall,
the TG and DSC curves provided important information regarding thermal stability
and kinetics of reaction during the early stages of material consolidation.
Specifically, the rapid mass loss and the occurred network formation within the first
100 min significantly influence the rheological behaviour of the material, being
responsible for the hardening through time. The occurred network formation was
also proven in the previous study though FT-IR analysis (see II case study). The
considerable total weight loss (~16%) is likely due to the high exposed specific

surface area.
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Figure 70 - TG (black) and DSC (red) curves of VGI1.5(9).

8.3.4 Characterization of 3D printed specimens

Although the rheological characterization of the fresh alkali-activated paste
suggested promising behaviour for extrusion-based 3D printing, the preliminary

printing tests of the ink VG1.5(9) revealed several critical issues. As shown in Figure
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71, the extruded layers displayed significant spreading upon deposition, resulting in
poor shape retention. The printed geometry could not keep vertical build-up, and
the material showed the tendency to flatten after extrusion. Consequently, no clear
distinction between individual layers or interlayer spacing was observed, indicating
insufficient buildability. Further optimization of the paste formulation through the
addition of rheology modifiers was necessary to improve shape retention and

maintain the printing geometry.

Figure 71 - Preliminary printing trial of VG1.5(9) without the addition of PEG.

Figure 72 (a-c) showed the 3D printed specimens with the addition of 4 wt.% of
PEG after curing. From the macroscopic point of view, they exhibited a well-
defined geometry, good shape retention without any signs of delamination between
layers. The side image (Figure 72 ¢) showed the presence of distinguishable printed
layers with good adhesion. Some small surface irregularities are visible, due to
interruption of the printing process. SEM micrographs displayed in Figure 73 (a-b)
revealed a homogeneous microstructure, with the presence of amorphous phase. No
unreacted particles were detected, while the structure appeared to be porous at both
lower and higher magnification. No signs of layer detachment were observed at

lower magnification (Figure 73 a).
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Figure 73 - Morphological micrographs: cross sectional view (a),; detailed morphological
surface (b).

EDS compositional map revealed a Si- and Al-rich matrix consistent with alkali-
activated gel formation (Figure 74). The distribution of potassium is also very high
and consistent with the activation of the raw powders with KOH solution. The
presence of high levels of calcium and sodium suggested the possible development
of reaction products such as C-A-S-H or N-A-S-H-type phases. Fe- and Ti-rich
domains are coherent with the chemical composition of the raw volcanic ash, as

reported in Table 58.
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Figure 74 - EDS compositional map: the top left image represents the whole composition.

The mechanical characterization of the 3D printed specimens revealed a
predominantly brittle failure mode, with cracks propagating along weak interfaces
(Figure 75). Compression testing of the printed specimens achieved a maximum
compressive strength of 5.87 + 1.5 MPa, confirming moderate mechanical
performance consistent with the observed microstructure. Nevertheless, these
values fell within the expected range for 3D printed alkali-activated materials based
on metakaolin [153,419], supporting their potential for low-strength, sustainable
construction applications. These results are promising for applications where
moderate mechanical performance is acceptable, and where the use of waste-

derived materials can offer environmental and economic benefits.
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8.4

Figure 75 - Breakage behaviour.

Conclusion

This study demonstrated the feasibility of using volcanic ash and waste glass-based
alkali activated inks for Direct Ink Writing (DIW) applications. The successful use
of these industrial and natural waste materials aligns with the principles of circular

economy and environmental sustainability.

e Among the different compositions investigated, VG1.5(9) exhibited the best
rheological behaviour. Specifically, high structural rebuilding and storage
modulus (G’), indicated fast recovery after shear stress was applied and
stability after printing, ensuring extrudability and shape retention.

e The TG-DSC analysis of VGi5(9) confirmed the occurrence of the
consolidation reaction in the early 100 min.

e Despite the good rheological behaviour, the addition of 4 wt.% PEG as a
rheology modifier was necessary to guarantee the structural stability of the
printed specimens. The 3D printed samples showed good layer cohesion and
reduced spreading during deposition. The mechanical characterization of
the printed samples revealed a compressive strength of 5.87 = 1.5 MPa,
which is consistent with other low-strength alkali-activated inks used for

non-structural construction applications.

Overall, the results highlighted for the first time the potential of using waste glass

and volcanic ash-derived alkali-activated inks in additive manufacturing processes,
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such as DIW. The ability to tailor the rheological properties through formulation
modification and additives (i.e., rheology modifiers) offers a promising solution to
produce sustainable and low-impact materials for the development of non-structural
elements. Future work will explore further optimization of the formulation for

increased mechanical performance and long-term durability assessment.
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