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Abstract 

Buildings construction and realization of public infrastructures have always been a primary 
need in the human society, developing low cost and user-friendly materials which also 
encounter safety and durability requirements. Portland cement is the most used material in 
construction industry from the industrial revolution up to date, but the raising concerns 
related to the climate change are pushing the governments worldwide to replace it with 
more eco-friendly and greener materials. Geopolymers are considered to be best 
alternatives to Portland cement in construction industry, but issues related to cost and 
mechanical properties are still hindering the commercialization of this material. 
Geopolymer incorporating wastes is one of the solutions. Fly ash, a thermal power plant 
by-product, and borosilicate glass, a recycled glass from pharmaceutical vials, are suitable 
candidates in geopolymers activation. NMR and FTIR spectroscopies demonstrated that 
borates from borosilicate glass are active compounds in geopolymerization, substituting 
the alumina is its role, composing a B-Al-Si network never observed before. Various fly 
ash and borosilicate glass weight contents were studied in terms of mechanical properties 
(compression test, 3-point bending test). It was found that fly ash 55 wt.% and borosilicate 
45 wt.% composition activated in 13 M NaOH solution holds the best compressive and 
flexural strength (45 and 4 MPa respectively), 25% stronger than similar counterparts 
found in literature. Cellulose fibres in different weight contents were dispersed into the 
geopolymeric paste to produce geopolymer composites, with the aim to render the material 
more suitable for structural applications. 3-point bending test showed an improvement of 
the flexural strength of about 165% (12 MPa), while the chevron notch method displayed a 
fracture toughness of 0.7 MPa∙m1/2, in line with the results of geopolymer composites 
found in literature. In this thesis work, fly ash was also successfully densified in 3 M 
NaOH solution and distilled water through a new method based on hydraulic pressure, 
called hydro-pressure sintering. This innovative technology involves a drastic reduction of 
NaOH utilization in geopolymerization, rendering the material more eco-friendly. XRD 
spectroscopy conducted on produced samples revealed a higher formation of crystals, most 
likely induced by the application of hydraulic pressure (450 MPa).  
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1. Introduction  

The construction industry encountered the primary needs and demand of the humankind 
since ever, not only supporting the realization and maintenance of any infrastructure and 
building, including safe dwells and living places but also providing new ideas and 
technology for the future. It is well understood that since the ancient ages, the human was 
always looking for material aesthetically pleasant and at the same time practically 
performing and durable. 

In addition, nowadays, the world is facing several environmental issues, including the 
global emergency of the climate change, a constant increase of the season average 
temperature, with the consecutive modification of the ecosystem, due to extensive 
emission in the atmosphere of greenhouse gasses, among all the carbon dioxide (CO2), and 
the undue exploitation of open-air landfills, as the disposal of trash of any nature is rapidly 
increasing. For instance, a sizeable share (about 8%) is covered by the production of the 
Portland cement, the most exploited material in the world for constructions and building 
engineering application [1,2]. Besides, the steady increase in the industrialization 
worldwide is yielding to a disposal of a huge annual amount of industrial wastes and slags, 
which can be rather reutilized for some other purposes [3].  

Due to this reason, new materials for construction applications must encounter safety, 
durability and performance requirements, while its production should include zero 
greenhouse emissions and incorporation of wastes. One of the possible ways is to 
introduce in the market durable and eco-friendly materials like geopolymers. The 
processing of this material is also compliant with the incorporation of recyclable wastes, 
like fly ash, a power plant by-product, and borosilicate glass, usually used for lab and 
pharmaceutical purposes [4]. In its applications, geopolymers are also versatile, including 
[5]: 

 Construction and buildings 

 Immobilization of toxic metals 

 Refractory utilization 

The utilization of compatible wastes in geopolymers, like fly ash and borosilicate glass, 
would adjust the chemistry of production, conferring mechanical performance, while 
reducing the cost of production. However, its brittleness and low resistance to crack 
propagation (fracture resistance) prompt the scientific community to look for some better 
solution. One of the ways is to produce composites made of fibres dispersed in the matrix. 
The extent of toughening depends on the type of fibres, their interaction with the matrix 
and their average size. Therefore, depending on what is meant to be obtained, several 
solutions are equally applicable. Incorporating cellulose fibres and recycled paper fibres in 
producing geopolymeric composites is one of the compelling solutions to undertake [6,7]. 
Due to its specific tensile strength, cellulose fibres are expected to sensitively increase the 
mechanical properties and resistance to crack propagation of a geopolymeric matrix [8]. 
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2. Scientific background 

2.1 Reasons for utilization of geopolymers 

2.1.1 Ancient materials   

One of the most important requirements that are to be fulfilled in the development of 
materials for construction application is the durability, a property which has always been a 
weak point of OPC cement, the most consumed construction material in the world in the 
last two centuries [9]. However, it is not a mystery that ancient civilizations were realizing 
buildings and general constructions which are still standing, despite the wearing weather 
conditions through the millennia.  

Indeed, several types of research led to the belief that a likewise alkali activation was also 
used in the remote past, for building and construction applications. The connection 
between geopolymer (GP) materials and a potential role in the construction of Egyptian 
pyramids has most prominently been promoted by Davidovits, who has proposed a number 
of detailed theories whereby the large building blocks comprising the pyramids are 
suggested to have been poured-in-place, utilizing chemistry resembling that of alkali 
activation. More detailed scientific analysis of pyramid stone samples, published in the 
peer-reviewed academic literature [10,11], has not upheld the suggestions of elevated 
alkali or aluminum contents in pyramid stones but does show the presence of amorphous 
silica and other components which could potentially be consistent with the 
reagglomeration of limestone in a poured-in-place manner. The scientific and historical 
investigation has to date not been able to produce fully complete evidence either in favour 
of this theory or to entirely refute it [12]. 

There has also been significant discussion surrounding the potential connections between 
ancient Roman concrete and modern alkali-activated binders. Roman concrete differs 
widely in composition, performance, and durability; among them, the one used for the 
fabrication of marine piers which was based on the activation of pozzolanic materials, i.e. 
calcium-rich volcanic ash sourced from Italian southern areas including what is now the 
Pozzuoli (formerly Puteoli), and Brindisi, where the elevated pH of the environment 
initiates the reaction of the pozzolanic material [13]. The volcanic ashes used in this 
concrete often included significant contents of alkalis, and the final concrete products, 
when examined after 2,000 years in service, often evidenced the presence of zeolites 
compounds, i.e. analcime, often present in volcanic ashes. Indeed, the examination of 
Roman mortars with unreacted pozzolana have shown elevated analcime concentrations in 
the mortar regions compared to the unreacted pozzolana, indicating that the alkaline 
environment in which the concrete operated has led to the formation of additional zeolites, 
as is known to be the case when volcanic ashes are exposed to alkaline geological 
conditions, although the difficulties associated with accurate separation of the reacted and 
unreacted materials for analyses [14].  
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The interest in the comparison with Roman concrete, and the relevance to the discussion 
presented here is primarily derived from arguments related to durability and the retention 
of strength. Over a period of 2,000 years, this concrete has remained in service in 
environments including immersion in seawater, while others including the Pantheon in 
Rome have withstood significant seismic activity. Similarly interesting from this point of 
view are the hydro-engineering structures, concrete-based roads, multi-layered floors, 
vaults, and domes which remain to this day. Although it is undoubted that some Roman 
concrete structures have degraded over the centuries, the fact that so many remain intact 
does provide some potential lessons in terms of construction materials chemistry and 
design. A further point to mention is that much of the degradation observed in modern 
concrete is due to the corrosion of embedded steel reinforcing, while the unreinforced 
Roman structures are not subject to this mode of decay [12]. 

2.1.2 Ambient issues  

What the entire world is nowadays encountering is not a negligible emergency, especially 
because not only the entire flora but also the fauna present in the earth crust is negatively 
affected by the constant change of the eco-system induced by the excessive 
industrialization prompted by the humankind.  

 

Figure 1: Individual EU countries participation in coal phase-out [15]. 

One of the major production of electricity in the world is provided by the combustion of 
coal in a coal-fired power plant, present almost everywhere in the globe. Each continent 
has its own policy of exploitation of such plants, basing the internal production of 
electricity on coal combustion with a different percentage. In Europe, during the ’90s, the 
production of electricity from coal power plants was covering 39% of the utilities. Due to 
restrictions superimposed by the EU, the countries of the community agreed to diminish 
the consumption of fossil fuel by the decades, counting a reduction of the share up to 30% 
in the 2000s. The trend of the EU private electricity producers is to totally phase out the 
coal-fired plants in favour of green production by the 2020 and 2030 [15]. Figure 1 reports 
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the individual share of the EU countries which applied to the entire annihilation of the coal 
combustion by 2030. 

Notwithstanding that, the production of by-product from coal ignition is still a tangible 
emergency. The major by-product of these power plants is not only the excessive 
greenhouse emission in the atmosphere, contributing to the climate change, but it is also 
the exhaustion of coal-ash from the combustion chamber (divided in bottom and FA, see 
Chapter 2.6 Figure 19). According to EU standards, these slags must be gathered, through 
a specific system, and disposed of safety and controlled landfills. During the years, 
utilization of coal-ash was an issue, being aluminosilicate scrap, thus the excessive 
disposal of this material was filling unsustainably the landfills, raising another emergency. 
In the last decade, the coal-ash, especially the finer form (FA), was sold by the electricity 
producers to cement producer, the latter utilizing this by-product as aluminosilicate 
additive or clinker for the production of Portland cement, due to its appreciable pozzolanic 
characteristic [16]. The pozzolanic properties of the derivatives of coal combustion were 
known since the begging of the last century, and since then FA has been utilized in cement 
production, in an amount progressively higher, especially between the ’90s and 2000s, 
when the EU restrictions push the cement producers to utilize more waste materials as 
feedstock, as reported in Figure 2 [3].   

 

Figure 2: Utilization of coal-ash and derivatives in 2003 [3]. 

Despite the EU policy in favour of an extensive utilization of the coal ash, the recycling of 
this waste is still not entirely exploited and, contribution to dispose of in a landfill is still 
remarkable (see Figure 2). Therefore, new technologies encompassing the utilization of 
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wastes are necessary to help to empty the landfill, render the waste management more 
sustainable. FA, being an aluminosilicate-based material, suits very well for the production 
of GPs and alkali activated materials (AAMs), including FA in an amount as high as 100% 
of the raw aluminosilicate source, especially for AAMs production.  

Another matter of waste management emergency is the re-utilization of urban wastes like 
for instance can be the glass. Theoretically, the glass is 100% recyclable, and it can be 
indefinitely recycled without any loss of quality. Among many examples of glass 
recycling, urban waste glass can be utilized in the production of glass cullet, as a raw 
material in abrasives, as aggregate in pozzolanic products, in road beds, pavement and 
parking lots, in the production of fibre-glass, and as fractionators for lighting matches and 
firing ammunition [17]. Waste glass is also eligible to be reutilized as a raw material in 
alkali activation of aluminosilicate, being amorphous material based on silica. Recycled 
glass from many sources can be incorporated in alkali-activation of aluminosilicate, so as 
to adjust the chemistry of the reaction and replace synthetic materials, like the water glass, 
normally utilized for the production of GPs [4,18,19]. 

 

Figure 3: Rate of emission of CO2 in the atmosphere from the industrialization until 
today [20]. 

The last, but not the least, is the worldwide concern regarding the gradual and relentless 
increase of the average seasonal temperature in the globe, firstly known as global 
warming, and then named as climate change. This phenomenon is caused by the extensive 
emission of greenhouse gases in the atmosphere, among all CO2, which in turn, working as 
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a mirror, reflects the infrared wavelength emitted by any warm body in the earth (including 
the earth crust), retaining the heat in the atmosphere, beneath this carbon dioxide layer. 
Greenhouse gases, and especially CO2, is daily emitted by natural event and process, like 
the respiration of any life form in the planet, combustion and Vulcan eruptions, but a big 
contribution is attributed to the human activities in the last century, characterized by 
massive industrialization. In particular, burning of fossil fuels, like coal and oil has 
increased the concentration of carbon dioxide in the atmosphere, even exacerbated by the 
large deforestation, being the greenery worldwide the only source of oxygen naturally 
transformed from CO2 absorption. As corroboration of what just uttered, at the dawn of the 
industrial revolution in the mid-eighteenth century, the concentration of CO2 in the air 
came to about 280 ppm. By the outbreak of World War II 200 years later, CO2 levels had 
risen to 310 ppm, i.e., at a rate of 0.15 ppm per year (see Figure 3). But between 1960 and 
2000, CO2 concentration soared from 315 ppm to 365 ppm in just 40 years 
(1.25 ppm/year), evidencing an irresponsible advance of the technology in the last two 
decades. Figure 3 depicts the above-described trend [20]. 

 

Figure 4: Changing in global surface temperature from the industrial revolution up to 
today (NASA source) [21]. 

According to data gathered by NASA stations and provided in the official website [21], 
this trend is affecting directly the planet's average surface temperature, which has risen 
about 2.0 degrees Fahrenheit (1.1 degrees Celsius) since the late 19th century, a change 
driven largely by increased carbon dioxide and other human-made emissions into the 
atmosphere. Most of the warming occurred in the past 35 years, with 16 of the 17 warmest 
years on record occurring since 2001. Not only was 2016 the warmest year on record, but 
eight of the 12 months that make up the year — from January through September, with the 
exception of June — were the warmest on record for those respective months (Figure 4). 
The temperature rising is, in turn, affecting the ecosystem, especially causing the shrinkage 
of the ice sheets in Arctic and Antarctic more rapidly than predicted, glacial retreat in all 
the mountain chains in the world, decrease of the snow cover, sea level rise, extreme 
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meteorological events (huge rain falls and hurricanes), oceans warming and acidification. 
All these events are going against the necessary and clever attitude of prevention of the 
marine and not a marine ecosystem, as the life cycle of the living forms in the planet is an 
unstable balance easy to break. 

All these reasons motivated the governments worldwide to adopt policies in favour of a 
reduction of greenhouse emissions, and then direct the technological advances towards 
greener developments. In this context, many efforts and agreements have been done so far, 
including the Kyoto Protocol commitments, the first international agreement in which the 
major developed countries in the world promise to strive to reduce greenhouse gas 
emissions by establishing measures in the processing stage and implementing clean 
development mechanisms. Later in December 2009, the Copenhagen summit was 
attempting to remind and prove the sensitivity of the same and more countries to 
environmental issues, in some cases with political initiatives point in those directions, and 
some other cases with scarce results [20]. Among all the policies undertaken by several 
countries in the world, one comprehends the abatement of the indirect CO2 emitted for the 
production of Portland cement, the main construction material, widely used around the 
world for any kind of architectural structure, which in the last decades experienced an 
increase in exploitation. Indeed, the processing of Portland cement involves the heating up 
to 1500 ˚C of lime-alumino-silica sources, said pozzolanic material, whose ability is to 
produce in such condition calcium-alumino-silicate compounds, in the form of clinker, 
suitable for the production of the final C-S-H network, typical of Portland Cements [22]. 
Thus CO2 is directly liberated during water evaporation and phase transformation of the 
crystalline compounds, and indirectly during the heating process in kilns. Due to the 
continuous global increase in demand of Portland cement, currently, cement companies are 
producing nearly two billion tones/year of their product and emitting nearly two billion 
tones of CO2 (or about 6 to 7% of the planet's total CO2 emissions) in the process. At this 
pace, by 2025 the cement industry will be emitting CO2 at a rate of 3.5 billion tones/year, 
more or less equal to the total emissions in Europe today (including the transport and 
energy industries). 

Merging all these issues, it is evident that replacing OPC with a greener and zero-CO2 
emission products seems to be an important challenge, helping to reduce in a sizeable 
share the content of greenhouse gases in the atmosphere and then reduce the impact of this 
gas on the ecosystem. The AAMs and GPs have mechanical, physical and chemical 
properties which render this material comparable to OPC, and eligible to 100% replace 
OPC in its applications.  
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2.2 History of alkali activation  

The alkali-activation process is said to be of any chemical reaction in which meanly 
inorganic element is activated by a highly base solution made of alkali metal elements, 
such as sodium, potassium, calcium etc., all belonging to the first two columns of the 
periodic table (alkali and alkaline metals) [19,23,24].  This activation reaction consists of 
dissolution and rearrangement of species provided by the base material to form a compact 
bulk made of an interconnected structure of the rearranged species with alkali cations. 

The first partial exploitation of alkali activation was dated around 1930 in Germany, where 
industrial slags were set in dry potash solution, to form hybrid cement. But the first entire 
alkali activation was carried out in Belgium later in 1940, where still industrial slags were 
activated and set in caustic soda and base salt solution based on alkali metals, to produce 
the first clinker free cement, in the first large-scale laboratory study based on alkali 
activation, led by A.O. Purdon [25]. The first scientific investigation related to the 
possibility of preparing low-calcium or even calcium-free cementitious materials was 
carried out by Victor Glukhovsky [12], later in 1957, who investigated the binders used in 
ancient Roman and Egyptian constructions which he initially called ‘soil cement’ or ‘alkali 
cement’, using clays and alkaline metal solutions. Depending on the composition of the 
starting materials, Glukhovsky classified these products under two main systems:  

Me2O-Me2O3 -SiO2-H2O                                                                                                     (1) 

Me2O-MeO-Me2O3-SiO2-H2O                                                                                            (2)  

These early approaches were followed by numbers of formulations using a wide spectrum 
of materials, including blast furnace slag, clay, aluminosilicate rocks, and ash. A timeline 
of highlights in alkaline cement research is summarized in Table 1. In 1981, Davidovits 
[26–29], a French researcher, published results obtained with blends of metakaolinite, 
limestone and dolomite, whose products he called geopolymers (on the grounds of their 
polymeric structure). That term has since been widely accepted for the group of materials 
associated with the [Me2O-Me2O3 -SiO2 -H2O] system defined earlier by Glukhovsky. In 
1986 Krivenko [30] published the results of research on the principles governing the 
physical and mechanical properties of concretes prepared by alkali-activating slag. That 
same author, in conjunction with professors D. Roy and C. Shi, published the first book on 
alkaline activation in 2003. Another breakthrough came in 1999 when A. Palomo 
published the first article addressing the possibility of producing technologically 
competitive cement by alkali-activating fly ash (FA) from coal-fired steam power plants 
[31].  
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Table 1: Main milestones in the history of Geopolymers [31]. 

Year Name Country Study/Impact 

1930 Kühl Germany Slag setting in the presence of dry potash [32] 

1937 Chassevent unknown 
Slag reactivity measurement using a dry potash and soda solution 
[12] 

1940 Purdon Belgium 
Clinker-free cement consisting of slag and caustic soda or slag and 
caustic alkalis synthesized with a base and an alkaline salt [25] 

1957 Glukhovsky USSR 

Binder synthesis using hydrous and anhydrous aluminosilicates 
(vitreous rocks, clays, steel mill slag) and alkalis; proposal for a 
Me2O-MeO-Me2O3-SiO2-H2O cementitious system; coining of the 
term ‘soil cement’ [12] 

1981 Davidovits France 
Alkalis mixed with a blend of burnt kaolinite, limestone and 
dolomite, and trademarks such as Geopolymer, Pyrament, 
Geopolycem, Geopolymite [28] 

1986 Krivenko USSR 
Principles governing system Me2O-MeO-Me2O3-SiO2-Al2O3 
properties; proposal for the generic name ‘alkaline cement’ and the 
specific name ‘geocement’ [30] 

1999 Palomo Spain 
Production of hardened cementitious materials from alkali-
activated type F fly ashes [24] 

2003 
Shi & Krivenko 
& Roy 

Ukraine - 
USA 

First book on alkali-activated cements [33] 

2014 
Provis J., & van 
Deventer J.S.J 

UK & 
Australia 

Alkali-activated Materials State of the art Report. RILEM TC 224-
AAM [12] 

 

Early Roman mortars appear to be predominantly based on the development of hardness 
and strength by carbonation of lime, until it was discovered (either by experimentation or 
by implementation of knowledge gained from surrounding civilizations) that the formation 
of aluminosilicate binding phases by the inclusion of volcanic silica-containing ash and/or 
fired clay gave improvements; that is, changing their mineralogical composition gave an 
increase in durability. The mineralogical composition of ancient cement is not the same as 
that of modern PC; the ancient binders tend to be lower in Ca and richer in alkalis, Si and 
Al. The presence of analcime in various ancient cements supports the idea that such a 
zeolite is a more stable phase formed as a result of long-term hydrothermal transformation 
of the initial phases, consistent with the schemes presented in Figure 5, reporting a model 
built by Krivenko [12], in which among all the information, a high presence of Ca is 
coincident with less resistance to harsh conditions. 

It is also notable that, although modern cement has often been used to repair ancient 
structures, the modern repairs have only rarely proven to be as durable as the ancient 
cement under identical exposure conditions. This may indicate that the binder structures 
formed with lower calcium and higher aluminosilicate content could provide advantages in 
terms of binder stability over extended time periods or may be related to incompatibility in 
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material (chemical and mechanical) properties between the existing and new materials if 
the repair material is not well selected. Although C-S-H gel is a major constituent of both 
Portland cement paste and many types of ancient cement, it is not quite correct to conclude 
that its presence is responsible for durability. The resistance to environmental exposure 
appears to be related to the degree of gel cross-linking, as outlined in Figure 5, and the 
presence of reduced quantities of calcium and elevated levels of tetrahedral aluminium 
(often charge- balanced by alkalis, as in the case of zeolites) is strongly advantageous in 
this area [12]. Therefore, the durability is one of the key factors rendering the GPs and 
AAMs more attractive than OPC, as demonstrated in the thousands of years by the 
Pyramids and the Ancient Roman Constructions.  

 

 

Figure 5: A proposed model putting in relationship mineralogical durability, phase 
composition and structure (by Krivenko) [12]. 
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2.3 Limitations of alkali-activated materials and geopolymers and discussion on the 
durability 

2.3.1 Obstacles in the commercialization of AMMs and GPs 

This paragraph is devoted to clarifying the limitations of AAMs and GP displayed up to 
date, including cost and durability, and what the scientific research has done and could do 
to render these materials still more appealing than OPC. The main point of strength so far 
exhibited by AAMs and GP over OPC was the drastic abatement of CO2 emission in the 
entire production cycle of the material, a convincing reason to justify the upscale of these 
materials.  

Nevertheless, concern over Greenhouse gas emissions will obviously not be sufficient in 
itself to drive AAM uptake in all parts of the world, in particular in many developing 
nations where cement is relatively inexpensive, margins are low, and cost-effectiveness is 
paramount. In these regions, supply chains and economies of scale will need to be 
developed for AAM concrete to compete with cement producers for a share of a rapidly 
growing market. The ability to utilize local naturally occurring raw materials (pozzolanic 
soils and clays) as AAM precursors will be highly desirable in these regions, with the main 
challenge being the sourcing of appropriate activators. The supply of raw materials is also 
likely to be an issue in some developed nations, where fuse silica and FAs are extensively 
utilized in blending with OPC and are thus not available in sufficient quantities to launch a 
large industry sector dedicated to the alkaline activation of such materials. Again in these 
parts of the world, the development of alkali-activated binders based on materials which 
would not otherwise be utilized, and in particular materials derived from naturally-
occurring soils, appears to be a potentially profitable way forward [12].  

The reason hindering the utilization of AAMs and GP, especially in the developed 
countries, is related to a strict standardization of the mechanical performance for a 
cementitious binder. These have been developed over many years with benchmarks often 
set with the chemistry and behaviour of OPC, but despite this, standards containing 
constraints such as minimum cement content are beginning to be seen as excessively 
prohibitive, even for OPC-based systems [34]. Products such as AAM concrete or other 
alternative binders, and even some high-performance cement-based systems, may not 
simply be an evolution of existing OPC technology but also may require a different 
chemical and engineering viewpoint to understand their behaviour, and may perform 
acceptably but without conforming exactly to the established OPC-based benchmarks, 
particularly with regard to rheology and chemical composition. This has long been 
believed by cement producers and potential AAM market entrants to be a significant 
hindrance to the acceptance of AAM technology in the developed world. The main 
commercial reasons hindering the AAMs and GPs to be up-scaled in industrial production 
can be synthetized as follows [35,36]: 

1. Vested interests and established practices in the construction materials industry;  
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2. The huge technological gap between laboratory and industrial scale concrete in 
terms of the handling of powders and wet concrete, and the engineering behaviour 
of wet and hardened concrete;  

3. A lack of industrial and commercial experience of many researchers;  
4. A lack of understanding of supply chain dynamics and control;  
5. Limited experience of a small selection of source materials, instead of the extensive 

experience of a wide variety of source materials used under different operating 
conditions in different climates and countries. 

However, the developing world does not have the same entrenched standards and is 
generally more willing to accept an innovative solution to a problem such as the use of 
alternative binders in concrete, as market demand is projected to markedly exceed the 
currently available supply in the next several decades. This was the original driver for the 
development of alkali-activated binders in the former Soviet Union, as cement demand 
outstripped supply, and the increasing problems being faced by developing regions in 
terms of ‘counterfeit’ cement products in recent years speak to a similar additional driver 
for the development of alternative, low-cost technologies in the current economic climate. 
Developing markets, particularly China and India where FA is widely available due to 
coal-fired electricity generation, and where CO2 emission is likely to become an 
increasingly significant political issue, may prove to be the primary areas in which alkali-
activation technology becomes increasingly accepted on a regulatory level [12]. 

Another issue comprehending also the OPC market regards the durability of the material. 
It is known that AAMs undergoes some problems of durability and corrosion in harsh 
environments and chemical degradation in time. GPs, being chemically speaking more 
stable, does not suffer from durability as much as AAMs. Thus, in the upcoming 
discussion, we will only refer to AAMs and OPC. In terms of durability, there is an urge of 
replacing OPC in the market, as this material largely suffers disintegration problems due to 
high permeability which allows water and other highly corrosive media to enter the 
microstructure and to cause extensive carbonation and corrosion problems. The early 
deterioration of reinforced concrete structures based on OPC is a current phenomenon with 
significant consequences both in terms of the cost for the rehabilitation of these structures, 
or even in terms of environmental impacts associated with these operations [37]. AAMs do 
not present these severe limitations in durability, but many other weak points have been 
displayed, in terms of acid corrosion, efflorescence and so forth, especially if compared 
with GPs. Hereafter, a brief overview of the durability limitations and qualities of AAMs 
is reported.  

2.3.2 Resistance to acid attack 

In an acid environment, the network of AAMs seems to be affected in the long term, 
involving a decrease of the mechanical strength (compressive and flexural), mass loss and 
change of the microstructure. Palomo et al. [38] investigated the influence of different 
solution on Metakaolin (MK)-based AAM samples, soaking them for different time frames 
in sulfuric acid (pH=3), sea-water (pH=7) and sodium sulphate (pH=6). Results show a 
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decrease of the flexural strength after 90 days of exposure in all the solutions, and with an 
initial drop of the properties between 28 and 56 days prior increase of the performance 
again. According to the authors, this first drop of the flexural strength is attributed to a loss 
of the mass due to degradation of the bulk material, followed by a change of the 
microstructure, with the formation of faujasite, increasing the actual density of the 
material, and then the flexural strength. These results, however, demonstrated a general 
increase of the mechanical properties of the AAM samples, suggesting that the reaction of 
gelation continues even in aggressive environments. This tendency was previously 
advertised by Glukhovsky et al. [37], whose studies managed to demonstrate that the 
tensile strength of alkali-activated slags was anyway increasing in the first week through 
the material was immersed in the lattice and hydrochloric acid solutions (pH = 3). AAMs 
and GP experience also a mass loss if exposed to acid environments. Davidovits detected a 
mass loss of geopolymeric concrete samples of up to 6-7% in 5 vol% hydrochloric acid 
solution after 4 weeks [37], whereas Pacheco-Torgal et al. [39] reported a mass loss of 
slag-based AAM samples of 2.6% in a hydrochloric acid solution (5 vol%) after 28 days. 
Notwithstanding that, the same author was able to demonstrate that the rate mass loss for 
OPC is higher than AAM and GP, evidencing a mass loss up to 95% in the same period, 
involving a more drastic loss of the strength. Bakharev et al. [40] compared the loss of 
OPC and alkali-activated slag materials in term of loss of strength after exposure to the 
acetic acid solution (pH = 4) within one year of continuous immersion. They reported a 
33% strength loss for the alkali-activated slags and 47% for OPC concrete. They claim that 
the strength loss is influenced by Ca content, 64% for OPC concretes and just 39% or 
alkali-activated slag concrete. Besides slag compounds have lower Ca/Si molar ratio and 
are more stable in acid medium. As for OPC concrete calcium compounds, they possess 
high Ca/Si molar ratios and react with acetic acid forming acetic calcium compounds 
which are very soluble. They concluded that concrete with less free calcium has a higher 
performance in acid medium, in agreement with the model constructed by Krivenko in 
Figure 5.  

2.3.3 Alkali-silica reaction 

The alkali-silica reaction is a chemical process occurring between an alkali cation and 
silica after absorption of water, inducing a formation of a new phase and the expansion of 
the material, and therefore the formation of internal cracks. The condition to be satisfied to 
have this reaction is the simultaneous presence of amorphous silica, alkali ions and water 
[37], even though many other authors claim that a big contribution to this reaction is 
carried by the presence of Ca++ cations [41]. AAMs and GPs were not investigated in this 
problem as much as OPC, but first results from Fernandez-Jimenez et al. [41], showed that 
in some AAMs, the alkali-silica reaction effects are very less as compared to OPC 
expansions, as depicted in Figure 6. The study conducted according to the ASTM 
standards, showed almost no expansion in alkali-activated FA in caustic soda (only 0.1%) 
after 180 days of testing, whereas OPC evidenced an expansion of up to 1.8% in the same 
time frame, in line with the literature evidence.  
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2.3.4 Resistance to high temperature and to fire 

Fire and heat-resistance properties are among all, one of the key characteristic that makes 
AAMs and GP more appealing than OPC. Indeed, traditional Portland cement-based 
concrete is not structurally stable when exposed to high temperatures, even when other 
factors affecting concrete’s behaviour at high temperatures are chosen appropriately (i.e., 
size, load, humidity, reinforcement, type of aggregate, etc.). The main reason for OPC-
based materials to fail after firing is instability of microstructural elements during heating 
caused by dehydration and destruction of CSH-gel and other crystalline hydrates. 
Crystallo-chemically speaking, microstructure phases after firing have nothing to do with 
initial hydrated products. The most dangerous phase in this respect is calcium hydroxide: 
during firing, it converts to calcium oxide, and the latter re-hydrates after subsequent 
cooling with the atmosphere’s humidity, resulting in serious volume expansion and almost 
complete destruction of a matrix. This leads to a collapse of the OPC strength after firing 
at 800–1000°C up to 20–30% of the initial ultimate compressive strength [42].  

 

Figure 6: Alkali-silica reaction-induced expansion determined by the accelerated test 
based on ASTM standard C1260-94 [41]. 

The possibility to introduce AAMs in the market presented during the ’70s, when in the 
aftermath of a catastrophic fire in France in 1973, the government required to seek for 
materials resistant to heat and fire [43]. This opened a new additional application for 
AAMs beside mere construction and gave rise to a broad investigation in heat resistance 
and fire properties throughout the scientific community between years 80’s and ’90s. 
Davidovits in 1991 came up with a new formulation of AAMs based on metakaolin with 
specific chemistry, who personally renamed it as ‘Geopolymer cement’. According to 
Davidovits, this new alkali activated compound not only is more stable than any other 
AAMs but it is also resistant to sudden heat and fire stream [43]. The same author tested 
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the fire resistance of GPs composite based on carbon fabric laminates and compared them 
to other composite materials commonly used in the fire applications, included fibre-
reinforced concrete. He successfully demonstrated that GP composites work at 
temperatures higher than 800 °C, retaining up to 67% of the flexural strength even if 
exposed to a heat flux comparable to fire for a long time [44].  

Afterward, other authors extended the investigation on these properties to AAMs and GPs 
made of other aluminosilicate precursors, such as FA and other slags [45]. Firing 
properties related to the amount of crystallinity in microstructure must be weighted 
according to the mechanical properties at low-temperature operation. The majority of these 
authors agreed on the importance of glassy phase amount either in precursors or in reaction 
products over the efficiency of reaction [26,46,47]. In their work, they inferred that fire 
and heat-resistance properties are intimately connected to the nature of the crystalline 
structure, as crystals formed in OPC are compounds not having analogies to natural 
minerals, resulting in problems connected with OPC durability. In particular, the formation 
of zeolite-like phases, such as sodalite network (hydroxysodalite), analcime, chabazite 
structures (zeolite R, herschelite), faujasite family (zeolites Na-X and Na-Y), mordenite, 
seems to give great benefits on the durability and resistance to acid and heat/fire [45,48].   

In AAMs and GPs, the quantitative and qualitative formation of these crystalline phases, if 
produced (especially in case of GPs), are strictly related to several parameters connected to 
the beginning of the alkali activation (chemistry of the reaction) and the curing stage, as 
well as the nature of the aluminosilicate precursors. For instance, Krivenko et al. [45] 
stated that there is a principal similarity of the phase composition of the hydration products 
of the metakaolin and FA based AAMs, but more zeolite is produced if FA is used instead 
of metakaolin as the main source. The phase composition of the autoclave-cured alkali-
activated FA is represented mainly by the analcime, zeolite – and zeolite R (chabazite/ 
herschelite family). Being dependent on the high content of the caustic soda due to 
peculiarities of the mix formulations, a synthesis of hydroxysodalite in steam cured and 
dry cured FA-based compositions with SiO2/Al2O3 = 4 correlates well with the results 
obtained on similar systems with high alkali concentrations and normal pressure of 
treatment. When using the low-alkali compositions with SiO2/Al2O3 = 6–8 simultaneously 
with a low-intensity treatment such as steam or dry curing, standard exposition time is not 
enough for the zeolite crystallization.  

Other authors [47] supported the thesis that the amount of alkali (Na2O/Al2O3 ratio) 
influences that crystalline presence in the microstructure and thus the thermal resistance of 
the material. The temperature of crystallization of the anhydrous aluminosilicates depends 
on the initial composition, and first of all, on the alkali content. In the alkali-rich systems 
(Na2O/Al2O3 = 1.0, SiO2/Al2O3 = 3.6) they appear in limited amounts at 600 °C, in the 
slightly less alkaline mix (Na2O/Al2O3 = 1.0, SiO2/ Al2O3 = 4.0) they arrear at 800 °C, 
whereas in the low-alkaline compositions (Na2O/Al2O3 = 0.5, SiO2/Al2O3 = 4.0) the 
crystallization begins only at 1000 °C. Correspondingly, the higher amount of anhydrous 
phases crystallized due to temperature growth, the lower amount of initial hydrated 
products (in this case, hydroxysodalite) remained. That is to say, that theoretically, the 
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lower the amount of initial alkalinity, the higher the thermal resistance. However, initial 
alkalinity should warrant a sufficient mechanical strength of conglomerate before firing, 
since it is known that initial alkalinity in AAMs regulates a velocity of alkaline activation 
and, subsequently, it regulates strength growth. That’s why a mix design of AAMs for 
high-temperature application should be a compromise between sufficient initial 
mechanical strength and target properties after firing. 

 

Figure 7: Correlation between relative intensity of crystallization and properties of 
‘chamotte’ geopolymers composition: density, compressive strength after low-
temperature treatment, and residual strength and contraction after firing at 800 °C [45]. 
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Therefore, it is clear that in the formation of zeolite crystals in alkali-activation many 
parameters are influencing the reaction simultaneously, including the type of cation and 
the direction of phase transformation, never reported above. Thus controlling the 
crystallization of the AMMs and GPs is not so trivial and requires a good knowledge of the 
chemistry of the reaction to tailor the parameters accordingly. Because of this, Krivenko et 
al. [45] carried out a quite complex study focused on the influence of the number of 
crystals of milled chamotte FA-based GP over several properties, such as density and 
compressive strength after low-temperature treatment, and residual strength and thermal 
shrinkage after firing at 800 °C,  (see Figure 7). It was revealed that optimal thermo-
mechanical properties such as high density and mechanical strength along with low 
contraction after firing was achieved in the mixes with a microstructure composition 
presented by an average amount (from 2.5 to 10%) of the thermo-stable zeolite-like 
products such as analcime, hydroxysodalite and zeolite R. These phases, quantitatively 
determined through XRD Rietveld refinement method, are characterized by a smooth 
dehydration and subsequent recrystallization into stable anhydrous alkaline 
aluminosilicates (such as nepheline and albite) without destruction of the aluminosilicate 
framework. The high intensity of the crystal formation (higher than 10%) in the autoclave-
cured compositions, as well as the insufficient rate of crystallization of the high-silica GPs 
(from 0 to 2.5%), was found to result in a sharp deterioration of service properties. In case 
of a high-crystalline structure, it may be caused by the increase in stresses in the already 
hardened cement stone during intensive recrystallization taking place at high temperature. 
At the same time, in case of low-crystalline structure, it is caused by the absence of a hard 
crystalline framework. It was concluded also that heat resistance of the FA-based GPs is 
higher than that of the metakaolin-based ones. 

2.3.5 Resistance to freeze-taw  

It is known that OPC concrete mortars and cement can suffer a mechanical decay if 
exposed to an elevated temperature excursion and gradient in freezing condition, 
depending on the pore system of the hardened paste. No risk of freezing-thawing 
deterioration is present if the concrete is saturated, however, when as a consequence of 
freezing the dilation of the concrete exceeds its tensile strength, damage occurs. The extent 
of the damage varies from surface scaling to complete disintegration as ice is formed, 
starting at the exposed surface of the concrete and progressing through its depth. Also in 
some cases, the salts used for de-icing road or bridge surfaces become absorbed by the 
upper part of the concrete. This produces high osmotic pressure, with a consequent 
movement of water toward the coldest zone where freezing takes place, which aggravates 
the scaling condition of concrete [45].  

In the case of GPs and AAMs, freezing-thawing investigations gave controversial results. 
Puertas et al. [49] investigated the general durability of OPC cement and GPs composites 
based on slags, FA and a mixture of both wastes, and a relative composite of each material 
based on dispersed polypropylene fibres. Among the durability testing, freezing-thawing 
experiments were included, evaluated in term of flexural and compressive strength before 
and after the treatments at -20 °C, for a total of 50 cycles. The authors found that the slag 
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based GPs and the FA/slag system did not suffer the freeze-thaw cycles, experiencing an 
increase of the mechanical properties after the treatment, whereas a general decrease of the 
flexural strength was detected for the rest of the materials. OPC concrete (both plain 
material and composite) did not undergo a huge drop of the compressive strength, while 
the formulation based on FA underwent an abrupt fall of both flexural and compressive 
strength after freeze-thaw cycles. An opposite result was achieved in the study of Brooks 
et al. [50], who tested the loss of weight of the OPC and a set of a different formulation of 
AAMs as a function of the freezing-thawing cycles. The highest mass loss was revealed by 
the OPC concrete, resulting in a loss of 25% after 300 cycles at 0 °F (-18 °C), loss of 
weight in AAMs materials is negligible. Similar results were attained by Fu et al. [51] if 
alkali-activated slags concrete were exposed to a series of freeze-thaw cycles, up to 300 
reiterations. In this case, the resistance to freeze-thaw was evaluated in terms of relative 
dynamic elastic modulus and mass loss. In all the materials a decrease of the controlled 
parameters was detected, but still in an extent comparable to the study of Brooks.  

It is probable that the different results are related to differences in the microstructures of 
the materials. The porosity and pore size has a significant influence on the resistance to 
frost, the concentration, and type of activator and the time and temperature of curing have 
a great influence on the microstructure of the materials. In any case, more studies of GP 
frost resistance are necessary for the future to enable the mechanisms to be better 
understood.  

 

Figure 8: Typical efflorescence in alkali-activated coal fly ash activated in NaOH [52]. 
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Figure 9: Effect of admixtures on alkali leaching (as a proxy for efflorescence extent) 
[53].  

2.3.6 Efflorescence 

The efflorescence is material corrosion of all the alkali-aluminosilicate based materials 
consisting of a formation of sodium carbonate/sulfates of the following types:  

1. Na2CO3·nH2O 
2. Na6(SO4)(CO3, SO4)·nH2O 

The formation of these compounds is mostly attributed to an excess of alkali cations in 
microstructure after activation reaction leading to bonding with carbonates (CO2) in the air 
and/or sulfates, especially if caustic soda (NaOH) activator is used, yielding to the 
formation of crystals, also visible at naked-eye. In Figure 8 is depicted as a typical 
morphology of the efflorescence. Differently to the other cases, this corrosion seems to be 
not harmful to the chemical-physical-mechanical properties of the materials, but it is only 
unsightly.  

The efflorescence is thought to happen in high wet condition (high relative humidity), as 
the Na is not present in a cation configuration (Na+) but rather in Na(H2O)n bond, thus 
promoting the formation of sodium carbonates/sulfate crystals and causing an extreme 
leaching of the sodium, as the presence of water weakens the sodium bond to the 
aluminosilicate microstructure [52,54]. It will be explained later that the presence of 
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moisture is rather, in turn, helping the chemical process of polycondensation of 
aluminosilicates precursors. Without an excess of alkali after the alkali activation reaction 
and the hardening of the material, no efflorescence is expected, meaning that the 
optimization of the reaction and the quantity of sodium in the chemistry is an important 
factor to decrease the amount of efflorescence formation. This is evidenced in the study of 
Temuujin et al. [55], whose results showed that high temperature of curing, coinciding 
with a higher reaction efficiency, leads to a decrease of the efflorescence. Indeed, also 
additions of aluminates and/or calcium oxides help the uptake of unreacted sodium in the 
microstructure and then reducing the efflorescence. According to Kani et al. [53], the 
addition of 8% of calcium aluminate cements (28 wt.% of lime) highly hinders the 
mobility of the alkali cations and leading to a minimization of the efflorescence, defined in 
terms of sodium leaching (see Figure 9, the formulation designated with Secar 71 and 
Secar 80). Nevertheless, it is not safe that efflorescence can be completely annihilated, 
given that total consumption of alkali elements is considered to be hard to accomplish, and 
thus always, even in a short extent, alkali excess occurs.  
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2.4 Alkali-activation and geopolymerization 

This chapter is devoted to defining the chemistry of the reactions behind the whole process 
of alkali-activation and geopolymerization, and define the parameters influencing them. It 
is opportune, though, to clarify the formal designation of AAMs and GPs. The literature is 
quite confusing regarding the difference between the two over-mentioned materials if any, 
and several names have been attributed to this material and the chemistry of reactions, with 
a reason behind. Nevertheless, the large terminology related to this field is a matter of 
confusion in the scientific community, especially for those students approaching for the 
first time to the argument. Recently, due to this complication, the most representative 
people of the scientific community is trying to put some order, but still, a huge debate is 
ongoing and different parties supporting different ideologies are formed and still much 
confusion is induced.  

Therefore, the aim of this chapter is to initially report all the terminology related to Alkali-
Activated Materials and Geopolymers, and eventually to determine possible differences in 
terms of chemistry, microstructure, and properties.  

2.4.1 AAMs and GPs: two different branches or the same things? 

First of all, it is opportune to distinguish between the two terms cement and binder. 
Cement is considered to be a bulk material uniquely made of silica-calcium-aluminum; 
when the term binder is used, it refers to the utilization of the same material as the main 
matrix to ‘bind’ or ‘glue’ other macroscopic grains, by addition of aggregates in the 
viscous paste. Most of the cases, these aggregates are stones or sands. When concrete is 
used as a binder, then the word ‘mortars’ is usually adopted [56].  

The terminology connected to alkali based materials is strictly related to the individual 
research work conducted by each of the parties involved in the field during the time. Due 
to slight discrepancies in chemistry and processing, each individual attributed a 
customized terminology to the material. As explained in the previous chapters, the cement 
materials considered in this thesis work are all those solid and stable aluminosilicate 
material formed by alkali hydroxide or alkali silicate activation of a precursor that is 
usually (but not always) supplied as a solid powder. This could be taken as a general 
definition for all the materials treated from now on [45]. Following a chronological 
progression of the events, the first one who set a low-temperature cement was Kuhl et al., 
in the 1930s, based on activation of furnace slags in a solution of dry potash, as mentioned 
in Table 1. This author patent the invention under the name ‘slag cement’ [32]. 
Glukhovsky was the first one in the middle of the last century to study in details the 
chemical activation of the furnace slags and to determine the stages of the process. He was 
also the first to name this type of material as ‘soil cement’, as he realized that this is 
effective on aluminosilicate precursors [31,45]. Glukhovsky also classified two different 
natures of binders based on the chemical composition of the precursors and then of the 
network:  
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Me2O–Al2O3–SiO2–H2O       (Alkaline binding system)                                                      (3) 

Me2O–MO–Al2O3–SiO2–H2O    (‘Alkali-Alkaline-Earth’ binding system)                        (4) 

Where Me = Na, K, etc. and M = Mg, Ca, etc. [20]. The first system (3) is characterized by 
alkali activation of the aluminosilicate precursors with alkali metals belonging on the first 
column of the periodic table. The second system (4) is characterized by the presence of 
heavier alkali metals either as an activator or as precursors. Later the first system was 
studied and developed by most of the authors belonging to the field. 

Later in 1980’s, Davidovits developed both Glukhovsky’s systems with the attempt to 
produce synthetic zeolite starting from a blend of metakaolin, limestone and dolomite, for 
several application, and later patented the method of production under the name ‘Mineral 
Polymers’, as he defined that these materials are a product of polycondensation reaction 
between aluminosilicate dissolved sources [28,29]. Besides, this author also defined an 
alternative chemical designation of the product chemistry as follows:  

Mn{-(SiO2)z-AlO2}n*wH2O                             (5) 

Where M ascribes the alkali cation such as sodium, potassium, and calcium, compensating 
the negative charge of aluminum, n stands for the degree of polycondensation, and z is 1, 
2, 3. In later patents, Davidovits used the Nuclear Magnetic Resonance spectroscopy NMR 
method applied on silicon (29Si MAS NMR) and aluminium (27Al MAS NMR) to define 
chemically the bonding and the structure of the product and inferred that this was a semi-
amorphous phase based on reorganization of silica and alumina species in a 3-D 
framework, and renamed it as ‘Geopolymer’ [57,58]. According to the chemistry of silica 
and alumina condensation, this phase must have a specific framework depending on the 
chemistry of reaction (i.e. the chemical composition of sources), which gives rise to 
several possible silica-alumina compounds [27,59,60].  A Si/Al ratio equal to 1:1 produces 
a so-called poly(sialate) compound, a ratio of 2:1 corresponds to a poly(sialate-siloxo) 
compound and when the ratio is 3:1, then the produced compound is called poly(sialate-
disiloxo). The chemical compounds and the produce crystalline part of the phase are 
reported in Figure 10, reproduced from Davidovits’s work [26,59,61]. Nevertheless, the 
term ‘sialate’ was already in use (since the 1950’s) to describe any of the salts of sialic 
acid, a nine-carbon monosaccharide and an important component of several biochemical 
systems within the human body. Also, this system of nomenclature implies certain aspects 
of the GP gel structure which does not correspond to reality; firstly, it describes the only 
integer Si/Al ratios, and secondly, it provides a one-dimensional description of a three-
dimensional network, which will almost invariably prove inadequate. For this reason, 
Davidovits proposed a series of names and commercial brands, such as Pyrament, 
Geopolycem, and Geopolymite, and eventually named it as ‘Geopolymer’. During his 
studies, this author affirmed that the highest performance is attained for specific 
chemistries, falling in the following ranges:  

0.2 < Na2O/SiO2 < 0.48;         3.3 < SiO2/Al2O3 < 4.5;             10 < H2O/Na2O < 25.    (6) 
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Davidovits asserted that the chemistry falling in stoichiometric composition like those 
above mentioned is a material comparable to the so-called ‘Geopolymers’. More 
specifically, other authors said that among this chemical formulation, the optimum 
composition took place for Na2O/SiO2 = 0.25; H2O/Na2O = 10 and SiO2/ Al2O3 = 3.3. They 
also noticed that when using mixtures with a molar ratio H2O/Na2O = 25 extremely low 
mechanical strength specimens were obtained, concluding that the water content is also an 
important parameter in geopolymerization [1,62].  

 

Figure 10: Computer simulations of aluminosilicate compounds and relative 
frameworks [59]. 

This differentiation brought by Davidovits’s studies was a matter of initial confusion, 
many people started to use two terminologies interchangeably in the publications or even 
introduce other terminologies, with the result to complicate even more the situation. 
Among them, one good example is given by Rahier et al. in studies [63–65] in the late 
90’s, who studied the setting behaviour of aluminosilicate minerals at low temperature 
using metakaolinite close to the Davidovits’s formulation, and eventually call them ‘low-
temperature inorganic polymers’ or simply ‘inorganic polymers’, term still largely adopted 
by the scientific community. Earlier in 1997, Krivenko [30] called these binders 
‘geocement’, to highlight the presence of natural mineral analogues in their hydration 
products and the similarities in the mechanisms governing the formation of these binders 
and natural geological materials The introduction of this new terminology was 
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immediately negatively criticized by Davidovits. During the early 2000s, other authors 
moved their attention towards the utilization of other aluminosilicate precursors, falling 
predominately in the first Glukhovsky’s system of materials or in the second one with the 
low calcium content. More specifically, Palomo et al. investigated the proclivity of coal-
ash to be alkali-activated with caustic soda or potassium hydroxide, and compared the 
physical, mechanical and microstructural properties of the FA-based binders with those 
made of metakaolin as raw precursor [24,66,67]. These authors envisaged the suitability of 
this waste material to be utilized in alkali-activation due to the high concentration of silica 
and alumina in the chemical composition. They, moreover, introduced a new description of 
the semi-amorphous product of the alkali-activation process, calling it as N-A-S-H gel 
[20,31]. The same authors investigated spectroscopically also the crystalline part of the 
product by selective chemical attack, asserting that the process of alkali-activation of silica 
sources produce also zeolite-like phase [68]. Because of this, GPs were also named under 
the terminology ‘zeolite precursors’ [68,69]. Van Deventer et al. was investigating the 
relationship between mechanical and microstructural characteristics of a Glukhovsky’s 
first system materials, based on activation of metakaolin, with Si/Al ratio between 1 and 3 
[70]. According to Davidovits’s terminology, this material is not a GP. Concurrently to 
Palomo et al., these authors were also investigating the properties and performance of 
cement materials process through alkali activation of coal-ash [71]. In their work, all these 
authors agreed to name it as ‘alkali-activated material’ or ‘alkali-activated cement’. More 
precisely, Shi et al. extended the classification of many materials under the term ‘alkali-
activated cement’ or ‘alkali activated slags’, including alkali activated slag-based cement, 
alkali-activated pozzolan cement, alkali-activated lime-pozzolan/slag cement, alkali-
activated calcium aluminate blended cement, alkali-activated Portland blended cement 
(hybrid cement). In the first family of materials are included alkali activation of blast 
furnace slags, phosphorus slags, blast furnace slag/FA, blast furnace slag/steel slag, blast 
furnace slag/MGO, blast furnace slag-based multiple component cement [20]. Other 
adopted terminologies attributed to alkali-activation of aluminosilicate sources are 
‘inorganic polymer glass’, ‘alkali-bonded ceramic’, ‘alkali-ash material’ and ‘hydro-
ceramic’ [45].  

In conclusion, the first accepted terminology for materials produced through alkali-
activation was provided by Glukhovsky under the name ‘soil cement’ after activation of 
furnaces slags. Later in the 1980s, Davidovits conducted a study on alkali processing of a 
blend of aluminosilicate precursors, including metakaolinite. After NMR spectroscopy of 
the microstructure, he initially coined the material as ‘mineral polymers’, and renamed it 
as ‘geopolymers’, satisfying restriction in chemical composition. Between the late ’90s and 
the beginning of 2000, Rahier introduced the name ‘inorganic polymer’ to define a 
formulation close to Davidovits’s one. In the 2000s, Palomo and Van Deventer carried out 
almost simultaneously the study of the activation of FA, calling them ‘alkali-activated 
materials’. A summary of the timeline of the alkali-activation of aluminosilicate in history 
is reported in Table 2. From now on, in this thesis work, for a matter of consistency, will 
be refered as geopolymers (GP) those materials satisfying the Davidovits’s stoichiometric 
restriction, and as alkali-activated materials (AAMs) all the rest.  
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Table 2: Timeline of different terminologies adopted in alkali-activation of 
aluminosilicate. 

Author Year  Terminology  Study 

Glukhovsky  1967 Soil Cement 
Alkali activation of low and high calcium furnace 
slags [12] 

Davidovits  1974 Mineral 
Polymer 

Activation with NaOH  of metakaolinite [72] 

Davidovits 1982 Geopolymer NMR spectroscopy of the same material [28] 
Krivenko 1997 Geocement Similarities with natural geological materials [30] 

Rahier 1999 
Inorganic 
Polymer 

Geopolymer like formulation [73] 

Palomo and Van 
Deventer 

2003 
Alkali-
Activated 
Material 

Activation of coal ash in NaOH/KOH [71] 

 

2.4.2 Stages of alkali-activation and relative models  

The alkali-activation is a process consisting of mixing a suitable liquid, normally an alkali 
metal base solution, with an aluminosilicate precursor, in the form of powder, so as to 
accelerate the chemical activation of the aluminosilicate part of the raw material. The 
procedure of mixing is totally mechanical, occurring under different liquid to solid ratio 
(l/s), depending on the fineness of the powder (the finer the higher the ratio). The process 
of activation is purely chemically driven, and controlled only by tailoring of chemical and 
physical parameters (later on exposed one-by-one).  

Several models were developed and have been proposed by different key-note authors of 
the field, explaining the latter process of activation, eventually, all of them equivalent. Still 
following a chronological order, the first to propose a model for alkali activation process 
was Glukhovsky in the 1960s, who was the first one to observe that the alkali metal ions 
have an active component in the cementitious system, with a fairly high uptake (from 2 to 
30%). The same author, then, idealized the process in three stages [20]: 

1. Destruction-coagulation 
2. Coagulation-condensation 
3. Condensation-crystallization 

‘Destruction-coagulation’: according to Glukhovsky [12], the first stage entails the 
separation of the Me-O, Al-O-Al, Al-O-Si and Si-O-Si species due to a change of the 
electronic strength of the formed compounds and consecutively an accumulation of the 
metallic cations (Me+) around silicon atoms and inducing a weakening of the chemical 
bond, prompting in such a way the dissolution of species. In the case of silica, the rupture 
of the chemical bond induces a partial negative charge, rendering this compound an anion, 
promptly neutralized by the metallic cation, in a Si-O-Na+ configuration, if the base 
solution is caustic soda (NaOH). Due to this charge concentration around the anions, Weng 
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et al. [74] conducted a study focusing on the partial charge modelling of the possible anion 
formation in a process of geopolymerization. According to this model, the resulting 
possible anion configurations of silicon after dissolution (or destruction) are [SiO2(OH)2]2– 
and [SiO(OH)3]–  according to the following reactions:  

SiO2 + H2O + OH- → [SiO(OH)3]–                                                               (7) 

SiO2 + 2 OH- → [SiO2(OH)2]2–                            (8) 

with a higher content of the former for a higher pH of the solution [75,76]. In the same 
way, aluminates dissolve in the solution, with a partial transformation of the aluminium 
coordination from trivalent to tetravalent (as the aluminium allows both configurations), 
forming tetrahedral complexes Al(OH)4− or 𝐴𝑙(𝑂𝐻) , still in a ratio depending on the pH 
[74–77]. The basic reaction for aluminates formation through hydrolysis reaction in an 
alkali solution is reported below:  

Al2O3 + 3 H2O + 2 OH- → 2 [Al(OH)4−]                                                                              (9) 

‘Coagulation-condensation’: This is the stage in which the dissolved species come all 
together and form a unique matrix. According to Glukhovsky, the aluminates and silicates 
condensate each other, forming again an aluminosilicate compound with the different 
structure as compared to the base material. The product of the alkali-activation is a semi-
amorphous material mainly composed by silica-alumina-sodium-hydrates. Davidovits 
described the product of geopolymerization according to the chemical formula reported in 
Equation 5. Other authors, including Shi et al., Palomo et al., Duxson et al. 
[20,23,71,78,79], called it as N-A-S-H gel. The meaning of this notation will be provided 
later on. At this point, it is appropriate to clarify what is an alkali-activation, 
geopolymerization and poly-condensation, and how they do work.  Alkali-activation and 
geopolymerization are essentially the same chemical reactions based on multiple 
condensations (poly-condensation) of hydrolyzed chemical compound with a partial 
negative charge (anions), i.e. aluminates and silicates. The difference between both 
terminologies lies on the fact that alkali-activation normally refers to the AAMs product 
and geopolymerization refers to a GPs one. A condensation of species is a reaction in 
which two different or identical monomers come together and form a unique larger 
chemical compound (oligomers, long chains), by chemical conjunction (condensation) of 
two or more hydroxyl groups surrounding the anions, with the release of water [80,81]. 
This is the basic process of any polymerization reaction (for polymer production), e.g. 
nylon-6, a common polymer is produced according to the scheme reported in Figure 11. 

Poly-condensation reaction is very usual among silicic acid compounds. This reaction 
occurs nearly everywhere there is an excess of dissolution of silica in water. Silica (either 
crystalline or amorphous) is very stable in water, with a solubility limit typically about 
100 ppm (~ 1 mM) [82]. When the condition of the water solution changes (temperature, 
pH, pressure), this limit is modified, and any excess of silicic acid (that is the product of 
dissolution of silica in water) in water, immediately yields a condensation of silicic acid 
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monomers, so as to re-establish the solubility limit again. The condensation of these 
monomers, then, from a bigger chemical compound based on silica, which can be linear 
(oligomers) or circular (cyclic members) [82,83]. The formation of the latter is described 
in the scheme reported in Figure 12. 

 

Figure 11: Nylon-6 synthesis reaction [80]. 

 

Figure 12: Mechanism of poly-condensation of silicic acid to form cyclic species [82]. 

This mechanism is the basis of formation of many silica-based materials and structure 
easily found in nature, such as the formation of the silica skeleton of diatoms and sea 
sponges, as well as silica structure vegetables. This consists of deposition of nanoparticles 
formed by condensed silica oligomers, previously formed by condensation of silicic acid 
species. This process is known as bio-silicification [82,84–86].  

In the case of AAMs and GPs, the condensation occurs between hydroxyl groups 
belonging to aluminates and silicates monomers reported above (equations 5, 6 and 7).  
The combinations of condensation between this species depend on the pH of the solution 
and stability of the oligomer compound, and still the partial charge model (PCM) from 
Weng et al. gives useful insights. First of all, it must be specified that aluminates cannot 



29 
 

condensate each other to form alumina-based oligomers, as the sialate compounds avoid 
Al-O-Al links, according to the Lowenstein’s rule, imposing a chemical modulus 
(SiO2/Al2O3 ratio) always higher than 1 [45,74–76,87]. Weng’s studies, PCM and NMR 
carried out on the metakaolin-NaOH geopolymeric system, inferred no free silicates (of 
any configuration) detection, suggesting that silicate and aluminates readily react to form 
condensed dimers, in a way described in the following reactions:  

[𝐴𝑙(𝑂𝐻) ] + [𝑆𝑖𝑂 (𝑂𝐻) ] → [(𝑂𝐻) 𝐴𝑙 − 𝑂 − 𝑆𝑖𝑂 (𝑂𝐻)] + 𝐻 𝑂                   (10) 

[𝐴𝑙(𝑂𝐻) ] + [𝑆𝑖𝑂(𝑂𝐻) ]  →   [(𝑂𝐻) 𝐴𝑙 − 𝑂 − 𝑆𝑖𝑂(𝑂𝐻) ] + 𝐻 𝑂                     (11) 

At this point, all the silicates are depleted, given that aluminates initially are in surplus 
compared to silicates, as aluminates are readily dissolved [20,69,76,88]. This formed 
dimer reacts subsequently with other monomers to form longer chains. The possible 
combination can be the reaction with either the first configuration of silicate or the second 
configuration or with aluminates. The PCM model identifies which molecules after 
condensation is more chemically stable. According to this model, the chemical compound 
in Equation 8 gives stable subsequent compounds only if reacts with aluminates, but not 
with silicates, meaning that the molecule in Equation 8 is not favouring the poly-
condensation. The chemical compound in Equation 9 is giving stability in any case, 
especially with both types of silicates, thus favourable to the poly-condensation [75,76]. 
Due to the dependency of these species on the alkalinity of the solution and the chemical 
modulus of the raw materials, the extent of poly-condensation is intimately correlated to 
the chemical reaction conditions. According to the same authors, the alkalinity should be 
comprised between 5 and 10 M. 

‘Condensation-crystallization’: Glukhovsky, in his model, included a final stage in which 
nano and micro-particles are formed as a product of poly-condensation, and precipitate to 
form a bulk material, like happening in the silicification of the silicic acid species. The 
deposited product (partially) crystallize, as a consequence of the alkalinity of the aqueous 
medium. Simultaneously, the poly-condensation, either of the chemical compounds or of 
the nano and micro-particles, continuous [20,45].  

Davidovits [27], after his NMR spectroscopy studies of the GPs, introduced an equivalent 
model, including also three stages like Glukhovsky: 

1. Dissolution 
2. Transportation 
3. Poly-condensation 

All the stages are comparable to Glukhovsky’s model. Davidovits admitted only a second 
stage in which dissolved species diffuse in the liquid medium to preferentially condensate 
each other, a sort of preparation for the third stage [26].  

Other authors, like Palomo et al. [20,23,69], Provis et al. [45,89] and Duxson et al. [71], 
agreed on the Glukhovsky’s model, ascribing to the product of alkali-activation a new 
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notation, the N-A-S-H gel, as they inferred the formation of an aluminosilicate-based 
semi-amorphous phase, comparable to the process of sol-gel, therefore admitting a gelation 
in the process. The same authors demonstrated through x-ray spectroscopy (XRD) that the 
crystalline part is a zeolite-like compound, giving them the input to call the product as a 
‘zeolitic precursors’. The designation of the product was made to emphasize the 
similarities with the C-S-H bonds occurring in the OPC. Indeed, the same authors extended 
the terminology to C-A-S-H or N-(C)-A-S-H gel, depending on the chemistry of the alkali-
activation. This was consistent with the breadth of materials they were covering in their 
study on alkali-activation of materials. The N-(C)-A-S-H gel, being based on calcium 
hydroxide activation, or anyway characterized by a relevant content of lime, goes beyond 
the aims of this thesis, thus it won’t be treated in details.  

Few words, instead, are worthy of being spent for the N-A-S-H gel compound. The same 
authors, through simultaneous FTIR and NMR spectroscopy analysis, managed to define a 
more specific model of alkali-activation and production of the N-A-S-H gel, reported 
schematically in Figure 13. In their model, the authors, similarly to Glukhovsky’s model, 
admitted a dissolution of aluminosilicates for pH higher than 10 in a form of monomers, 
readily connecting each other forming dimers and oligomers (first two steps in Figure 13). 
Further condensation of more intricate aluminosilicate compounds forms long chains, even 
in a 3D configuration (cross-link network), defined by the connectivity of the silicon with 
four Si and/or Al atoms, and linked with an oxygen bridging (Al-O-Si or Si-O-Si). This 
aluminosilicate product of alkali activation is defined as gelation of the N-A-S-H gel (gel 1 
or gel 2 in Figure 13).  

The term gelation is regarded to be a chemical process usually occurring in sol-gel 
reaction. This is not a case, as the authors wanted to address the process of alkali-
activation to the more common and well-known sol-gel. Indeed, the sol-gel process is 
technique devoted to especially produce metal oxides, like silica and alumina using a 
suspension (sol) which gradually decomposes and forms a homogenous agglomerate of 
condensate species in the liquid solution, the process known as gelation (gel), normally in 
a polymeric structure. The process of monomers condensation in the case of silica, for 
instance, is the condensation of silanol and siloxane species, like advertised by Davidovits 
[90,91]. This is why the authors of this model felt confident in assuming this comparison 
with the sol-gel technique. In particular, according to the FTIR and NMR spectroscopy 
analysis carried out by Palomo et al. [69], they hypothesized two different steps in which 
firstly Al-rich N-A-S-H gel (Si/Al ≈ 1) is formed, due to the higher reactivity of 
aluminates in alkali solution, in accordance with the PCM model proposed by Weng et al. 
[74–76], whose chemical ambient was detected through the NMR and reported in the third 
stage in Figure 13. As the reaction proceeds, more silicates are dissolved, taking part in the 
alkali activation and substituting the aluminates in the microstructure. This substitution is 
also predicted by the PCM model as silicates in Equation 10-11 forms only chemically 
stable molecules if they connect with another silicate of any configuration. This process 
induces a transformation of the Al-rich N-A-S-H gel (gel 1) to a more stable Si-rich N-A-
S-H gel (gel 2), as depicted in Figure 13, stage 4. This was demonstrated spectroscopically 
by Palomo et al. [69] through detection of a shift towards higher wavelength of the canonic 
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Si-O-Si bending vibration peak in FTIR spectra, as the Al-O-Si bond is weaker than Si-O-
Si bond, and the prevalent amount of D6R and D8R-type structures in the mid-infrared 
region of the FTIR. These structures are particular aluminosilicate oligomers in a ring-like 
configuration, with 6 or 8 Si or Al elements, which form only if Si is much higher in 
content than Al. The appearance of new peaks in higher ppm regions of the 29Si NMR 
spectra, corresponding to higher connected Si ambient (Q4(nAl)) with a low value of n, is a 
proof of what just uttered in the FTIR deductions [75].  

The participation of more silicates than aluminates in poly-condensation, favours the 
polymerization of longer and more intricate chains (stage 5 Figure 13), as condensation 
reaction in a Si/Al ratio higher than 2 is a chemically stable process as explained by the 
PCM model as well. Further poly-condensation of aluminosilicate chains can either form 
pure amorphous structure or nano-micro crystals, always attributed to the zeolite-like 
structure in XRD spectroscopy, justifying these authors to denominate this material also as 
‘zeolitic precursors’ [92], as also explained in details in the Chapter 2.3.3 of this work. The 
formation of N-A-S-H gel is anyway typical for cement, due to the presence of hydrates 
groups and less interconnected structure. This results in lower durability of the material. 
On the contrary, the GP formulation exposed by Davidovits is more concerned to a highly 
structured network (3D cross-linked), characterized by the higher presence of Q4(nAl) 
ambient in the 27Si NMR, giving rise to higher chemical stability [26,93]. 

 

 

Figure 13: Descriptive model for alkali activation of aluminosilicate [20]. 

In the upcoming paragraphs, it will be reported the chemical and physical parameters 
influencing the alkali-activation process, and how all these parameters contribute 
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positively and/or negatively to geopolymerization in terms of final setting and 
performance, bearing in mind that all the parameters could concurrently operate in the 
process. Due to the high number of parameters, the process of geopolymerization is not so 
trivial and easy to control.  

2.4.3 The role of the alkali activators 

Regardless the different model used to describe the geopolymerization, one of the most 
important steps in the process is the first one, comprehending the dissolution of the 
silicates and aluminates, which are the main bricks of the geopolymeric structure. The 
extent of dissolution depends in turn on many variables, but the most influencing one is 
definitely the alkali activator, i.e. the nature of the base solution, the molarity and the pH. 
The efficiency of the activators will be assessed in terms of microstructural and 
mechanical properties.  

The types of activators giving dissolution of aluminosilicate species so far used in the 
literature are NaOH, KOH, sodium silicate (Na2SiO3 also known as water glass), potassium 
or sodium carbonates (Na2CO3 and K2CO3).  

Sodium hydroxide is widely employed, as all the scientific community agrees on the high 
dissolution rate of silicates and aluminates if this activator is used. Several studies have 
been conducted by Palomo et al. trying to couple the nature of the alkali solution with the 
dissolution rate and the given microstructure of FA-based GPs, using essentially NaOH, 
KOH and carbonate derivatives or a mixture of the same activators with sodium silicate 
[24,94]. These authors found that when NaOH and mixtures of the same with waterglass 
are employed, the resulting microstructure in terms of crystalline formation, detected 
through XRD spectroscopy, is mainly zeolite-like structures, such as hydroxysodalite and 
herschelite (Na-chabazite type). When NaOH is mixed with Na2CO3, a lower content of 
crystalline production was detected, in particular, a lower amount of herschelite, and 
higher content of carbonates, as this activator moves the chemistry towards more acidic 
regimes.  

In the case of KOH and its mixtures, what stands out is the lower amount of zeolitic phases 
produced by the alkali-activation. Besides this, the authors managed also to demonstrate 
qualitatively that the activators based on NaOH and sodium silicate involve a better 
dissolution and then a higher quantity of the product of the reaction. The same authors also 
determined the influence of the alkali concentration on the activation of FA, finding that 
slightly higher dissolution might be attributed to a solution 10 M NaOH over the 8 M 
NaOH, due to the beneficial effect of OH- anions acting like as catalysts of the reaction. 
What substantially they quantitatively detected is a higher content of alkali cations in the 
product of FA activation, explaining a higher glassy state in microstructure: indeed, the 
higher the content of alkali the lower the chains and the lower the possibility to close 
ordered crystalline structures, say zeolitic-like structure, as the alkali cations (Na+ or K+) 
act like structure-forming elements, positioning in the empty site left by the 
aluminosilicate network.  
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Furthermore, utilization of sodium silicate in the activator solution was found to have a 
beneficial effect on the microstructure of the alkali activation product, as the morphology 
do no present much porosity as in the case in which other activators were used. Sodium 
silicate diffuses in the microstructure, giving rise to a denser product of condensation with 
higher mechanical performance as the microstructure is modified by the higher content of 
silicates, i.e. higher SiO2/Al2O3 ratio, demonstrating the concurring effect of various 
parameters [88].  

An equally interesting study on the activation of FA in NaOH solution at a different level 
of concentrations (from 4 M to 18 M NaOH) was conducted by Hamidi et al. [95], who 
coupled the effect of the activators with the mechanical properties of the obtained 
geopolymeric samples in terms of flexural strength.  In this study, it was determined that 
the mechanical performance of the samples increases as the molarity of the caustic soda 
solution is increased until a value comprised between 12 and 13 M NaOH, in which the 
trend experiences a deflection and a decrease of the compressive strength. The plot is 
reported in Figure 14 for a better close up of the trend.  

 

Figure 14: Flexural strength of GP prepared in NaOH solution ranging from 4 M to 18 
M [95]. 

This result goes in contrast with what uttered by Weng et al. [74–76], saying that the 
optimal alkali concentration for aluminosilicate dissolution and activation must be 
comprised within 5 M and 10 M. The mentioned discrepancy lies on the different nature of 
the raw materials, as these authors were using metakaolin. In this context, Van Deventer et 
al. [96] studied the dissolution rate of several aluminosilicate minerals activated either in 
NaOH or in KOH with a concentration within 2 M and 10 M. It was demonstrated that 
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irrespective of the nature of the raw material, and the concentration of the alkali solution, 
NaOH solution guarantees higher dissolution than KOH solution. The content of Si and Al 
in the chemical composition of the natural sources is also playing an important role, 
influencing the chemical modulus of the geopolymerization. Interestingly, it was also 
reported that a higher compressive strength was associated with AAMs activated with a 
KOH-based solution. This was discussed in a way that Na+ cations tend to pair with small 
polymer chains (monomers), whereas K+ cations couples more with longer aluminosilicate 
chains, forming in turns a more intricate and stable network, all going in favour of higher 
strength of the product of dissolution. In particular, as the aluminates readily dissolved in 
the solution, are not prone to bind with all the silicate species, as explained by the PCM 
model, but this is not true in case KOH is used as activator, as the K+ cations favours the 
formation of large silicate oligomers with which aluminates prefer to bind, optimizing then 
the uptake of all the dissolved species.  

2.4.4 The effect of the silica to alumina ratio (SiO2/Al2O3) 

 

Figure 15: Characteristic resonance signals in the 29Si NMR of aluminosilicate units. 
The ‘n’ at superscript or subscript position is interchangeable  [26]. 

The silica to alumina ratio (SiO2/Al2O3) is one of the most important parameters in 
geopolymerization/alkali-activation, defining the chemistry of the final product. The ratio 
is strictly dependent on the chemistry of the aluminosilicate source, and different ratios can 
induce different microstructures. This is the discriminant factor differentiating the GP 
products from AAMs. As previously mentioned, part of the scientific community is 
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discordant to admit whether GPs and AAMs are the same material or not, but this ratio can 
be really helpful to clarify better this concept. This paragraph aims to elucidate not only 
the role of this ratio but also the differences between these two kinds of materials.  

 

Figure 16: 29Si NMR of geopolymers synthesized with different SiO2/Al2O3 ratio; a) 
2.25, b) 2.50, c) 3.00, d) 3.50, e) 4.00 [97]. 

Equation 6 in Chapter 2.4.1 defines the chemistry (chemical ratios) at the basis of the 
processing of a GP according to Davidovits’s experiments. The silica to alumina ratio was 
set between 3.5 and 4, if an amorphous highly structured (3D cross-linked) network of Si 
and Al, interconnected with oxygen bridge-bonds is to be achieved. These results were 
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deduced through the 29Si MAS NMR spectroscopy, whose spectra is giving some direct 
information about the type of Si ambient (what Si is connected with).  

Before analyzing in details the NMR spectra for GPs and AAMs, it is opportune to 
introduce a specific Qn(mAl) notation useful for detection of Si signals in NMR 
spectroscopy. In this notation, Q defines a unit in a 4-fold configuration (4-valent), 
n=0,…,4 stands for the number of Q units attached to the reference one, m=0,…,4 is the 
number of Al units connected with the reference Q unit. Thus, if n=4 (Q4), it means that Si 
is surrounded by 4 Q units (Si or Al) and the network is highly structured. In a Q4 ambient, 
if m=4, it means that each Si atom is surrounded by 4 Al atoms, whereas if m=0, then only 
Si elements surround each Si atom [98,99].  

According to many authors, a resonance at lower ppm signal (between -100 ppm and -
120 ppm) is attributed to Q4 units with low content of aluminium, whereas for higher m 
numbers (m=3 or 4), the signal resonates at -80 ppm and -90 ppm [26,99,100]. The 
detection of the single resonance signal from the whole spectra is carried out through 
algorithmic-based software, which performs a deconvolution of the entire signal. A brief 
scheme of each signal is reported in Figure 15. Under this notation, recently, MacKenzie et 
al. [97] conducted a spectroscopic study on metakaolin based GPs with variable 
SiO2/Al2O3 ratio. This study clearly demonstrated that an increase in silica content (an 
increase of the ratio) induces a shift of the whole spectra towards smaller ppm (hence 
higher presence of Q4(0-1Al)), as depicted in Figure 16. These results are chemically 
consistent, as a higher content of reactive alumina yields a higher presence of Al units 
around the reference Q unit.  

A detailed analysis of 29Si NMR spectra was carried out by Palomo et al. [68,101] on 
AAMs based on alkali-activation of FA in different alkali solutions, maintaining the same 
SiO2/Al2O3 ratio. From the spectroscopically analysis, they found a higher presence of 
Q4(4,3,2Al) units, due to the high content of reactive alumina (SiO2/Al2O3 ratio of about 2) 
employed in AAMs processing. In many other studies, besides the microstructural 
analysis, the same authors investigated the crystallinity of GPs and AAMs varying the 
content of reactive alumina in the formulation [45]. What the latter authors never 
considered was the probable presence of less structured units, with n=0, 1, 2, 3. As 
depicted in Figure 15, these units fall in higher ppm, roughly coincident with Q4(3,4Al) 
units. This means that the spectra of AAMs characterized by a hump centred in higher 
ppm, could not only be affected by the higher presence of Q4(3,4Al), but also by a higher 
content of Q2 or Q3 units, indicating less cross-linked network. For this reason, AAMs are 
expected to have lower silicon connectivity, whose remaining chemical valence is 
occupied by hydroxyl groups (-OH). This deduction is confirmed by a lower intensity of 
the –OH stretching vibration of GPs FTIR spectra when a higher SiO2/Al2O3 ratio is 
employed [102]. The higher presence of hydroxyl groups in AAMs justifies the notation of 
an N-A-S-H product of alkali reaction and makes this material more similar to cement-like 
materials. The Q1 and Q0 units are not taken into consideration as they cannot exist after 
polycondensation, as these units readily form dimers or cyclic species [103,104]. 
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The different microstructure of AAMs renders this material more mechanically resistant 
than GPs, as demonstrated by Timakul et al. [105] and Chindaprasirt et al. [106], who 
separately tested class-C FA-based AAMs/GPs in compressive strength, using different 
silica to alumina ratios. They both observed a pick in the compressive strength of ~60 MPa 
for a SiO2/Al2O3 ratio of 2.5, and a gradual decrease until 30 MPa when the SiO2/Al2O3 
ratio is 3.00. The higher mechanical properties find an explanation in the higher presence 
of hydroxyl groups, which are more resistant than T-O-T groups (where T=Si or Al), but in 
turns, undergoes lower durability, as the –OH bonds are chemically less stable and more 
exposed to higher environmental degradation. On the contrary, the T-O-T bonds are 
chemically more stable, with undefined durability in mild environments. In the FTIR 
spectra, the T-O-T asymmetric vibration is susceptible to change of the silica to alumina 
ratios. The T-O-T bond vibration produces a huge and intensive band in FTIR spectra 
between 800 and 1200 cm-1, which encompasses all the Qn silica units. It was observed 
that a higher content of alumina provokes a shift of the band towards higher wavelengths, 
due to the more intensive contributions of Q4(3,4Al) vibrations, located at higher 
wavelengths [105]. This also contributes to a more resistant microstructure, since the 
vibration to higher wavelengths means a stiffer type of chemical bonds.  

2.4.5 The role of the soda content (SiO2/Na2O) 

The chemical activation of aluminosilicate sources is carried out by means of a strong base 
aqueous solution, and in some cases, strong acid solution, as already described in 
Chapter 2.4.3. Different chemical activator gives rises to different microstructure, and then 
properties. It was also emphasized that among all, alkali activators were highly used, in 
turns, caustic soda solution (NaOH) and a mix of this with waterglass seemed to be the 
best compromise in terms of microstructure and final consolidation. If the sodium 
hydroxide solution and/or waterglass are used as the alkali activator, the silica to soda ratio 
(SiO2/Na2O) becomes a useful indicator of the reaction efficiency, either for AAMs or for 
GPs.  

Criado et al. [92,101,107] carried out a detailed spectroscopic inspection of alkali-
activated FA, in terms of XRD, FTIR and NMR spectroscopies, activated with sodium 
hydroxide and a mix with water glass. Various silica to soda ratios of the activators was 
considered to analyse the effect of this parameter on the final microstructure and properties 
of the material. These authors found out that the formation of crystalline phase types is 
highly dependent on the amount of soda content in the solution: if solely caustic soda was 
used (SiO2/Na2O = 0), the XRD pattern revealed the presence of hydrated sodalite and Na-
chabazite only. A similar spectrum was detected if the ratio was increased to 0.19. When 
the ratio of the solution was increased up to 0.69, new Zeolite Y phase started to appear. 
For ratios around 1.17, Zeolite P phase was visible in the diffraction spectra too. The 
appearance of new crystalline phases with the increase of the silica to soda ratio concurs 
with a higher content of the amorphous phase of the final product. This experimental 
insight may coincide with a more structured microstructure (3-D cross-linked), which is 
consistent with what said in the previous paragraphs (higher Si content means higher 
interconnectivity). Better insight can be provided by FTIR and NMR spectroscopies 
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carried out by these authors on the same experimental materials. They have found a higher 
presence of less interconnected units (Q1 and Q2) if the content of soda is high. When the 
silica to soda ratio was increased, the above-mentioned units decrease in content in favor 
of a higher content of Q3 and Q4. The authors reasonably stated that higher content of 
alkali cations in solution hinders the formation of long chains and highly interconnected 
structure. A similar spectroscopic evidence was found by other authors [97]. Finally, 
compression test performed on hardened samples revealed the highest compressive 
strength in samples activated with silica to soda ratio of about 0.69, demonstrating that this 
material is an AAMs under this chemistry, whereas if the content of silica is increased to 
have ratio of 1.17, the compressive strength decreases, due to a change in the 
microstructure, more attributable to GPs compounds. The plot in Figure 17 depicts this 
trend of mechanical properties.  

 

Figure 17: Compressive strength values of GPs sample versus silica to soda ratio [92]. 

A similar result was found by Trochez et al. [102], who analyzed the effect of soda to 
silica ratio (Na2O/SiO2) on compressive strength of FA-based GPs. The highest value of 
the mechanical properties coincided with an intermediate value of this ratio (0.25), where 
the ultimate compressive strength of the material started to decrease when the content of 
silica increased (lower ratio). In the same way, other research works focusing on the effect 
of the silica to soda ratio on mechanical properties of GPs and AAMs. All the works agree 
on the fact that intermediate values of SiO2/Na2O ratio, about 2.5, gives rise to higher 
mechanical properties [108–110]. The power of this result relies more on the fact that this 
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tendency is not dependent on the type of raw material activated to 
geopolymerization/alkali-activation.  

The modification of the microstructure to a more interconnected network and an 
amorphous phase, characteristic of a geopolymeric product, is associated with a higher 
content of reactive silica. This transition is also evidenced by a visible change in the 
microstructure, detected by SEM observation in the Nasab et al. study [97]. SEM images 
of samples of SiO2/Na2O ratios 2.25, 2.5, 3, 3.5 and 4 show a change in microstructure and 
homogeneity of the samples as the SiO2/Na2O ratio increases. The microstructures of GPs 
of composition SiO2/Na2O ≥ 3.00 do not change significantly with increasing SiO2/Na2O 
ratio, but the fineness of the texture and the density of the GPs increase markedly from 
SiO2/Na2O = 2.50 to 3.00. For the value of the ratio SiO2/Na2O ≤ 2.5, the microstructure is 
more crystalline, which is consistent with what found by Criado et al. in their XRD study 
of FA-based AAMs. Similar results were attained also in other research works [111].  

2.4.6 The influence of the curing conditions  

The poly-condensation reaction happening either in geopolymerization or in alkali-
activation is a thermally-assisted chemical reaction, in which the presence of a temperature 
slightly higher than the room conditions helps to optimize the diffusion and the 
aggregation of the aluminosilicate species through the liquid phase of the initial slurry 
[82]. The diffusion of aluminates and silicates to form long-chains structure is guaranteed 
kinetically by the temperature and effectively by the time: longer soaking times means 
higher time for the species to diffuse. Besides these two parameters, which are going hand 
to hand, a humid environment leads to an optimization of the reaction of poly-
condensation. The extensive presence of water molecule in the environment prompts the 
hydrolysis of the hydroxide groups of the diffusing aluminosilicate species during poly-
condensation, supplying with molecular water the process of long-chains formation by 
condensation of monomers and dimers (see the scheme in Figure 12).  

It was observed that the mechanical properties (compressive strength and/or flexural 
strength) of GPs and AAMs are optimal if the curing temperature falls between 60 °C and 
90 °C. In alkali-activation of metakaolin, Garcia-Mejia et al. [112] and Muniz et al. [113] 
in two recent research works, found that the optimal temperature, inducing the highest 
mechanical strength, is 60 °C. Other authors also found that the highest compressive 
strength is associated with a temperature ranging from 80 °C even up to 120 °C [114,115]. 
All these authors employed a curing time no shorter than 24 h, observing a drop of the 
mechanical properties for a limited soaking time in the above-mentioned temperature of 
curing.  

Recently, it is often reported the significance of the relative humidity in the final set of the 
samples, for chemical reasons previously reported. Garcia-Mejia et al. [112], in the same 
work, also analyzed, in more detail, the effect of other reaction parameters, by making a 
comparative study. Among all, they analyzed also the effect of the humidity, inferring that 
a relative humidity of 85% associated with a curing temperature of 60 °C, is the optimum 
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condition for the final setting. Oderji et al. [116], in a recent work, came up with similar 
results in studying the effect of the temperature and the relative humidity on compressive 
and flexural strength of FA-based AAMs. They found that the highest compressive and 
flexural strength coincide with a temperature of 75 °C and relative humidity of 70%. Other 
authors studied the effect of different methodologies of sample packing during the curing 
procedure. Kovalchuk et al. [117] were the first authors to analyse the mechanical 
properties of FA-based AAMs cured in dry air (95 °C, no relative humidity), in a steam 
oven (95 °C, 100% of relative humidity) or in closed and air-tightened plastic bags 
(95 °C). The latter yielded the highest compressive strength, even higher than 100 MPa. 
The curing in the steam oven was giving intermediate results (70 MPa), whereas the lowest 
compressive strength was associated with dry air conditions. A few years later, Criado et 
al. [118] conducted the same study, supporting these results with microstructural and 
spectroscopic analysis, in the attempts to describe the chemistry happening if different 
methods of curing are used, especially in terms of relative humidity effects. These authors 
also calculated the degree of reaction by using a selective chemical method to dissolve the 
unreacted raw material; eventually, they observed that the highest degree of reaction is 
provided by the closed plastic bag method.  

The employment of relative humidity in curing condition is also beneficial for the 
prevention of the carbonation phenomena during chemical setting of the sample. The 
carbonation is the formation and precipitation of crystalline sodium carbonate (NaHCO3), 
due to chemical attack of atmospheric CO2 to Na+ cations dissolved in the aluminosilicate 
paste, sucking away precious sodium to the process of alkali-activation or 
geopolymerization. Higher content of water in the curing atmosphere decreases the 
percentage content of CO2, helping to prevent the formation and precipitation of this 
crystalline compound [66]. 
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2.5 Utilization of recycled glass in geopolymerization 

The management of urban and industrial glass wastes is as significant as the management 
of FA and similar wastes. To date, the recycling of glass is quite extensive, accounting the 
73% of the collected waste glass in the European Union in 2015 [119]. So far, the waste 
glass was reused to vitrify other glass or as an additive in cementitious materials. Indeed, 
waste glass was extensively utilized, up to 70% of the entire content of utilized aggregate 
for preparation of OPC mortars [120].  

Only recently, research studies began to utilize waste glass in alkali-activation or 
geopolymerization. Being the glassy-phase the dissolvable part of an aluminosilicate, 
waste glass lends itself suitably to chemical activation under alkali-solution, like 
demonstrated by Rincon et al. [121], who successfully activated grounded urban recycled 
glass in NaOH and then fired at 700 °C for final setting and foaming, using the chemical 
reduction of iron oxide , and the change of rheology of the glass at elevated temperature. 
The first step of this process is an alkali-activation of waste glass, whose chemical 
reactions, similar to those of AAMs, confer hardness to the initial paste. This was 
previously done using water, NaOH or NaOH/Na2CO3 as alkali activators [122]. 

The waste glass was utilized, for the first time, uniquely in geopolymerization of FA no 
later than 2013, in a patent published by Puertas-Maroto et al. [123], in which it is 
explained the procedure of how to produce GPs materials using coal residues and waste 
glass, as a first attempt to make this material more sustainable, but also to adjust the 
chemistry for GPs production. After this invention, the same and other authors focused 
their attention on the development of GPs entirely from wastes, without using waterglass 
as silica additive in the formulation. The waterglass, being a sodium silicate produced by 
dissolution of silica gel in NaOH is not entirely user-friendly, as the production of NaOH 
involves high temperatures, and then CO2 emission. Initially, the attention was drawn to 
the preparation and the characterization of GPs, by mixing blast furnaces slags (BFS) and 
urban waste glass with different percentages. The mechanical results, in terms of the 
ultimate compressive strength, were compared with results coming from samples prepared 
using water glass instead of urban glass. The mechanical testing revealed that the highest 
compressive strength is associated with the latter formulation, followed by the formulation 
including only BFS and no waste glass. Therefore, when BFS is used, the addition of 
waste glass is detrimental to the mechanical properties [19,124]. It must be pointed out that 
BFS slags are rich in lime (CaO), which rather prompts the formation of (C-)N-A-S-H gel 
instead of geopolymerizaiton products, thus micro-structurally speaking, a mix of these 
two compounds is expected, afterward confirmed by spectroscopic analysis [19,125]. 
Everything changes if FA is used instead of AAS. FA was activated in NaOH (8 – 10 M) 
with different contents of waste glass (0 g, 10 g, 15 g, 20 g, 25 g), and compared with the 
formulation including water glass instead of waste glass. Mechanical results showed that 
the highest compressive strength (38 MPa) coincides with the formulation of 
FA+NaOH+25g glass cured at 85 °C for 20 h (99% relative humidity). The formulation 
including waterglass shown slightly lower compression strength of 36 MPa (see 
Figure 18). Spectroscopic analysis (FTIR, NMR, and XRD) revealed a chemical 
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composition attributable to GPs [87]. Similar results were attained by the same authors is 
waterglass made from the dissolution of urban waste glass in NaOH was used in the same 
previous formulation using normal water glass [126].  

 

Figure 18: a) Compressive strength of FA pastes activated with different formulations 
and b) comparative compressive strength plot depicting results from FA+NaOH (8 M), 
FA+NaOH (10 M) + 15g (glass) and FA+NaOH (10 M) + 15%waterglass [87]. 

In this work, as already mentioned in the first chapter, GPs were processed in a 
formulation which includes only wastes, composed of FA and recycled borosilicate (BSG) 
glass, so as to adjust the chemistry of reaction. Up to now, BSG was never used at all as 
silica additive in geopolymerization, thus this gives the innovative imprint to this thesis 
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work. BSG was rather used in many procedures for ceramic processing, e.g. by sintering of 
a green body mix made of rejected pharmaceutical BSG with plasma vitrified wastes, to 
eventually process a porous glass-ceramic material [127]. The same processing 
methodology was applied for the fabrication of a glass-ceramic composite made of a mix 
of valoxy, an alumina-rich waste and again rejected pharmaceutical BSG powder, in a 
variable percentage (10%, 20%, 30%) [128]. In another investigation [129], a composition 
of coal ash (43.5% Fe2O3) and BSG was investigated at different temperature and 
conditions of sintering, though no alkali-activation was used in this process. The only case 
in which class C FA based GPs were processed in presence of borates, supplied by the 
addition of inorganic borate salts in the activator (NaOH), is reported in a study conducted 
by Nicholson et al. [130]. These authors also carried out an 11B NMR spectroscopic 
analysis on the borate salts and GPs, in which they successfully demonstrated partial 
incorporation of boron in the microstructure.  
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2.6 The utilization of fly ash 

GP patent by Davidovits was carried out by supplying to the initial paste a mix of powder 
including metakaolin, which is a refined aluminosilicate source, synthesized from the 
firing of the kaolinite by means of a dehydroxylation process of the Al-Si chains. This heat 
treatment, hence, increases sensitively the cost of production, which can be reduced by 
introducing industrial residues in the formulation. They were used even before the 
utilization of metakaolin, e.g. as clinker for production of cement, back to 1939 (see 
Table 1). These solid residues of industrial processes comprehend a huge variety of slags, 
from FA to metallurgical slags and mining wastes. FA, in particular, was initially utilized 
by Palomo et al. in geopolymerization technology in the mid ’90s, identified as FA-based 
alkali-activated cement [131]. FA is considered a by-product of coal power plants, 
deriving from the combustion of pulverized coal in suspension fired furnaces [132,133].  
In this chamber, various types of residues are released after combustion, such as FA, 
bottom ash and gases and/or vapours. FA is the finest part of the ash which is entrained in 
the flue gases, whereas the bottom ash is a residue consisting of coarser discrete or fused 
particles heavy enough to drop out of the combustion zone (furnace chamber) onto the 
bottom of the furnace [133]. All the steps of combustion are reported in Figure 19.  

 

Figure 19: Schematic showing the combustion steps and fly ash collectors [133]. 

The classification of FA is based on a subdivision in class C and class F associated with 
the chemistry of the material: class F fly ash, available in larger quantities, is generally low 
in lime (CaO) content (< 15%), with a percentage of silica and alumina in the range of 40-
50% and 20-30% respectively, derived from burning of anthracite and bituminous coal. 
Class C refers to FAs derived from burning of lignite (brown coal with a defined woody 
texture) and sub-bituminous coal, with a lime content higher than 15%, and a lower 
content of silica [132–134].  
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The utilization of FA as a pozzolanic additive in the preparation of cementitious binders 
brings many benefits, such as [45]: 

 Improved workability imparted by the spherical ash particles and the associated 
water reduction that minimizes separation of water from the cement mixture. 

 Improved compressive strength and other mechanical properties as a result of the 
reduced water demand. 

 Reduced concrete cost as the value of coal FA is lower than that of cement. 

 Reduced CO2 emission as less cement is required.  

 Improved durability, and in some cases improved strength, in hardened concrete 
due to the pozzolanic reaction with calcium hydroxide generated during cement 
hydration increasing the volume of calcium silicate hydrate binder, which helps fill 
the reduced water voids and thus creates a more durable and less permeable 
concrete. 

It is necessary to clarify the meaning of the wording ‘pozzolan’: a pozzolan is said to be 
any material showing a tendency for pozzolanic reaction, i.e. the capacity to react with 
calcium (or Ca(OH)2) in the presence of water, forming a C-S-H product. Due to these 
above-mentioned benefits, FA was then employed as a primary material in the production 
of GPs in many of the previous studies. Despite the wasteful nature of this material, FA-
based GP presents mechanical properties comparable to geopolymeric compounds based 
on metakaolin or any other refined aluminosilicate sources [46,70,135]. The composition 
of FA is one of the main parameters affecting the final microstructure and mechanical 
properties of the GPs. Fernandez-Jimenz et al. spectroscopically examined (NMR, FTIR, 
XRD, etc…) 4 different types of FAs from different power plants in Spain, and 
demonstrated that chemistry of the FA is directly affecting the microstructure of the GP 
samples. More specifically, FA with a lower percentage of silica, a higher percentage of 
alumina (so a higher SiO2/Al2O3 ratio) and a higher percentage of network modifiers 
(among all Fe2O3) draws lower compressive strength [135]. Palomo et al. [131] developed 
a mathematical model based on various parameters of alkali-activation/geopolymerization, 
such as the type of alkali activator, temperature and time of curing and liquid to solid (l/s) 
ratio, aiming to define the extent of influence of these parameters on alkali-activation of 
FA from a Pennsylvania power plant, by compressive strength assessment. Four activators 
(NaOH 12 M, KOH 18 M, NaOH+Na2SiO3 and KOH+K2SiO3), two curing temperatures 
(65 °C, 85 °C), three soaking times (2 h, 5 h, 24 h) and two l/s ratios (0.25 and 0.30) were 
simultaneously considered in the study. It was concluded that higher temperature of curing 
is leading to the better setting of AAM samples, NaOH more effectively alkali-activates 
than KOH, and an l/s ratio equal to 0.3 yields slightly higher compressive strength. The 
addition of sodium silicate to NaOH and longer soaking times improved the efficiency of 
the reaction, as it requires time to set. Finally, it was found that the highest compressive 
strength was 68.7 MPa, associated with the sample made with NaOH and waterglass kept 
under 85 °C for 24 h with an l/s ratio of 0.3. Criado et al. [136] demonstrated that 
appreciable modifications in the FTIR and XRD spectra were detected for samples cured 
up to 1 month, but in terms of compressive strength, the detected improvement given by 
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raising soaking time from one week to one month of curing does not overcome 3 MPa. In 
the same study, it was demonstrated that a mould sealing and the humidity retention is a 
beneficial practice to the final setting, as the geopolymerization reaction needs water to 
complete.  

Since, in most of the cases, the chemical composition of FA does not guarantee the best 
chemical modulus, as reported by Davidovits in his investigations [59,60], it is a good 
practice to implement the chemistry of coal-ash with mainly silica sources. This is the 
reason why FA-based GPs have different properties depending on the FA origin, and the 
activation with a mixture of sodium hydroxide and waterglass yields higher mechanical 
performance(increasing the chemical modulus) [66]. Instead of using waterglass as silica 
precursor in geopolymerization, Puertas et al. [124] reported in 2009 a study in which 
urban recycled glass was used in geopolymerization of FA. Later in 2015, the same 
authors managed to demonstrate that utilization of 15g of waste glass in a 100 mL solution 
of NaOH, brings the same benefits as adding 15 wt.% of waterglass in NaOH [87]. The 
urban waste glass was also reused in preparation for general alkali activation, as well as in 
aggregation for concrete production [17,120,137].  
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2.7 Geopolymer-matrix composites 

Due to the versatility of geopolymerization and the low operating temperature in the curing 
stage, geopolymeric compounds were widely used as a matrix in composites preparation. 
One of the main issues encountered in developing concrete-like materials is the 
enhancement of the fracture toughness [138]. This property is governed by many 
parameters and conditions, but one can say that it goes hand to hand with the brittleness of 
the material, and except for specific cases, the ductility is synonymous of higher fracture 
toughness [139]. For this reason, ceramics, and especially heterogeneous and porous 
materials, suffer considerably external stresses, favoring the propagation of a crack. A lack 
of continuity in matrix and presence of preexistent defects are preferential sites for crack 
nucleation and propagation in a material, leading to failure. The production of composites 
is one of the possible ways to increment the fracture toughness of a brittle material 
[139,140].  

Yet in literature, many contributions were carried out in geopolymeric composites (GC) 
development, dispersing different types of particles and fibres or layering with fabrics. The 
selection of the fibres, in terms of material and size, should be weighted to the natural 
porosity of the GP matrix.   

In their study, Yan et al. reported a sophisticated method to produce metakaolin-based GC, 
dispersing reduced graphene oxide particles [141]. Despite the creative idea, from the 
mechanical standpoint, improvement in fracture toughness was not as high as in the case 
when carbon fibres were used. 

Carbon fibres were dispersed in a study conducted by He et al., in which the GP matrix 
was prepared with kaolinite. A fibre concentration of 10 wt.% entailed an improvement in 
fracture toughness of up to 4 fold, and in flexural strength of more than 3 fold, as 
compared to plain GP compound, showing an average flexural strength of 52 MPa.  In the 
same study, visible pieces of evidence of fibre pull-out and crack-bridging were reported 
[142].  

Also other inorganic materials, like basalt fibres, i.e. a common extrusive igneous rock, 
were used to produce GP reinforced composites. Thaumaturgo et al. [143], conducted a 
comparative study of fracture toughness in which various content of basalt fibres (0.5% 
and 1% in the volumetric fraction) were added separately in concrete and GP matrices, 
showing the influence of basalt percentage in the formulation and the differences between 
these two composites. They reported that while the highest value of the critical stress 
intensity factor (2.8 MPa∙m1/2) for GCs coincides with the addition of 1% in volume of 
basalt fibres, concrete composites experienced a drop in the crack propagation resistance 
when addition of fibres exceeded 0.5% in volume and for equal content of basalt fibres in 
matrix, and the values of fracture toughness of concrete-based composites are from 13% to 
50% lower than those ones detected when GPs were used.  
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Scientific contributions were also reported in polyvinyl alcohol (PVA) and cellulose-like 
fibers. Interesting is the effort carried out by Alomayri et al., who used cotton fibers in 
different concentration from 0% to 1% in production of FA-based GC [7]. They found that 
the maximum flexural strength (equal to 11.5 MPa), starting from 10 MPa (0% fibers 
content), is given when 0.5 wt.% of cotton fibres were added to the paste. More 
interestingly, the same authors processed cotton fabric based composites by layering 
fabrics with GP paste [144], and the achieved flexural strength after addition of 8.3 wt.% 
of cotton fabric was more than 3 times higher than the flexural strength of the base 
geopolymeric compound, and improvement of fracture toughness was 2.5 times higher. 
These authors also carried out mechanical testing to the same formulation under elevated 
temperatures (200-1000 °C), showing a drop of the mechanical performance at 300 °C, as 
cellulose decades at that temperature [145].  

Attention must be paid to the chemical interaction between cellulose chains and activators 
in preparation of GC, especially if the solution has an alkali-activated origin. When 
cellulose gets in contact with NaOH, the polymeric chains undergoes an absorption of Na+ 
cations, inducing a physical and chemical modification of the network, process known as 
mercerization. In Figure 20a is reported a sketch of a cellulose monomer. In highly alkali 
solution, the –OH groups of the monomers undergo hydrolysis, with the liberation of 
water, and leaving behind a negative charge on the oxygen (Figure 20b). The sodium 
cations, contained in the alkali solution after hydrolysis of the NaOH, externally activate 
the cellulose network, surrounding the negatively charged oxygen of the polymeric chains 
(Figure 20c); this provokes a disentanglement and physical swelling of the cellulose fibres 
[146].  

 

Figure 20: Mercerization of cellulose a) cellulose monomer, b) reaction of –OH 
hydrolysis c) arrangement of the Na+ around the mercerized cellulose network [146]. 

Nevertheless, this chemical modification of the carbohydrate chains of the cellulose is not 
associated with a drop of the mechanical properties of the GCs. A deterioration of the 
cellulose compound is expected in the long term period, especially if the cellulose-based 
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composite is continuously exposed to a variable wet environment. It was observed that 
OPC-sisal composites suffer a quite fast degradation of the cellulose fibres even after 10 to 
30 wetting and drying cycles of the samples. A flexural strength loss of up to 83% was 
detected in OPC-cellulose composites [147]. This behaviour is mainly associated with 
absorption and desorption of water by the cellulose fibres which induces, on the one hand, 
continuous local hydration of the cement, thus a chemical deterioration of the C-S-H 
chains, and from the other hand a decomposition and mineralization of the fibres due to 
migration of hydration products, especially calcium hydroxide, to the fibre lumen and 
spaces, provoking embrittlement of the fibres. This mechanism seems to happen at a 
higher rate for short fibres [148]. Several treatments to enhance the durability performance 
of the composites were studied by the author. The treatments included: (a) modifications to 
the matrix through the replacement of Portland cement by undensified silica fume and by 
blast-furnace slag; (b) carbonation of the cementitious matrix and (c) immersion of the 
fibres in slurry silica fume prior to being incorporated into the Portland cement matrix. The 
results obtained indicated that the embrittlement of the composites can be avoided almost 
completely by immersing sisal fibre in a silica fume slurry before adding them to the mix 
[148]. Another way to decrease the rate of degradation of cementitious-cellulose fibres 
composites is to mix the binder with a consistent (30 wt.%) aluminate source, e.g. 
metakaolin. It was observed an increase of the total wet/dry cycles yielding the same 
degradation of up to 300% [147]. 
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2.8 Applications  

Ever since the finding of the AAMs and GPs, these materials have found application in 
building and construction applications, holding great similarities with the OPC. Despite the 
potentiality of these products and the innumerable attempts of marketability, the AAMs 
and GPs encountered many issues of up-scaling, repeatedly failing in the initial ambition 
of replacing the OPC. The reasons behind this failure are many, either technical or 
political, already exposed in Chapter 2.3. In this chapter, some examples of applications, 
and the proposed new technologies attributable to GPs and AAMs are presented, opening 
new perspective in their exploitation, which could be a breath of fresh air for the stagnant 
scientific investigation around these materials.  

2.8.1 Past applications 

When AAMs were, for the first time, developed in USSR in the 1950s by Glukhovsky, as a 
result of the alkali-activation of BFS raw wastes, the eastern European countries 
experienced primary exploitation of the potentialities of these materials in buildings and 
civil infrastructure. Yet in the 1960s, the commercial production of alkali hydroxide-
activated BFS concrete in Mariupol was started in the Stroydetal mill of the association 
Azovshelezobeton. This concrete, in the form of precast blocks, has been used for the 
construction of houses, garages, and other structures including 2-storey and 15-storeis 
apartment buildings (Figure 21a). Later, between 1986 and 1984, the similar tall 24 stories 
building was built in Lipestk, using again pre-cast blocks of alkali-activated BFS [33]. 
Concurrently, also other eastern countries started to look for a new solution in the 
construction and retrofitting of buildings. A 6-storeis office and retail building (8.6 m x 
31.5 m) and a workshop with an area of 3,500 m2 were built in China in the 1980s, using 
an OPC-AAS based AAMs (Figure 21b). In 1974 a storehouse was built in Krakow using 
precast steel-reinforced alkali-carbonate activated BFS concrete for the floor slabs and 
wall panels [149]. 

 

Figure 21: a) Residential building in Mariupol and b) a Na2SO4-activated Portland-
alkali-activated steel slag cement concrete based workshop in China [12]. 

Besides these conventional industrial and residential constructions, in the same period, 
many other specific civil infrastructures were built in Eastern Europe. Among all, a heavy-
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duty road to the Magnitnaya Mountain Quarry, in 1984, in Magnitogorsk, using alkali-
activated BFS concrete. Many public construction projects were finalized in USSR 
between the 1960s and the 1980s, including a basin fountain, a drainage collector and 
silage trenches, using BFS based AAMs [12,33]. In particular, it was found that the 
utilization of this material prevents excessive corrosion of the concrete in silage trenches 
[9,150].  

In the USA, the usage of AAMs started around the late 1980s, followed by developments 
related to construction materials applications commenced in the early 1980s through a 
joint venture involving the US Company Lone Star Industries [151]. This company worked 
side by side with Davidovits, whose French and US patents formulated between the early 
1970s and the 1980s, were instrumental for the commercialization of a BFS-clay based 
AAMs, known in its commercial name as Pyrament [28,29,58,72]. The Pyrament product 
range was met with strong interest, and found application in test projects and full-scale 
application via the U.S. Army Corps of Engineers, state and federal transportation agencies 
in several jurisdictions in the USA and Canada [152–156], particularly as a material for 
bridge deck overlays or as a repair material for damaged pavements. The performance of 
Pyrament sections used in airport runways has also been classified as very good after 25 
years in service [157]. 

EU was the first continent in the world which came to know the innovative process of 
alkali-activation, due to the first patent settled in Belgium and covering several countries 
of the old continent, following the scientific work made by Purdon in the early 1950s (see 
Table 1 in Chapter 2.2) [25]. This invention, based on alkali-activation of BFS slags, was 
followed by the settlement of a company ‘Le Purdocement’ in the 1950s, based in 
Brussels. This company operated a production facility in Brussels from 1952 to 1958, 
supported by a number of commercial partners, but did not prove to be profitable, either 
because of the relatively small scale of its production capabilities or from a low interest in 
the market (the available archive documentation does not provide clear information). The 
production of Purdocement ceased at the end of 1958, but an inspection operated in 2010 
still showed a good condition of the building, constructed with the same patented material, 
with only some damages due to erosion and carbonation [158].  

This first failure to commercialize an AAMs demotivated the scientific community and the 
enterprises to invest time and money on the development of this material. The hibernation 
of this material ceased concurrently to Davidovits’s work, who had certainly the merit to 
bring light and optimism on the field. Immediately after the Davidovits’s findings, Finland 
was the first country which tried to exploit this material, early in the 1980s, focused on the 
development of precast concrete items, under the name F-cement binder [159,160]. During 
the years 1980 to 1994 a very comprehensive study on alkali-activated BFS concrete took 
place at Partek (Finland), leading to full-scale pilot production of pre-stressed hollow core 
slabs, low height high strength beams, waste water system products, pressurized pipes, 
railway sleepers and pavement stones. Starting from 1994, some AAMs have successfully 
been applied, including applications as fireproofing adhesives in composites, fire and gas-
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tight layers in insulating composites on board large cruise ships and production of tiles for 
house roofs construction (see Figure 22) [12].  

 

Figure 22: House close to Finland, roofed with tiles made of alkali-activated blast 
furnace slags [12]. 

In the same decade, a cementitious material partly based on alkali-activation of slags was 
developed in the Netherlands, under the copyright ASCEM®. Although it is derived from a 
high-temperature process, operated at about 1450 °C, this material embodies less CO2 than 
OPC and can compete in terms of technical properties. The idea is based on re-use 
strategies of different waste materials such as FAs and municipal wastes. The technology 
was already successfully tested in the late 1980s, but not commercialized at that time. 
Nowadays, other drivers such as CO2-reduced cement led to the reanimation of that 
research direction within ASCEM B.V. as a successor of the original development 
company. The heart of the ASCEM® cement technology is the melting process of the 
secondary resource mix, meeting a certain composition in the CaO-Al2O3-SiO2 ternary 
system, to obtain a reactive glass. [161]. The material/process was up-scaled no earlier 
than 2009 for the production of industrial terrain and pipes. 

Important developments were attained in the last decade in Australia, aiming to overcome 
the obstacles which hinder the AMMs and GPs to be fully commercialized (see sub-
Chapter 2.3.1). The scientific efforts endeavoured by the Australian company Zeobond 
Group in 2006 yielded to the development of the E-CreteTM cement binder, which is 
generally produced from blends of FAs, slag, and alkaline activators. This is mixed with 
sand and aggregates in similar proportions to traditional cement binders to form concrete. 
E-Crete may use standard alkali activators and whatever source materials, such as FAs and 
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slag, are available [162–164]. The E-CreteTM product was extensively employed, also by 
second companies, such as VicRoads for the construction of the Salomon Street Bridge in 
Melbourne in 2009, through the production of E-Crete pre-cast footpath, according to the 
standards in the VicRoads technical specification [164]. Figure 23 reports some picture of 
the panels and the bridge in Melbourne. In the same year, still in Melbourne, E-Crete was 
again selected by VicRoads for the reinstatement of the retaining walls at the Swan Street 
Bridge, and in the following year, several pathways were realized on Brady Street in Port 
of Melbourne.   

 

Figure 23: Salmon Bridge in Melbourne (Australia), made of E-Crete precast footpath 
[12]. 

Other works in the past, related to the utilization of FA-based AAMs, includes the 
construction of several railway sleepers meeting the national standards of Japan [165]. For 
instance, in the 1980s, BFS based AAMs railway sleepers were produced in Poland, 
matching the requirement of 70 MPa strength through the use of finely ground slag. A 
pilot-scale research project was conducted in Spain for the development of new pre-
stressed steam-cured railway sleepers based on AAMs using FAs [166,167].  

2.8.2 Potential applications of the future 

AAMs and GPs were also utilized in several examples of non-traditional and niche 
constructions, due to their stability, wide versatility of production and high-temperature 
resistance (non-glass based GPs). Many attempts have been done in commercializing GPs 
and AAMs for application in which lightweight properties are required. The most usual 
process for light-weighting is the production of foams, a solution widely undertaken in 
OPC cements yet, through autoclave aerated method, i.e. a hydrothermal method, and 
applied to AAMs and GPs foaming in USA, Europe, and the former Soviet Union 
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[33,168,169]. The most applied method of GPs and AAMs foaming regard the production 
of bubbles through the emission of hydrogen or oxygen while the binder is still in the 
slurry, using different reagents and compounds. Finely divided metallic aluminum 
[50,170–172], metallic silicon, either added directly [172] or as a component of silica fume 
[173–176], hydrogen peroxide [26,177], sodium peroxide [178], and sodium perborate 
[26] have been used as foaming agents. Chlorine gas generation through the decomposition 
of calcium hypochlorite has also been proposed [179], although it is unclear what would be 
the effect of the generated chlorine on the durability of the material in the long term. It is 
also possible to achieve foaming through the use of suitable surfactants [180,181], and this 
method has been applied in practice to the production of lightweight alkali-activated BFS 
panels containing fibrous additions for use as acoustic insulation [12]. A number of 
authors have also made use of the foaming tendencies of partially-polymerized 
aluminosilicate gels at elevated temperature to develop AAMs which expand into foam at 
elevated temperature [182–184]. This property has been noted to be of value in passive fire 
prevention applications [26,185]. 

Alkali-activated slags were also employed in Europe for underground applications, 
including boreholes sealing in salt, sulfur mines and hydro-technical sealing [186]. AAMs 
have also been developed for down-well cementing in CO2 storage and sequestration 
[187]. Drilling fluid and mud can also be mixed with alkali-activated BFS to form a 
cementitious slurry for cementing operations [188,189], and there has also been work 
based around the use of alkali silicate-activated FA/BFS blends for similar purposes [190]. 
Alkali-activated BFS formulations for this application were initially developed by Shell 
Oil Co. in 1991 for use in the Gulf of Mexico [191], and similar mixes have also been 
successfully used in China [192] and Brazil [193]. Work reported from the laboratories of 
some other oil companies [194] did show that under some circumstances, alkali-activated 
BFS slurries were prone to cracking. However, interest is increasing, as evidenced by the 
filing of patents by Schlumberger related to the use of alkali-activated cement in oil wells 
[195] and CO2 sequestration wells [196]. 

Interestingly, AAMs and GPs are also applied to the construction of containers for 
stabilization/solidification (S/S), disposal and/or immobilization of hazardous wastes in the 
environment. The properties required for AAMs and GPs in this context are dependent on 
the chemistry of the contained wastes and the sources material in AAMs and GPs 
processing [12,197–201]. To date, the most used material for these purposes is the OPC 
cement [202], and there is no practical example of utilization of AAMs and GPs in this 
application, although they have been extensively studied in the last years both in the 
treatment of toxic [203–205] and radioactive [45,206] wastes. Due to this reason, we 
below report only an exhaustive description of the state of the art concerning BFS, 
Metakaolin, FA-based AAMs and GPs. In general, cationic species are far more effectively 
immobilized in alkali-activated binders than are anions; transition metals which form oxy-
anionic species, in particular, tend to be troublesome. A summary of the elements which 
have been treated through S/S in AAM binders is given in Figure 24; the elements 
classified as ‘bound’ are those whose total mobility has been reduced by the treatment. 



55 
 

 

Figure 24: Elements which have been bound (and/or treated through 
stabilization/solidification) based on a survey of the available literature up to date [45]. 

In BFS based AAMs, the immobilization of hazardous materials, such as Pb, As and Cd, is 
dependent on the leachability of these elements entrapped in the alkali-activated network, 
and it is optimized using alkali-activators like Na2CO3 [207–209]. It has been reported 
that, in general, heavy metals show less interference with the setting and strength 
development of BFS AAMs than with Portland cement [33,203]. This is potentially due to 
the enhanced availability of Si in most alkali-activated binder systems (particularly those 
with waterglass activators), as demonstrated experimentally by Shi et al. [210], who used 
calorimetry to investigate the early-age reactions involved in S/S of an electrical arc 
furnace (EAF) dust (containing a mixture of toxic metal species) with OPC and alkali-
activated BFS binders. However, there was a notable difference in performance between 
laboratory-cured and field-cured specimens, which was attributed to the differences in 
curing regimes applied under the two conditions [211,212]. 

FA and metakaolin based AAMs have been extensively investigated especially in the 
stabilization of lead (Pb), albeit the understanding of the immobilization mechanisms is 
not clear yet. Van Jaarsveld et al. [96,204,213] found a chemical affinity in the 
stabilization of lead with the aluminosilicate matrix, although it is not clear in which 
chemical compound. Other authors [214,215] supposed the formation of an insoluble 
Pb3SiO5, whose identification was tentatively supported by the results of Zhang et al. 
[216], though only based on a single XRD peak. The immobilization of arsenic has always 
been a great challenge in OPC cement, as the cement was implemented only in a case-by-
case approach [217]. The S/S treatment of arsenic was found to be effective in AAMs and 
GPs [206,218,219]. Fernández-Jiménez et al. [220,221] observed by transmission electron 
microscopy that arsenic is associated with iron-rich FA particles. This correlates to some 
extent with the known sorption of arsenic onto iron hydroxide surfaces [222]. A much 
lower immobilization efficiency was found for low-Ca AAMs and GPs in case of cadmium 
(Cd2+) leaching [221,223]. On the contrary, this element is successfully immobilized in 
OPC cement, due to the high presence of Ca2+ cations, replaced by Cd2+ in case of 
cadmium contaminants [224,225].  
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Much more practical uses AMMs and GPs have found in the last decades in S/S of 
low/intermediate level waste (L/ILW), i.e. radioactive wastes, whose key radioactive 
components are 137Cs and 90Sr. The latter element is efficiently immobilized even in OPC 
cement, as the C-S-H network provides Ca2+ cations readily substituted by the Sr2+ cations 
[226]. Much more problems in immobilization are induced by 137Cs, which is more 
efficiently immobilized in BFS based AAMs and GPs, as reported in Figure 25, evidencing 
lower leachability of Cs if retained in the aluminosilicate network, rather than in a C-S-H 
structure [203,227,228]. For reasons related to the binding of Cs+ in gels with pseudo-
zeolitic (or proto-zeolitic) structures, metakaolin and FA-based AAMs have been studied 
extensively for waste immobilization purposes [45,229–234]. Chervonnyi and 
Chervonnaya [235] studied the combination of 137Cs and 90Sr as present in wood ash from 
the region surrounding the damaged Chernobyl reactor complex and found that 
geopolymerization of the wood ash together with thermally activated bentonite provided a 
factor of 20 improvements in leaching performance compared to OPC. A binder system 
named EKOR, developed in the Kurchatov Institute, Russia, commercialized by Eurotech 
was applied as a sealing and dust-reduction agent as a part of the construction of the 
sarcophagus protecting the damaged reactor core [236,237]. Alkali-activated clay-based 
binders have also been developed and applied in S/S of radioactive wastes in the Czech 
and Slovak Republics by the company ALLDECO [12], and also in Germany in 
collaboration with Cordi-Géopolymère in France [206]. 

 

Figure 25: Leachability of Cs+ from Portland cement and blast furnace slags based 
alkali-activated pastes at 25 °C [12].  

GPs exhibit good performance at the high-temperature exposition, as the latter involves a 
chemical transformation in such conditions (see Chapter 2.3.1) [238]. GP composites have 
been tested for use in aircraft due to their fire resistance and comparatively low density 
[239]. This technology is still in its infancy, however, it has shown the potential for wider 
utilization. GP composites have also been used as thermal insulation on the exhaust pipes 
of Formula 1 race cars [151]. 
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3. Scopes and aims of the thesis 

In the last decades, the uncontrolled contamination of the eco-system, partially generated 
by  an unsustainable exploitation of landfills, and the progressive rise of the annual 
average temperature, due to the extensive emission of greenhouse gases in the atmosphere, 
like CO2, drew the attention of the of the scientific community and the governments 
worldwide, pushing them to adopt a more eco-friendly and sustainable technology policy. 
The extensive production of CO2 gas in the atmosphere during OPC clinker synthesis (8% 
of the annual greenhouse emission) prompts the industry to replace this material.  

GPs incorporating silica and aluminosilicate based on wastes is one of these candidates, as 
the production of this material is an alkali-activated reaction of industrial wastes under a 
temperature lower than 100 ˚C, and more importantly, it does not draw any greenhouse 
release. The utilization of FA, a power plant by-product, and borosilicate glass, recycled 
glass from pharmaceutical vials, makes this material cheaper and more sustainable, 
preventing, in turn, the undue filling of landfills. The main drawback is the inhomogeneity 
of the matrix and the amount of porosity (near to 20%), inducing a very low resistance to 
crack propagation as compared to the cementitious materials. The modulation of the 
chemical synthesis (e.g. improving the efficiency of some physical and chemical 
parameter) and the production of GP matrix composites based on the dispersion fibres, e.g. 
cellulose and recycled paper ones could be possible solutions to the problem.  

Therefore, the main aim of this work is to develop and produce an eco-friendly material, 
with no greenhouse emission, worth of replacing the Portland cement in building and 
infrastructural and structural applications, while conferring to the material high strength 
and fracture resistance by dispersing cellulose and waste paper fibres in the matrix.  

According to the overall aim, the following subtasks have been formulated giving a 
baseline for the research work to be conducted on GPs and geopolymeric composites: 

- Processing of BSG/FA-based GP from waste materials;  
- Physical, chemical and mechanical characterization of different formulations of 

BSG/FA-based GP; 
- Optimization of some chemical-physic parameter influencing the reaction; 
- Improvement of the reaction efficiency by applying a hydrostatic pressure (HyPS 

consolidation); 
- Processing of cellulose and paper fibres GC by ultra-sonication dispersion of the 

fibres in geopolymeric matrix; 
- Chemical characterization of the interphase between cellulose and GP matrix; 
- Mechanical characterization of GC samples and comparison of the properties with 

the data from GP characterization. 
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4. Methodology 

4.1 Materials and processing methods 

4.1.1 Experimental materials 

FA, a coal combustion by-product, from a Bohemian thermal power plant (Počerady 
power plant, North Bohemia, Czech Republic) was used as a primary aluminosilicate 
source. The as-received FA powder was thermally treated at 800 °C prior to 
characterization and alkali activation, in order to burn all the organic impurities out. The 
loss of ignition was also measured in terms of weight loss percentage of FA. 

Borosilicate glass from recycled pharmaceutical vial cullet (Kimble/Kontes, Vineland, NJ, 
USA) was mixed in different percentage to FA in GP processing. The recycled stock of 
raw borosilicate glass was collected by ‘Nuova Ompi S.r.l.’ company (Piombino Dese – 
Padua, Italy). The as-received glass was ball-milled at 350 rpm and 400 rpm for 15 
minutes in an alumina jar with alumina balls (diameter 10 mm) prior mixing with FA and 
alkali activation, using a Pulverisette 6 line planetary ball mill (Fritsch, Germany). The 
400 rpm x 15 minutes BSG powder was eventually used in all the samples production. 

The caustic soda (NaOH) was purchased from Sigma Aldrich (Saint Louis, MO, USA). 
The solid anhydrous compound was provided as pellets with a purity exceeding 97% (in a 
form compliant to American Ceramic Society reagent standards). 

The cellulose fibres, for GP matrix composite processing, were provided by CIUR a.s. 
(Brandýs nad Labem, Czech Republic), in a form of dried macrometric fiber. The average 
length is ca 1.1 mm, the fibre diameter falls in the range of 35 µm and 45 µm. The density 
was reported by the supplier to be 470 kg/m3, holding a humidity amount less than 
5.5 wt.%. The as-received cellulose fibres were directly mixed with the aluminosilicate 
suspension, undertaking no other treatments.  

The production of the HyPS samples was based on FA and silica gel consolidation. The 
silica gel powder was obtained by high energy ball milling of silica gel ball for desiccation 
(350 rpm for 15 minutes). Fused silica microbeads (average diameter of 1.8 µm) were 
purchased from Cospheric LLC (Goleta, CA, USA) for the basic construction of a 
consolidation model of HyPS process.  

4.1.2 Manufacturing of geopolymer samples  

The FA was dry-mixed with borosilicate glass from recycled pharmaceutical vial cullet 
and activated with a caustic soda solution, prepared by dissolving NaOH pellets in distilled 
water, as described in Figure 26. Before activation, the BSG was ball-milled at 350 rpm 
for 15 minutes, in alumina jar/balls, so as to reach the desired grain size. The GP samples 
were manufactured following 6 different formulations, in which the powder mixture 
(SiO2/Al2O3 ratio), the molarity of the activator, and the curing time were modulated in 
order to investigate the influence of these parameters on geopolymerization. A schematic 
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summary of the methodology used is reported in Table 3. In batches from ‘Mix-1’ to ‘Mix-
4’, samples were prepared by activating dry mixtures of FA from 70 wt.% to 30 wt.% and 
BSG from 30 wt.% to 70 wt.% in a 13 M NaOH solution and cured for 1 day. The samples 
processed through the ‘Mix-5’ batch were based on the ‘Mix-2’ formulation and cured for 
3 days, and finally, ‘Mix-6’ samples were activated using a 10 M NaOH solution (see 
Table 3 and Figure 26). The alkali solution was added in a sufficient amount to ensure 
workability to the slurry. In all the mixes, the liquid-to-solid ratio ranged between 0.4 and 
0.5. The obtained slurry was cast in rubber moulds and cured in the air at 85 °C.  

 

Figure 26: Description of the methodology of the geopolymer samples manufacturing. 

 

Table 3: Resume of different adopted terminologies associated with the formulation and 
curing conditions. 
Sample Fly ash (wt.%) BSG (wt.%) Molarity (M) Curing Time (day) 
Mix-1 70 30 13 1 
Mix-2 55 45 13 1 
Mix-3 40 60 13 1 
Mix-4 30 70 13 1 
Mix-5 55 45 13 3 
Mix-6 55 45 10 1 

Samples casting in rubber moulds were done in such a way to retain the evaporated water 
in the curing chamber (i.e. chamber was tightly sealed), as the humidity grade influences 
the geopolymerization process. For this reason, the samples were taken airtight through 
two methodologies [136]:  

 Method 1: Moulds were sealed in latex bags. 

 Method 2: Moulds were closed in an air-tightened jar with some water. 

Irrespective of the methodologies of processing, after curing, the samples were demoulded 
and exposed to the lab air for one week prior to testing in order to complete the 
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geopolymerization. This methodology of preparation was also reported in previous 
publications [4,240].  

4.1.3 Manufacturing of geopolymer composite samples 

Mix-1 was properly modified in order to combine the dry mix with cellulose fibres in 
various percentages (from 1 to 3 wt.%), substituting the FA content (from 69 wt.% to 
67 wt.%). The reduction of the FA was not considered sufficient to a cause significant 
change in the properties of the material. The dry mix was then diluted in distilled water 
and sonicated for one hour to guarantee homogenization of the mixture and to unravel the 
bundles of cellulose fibres. The suspension was dried for 12 hours and the dry mixture was 
activated in a 13 M NaOH solution, forming a slurry whose liquid-to-solid ratio was 
between 0.8 and 0.9, due to mercerization of the cellulose fibres (see Chapter 2.7 and 
Figure 20). The slurry was cast according to method 1 (see the previous section) and cured 
at 85 °C for 24 hours (one day), as described in the schematic reported in Figure 27. As 
above-mentioned, the samples were demolded after curing and kept in air for one week 
prior to testing. 

 

Figure 27: Description of the methodology of the cellulose fibre-reinforced 
geopolymeric composite manufacturing. 

4.1.4 HyPS process  

The same FA from the bohemian power plant was mixed with either water or NaOH 
solution (NaOH pellets dissolved in distilled water) with variable concentrations (3 M and 
5 M). Silica gel powder was also densified in distilled water in order to prove the 
versatility of the method. The liquid to solid ratio (l/s) was chosen to obtain the desired 
rheology of the slurry, normally falling in the range of 0.3 and 0.4 in case of FA 
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densification and 0.5 for fused silica, both powder and microbeads (this parameter is 
strictly related to the material and the grain size of the powder).  

The densification of the slurry was carried out in a compression configuration using an 
evacuable die for FTIR pellets manufacturing and installed onto a screw-driven testing 
machine Zwick Z250 (Ulm, Germany), in a compression test setup. The evacuable pellets 
die used in all the experimental cases was purchased from Specac Company (Orpington, 
UK), including one die body and base, one plunger and one stainless steel high tolerance 
cylinder, with a nominal hole diameter of 13 mm (Figure 28a). A picture of the die is in 
Figure 28b. Once the mixture of powder and solution is put in the die chamber, the system 
is then sealed to leak-proof, loaded into the compression testing machine and kept under 
uniaxial load (P = 60 kN) for the holding time of 5 minutes. Equivalent pressure stress (σ) 
is given by geometrical considerations, according to the following equation: 

𝜎 (𝑀𝑃𝑎) =
∙

                       (12) 

Where P is the maximum load in compression (N) and r is the hole-radius of the die 
chamber (mm). The operating temperature was kept at 25 °C (room temperature). 

 

Figure 28: a) Schematic of the die: 1- cylinders 2- base 3- O-rings 4- cylinder body 5- 
evacuation port 6-plunger and b) photo of the die. 

For the demonstration of the Ostwald ripening mechanisms in HyPS process (Appendix 
A), fused silica microbeads were mixed with water (l/s ratio 100:1) kept under a pressure 
of 300 MPa for 10 minutes. 

The comparative study between this process and the cold sintering process (CSP) 
(Appendix B) was conducted on fused silica nanoparticles mixed with water and kept 
under 450 and 600 MPa for 5 minutes. For the production of CSP samples, the same 
material and conditions were utilized, changing the setup of the experiment – a similar die 
was uniaxially pressed in a sealing-less configuration in a hot chamber at 200 °C for 2 
hours.  
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The BSG was densified in water (l/s = 0.5) under 500 MPa for 5 minutes to corroborate 
that the HyPS process can be effectively extended to the processing of many other 
materials (Appendix C).  
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4.2 Microstructural investigations 

4.2.1 Microscopic observations 

Observations of raw materials microstructure (FA and BSG) and the fracture surface of 
both GP and GC samples were carried out through Scanning Electron Microscopy (SEM), 
model Tescan LYRA 3 XMH FEG/SEM equipped with X-Max80 EDS detector for X-ray 
microanalysis. Inorganic samples were carbon coated to ensure the sample conductivity.  

The SEM observation of the HyPS samples and the Ostwald ripening mechanisms was 
performed. Raw fused silica microbeads were observed at the SEM microscope and a 
series of 200 beads were measured by image analysis (using Image-J software). The same 
procedure was repeated for the fused silica microbeads after application of hydrostatic 
pressure. Also, necking observation was carried out.  

4.2.2 Spectroscopic characterization 

The chemical composition of the primary materials (FA and BSG) was determined through 
X-ray fluorescence (XRF) using a RIGAKU (Rigaku Corporation, Tokio, Japan) ZSX100e 
model operating at 60 kV and 150 mA and equipped with Wavelength-dispersion X-ray 
spectroscopy (WDS), an X-ray Rh tube working at 3 kW, a scintillation counter for heavy 
element detection, and a gas-flow proportional counter (Ar–methane 10%) for the 
detection of light elements.  

The chemistry and the degree of networking of the polymeric structure were evaluated 
through a simultaneous interpretation of the spectra from FTIR and NMR. FTIR spectra 
were collected at the Institute of Biomaterials (Erlangen, Germany) by using a Nicolet 
6700 FTIR (Walthan, Massachusetts, USA) spectrometer in the range between 4000 and 
400 cm-1. The analyses were conducted on pellets composed of 0.2 g of potassium bromide 
(KBr) and 0.002 g of GP. 

11B, 27Al, and 29Si NMR spectra were obtained using a Bruker Avance-500 spectrometer 
(Billerica, Massachusetts, USA), belonging to CEITEC institute (Brno, Czechia). The 
rotation frequency of 10 kHz was used for 27Al and 29Si, 14 kHz was used for 11B. Recycle 
delay of 5 s was used for 11B, 2 s for 27Al and 20 s for 29Si. 29Si NMR spectra were 
deconvoluted in the sum of the single chemical shifts, using the DMfit software [87]. The 
admitted error was calculated to be about ±1 ppm. The functioning principles of the 
Nuclear Magnetic Resonance (NMR) spectroscopy is based on the interaction between the 
magnetic field produced by a chemical element when it is spinning around (in the machine 
rotor) and a crossing determined-a-priori variable magnetic field. The type of resonance 
tells the particular electrical ambient in which the element is immersed [241]. It must be 
noticed that the response is anisotropic, that means it depends on the mutual orientation of 
the magnetic fields. The situation changed when it was shown by E.R. Andrew and I.J. 
Lowe that anisotropic dipolar interactions could be suppressed by introducing artificial 
motions on the solid - this technique involved rotating the sample about an axis oriented at 
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54.74° with respect to the external magnetic field. This became known as magic-angle 
spinning (MAS) [242–244]. 

XRD spectroscopy was instrumental to qualitatively and quantitatively inspect the 
crystalline part of the FA and GP samples. XRD patterns were collected using X´Pert Pro 
(PANanalytical, Netherlands) powder diffractometer with Bragg-Brentano (theta-theta) 

geometry, operating with Co K  1.2 radiation. It is equipped with a 1-D linear detector 

and  -filter. The fitting of the XRD peaks was carried out using HighScorePlus software 
(PANanalytical, Netherlands) and the ICSD database with crystalline models (2017). The 
Rietveld method was used to quantify the amorphous phase content and the crystalline size 
(based on the Sherrer’s equation). 
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4.3 Determination of the physical and fracture parameters  

4.3.1 Powders characterization and relative density calculation 

The evaluation of the grain size of the FA and BSG powders was carried out by means of 
laser diffraction particle sizing technique, using a Malvern Hydro2000MU (United 
Kingdom), and located in SASIL S.P.A. facilities (Italy). 

The relative density (ρrel) of each sample was calculated by measuring the actual density of 
the samples, through volumetric evaluation of the samples, and assessing the theoretical 
density of the GP samples. The theoretical density was weighted according to the GPs 
formulations (Table 3). The theoretical densities of FA (dFA) were calculated starting from 
the density of the single source (i.e. FA and BSG), which were measured by means of an 
automatic pycnometer PYCNOMATIC ATC (VŠB-TUO, Ostrava, Czech Republic). The 
proportion of open and closed porosity was deduced by means of the Archimedes method, 
using high purity distilled water as buoyant. The weighting of the specimens was carried 
out using a Denver analytical balance (±0.0001 g resolution) [245].  

4.3.2 Compression test 

The determination of the compressive strength of the GP samples was performed through 
compression test carried out on 5 mm x 5 mm x 10 mm prismatic specimens, appropriately 
cut from demoulded Mix-1 and Mix-2 type GP samples (see Table 3). The specimens were 
tested not earlier than one week after demoulding, in order to complete the 
geopolymerization. The setup on compression test was mounted on a universal test system 
INSTRON 8862 testing machine (Norwood, Massachusetts, USA), carrying a system load 
cell capacity up to ± 100 kN with optional load cells with smaller capacity down to 200 N. 
The speed rate of the cross-head was set to 0.5 mm/min. The prismatic 5 mm x 5 mm x 
10 mm specimens were tested in the height direction, which might be at least twice the 
length of the other two dimensions, so as to eliminate the local stress induced by the 
interference of the compressive cones [246]. 

4.3.3 Flexural strength  

The demoulded cylindrical samples obtained after the curing stage were appropriately 
machined to specimens in a prismatic-like shape, whose measures fell approximately 
within 4 mm x 3 mm, and a length not shorter than 16 mm, being the span of the setup. A 
set of at least 10 specimens were tested in a three-point bend configuration (3PB) so as to 
assess the flexural strength, according to the standards ASTM D790-17 [247]. The data 
scatter was based on the interquartile range (IQR), with a factor of 1.5. The configuration 
of the 3PB test comprehends three rollers (5 mm in diameter), mounted two below and one 
above the sample, as depicted in Figure 29. The tests were carried out on a screw-driven 
testing Zwick Z50 machine (Ulm, Germany) with load cell capacity up to ± 50 kN with 
optional load cells with smaller capacity down to 200 N. The speed rate of the cross-head 
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was set to 10 µm/min. The deflection was measured by inductive transducer incorporated 
directly into the loading axis. 

4.3.4 Fracture toughness 

For the evaluation of the fracture toughness (KIC), a chevron notch was cut on a set of 10 
specimens with equal size of 3PB specimens, according to the methodology reported in the 
literature [248]. The marked specimens were then tested in a 3PB mode with a span of 
16 mm, with the cross-head speed rate of 10 µm/min, for the evaluation of the fracture 
load. The calculation of the KIC is therefore performed using the following formula [248]: 

𝐾 =  
∗

∗
                         (13) 

where Fmax is the maximum load in bending, B and W are the thickness (3 mm) and the 
height (4 mm) of the specimen, and Y*

min is the minimum value of the geometric function, 
dependent on the geometry of the chevron notch (determined by optical measurements of 
chevron notch depths and angle on fracture surface). The data scatter was based on the 
interquartile range (IQR), with a factor of 1.5. 

 

Figure 29: Schematic description of the configuration of a three-point bending test 
setup. 

4.3.5 Vickers micro-hardness 

The instrumented micro-indentation experiments were performed on produced Mix-1 and 
Mix-2 GP samples after one month of curing in the air (room temperature) using a screw-
driven ZWICK Z2.5 testing machine (Ulm, Germany) equipped with micro-hardness head 
ZHU0.2 with optics. The Vickers hardness values were calculated using the following 
equation [249]: 
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𝐻𝑉 = 1.8544                   (14) 

Where P is the applied load (N) and d is the diagonal length of the Vickers indentation 
mark (mm). The average value of microhardness was calculated from a series of 10 
indentations.  

The differences between HyPS and CPS processes were evaluated in terms of Vickers 
hardness and indentation fracture toughness (IFT) after the micro-indentation test. The 
Vickers hardness values were calculated through the Equation 14, commonly used for GP 
samples [249]. 

The IFT values were deduced by measuring the characteristic cracks (median cracks) 
lengths and using the following formula provided by the theory of Anstis et al. [250]: 

𝐾 = 0.016 · ( ) / ·
/

                                        (15) 

Where E is the Young’s Modulus, H is the Vickers hardness value, P is the maximum load 
of the indentation test and c is the crack length of the indentation. The Young’s Modulus 
was calculated from the reduced one (Er), deduced from geometrical considerations of the 
unloading part of the indentation curve [251,252]. The median nature of the cracks was 
ensured by multiple polishing of the surface sample.  
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5. Results and discussions 

5.1 Characterization of the raw materials  

As often stressed throughout the introductory chapter of this thesis work, the GPs are 
aluminosilicate based materials, manufactured by means of chemical activation of 
aluminosilicate sources. The composition and microstructure of the primary resources are 
fundamental characteristics governing the final composition and microstructure of GPs, 
which in turns affects the physical and mechanical characteristics of the material. 
Therefore, the selection of the raw aluminosilicate sources and their dosage in the 
formulation is playing the role of primary importance in the determination of the properties 
and mechanical performance of this inorganic polymer. 

The scope of this chapter is to address the reader a full investigation and description of the 
raw materials, i.e. FA and BSG, both in term of microstructure and chemical composition. 

5.1.1 Chemical composition and microstructure of the powders 

FA is a renowned and cheap aluminosilicate compound, being a by-product of an 
industrial process, due to the high amount of reactive silica and alumina in its composition. 
The chemical composition was determined through fluorescence X-ray (XRF) 
spectroscopy and the results are reported in Table 4. The content of calcium oxide (lime) 
was lower than 15 wt.%, render this FA classifiable under the notation class F, according 
to the international standards related to coal derivatives (see Chapter 2.6) [133,134]. The 
content of reactive silica and reactive alumina is 46.3 wt.% and 26 wt.% respectively, both 
in the average standards for this class of coal ash, what stands out is the content of iron 
oxide (~ 14 wt.%) beyond the average content in FA, which could negatively influence the 
geopolymerization reaction.  

Table 4: Chemical composition of raw fly ash and borosilicate glass.  

 
SiO2 Al2O3 B2O3 Fe2O3 CaO K2O Na2O L.O.I 1 Residues 

Fly ash (wt.%) 46.3 26 - 13.9 3.5 3.9 0.2 0.7 5.5 

BSG (wt.%) 72 7 12 - 1 2 6 - - 

1Loss of ignition (L.O.I.) – calculated through weight loss after fly ash firing. 

The silica-alumina content of FA is not enough to guarantee a stoichiometric formulation 
of the GPs, therefore the addition of recycled silica-based glass to the formulation is a 
cheap solution to adjust the chemistry of the GP to a more precise recipe. Among all, BSG 
from recycled pharmaceutical vial cullet was selected as a reactive silica filler. The 
evaluation of the chemical composition of BSG was also performed through XRF 
spectroscopy and the results are reported in Table 4. The content of reactive silica 
(72 wt.%), almost double than the FA, ensures an easiness in chemistry adjustment with 
less consumption of material. Moreover, the presence of a low amount of alumina (7 wt.%) 
does not influence negatively this aspect. More interestingly, the high presence of borates 
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in the chemical composition (12 wt.%), conferring suitable properties for health & science, 
electronic and lighting applications, can provide, in dissolution stage, borate species which 
eventually take part into the geopolymerization, replacing the reactive alumina in its role 
[4].  

The reactive silica/alumina phases are considered as such, mainly due to its partial glassy 
nature: indeed, it was demonstrated that the glassy phase is more readily dissolved in the 
alkali activator and thus it provides more ionic species to the system [253]. This means 
that the crystalline part contained in the raw materials contributes less efficiently to the 
geopolymerization than the amorphous phase. Notwithstanding that, it is worth of 
determining the crystalline microstructure of the FA (BSG is totally glassy), whose phases 
could transform into other crystalline phases at the end of the geopolymerization reaction, 
especially if NaOH is utilized as alkali activator. The crystalline phases of the tested 
material are readily determined by XRD spectroscopy, and Figure 30 reports the spectra of 
the FA. Compositionally, the FA has a relevant glassy phase content due to a severe 
exposition to high temperatures during ignition of the coal and sudden quench that the 
powder undergoes in the combustion chamber of the power plant (see Figure 19). This 
glassy phase, highly reactive in an alkali solution, is identified in the XRD spectra by a 
large hump comprehended between 20˚ and 40˚ (˚2theta): the more intense the hump, the 
larger the amount of the amorphous phase. The quantitative determination of the content of 
each phase (including the amorphous phase) is carried out through the internal standard 
method, using an amount of crystalline alumina known a priori, and then calculate all the 
other phases knowing the crystalline alumina phase contribution [254]. The internal 
standard method revealed that almost half of the FA consists of an amorphous phase 
(44 wt.%, see Figure 30). The crystalline part of the FA is mainly composed by mullite 
(Al6Si2O13) for the 21.5 wt.% of the crystalline portion of the FA, the sillimanite 
(Al2(SiO4)O) covering the 18.5 wt.% and the α-quartz (SiO2) phase accounting for the 
14.9 wt.% of the total crystalline phase (see Figure 30). This large amount of crystalline 
silica/aluminosilicate phase is consistent with the amount of silica and alumina detected in 
the chemical composition performed by XRF spectroscopy (Table 4).  The 14 wt.% of the 
iron oxide, reported in the chemical composition is ascribed to hematite (Fe2O3) evidenced 
in the XRD spectrum, whose weight contents was 0.7 wt.%. This value of the iron oxide 
content detected through XRD is controversial, giving the 14 wt.% of Fe2O3 detected 
through XRF spectroscopy (Table 4). The detected amount of crystalline iron oxide is not 
enough to justify the weight content detected in the XRF analysis (14 wt.%), suggesting 
that the rest of the iron oxide not detected in the XRD analysis, could be amorphous.  
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Figure 30: X-ray diffraction spectroscopic spectra of the fly ash. **Amorphous phase 
calculated through internal standard method [255].  

5.1.2 Morphology of the powders 

The XRF spectroscopic analysis (Table 1) of the FA revealed a great diversity in the 
chemical composition and huge content of impurities, as this material is a derivative of 
natural fossil fuel. The large diversity in microstructure and the wide presence of 
impurities are also visible from the SEM micrographs reported in Figure 31 a-c, where a 
geometrical variety of the particles are appreciable from the overview image (Figure 31a), 
including shapeless particles and almost perfect spheres. The latter morphology is 
associated with aluminosilicate and silicate particles which form during the instant 
quenching of the ignited ash coming from the coal combustion following the high-
temperature heat treatment in the combustion chambers.  Figure 31b depicts a close up of 
one of these particles, whose surface looks perfectly smooth at the SEM, meaning that 
most of them have a glassy nature. Other important peculiarities are that, very often, they 
are also surrounded by smaller FA particles and that these spheres are mainly hollowed, 
and densely composed by a large deal of smaller FA sphere-like particles from inside 



72 
 

(Figure 31c). This morphology may help the reactivity of the FA during alkali activation, 
as once the outer shell is chemically attacked, the activator comes into contact with smaller 
particles with a higher specific surface, improving the dissolution of the FA. This 
mechanism will be evident when the morphology of GP samples will be investigated in 
details.  

The microscopic appearance of the BSG powder (Figure 31d) is of random shape particles, 
typical of a brittle material processed through high energy ball milling (see Chapter 4.1). 
The high energy ball milling in alumina jar/balls is an efficient method to achieve 
micrometric grain size and suitable particles distribution. This characteristic will be treated 
in the upcoming sections, both for FA and BSG powders.  

 

Figure 31: Scanning electron micrographs of the a) fly ash, b) fly ash particle, c) hollow 
fly ash particle and the d) borosilicate glass. 

5.1.3 1-D Energy dispersive X-ray chemical analysis of the fly ash 

The point EDS chemical analysis was conducted on different particles morphology in the 
attempt to couple the grain shape with the chemical nature of the material. The EDS 
analysis performed on several sphere-like particles evidenced that most of these particles 
are mainly aluminosilicate compounds, as depicted in the Spectrum 1 and 2 in Figure 32. 
Some of them are mainly silicate based particles, like the rounded grain analysed in 
Spectrum 3 in Figure 32. Figure 33, Spectrum 4, shows the presence of a rounded-like 
iron-based particle, in a content of about 14 wt.% (Table 4), while, Spectrum 5, shows a 
titanium-based particle, whose content was counted in the remainder site in XRF analysis 
(Table 4). 
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Figure 32: Energy dispersive X-ray chemical analysis of the sphere-like fly ash particles. 

5.1.4 Density, specific surface and grain size of the powders  

The evaluation of the density of a powder is a challenging calculation, especially if the 
powder is inhomogeneous and holding many impurities, like the FA. Smooth and quite 
precise results of the density can be provided by the pycnometer test, consisting of 
measuring the powder volume appropriately inserted in a chamber in which a gas is 
introduced. The precise measure of the powder weight is then coupled with the volume 
measure, so as to have an overall precise measure of the density. Both the FA and the BSG 
were measured through the pycnometer method, giving values of 2.35 g/cm3 and 
2.23 g/cm3 respectively, as reported in Table 5.  

As previously mentioned in Chapter 2.4, a characteristic of the powder which greatly 
influences the reactivity during the dissolution stage is the grain size: a finer particle, 
having a larger specific surface area is more easily attacked by the alkali activator [256]. 
Therefore, increasing the fineness of the powder improves the efficiency of the 
geopolymerization. This is always true when AAMs or GPs are produced using uniquely 
FA. The situation becomes more complicated when several raw sources are utilized, like in 
the case of the present thesis. The reactivity of the powders is not only affected by the 
fineness, but also by the chemical composition and the microstructure. This means that the 
two distinct powders may have different kinetics of dissolution: a focused study on the 
dissolution kinetics of the FA and BSG would widely facilitate the study of the 
geopolymerization of this system. The point is to have similar rates of dissolution of the 
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powders: this peculiarity may avoid inhomogeneous product of geopolymerization, 
incomplete reaction and preferential dissolution of the more reactive powder. The latter 
issue induces consumption of the Na+ cations in favour of one compound, preventing the 
other to dissolve and react.  

 

Figure 33: Energy dispersive X-ray chemical analysis of the impurities in fly ash. 

Giving that, the BSG was ground using two velocities of rotation in milling (350 and 
400 rpm), we came up with to two different grades of fineness. The specific surface area, 
i.e. the indicator of the available surface to alkali-attack, was measured using the 
Brunauer-Emmet-Teller (BET) theory, which is also based on the absorption of gas 
molecules on a solid surface. The values associated with these two milling energy are 
reported in Table 5: if lower energy was used (350 rpm), the available specific surface area 
was calculated to be 0.23 m2/g, but this value considerably increases up to 0.71 m2/g if the 
powder was milled at 40 rpm. The BET analysis was also carried out on FA, giving a value 
of 2.65 m2/g, which is more than three times higher than the high energy ball-milled BSG 
value, and even 10 times larger than the low energy ball-milled BSG value. This result 
must be weighted with the kinetics of the reaction of each powder: being the BSG more 
reactive than FA, the latter must be finer in order to have homogeneity in dissolution. The 
experience gathered in the lab helped to have a better homogeneity in dissolution for the 
mix FA and 400 rpm ball-milled BSG: indeed, only this BSG batch was used in GP 
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manufacturing, and in the following paragraphs, the authors will only refer to the 400 rpm 
ball-milled BSG.  

Table 5: Density, specific surface and grain size (50% of probability) of the fly ash and 
borosilicate glass milled according to two different rotating speeds (350 and 400 rpm). 

Powder Density (g/cm3) 

BET* 
Specific Surface 
area (m2/g) 

Grain size d50 
(µm) 

Fly ash 2.35 2.65 22.24 

BSG (35 rpm) 2.23 0.23 / 

BSG (400 rpm) 2.23 0.71 5.09 
* Brunauer-Emmet-Teller method 

The double check of the specific surface area measurements was accomplished through 
laser diffraction technique, for the assessment of the grain size distribution. Surprisingly, 
the average grain size (values associated with the d50, i.e. 50% of probability of 
distribution) calculated for FA and BSG are discordant with the results related to the BET 
method. Table 5 reports 22.24 and 5.09 µm for FA and BSG respectively, suggesting that 
the BSG might be finer than FA. This misleading result has to be interpreted taking into 
account some constraints related to laser diffraction technique, being an approximated 
method of grain size measurement, since the size of each particle passing through the gas 
based He-Ne laser is measured by diffraction of the laser light, therefore the equipment 
approximates each particle as a spherical one [147]. The hollowed shape of the sphere 
particles, like those depicted in Figure 31c, is not treatable through this technique, as the 
smaller particles inside the hosting hollowed sphere are not detectable. In contrast, the 
absorption of the gas in the BET method is undergone by each particle, regardless of their 
arrangement, thus it is inferred that the BET method is more reliable for FA. Nevertheless, 
the distribution curves in Figure 34 indirectly confirms what uttered before: the FA 
distribution curve presents a smaller hump about 1 µm (highlighted in blue in Figure 34) 
beside the main one, comprehended between 5 and 800 µm. This hump is associated with 
the few particles set free in suspension during the sonication, although they are only a 
small part of the total, as the dispersion is very inefficient.  
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Figure 34: Grain size distribution of the fly ash and borosilicate glass powders. 

The laser diffraction spectroscopy is rather more reliable for the BSG powder grain size 
distribution analysis, except for the particle shape approximation. Indeed, the second plot 
reported in Figure 34, related to the BSG, is continuous and smoother than the FA 
distribution, rendering the value (5.09 µm) in Table 5 a reliable one.  

5.1.5 Characterization of the cellulose fibres 

The cellulose fibres were used as given in the manufacturing of the GPs samples and 
dispersed appropriately to unravel the bundles and produce a homogenous composite 
material. What is playing a predominant role in the mechanical properties of the composite 
is a dispersion of the fibres, the fibres nature and the size of the fibres. Even dispersion of 
the fibres and the unraveling of the bundles is of paramount importance as they optimize 
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the fracture mechanisms associated with composite materials (crack bridging and pull out 
of the fibres) and homogenize the occurrence of them throughout the material. These 
restrictions are accomplished by high energy sonication in an aqueous suspension, as 
described in Chapter 4.1 (Figure 27).  

The length and the nature of the fibres govern the efficiency of these mechanisms, as the 
extent of crack bridging is strictly dependent on the fibres nature and their average size on 
one hand, and the pull out mechanism efficiency is related to the interactions between the 
fibre surface and the composite matrix, and the size of the fibres too. The assessment of 
the average size of the cellulose fibres was carried out through direct measurement of the 
fibre length from SEM images observation. The minimum measurements were set to be 
200. Figures 35a-b depict two examples of the SEM images collection at low (150 x) and 
higher (300 x) magnification of the cellulose fibres, in order to be accurate in the 
measurement of longer and shorter fibres. Indeed, Figure 35b depicts some short fibers 
with longer ones: this is indicative of a spread size distribution. By averaging the whole 
measurements, the calculated average length was found to be approximately 0.5 mm. The 
fibres diameter was not calculated using the same method due to lack of accuracy, 
therefore the mean diameter provided by the supplier and reported in Chapter 4.1 (i.e. 
40 µm) was considered. 

 

Figure 35: Scanning electron microscope micrographs of the cellulose fibres at a 
magnification of a) 150x and b) 300x.  
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5.2 Microstructural and chemical characterization of geopolymers 

The first step to be taken in the accomplishment of the GPs and AAMs samples 
characterization is to define the microstructure, in terms of morphology and chemical 
composition. The SEM/EDS spectroscopy analyses of both the fracture surface and a 
polished surface of the GP sample help to define the morphology of the crystalline and 
amorphous phases, together with the degree of reaction (extent of the geopolymeric 
product), while they give some preliminary insight of the chemical composition of each 
phase. The nature of the crystalline phases is given by XRD diffraction spectroscopy. 

In geopolymerization, what is really important, besides the degree of reaction, is the 
chemical connectivity of the semi-amorphous phase. Despite the overall idea of the 
microstructure and chemical composition provided by SEM/EDS and XRD spectroscopies, 
these analyses are not enough to determine the exact quantity of silica/alumina and how 
the silicon connects to other elements (aluminium and boron) through oxygen bridging 
bonds, i.e. the degree of connectivity [23,79,257]. This information is totally given by 
FTIR and 29Si NMR spectroscopy, the former analyzing the type of bonds present in the 
microstructure and the latter investigating the chemical ambient surrounding a single 
silicon element. The nomenclature of each single silicon ambient is performed by a 
specific designation adopted for 29Si NMR analysis, already described in details in 
Chapter 2.4.4. The degree of connectivity is, instead, determined for aluminium and boron 
through 27Al NMR and 11B NMR spectroscopy respectively. 

In this chapter, a detailed investigation of the microstructure of the Mix-1 formulation GP 
sample is reported, aiming to highlight the type of connectivity and the ions participation 
in geopolyemrization. The role of boron in geopolymerization will also be demonstrated.  

5.2.1 Microstructure 

The semi-amorphous nature of the product of geopolymerization is deducible by observing 
the morphology of microstructure of each GP batch, reported in Figures 36a-f. Regardless 
of the adopted formulation, the microstructure of each sample evidences a typical 
morphology of the geopolymeric product, showing a poor presence of crystals, suggesting 
a high presence of amorphous phase. This deduction will be quantitatively demonstrated 
by XRD spectroscopy.  

The production of crystals is associated with the process of geopolymerization, whose 
presence is associated with either pre-existent crystalline phase held by FA (as 
demonstrated by the FA XRD spectrum in Figure 30), or formation of new crystals during 
geopolymerization. The last option justifies the scientific community to define the product 
of geopolymerization as semi-amorphous phase [88]. The formation of new crystals will 
be analysed in details through XRD and EDS spectroscopy in the next paragraphs, as they 
are not easy to observe only from a large overview of the microstructure.  
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Figure 36: Secondary electron pictures of the polished surfaces of a) Mix-1, b) Mix-2, c) 
Mix-3, d) Mix-4, e) Mix-5 and f) Mix-6. All the images were reported with the same 
magnification (the marker applies for each picture). 

The analysis of the microstructure of the GP samples (from Mix-1 to Mix-6) has not 
provided sufficient insights to be drawn from the observation of the image, since the 
microstructures look quite alike. However, few slight differences could be observed, such 
as the amount and the morphology of closed porosity and cracks. Mix-1 (Figure 36a), for 
instance, presents a regular amount of pores and cracks, but when the BSG content in the 
formulation is increased, as in Mix-2 in Figure 36b, the presence of cracks visibly 
increases, while the porosity seems to remain the same. In Mix-3 (Figure 36c), the BSG 
content was increased up to 60 wt.%, thus inducing an apparent increase of both the 
porosity and cracks, but the microstructure gets better if a Mix-4 formulation is adopted, as 
reported in Figure 36d. The increase of the curing time of the Mix-2 formulation, giving 
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rise to Mix-5 sample (Figure 36e) is accompanied by a formation of larger closed pores, a 
characteristic equally observed also in Mix-6 (Figure 36f). 

One of the main issues of geopolymerization is to optimize the reaction as efficiently as 
possible. This would ensure the high provision of a geopolymeric product, which helps to 
obtain a continuous matrix and the least defects formation. Unfortunately, this is not totally 
possible to achieve, and the inefficiency of reaction, due to the inefficiency of the 
dissolution stage, is one of the factors, leading to a prominent presence of unreacted 
particles, like those sphere-like FA particles, especially depicted in Figure 36a. This detail 
is also observable in the other mixes, and the more the BSG content, the higher the number 
of unreacted BSG particles, and eventually entrapped in the geopolymeric matrix.  

5.2.2 X-ray diffraction and energy dispersive spectroscopy 

The geopolymerization process does not only yield an amorphous binder as a product of 
the rearrangement of the dissolved aluminosilicate species but also induces the formation 
of some crystalline phases, part of them as a side effect of the elevated alkalinity of the 
solvent.  

To investigate the new phases formed during and after geopolymerization, the XRD 
spectra (Figure 37) were obtained also for the GP samples and put in comparison with that 
of the FA reported previously (Figure 30). A change of the crystallinity, both 
quantitatively and qualitatively, is evident from the analysis of the two spectra, where the 
most significant changes were observed for the mullite (Al6Si2O13) phase, α-quartz (SiO2) 
phase and sillimanite (Al2(SiO4)O) phase, all of them experiencing a clear decrease, 
irrespective of the type of mixture. In contrast, the amount of amorphous phase always 
increases, from the 44 wt.% detected in the FA XRD spectrum, depicted in Figure 30.  

From this interpretation, two possible mechanisms happening in geopolymerization 
process: 

1- The amorphous phase of the FA totally dissolves along with part of its crystalline 
portion; 

2- The increase of the amorphous phase in GP samples is highly supplied by the 
presence of BSG in a different amount, contributing to the percent decrease of the 
crystalline phases in the microstructure (no dissolution of the crystalline phases). 

To better understand these mechanisms, one might observe and compare the XRD spectra 
of the GP samples in Figure 37. If the mechanism 2 was to mainly occur, one would expect 
a linear proportional increase of the amorphous phase, and concurrently a decrease of the 
crystalline phases, with the increasing addition of BSG in the formulation. This is not 
clearly happening, as the amorphous phase amount decrease from Mix-1 (83.9 wt.%) to 
Mix-2 (78.5 wt.%), having a higher amount of BSG. The same could be uttered for the 
amorphous amount of Mix-3 and Mix-4 (87.1 wt.% and 85.0 wt.% respectively). From this 
observation, it is deduced that the crystalline phases of FA are active contributors in 
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geopolymerization. It is still questionable whether or not the new amount of crystalline 
phases is only a result of the dissolution or a combination of their dissolution and 
rearrangement after geopolymerization. However, the mullite and the sillimanite phases 
display no smooth trend of their content from Mix-1 to Mix-4 (Figure 37), especially 
showing depletion of sillimanite when the mullite is higher in percentage, like happening 
in Mix-2 (mullite 16.4 wt.% and sillimanite 0.1 wt.%). The trend of α-quartz content 
remains approximately constant through the spectra, suggesting very limited reformation 
of this phase after dissolution. The presence of other phases, including calcium-based 
oxides and hematite (Fe2O3), remains nearly the same, always below 1 wt.%.  

Focusing on the formulation with longer curing time (Mix-5) and lower alkalinity (Mix-6), 
it was noticed that a higher amorphous content results in 10 M NaOH solvent, i.e. 88 wt.%, 
coinciding also with the larger amount of amorphous phase among all the mixtures. For a 
longer time of curing, a higher formation of crystallinity was detected (amorphous phase 
was calculated to be 80.1 wt.% through internal standards). Indeed, the Mix-5 holds a 
considerable percentage of mullite (13.2 wt.%), almost as high as the Mix-2 (6.4 wt.%, the 
highest), most likely part of that formed during geopolymerization. In Mix-5, the tendency 
to have almost depleted sillimanite (0.5 wt.%) higher content of mullite with respect to the 
average repeats. Low content of sillimanite was detected also for Mix-6, though the mullite 
content is moderate, suggesting that the extensive formation of the amorphous phase is 
followed by a limited formation of crystals. Also, in this case, the content of crystalline 
silica is approximately constant. On the contrary, in the Mix-5, the amount of secondary 
phases (other phases in Figure 37) is more prominent, suggesting a slightly more 
pronounced attitude to crystals formation if the curing stage is prolonged. 

Regardless of the formation of crystals, it must be borne in mind that the main product of 
geopolymerization is the amorphous aluminosilicate matrix. The halo appearing in all the 
FA and GP samples spectra is a fingerprint of the amorphous phase. The shift in the halos 
of the GP samples spectra is merely a consequence of the geopolymerization reaction, 
having the characteristic to have a halo in the range of 25° and 45°, whereas the 
characteristic hump in FA spectrum falls between 20° and 40° [101].  

Concerning the other crystalline contributions, the hematite does not involve any 
significant change, but new phases are formed from scratch after geopolymerization, that 
is calcium silicate (Ca2(SiO4)) about 4.3 wt.% and sodium carbonate (Na2(CO3)·H2O), 
whose content is as high as 19.1 wt.% after activation. The first phase is associated with 
the formation of crystalline C-(A)-S-H chains, quite common in Ca-based AAMs and 
cement (OPC), due to the presence of lime (CaO) both in FA (3.5 wt.%) and BSG 
(1 wt.%) (see Table 4). The second one is a product of the efflorescence process, that is the 
migration of sodium-carbon based salts to the surface of the sample. As previously 
mentioned in Chapter 2.3.6, this is a phenomenon ordinary happening in AAMs and GPs 
activated at a high level of alkalinity, which does not have any influence on the mechanical 
properties of the material, but its presence is only negatively taken due to aesthetic 
reasons.  
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Figure 37: A comparison of the X-Ray diffraction spectra of the GP samples (from Mix-
1 to Mix-6). 
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Figure 38: Energy dispersive analysis of a) hematite and Geopolymer matrix, b) mullite, 
c) quartz low and d) calcium silicate (C-S-H). 
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The detected phases were also sought at the SEM microscopy and their nature was 
deduced through EDS chemical composition. Figure 38a reports an example of hematite 
particle, which remained unchanged after geopolymerization, as observable from the grain 
boundary (there is no interaction with the matrix). In the same figure, the chemical 
composition of the geopolymeric product (vitreous phase) was also detected, showing that 
it is a sodium-aluminosilicate-based compound, richer in silicon. In the case of crystalline 
phases produced during geopolymerization, the mullite phase is the main product, like the 
one depicted in Figure 38b, whose chemical composition is an Al-rich aluminosilicate, 
with no Na+ cations associated. The quartz low remained unchanged, except for a minimal 
dissolution during alkali attack, but being a silicon-based material, it is expected to 
produce a sort of chemical interaction with the matrix, as exposed in Figure 38c. Finally, 
C-S-H particle was observed and reported in Figure 38d (not to be confused with the 
bigger crystalline particle, which was seen to be hematite).  

5.2.3 Fourier transform infrared analysis 

The analysis of the chemical composition of the GP matrix performed through EDS is a 
qualitative tool to understand the nature of this compound, but it is not enough to define its 
chemical structure and the steps it took to get there. If some more insights are required 
concerning the type of chemical bonds and the way each element rearrange in the 
geopolymeric structure, FTIR and NMR spectroscopies are necessary. 

FTIR spectroscopy uses the absorbed infrared radiation emitted by the machine to 
establish the type of chemical bonds in the microstructure, by coupling the quantity of 
absorbed light with the energy required by a single bond to excite. The type of chemical 
excitations are bending and stretching vibrations, the latter in turn can be symmetric or 
antisymmetric [258]. The comparison between the FA FTIR spectra with the one from GP 
sample may help to understand the dynamics of geopolymerization, by analyzing the 
newly formed chemical structure (in terms of bonds) after reaction [259]. The range of 
wavelengths was taken between 400 and 4000 cm-1, as the main radiation absorption is 
comprehended in this frame for GP-like compounds [121].   

In Figure 39 are depicted both the FA and the GP sample spectra, together with the 
detection of each absorption bands and their wavelength. Starting from the FA spectra, the 
most meaningful absorption picks are below the 1000 cm-1 wavelength. The portion of the 
FTIR spectrum underneath 700 cm-1 is also known as mid-infrared (mid-IR) spectra 
[104,136]. Sitarz et al. have done an extensive and clear study of the excited bonds in the 
mid-IR region for aluminosilicate-based materials and they have found that, in this region, 
only simple species can vibrate, like dimers, oligomers, single and double ring species 
[103,104,260,261]. In FA materials, most parts of the bond vibrations fall in this range, as 
depicted in Figure 39. According to Sitarz et al., the most sophisticated ring species absorb 
radiation at a lower wavelength, suggesting a weaker bond. Therefore, the 6-membered 
rings have a characteristic absorption band within 550 and 600 cm-1, the 4-membered ring 
at about 640 cm-1 and the 3-membered ring within 720-700 cm-1 [104,262]. In the FA 
spectrum, an intense absorption band is evident at ca. 555 cm-1, meaning that the FA holds 
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a sizeable amount of the 6-membered ring elements. The presence of other ring species is 
not prominent, except for a slight shoulder located at 720 cm-1 connected to the 3-
membered ring elements. The band at 466 cm-1 is, instead, related to in-plane bending 
vibration of Al-O and Si-O oligomeric species [263,264].  

 

Figure 39: Fourier transform infra-red spectroscopy of the fly ash (FA-green solid line) 
and the Mix-1 geopolymer (GP-purple solid line). 

Outside the mid-IR region, the most noticeable absorption bands vibrate at 779 cm-1 and 
1083 cm-1, both attributed to Si-O-Si(Al) stretching vibration, symmetric and asymmetric 
respectively [107,264–266]. Specifically, the second one is the characteristic band 
associated with aluminosilicate-based materials, and it incorporates several signals coming 
from silicon chemical ambient [107]. These signals are those detected by the 29Si MAS 
NMR spectroscopy, and they will be analysed in details in the next paragraph (see also 
Chapter 2.4.4). Generally speaking, the more the band is shifted toward higher 
wavelengths, the more structured the aluminosilicate network is [107,265].  

The GP spectrum presents more absorption bands than the FA spectrum at higher 
wavelengths, whereas it remains almost unchanged in the mid-IR region, except for the 
fact that the absorption bands are slightly shifted to the right (lower wavelength). The 
symmetric Si-O-Si(Al) stretching vibration is almost depleted, although a slight shoulder is 
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visible at 770 cm-1. The characteristic band is, instead, shifted slightly towards lower 
wavelengths (1010 cm-1), suggesting that the geopolymeric matrix might have a less 
intricate network, with a higher level of hydration (more Si-OH terminal bonds) [107]. 
This observation was confirmed by the broad band between 2066 cm-1 and 3400 cm-1 
associated with stretching vibration of –OH group (silanol). The band at 1644 cm-1 is 
attributed to constitutional water, related to bending vibration of the H-O-H bonds 
[107,262,267,268]. The effect of the efflorescence reveals at the GP spectrum through the 
1460 cm-1 absorption band, attributed to the bending vibration of O-C-O bonds 
(carbonation) [267,269]. Finally, a small shoulder was detected at 820 cm-1, associated 
with the vibration of the B-OH tetrahedral boron species, whereas no signal was identified 
for the presence of the trigonal borate, whose characteristic bands usually are located at 
1280 and 1420 cm-1: the first band is of difficult identification due to the broad 
characteristic band at 1010 cm-1, while the second does not appear at all [270–273]. This 
observation will turn out useful in the analysis of the 11B MAS NMR spectra (next 
paragraph).  

5.2.4 Nuclear magnetic resonance spectroscopy 

For a better understanding of the chemical coordination and structural configuration of the 
single element, playing a predominant role in geopolymerization (Si and Al), the results 
from NMR spectroscopy are normally coupled with those from FTIR spectra. 

Being the silicon (Si) the most plentiful and important element in the network formation, 
the chemical nature of the geopolymeric matrix structure is firstly defined by the 29Si MAS 
NMR spectroscopy, whose spectra are reported in Figure 40. The comparison with the FA 
(Figure 40) says how the active aluminosiliciate compound evolves during 
geopolymerization, so as to identify the geopolymeric matrix. The spectra were also 
appositely deconvoluted through specific software (see Chapter 4.2.2) in order to identify 
the contribution of each signal. The silicon ambient was designated according to the 
Qn(mAl) notation, previously exposed in Chapter 2.4.4. Starting from the FA spectrum, one 
can notice that it holds several signals at high ppm and an intense one at -110 ppm. The 
resonance signals from -84 to -104 ppm are related to the different vitreous and crystalline 
structure of the Si in Q2 and Q3 configuration [4,87,99,268]. The -100 ppm peak is a 
Q4(0Al) amorphous ambient, whereas the shoulders produced by the -114 and -118 ppm 
are the crystalline configuration of the same ambient [4,87,99]. From the calculation of the 
relative content of each Si species, it was found that the most part of the spectra is 
composed by Q3 and Q4 species (more than 60%, see table beside the FA spectra) which is 
in accordance to the left-shifted characteristic band in FA FTIR spectrum in Figure 39. 

The evaluation of the GP spectrum in Figure 40 is not trivial due to the contribution of 
many forms of silicon states, both in an amorphous and a crystalline phase. To simplify the 
deconvolution of the spectra, the crystalline contributions were ignored, as the 
geopolymeric product is mainly amorphous (see Chapter 5.2.2). From the literature, it was 
found that the resonances associated with low ppm signal (from -100 ppm to -115 ppm) 
are mainly Q4(0-1Al) species, whereas, at high ppm, the signals may be attributed to Al-
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rich silicate species (Q4(2-4Al)) [87,99]. These signals are listed in the table beside the GP 
spectra in Figure 40.   

 

Figure 40: 29Si magic angle spinning nuclear magnetic resonance spectra of fly ash and 
geopolymer sample Mix-1. 
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Figure 41: 27Al magic angle spinning nuclear magnetic resonance spectroscopy of the 
fly ash and the Mix-1 geopolymer sample. 

The key to understanding the efficiency of rearrangement of dissolved silicate and 
aluminate species during polycondensation is based on the determination of the 
coordination number of the elements – in case of the silicon, this analysis is meaningless 
as it holds only a tetrahedral configuration. The aluminum can, instead, have both 
octahedral (6-fold coordination) and tetrahedral configuration (4-fold coordination) – the 
first one is the base aluminum coordination of crystalline α-alumina, the second one is the 
coordination that the aluminum assumes when it combines with silicon to form crystalline 
phases (kaolinite, Na-feldspar, dickite) and/or an amorphous phase [274,275]. Therefore, 
ascertaining an excess of tetrahedral boron after geopolymerization is direct evidence of 
the chemical rearrangement of the aluminates during the polycondensation reaction. The 
way to detect this change is through 27Al MAS NMR spectroscopy of the raw material 
(FA) and GP sample, whose spectra are reported in Figure 41. From the plot of the FA 
spectra, one can see two main resonance signals, one at +3 ppm, related to 6-fold 
coordination, and one at +53 ppm associated with 4-fold coordination [274,276,277]. The 
resonance associated with octahedral aluminium is cantered close to 0 ppm, since the α-
alumina structure is taken as standard. After the geopolymerization reaction, the intensity 
of this signal decreases in favour of a more intense signal of the tetrahedral aluminium, 
meaning that the dissolved aluminate species totally rearrange in a tetrahedral 
configuration, to recombine with silicates during polycondensation process.  
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Figure 42: 11B magic angle spinning nuclear magnetic resonance of the borosilicate 
glass and the Mix-1 geopolymer sample. 

Until now, in the whole spectroscopic analysis, the contribution of the BSG was almost 
ignored, except for a small signal detected in the GP FTIR spectra in Figure 39. The choice 
to incorporate recycled BSG in the GP’s formulation was not only dictated to the chemical 
adjustment of the silica to alumina (SiO2/Al2O3) ratio but also to introduce in the network 
another possible player, i.e. the boron. Indeed, the BSG is rich in borate contents (12 wt.%, 
see Table 4), and giving the chemical affinity of this element with aluminium (same 
column in the periodic table), it is reasonable to believe that the boron could actively 
participate in geopolymerization in the same way the aluminium does. Based on this 
observation, the participation of the borates (𝐵𝑂 ) species was demonstrated according to 
the same rationale as before. For this purpose, the 11B MAS NMR spectroscopy was 
performed on raw BSG and GP sample, whose plots are shown in Figure 42. The intense 
hump characterizing both spectra is a background noise due to the interference of the 
borosilicate-based rotor mounted in the NMR machine – being equally intense for both the 
analyses, it is easily ignored. The BSG spectra (blue solid line) evidences two main peaks 
– one at +10 ppm attributed to trigonal coordinated boron, and one more intense at 0 ppm 
related to the resonance of the tetrahedral coordinated boron [130,278–280]. The GP 
sample spectroscopy (red solid line Figure 42) leaded to a spectra almost nil in +10 ppm 
resonance signal in favour of a more intense 0 ppm signal, demonstrating for the first time 
that the boron is an active element in geopolymerization process, and the borates are 
building blocks of the inorganic polymeric network resulting from the polycondensation 
reaction [4]. 
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5.3 The effect of the processing parameters on the geopolymerization process 

5.3.1 The silica to alumina ratio and α coefficient 

In the attempt to couple the mechanical properties of GP samples with the methodology of 
manufacturing and parameters influencing the geopolymerization reaction, different 
mixtures, chemistry, and curing conditions were adopted. The geopolymerization process 
was tuned by considering the influence of the SiO2/Al2O3 ratio, the molarity of the alkali 
solution, and the soaking time and humidity during curing, although the parameters 
influencing the process also include the temperature of curing, nature of the alkali solution, 
silica-to-alkali ratio, liquid-to-solid ratio, and so forth. In this thesis work, the pressure was 
also accounted for the first time as an influencing parameter in geopolymeriation, as the 
application of pressure induces an enhancement of the solubility of the solution, thus an 
improvement of the dissolution stage [281]. In this chapter, the study is focused on the 
former parameters, while the influence of the hydraulic pressure will be considered in 
Chapter 5.6. 

The calculation of the SiO2/Al2O3 ratio was based on the chemical composition of the raw 
materials, that is, FA and BSG reported in Table 4. The SiO2/Al2O3  ratio is associated with 
the chemistry of reaction determined by the reactive alumina and silica compounds 
supplied by raw materials (FA and BSG), and the proportion of these two compounds 
strongly influences the microstructure of the product of geopolymerization, as previously 
described in the introductory chapters (see Chapter 2.4.4). The effect of this parameter on 
the geopolymerization process was determined by tuning the formulation of the raw 
material, i.e. using different weight content of FA and BSG glass. The 4 adopted FA/BSG 
formulations (from Mix-1 to Mix-4) were already described in the methodology section 
(Table 4) and reported also in Table 6 for simplicity. The calculated SiO2/Al2O3 ratio was 
2.7, 3.3, 4.2 and 5.0 for Mix-1, Mix-2, Mix-3, and Mix-4 respectively (Table 6). 
Considering other ratios as well (silica-to-soda and water-to-soda), all the formulations fall 
in the chemical ranges giving a stoichiometric GP [26,93]. This detail was already 
discussed in the introductory chapters. 

Table 6: Formulations (fly ash and borosilicate glass mixture) adopted in geopolymer 
samples manufacturing and relative parameters (silica-to-alumina ‘SiO2/Al2O3’ ratio, ‘α 
coefficient’ and relative density ‘ρrel’). 

Sample 
 FA–BSG 
(wt.%) 

Molarity 
(M) 

Curing Time 
(day) 

SiO2/Al2O3 
α 
Coefficient ρrel (%) 

Mix-1 70–30 13 1 2.7 2.2 87.1 
Mix-2 55–45 13 1 3.3 2.5 84.4 
Mix-3 40–60 13 1 4.2 2.8 81.5 
Mix-4 30–70 13 1 5.0 3.0 86.4 
Mix-5 55–45 13 3 3.3 2.5 82.9 
Mix-6 55–45 10 1 3.3 2.5 77.4 

In this study, other factors were also included, such as molarity of the solvent, soaking 
time and relative humidity in curing. A 10 M NaOH solution was adopted for producing a 
Mix-6 mixture, whereas 3 days at 85 °C was utilized for manufacturing the Mix-5 sample 
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(Table 6). The influence of the relative humidity was assessed by employing two sealing 
methods, method-1 and method-2, previously exposed in Chapter 4.1.1. 

 

Figure 43: Open porosity (red) and closed porosity (blue) measured for the GP samples. 

The SiO2/Al2O3  ratio is one of the most important parameter influencing the GPs 
microstructure, and it is often adopted in systematic studies of GPs and geopolymerization 
[102,105,106]. One of the aims of this thesis work, as mentioned in section 3, is the 
utilization of silica-based recycled glass to tune the chemistry of reaction. The BSG is a 
totally amorphous rich-in-silica material, with a silica weight content up to 72 wt.% 
(Table 4): an increment of the BSG content from 30 wt.% (Mix-1) to 45 wt.% (Mix-2) has 
an enormous influence on the SiO2/Al2O3  ratio (from 2.7 to 3.3). The utilization of BSG as 
GPs filler induces a supply of further elements during the dissolution stage, such as 
borates, whose content in BSG is up to 12 wt.% (see Table 4).  These species were 
demonstrated to be active during the inorganic polymeric network formation, substituting 
alumina in its role (see the previous chapter). For the reason specified, it is legitimate to 
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include the contribution of the boron in the calculation of the abovementioned ratio by 
setting a more refined version of it, conventionally named α coefficient: 

𝛼 =  
%

%(  )
                              (16) 

As for the silica to alumina ratio, the calculation of Equation 16 was performed using the 
XRF results exposed in Table 4. The recalculated parameter for each formulation was then 
2.2, 2.5, 2.8 and 3.0 for Mix-1, Mix-2, Mix-3, and Mix-4 respectively (Table 6). The 
relative content of each species is supposed to strongly influence the GP structure and in 
turn the mechanical properties of GPs [87].  

A first clue of the effect of α coefficient is given by the relative density measured through 
the apparent density (volumetric assessment of the samples) and theoretical density 
calculation (Table 6). It was found that the relative density is the highest one (87.1%) 
when the mix contains a lower amount of BSG in formulation (Mix-1), and goes down as 
the BSG content is raised (Mix-2 and Mix-3), and again it raises (86.4% in Table 6) when 
the BSG content is as high as 70 wt.%. Therefore, the highest amount of porosity coincides 
with the Mix-3 batch (relative density of 81.5%), containing 60 wt.% of BSG. By means of 
the Archimedes method, the portion of open measured was deducted from the total 
porosity provided by the relative density value in Table 6, and the results were reported in 
Figure 43. It was observed that the amount of open porosity sensitively increases with the 
increase of the α coefficient value up to the Mix-3 formulation, and again decreases in a 
similar way as noticed for the total amount of porosity (relative density). It has to be 
noticed that the portion of open porosity is not only a direct consequence of the 
geopolymerization process (release and evaporation of water) but also of the shrinkage 
during setting of the material, causing the formation of random cracks. A more pronounced 
effect of the shrinkage would explain the increase of the relative density from Mix-3 to 
Mix-4, all attributed to a decrease of the open porosity (the amount of the closed porosity 
is merely the same). To define the individual contribution of these two effects, a specific 
micrographic study is required.  

5.3.2 Influence of alkalinity and curing conditions 

The measurement of the relative density and the open and closed porosity of the GP was 
also conducted on samples with longer curing stage (3 days Mix-5) and lower alkalinity 
(10 M Mix-6), as to give a basic notion regarding the influence of these essential 
parameters of the geopolymerization. Table 6 and Figure 43 report the results of the study. 
Longer exposure to curing stage of a Mix-2 formulation (designated as Mix-5) does not 
induce a significant difference in the relative density of the sample (82.9%), but the 
amount of open and closed porosity is differently distributed. In Figure 43, the Mix-5 
sample evidences a higher amount of open porosity (or lower amount of closed porosity) 
as compared to Mix-2. If a lower concentrated solution is used, the change in the relative 
density is more remarkable (78.1% Table 6), with a large increase both of the amount of 
the open and closed porosity (Figure 43).  
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A  large deterioration of the microstructure was observed if the GP samples are processed 
according to the sealing method-2, in which the samples were closed in an air-tightened jar 
with additional water inside (likely commensurate with a 99% of relative humidity). The 
method-2 sample presents a microstructure with less product of geopolymerization, as 
depicted in the comparative SEM analysis of the fracture surface of the samples 
(Figure 44). Therefore, the Mix-2 samples sealed through method-1 (Figure 44a) were 
tested, while the method-2 (Figure 44b) was not, as it was not possible to cut off the 
specimens to the desired geometry. 

 

Figure 44: Scanning electron microscope images of the fracture surface of the ‘Mix-2’ 
sample sealed according to a) method 1 and b) method 2. 
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5.4 Mechanical properties of geopolymer samples 

5.4.1 Compressive strength  

The preliminary insight of mechanical performance related to materials devoted to 
construction and building applications is given by the compression test. The compressive 
strength is the main stress that a cementitious product should withstand under operation. 
The main goal of the thesis is to demonstrate also the suitability of GPs in structural 
applications. This insight is, instead, promptly hinted by flexural strength and fracture 
toughness (see next paragraph).  Here, we only report a quick comparison between Mix-1 
and Mix-2 samples, with the purpose to give a baseline of the performance of these 
materials in a compression test.  

The compression test was conducted on a series of 10 on Mix-1 and Mix-2 GP samples, 
having a prismatic shape to avoid the influence of the local stress induced by the 
interference of the compressive cones [246]. The results of the compression test, reported 
in Table 7, evidence higher compressive strength (45 MPa) if higher content of BSG is 
used in formulation (Mix-2). The Mix-1 sample revealed a compression strength of about 
10% lower than Mix-2 (39 MPa). 

5.4.2 Vickers micro-hardness 

A series of micro-indentations (10 micro-indentations) was also conducted on Mix-1 and 
Mix-2 GP samples to investigate the hardness of the geopolymeric compound. It must be 
pointed out that this test is highly sensitive to the dwelling time prior to testing, as the 
geopolymeric matrix undergoes a continuous and gradually abating process of hardening 
until it reaches a plateau. The most significant stint of the hardening process happens in the 
first week, becoming less intense in the upcoming weeks until it is almost nil after one 
month [87,101,115,282,283]. For this reason, a longer dwelling time prior testing was 
selected for micro-indentations (1 month).  

The results of the micro-indentation test evidenced an average value of 78 HV out of 10 
indentations for Mix-2 sample, slightly higher than Mix-1, which showed an indentation 
hardness of 73 HV (see Table 7).  

Table 7: Compression strength and indentation hardness of geopolymer samples. 

Sample  
Compressive strength 
(MPa) 

Hardness (HV) 

Mix-1 39 73 

Mix-2 45 78 

 

5.4.3 Flexural strength and fracture toughness 

The compression test exposed in the previous paragraph is usually sufficient to evaluate 
the reliability of material in construction application, and the compressive strength is the 
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main parameter considered in the design. The main drawback of any cementitious binder is 
the low resistance to bending stress and crack propagation [284,285], preventing them to 
be used in the structural application. For such purpose, the OPC was combined with highly 
resistance fibres and/or wires, to produce OPC-based composites [148,284,286,287]. 
Combining the OPC binder with other fillers is the most employed solution if the goal is to 
increase the fracture toughness of the cementitious material, attaining flexural strength and 
stress intensity factor values up to 3 times higher than the plain binder. Unfortunately, the 
durability of the binder dramatically decreases due to chemical degradation and, 
sometimes, oxidation at the binder-to-fibre interface [9,288].  

 

Figure 45: Flexural strength of geopolymer samples in terms of a) silica-to-alumina 
ratio of the mixtures from Mix-1 to Mix-4 (2.7, 3.3, 4.2, 5.0 respectively) and b) molarity 
of the activator and curing time used for Mix-2 (13 M for 1 day), Mix-5 (13 M for 3 
days) and Mix-6 (10 M for 1 day). 

Likewise, GPs and AAMs materials present low flexural strength and fracture toughness, 
especially due to high material heterogeneity, porosity, cracks formation (due to shrinkage 
during curing stage) and intrinsic brittleness of the product of alkali-activation 
[14,18,289,290]. The same restrictions were also expected for FA/BSG based GP samples, 
irrespective of the formulation and the reaction/curing parameters. Nevertheless, a study of 
the flexural strength and fracture toughness was conducted on all the mixtures reported in 
Table 3. The influence of the α coefficient (Equation 16) on the flexural strength is 
evidenced in Figure 45a, which reports the bending test results of the mixtures subjected to 
a different formulation (from Mix-1 to Mix-4). It was observed that the highest flexural 
strength (12 MPa) was obtained for Mix-2 formulation (FA-BSG 55-45 wt.%), but the 
largest data scatter as well (red boxes in Figure 45). This scattering, determined through 
IQR factor of 1.5 (see Chapter 4.3), could be explained by the lower relative density, or 
equally high porosity, that this mix presents as compared to Mix-1 (Table 6 and 
Figure 43). Nevertheless, the data dispersion seems to be narrower for Mix-3, which in 
turn exhibits the lowest density among the batches, as depicted in Figure 43, suggesting 
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that porosity is not the only reason for data dispersion. A unique characteristic possessed 
by the Mix-2 as compared to all the other mixtures is to have the lowest amount of 
amorphous phase (Figure 37): the presence of higher crystallinity could then induce also a 
larger inhomogeneity of the sample, leading to larger data scattering. In contrast to this 
observation, the average value of the flexural strength increase with the value of α 
coefficient, indicating a beneficial effect of the silica addition in the formulation. 

The Mix-5 and Mix-6 in Figure 45b take in consideration the effect of the molarity of the 
alkali solution (10 M) and the curing time (3 days) respectively, and the results were put in 
comparison with the Mix-2. It was found that both the reduction of molarity of the solution 
and the longer curing time were detrimental for the flexural strength of the GP samples, 
displaying a bending resistance up to 2 times for Mix-5 and 3 times for Mix-6 lower than 
the Mix-2. Anyway, comparing the two batches, Mix-6 presents a lower flexural strength 
with a similar data scattering, proving again that the amount of porosity is not the only 
parameter influencing the resistance of GPs.  

The morphology of the fracture surface is deducible from Figure 44a, which mainly 
presents an irregular shape, as the crack propagates along no preferential planes or grain 
boundaries. Although the fracture is clearly brittle, the crack propagation in FA-based GPs 
depends on many characteristics and variable, rendering the study of the failure quite 
complex. Indeed, the propagation of the main crack is altered substantially from defects 
(porosity), preexistent cracks (due to shrinkage), unreacted particles, and discontinuities of 
the geopolymeric matrix and inhomogeneity of the material. All these flaws are due to the 
high percentage of impurities held by the FA and BSG, inefficiency of the chemical 
reaction and effects of the curing conditions. A systematic study of each batch was not 
reported, as the dynamics of failure are almost the same irrespective of the formulation and 
so are the fracture surface morphologies.  

The systematic study of the parameters in terms of the fracture toughness was tried 
alongside the bending test, but the results are not reported in this thesis work as they were 
all below 0.3 MPa·m1/2, thus not enough to draw a reliable evaluation of the resistance to 
crack propagation of the material. It will be seen in the next chapter that the incorporation 
of cellulose fibres will greatly increase the fracture toughness.  
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5.5 Cellulose fibres-based geopolymer composite 

5.5.1 Flexural strength and fracture toughness 

As mentioned in the previous chapter, the manufacture of composites from a cementitious 
matrix is a common practice to increase the flexural strength and fracture toughness of the 
material. Unfortunately, cement is highly subjected to corrosion and degradation, 
especially if it incorporates a filler [288]. The extreme chemical stability of the 
geopolymeric matrix renders this material more suitable for composite manufacturing. 
Indeed, the literature is plenty of scientific works concerning the production and the 
investigation of the geopolymeric composite, using several fibres, wires or fabrics of 
different natures [7,144,291–294]. Further details were provided in Chapter 2.7.  

Figure 46: a) Flexural strength and b) fracture toughness of the geopolymer matrix 
composite. 

The cellulose is one of the options to manufacture a geopolymeric matrix composite from 
the formulation exposed above, and it was expected to be promising, due to its unique 
properties and specific tensile strength. The matter in using this material resides on the Na+ 
absorption, known as a mercerization process, which sucks alkali cations to the 
geopolymerization process, and the formation of cellulose fibres bundles, not easy to 
unravel. The first issue was partially solved increasing the liquid-to-solid ratio up to about 
0.8, guaranteeing the same rheology of the slurry. This will be weighted to the exact 
content of fibres in the matrix. The second problem was faced by inserting a step more to 
the methodology of manufacture – preparation of an aqueous suspension including all raw 
materials and then sonication of the solution (as above described in the methodology 
section). Figures 47a-c show an overview of a polished surface of a GP matrix composite 
samples with 1 wt.%, 2 wt.% and 3 wt.% of cellulose respectively, evidencing a fine 
dispersion of the fibers. The amount of porosity is probably less pronounced in the 2 wt.% 
sample, explaining the saturation of the properties for cellulose content higher than 2 wt.% 
(Figure 46). This would be demonstrated by a study of the density, as previously done for 
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GP samples, but unfortunately, this was not effective since the presence of cellulose alters 
the Archimede’s values. Besides, in all the cases a good dispersion of the cellulose fibres 
was achieved, due to the sonication stage prior activation.  

 

Figure 47: Geopolymeric matrix composite micrographs of the samples with a) 1 wt.%, 
b) 2 wt.%, c) 3 wt.% of cellulose (polished surface), d) pull out mechanism (fracture 
surface) in 2 wt.% of cellulose sample, e) bridging mechanism (polished surface) and 
f) fibre tearing mechanism (polished surface) in 3  wt.% of cellulose sample.  

Also, in this case, a study of the flexural strength and fracture toughness was carried out on 
a set of three different batches, in which an increasing amount of cellulose fibers was 
dispersed, according to the methodology described in Chapter 4.1, and then put in 
comparison with the plain GP Mix-1 sample. The results of the 3PB test are reported in 
Figure 46a, showing that the highest flexural strength (20 MPa) is achieved when 2 wt.% 
of cellulose fibres are dispersed in the geopolymeric matrix. Comparing these results with 
those in Figure 45, it was observed that the GP composite attains a resistance to bending 
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stress almost double than the Mix-2 sample, and even 5 times higher than Mix-1 sample. 
The samples with 1 wt.% and 3 wt.% of cellulose displayed a similar flexural strength, but 
anyway lower than that with 2 wt.%. The explanation of this behaviour for the sample with 
1 wt.% of cellulose is that the fibre content is not enough to reach higher performance. In 
case of the 3 wt.% of cellulose sample, the drop of the flexural strength is attributed to the 
depletion of Na+ cations on geopolymerization, since to high content of fibres induces an 
excessive absorption of alkali ions due to mercerization of the cellulose.  

The assessment of the fracture toughness of the samples from the chevron notch test 
provided similar results as the flexural strength (Figure 46b) – the higher fracture 
toughness is related to the sample with 2 wt.% of cellulose, having a critical stress 
intensity factor up to almost 0.7 MPa·m1/2. This value was found to be more than 3-fold 
higher than the fracture toughness measured on Mix-1 sample (see Figure 46b). 

The analysis of the fracture surface of the GC samples evidenced the presence of 
mechanisms of fibre pull-out and crack-bridging, as depicted in Figure 47d and e. The 
crack bridging is the mechanisms, which increases the resistance to fracture propagation of 
the material by preventing the crack opening and deflecting its path, thus increasing the 
energy required to fracture. The fibre pull-out efficiency is dependent on the interaction of 
the fibre with the composite matrix, and a higher interaction means better mechanical 
performance of the composite [248,291,292,295,296]. Despite this, an excessively strong 
fibre-to-matrix interface could involve phenomena of fibre tearing, happening when the 
interface is stronger than the fibre. This event was found in microstructure and reported in 
Figure 47f.  

5.1.2 Analysis of the fibre-to-matrix interface 

The absorption of alkali cations (especially Na+) by the cellulose fibres is a widely known 
process known as ‘mercerization’. The cellulose swells due to the interference of alkali 
cations between the polymeric chains, creating electrostatic layers of positively charged 
Na+ ions and negatively charged polymeric chains [146]. What is not equally reported is 
the absorption of other chemical elements, which creates, in cellulose-based composites, a 
sort of transitional interface between the inner part of the fibre and the matrix. Tonoli et al. 
[286] demonstrated the formation of a modified surface on cellulose fibres dispersed in the 
cement matrix, due to Ca2+ absorption from the C–S–H network of the cement. Previously, 
Merrill et al. [297] published a study reporting the sodium silicate sorption in cellulose 
fibres, in which it was proved that the cellulose can also absorb silicon ions from the water 
glass, although to a lower extent than sodium, involving a polycondensation with the 
polymeric chains.  

In our GP matrix samples, irrespective of the weight amount of the dispersed fibres, 
cellulose was found to undertake a surface modification and a new phase formation at the 
interface with the geopolymeric matrix. Figure 48a shows the detail of a cellulose fibre, 
whose surface is clearly modified. It is evident from the figure that the affected polymeric 
fibrils at the fibre surface are rearranged in an orthogonal configuration to the GP interface 
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(see insert in Figure 48a), whereas, at the core, the fibrils are parallel to the interface line. 
An EDS analysis was conducted to detect the chemical species absorbed by the new phase, 
and the results are reported in Figure 48b. The chemical analysis was carried out in three 
different zones in order to draw a conclusion regarding the elements’ absorption: zone 1-
the cellulose fibre core, zone 2- the cellulose/GP interface, and zone 3- the geopolymeric 
matrix. In all zones, the amount of sodium was the same, whereas the silicon was observed 
to be more abundant in zone 3 than zone 2, as expected. Further spectroscopic analysis of 
the interface is required to measure the exact quantity of oxygen in the three zones and its 
connectivity with Si, in order to assume a polycondensation between the polymeric chains 
and the GP matrix. 

 

Figure 48: a) Scanning electron microscopy image of cellulose fibre and b) energy 
dispersive spectroscopy of the cellulose, cellulose-to-matrix and matrix zones. 
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5.6 Hydro-pressure sintering of fly ash 

5.6.1 Overview 

In the attempt to establish a synergy between geopolymerization reaction and physical 
effects induced by the application of pressure, an ‘ad hoc’ set up was prepared and 
installed on a compression testing configuration, as described in the methodology section 
(Chapter 4.4).  

Remembering that the first stage of the geopolymerization (or alternatively alkali-
activation) is the dissolution of the raw sources releasing aluminosilicate species in 
solution, the increment of the concentration of these species is a crucial step to optimize 
the reaction. Based on this purpose, the idea is to apply pressure to the slurry in order to 
increase the solubility limit of the solution and increment the release of aluminosilicate 
species. In the single case of silica compounds, the solubility limit of amorphous SiO2 in 
water is 0.13 g/l [281], and it is strongly influenced by the pressure – Willey et al. [298] 
determined a linear increment of the dissolution of silica in sea-water at 0 °C with the 
increase of the pressure. The solubility is a property connected to the material and its 
crystallinity, indeed SiO2 in the crystalline form of quartz was found to have a solubility 
limit in water four times lower than amorphous silica [299]. Generally speaking, the 
solubility of a material in a solution is connected to the chemical compatibility of the 
powder with the solvent (whether the solvent is polar or non-polar), and the ionic potential 
of the material. For a clear overview of the dissolution of materials and their ionic species, 
L. B. Railsback implemented a periodic table of the elements focused on the chemical 
properties of the ionic species [300]. 

Another physical mechanism induced by the application of pressure in a liquid phase is the 
preferential dissolution and the recrystallization of the dissolved species - a phenomenon 
known as Ostwald ripening [301–303]. First found by Wilhelm Ostwald in 1896, the 
Ostwald ripening is the observed phenomenon in which smaller particles (or crystals) in a 
liquid (or solid) solution dissolves in favor of a coarsening of bigger particles, by 
migration, rearrangement, and deposition of dissolved species onto the surface of big 
particles (see Figure A1 and Table A1 in Appendix A). The dynamics of the Ostwald 
ripening are driven by the minimization of the surface energy, a physical quantity often 
associated with the atomic diffusion in thermally triggered sintering. For this reason, 
observations of necking were expected, as the contact points of sphere-like particles are 
typical examples of the maximum of the surface energy [304,305]. To demonstrate all 
these dynamics, the Ostwald ripening mechanisms were tested on fused silica microbeads, 
and the results are reported in Appendix A.  

The simultaneous effect of the hydrostatic pressure (due to the sealed setup) and the 
solvent on the raw material eventually led to a densification of the FA, up to 90% of 
relative density (the relative density was measured through the Archimedes method as the 
first degree of assessment) under 500 MPa for 5 minutes using either water or low 
concentrated NaOH (3M and 5M) solutions. Therefore, this method of densification, 
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named hydro-pressure sintering (HyPS), allows to densify inorganic material without using 
aggressive and highly concentrated solution, usually required in the process of 
geopolymerization. The novel HyPS process is similar to a recent invention carried out in 
Pennstate University by Randall et al. [306–309], named cold sintering process (CSP), 
who successfully densified a series of inorganic thermoelectric materials under the 
simultaneous effect of a uniaxial pressure and relative low temperatures (300 °C) applied 
on a moisturized powder, achieving relative densities in some case higher than 90% [306]. 
For further details regarding the differences standing between CSP and HyPS processes, 
the attention of the reader is addressed to Appendix B (see Figure B1).  

Hereafter, a brief description and discussion of the results relative to the densification of 
FA according to the HyPS process is reported, mostly dealing with spectroscopy and 
microstructural observation of the sample. A mechanical assessment of the HyPS samples 
is missing in this thesis work, which will be one of the topics of future developments. 

 

Figure 49: Scanning electron microscopy of fly ash densified in according to the hydro-
pressure sintering process under 500 MPa for 5 minutes in a) water, b) 3M NaOH 
solution, c) 5M NaOH solution and d) a detail of the crystals of the sample processed in 
water.  

5.6.2 Analysis of the microstructure 

The microstructure of the FA based HyPS samples processed in water and NaOH solution 
(3M and 5M) under 500 MPa of hydrostatic pressure and kept in these conditions for 5 
minutes was observed at the scanning electron microscope and reported in Figure 49. The 
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morphology of the polished surface of all the samples, at a first sight, seemed nicely 
densified, similarly to a normal geopolymerization, but some differences are rising from 
the microstructural observation. Among all, the product of geopolymerization holds a more 
crystalline morphology, with an extensive presence of needle-like and sponge-like crystals 
(see Figure  49c and d). This was particularly more evident in the NaOH 5M HyPS and 
water HyPS sample – especially the latter was surprising, as the formation of crystals in 
GPs was often connected to the presence of Na+ cations, forming zeolitic crystalline 
precursors [92]. 

This observation is motivated by the effect of the Ostwald ripening mechanisms – the 
migration and reorganization of the species (recrystallization) onto bigger particles could 
involve the formation of more crystals. Nevertheless, the formation of crystals was an 
unexpected result, as the release of pressure and the fast drying of the sample should retain 
the metastable microstructure. Being the liquid phase a highly concentrated solution of 
aluminosilicate species, it was, instead, expected that the microstructure would have 
shown an amorphous aspect. From Figure 49, it was observed that this is not the case for 
FA-based samples, irrespective of the type of solvent. 

 

 

Figure 50: Secondary electrons image (left) and back-scattered electrons image (right) 
of consolidated fly ash by HyPS in water. 

A better insight concerning the crystalline phases present in the microstructure is provided 
by the back-scattered electron (BSE) microscopy. Figure 50 reports a sample processed in 
water in secondary electrons (SE - left) and the view in back-scattered electrons (BSE - 
right). The crystals belonging to the geopolymerization product region are mostly needle-
like shaped, and appearing lighter at the BSE image, while the amorphous part is darker. 
By cross-checking this microstructure with the one exposed in the EDS images provided in 
Figures 38, one can find out a much higher presence of crystals in the FA samples 
processed through HyPS. The recrystallization of the aluminosilicate species prevails on 
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the surface of the intact bigger spheres, as evidenced in Figure 50, in which preferential 
crystal growth is visible on the big particle contour.    

 

Figure 51: Energy dispersive spectroscopy analysis of the fly ash HyPS sample 
processed in water.  

The spectroscopic analysis of the microstructure was further integrated with the chemical 
information provided by the energy dispersive microscopy (EDS) performed on the FA 
HyPS sample processed in water (Figure 51). A point EDS analysis was selected in order 
to get more precise information regarding the chemical composition of each phase. The 
spectrum 1, associated with an aluminosilicate undissolved particle, was put in comparison 
with the chemical composition of the product of geopolymerization in several points 
(spectrum 2, 3 and 4 in Figure 51), appropriately selected to investigate both the 
amorphous and the crystalline sites. The glassy phase of the geopolymeric product 
(spectrum 3 and 4) was found to have a higher content of aluminium if compared to the GP 
matrix (Figure 38), but this was expectable as the GP formulation comprehended both FA 
and BSG. Interestingly, the chemical composition of the crystalline site (spectrum 2) is 
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visibly richer in aluminium, even double than the silica content, conceivably attributable to 
the formation of sillimanite phases. 

 

Figure 52: X-ray diffraction spectrum of the fly ash based HyPS sample. 

To demonstrate this observation, the same sample was examined to the X-ray diffraction 
spectroscopy, in order to quantitatively and qualitatively define the crystalline phases 
produced after the process. The XRD spectrum of the FA based HyPS sample consolidated 
in water is reported in Figure 52. The fitting of the spectrum peaks evidenced a large 
presence of aluminosilicate crystalline phases, such as mullite (Al6Si2O13) and sillimanite 
(Al2SiO5) (37.5 and 24 wt.% respectively), consistent with the EDS results.  

Compared to the XRD spectrum of the FA sample (Figure 30), the level of the quartz 
phase is almost unvaried. The hematite was negligible, similarly to FA (the iron oxide is 
not expected to react irrespective of the process). The major difference between the two 
spectra resides on the sillimanite and mullite contents, which are 18.5 and 21.5 wt.% in the 
FA sample, as reported in Figure 30. This could suggest part of the amorphous phase 
contained in FA dissolves and recrystallizes in the form of mullite and sillimanite (a 
mechanism well explained by the Ostwald ripening). Indeed, one might observe that the 
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characteristic halo associated with the amorphous phase in the FA spectrum (Figure 30) 
hold a halo falling in the range of 25° and 40°. The FA-based HyPS sample spectrum 
characteristic hump not only is slightly shifted to the left (20° - 35° 2θ) but it is also 
associated with a less amount of glassy phase in microstructure (55 wt.% through internal 
standard method). This result also supports the SEM analysis of the HyPS sample, in 
which it was observed a more crystalline microstructure as compared to the SEM images 
of the GP sample.  
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6. Discussions  

6.1 Raw materials  

6.1.1 Fly ash 

The chemical composition of the FA was assessed through XRF spectroscopy and the 
results were reported in Table 4. Being the content of calcium oxide (lime) way lower than 
15 wt.%, FA is classifiable as class F, according to the international standards related to 
coal derivatives (see Chapter 2.6) [133,134]. While the concentration of alumina (either 
reactive or not) is in line with those found in the literature, the silica compound was found 
to be from 10 to 20 wt.% less in content than FAs already characterized in the state of the 
art [310–312]. This mismatch is justified by an excessive percentage of iron oxide 
(14 wt.% Table 4) [313–315].  

The high content of iron oxide is, anyway, instrumental if the final goal is to produce an 
inorganic foam based on a GP formulation, since iron oxide is an effective foaming agent 
if fired up to 800 °C, as this compound reduces from Fe2O3 from to FeO2 configuration, 
releasing oxygen [316]. This foaming method is quite effective especially if the inorganic 
polymer is based on activated glass, as the glassy phase undergoes a change of the 
rheology above 600 °C [317,318]. This could be a drawback when the fire resistance of 
GPs is considered. Figure 53a depicts a photo of a GP sample undergoing a foaming 
process through iron oxide reduction, Figure 53b illustrates a detail of the microstructure.  

 

Figure 53: a) Photo of a foamed geopolymer sample and b) second electron image of the 
same sample. 

The XRD spectroscopy analysis carried out on the FA (Figure 30) qualitatively and 
quantitatively defined the crystalline phases of the aluminosilicate powder, as well as led 
to the estimation of the amount of amorphous phase, connected to the hump of the XRD 
spectrum. The fitting of the spectrum peaks determined the presence of mullite, sillimanite, 
and quartz, while the internal standard method showed an amorphous content of 44 wt.%. 
By comparing the results from XRD spectroscopy with the literature [92,135,319], it was 
observed that these phases are contained in every type of FA. Specifically, this FA was 
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found to have a way less amount of glassy phase if compared with the literature and a 
higher percentage of crystalline phase in the microstructure [310,311], but in line as 
compared to other studies [312]. The quantity of amorphous phase contained in the FA is 
intimately related to the heat exposure which the coal undertakes in the combustion 
chamber of the power plant. These characteristics of the microstructure of the FA may 
influence its reactivity: a decisive lower presence of glassy aluminosilicate phase renders 
this type of FA definitely less efficient during the dissolution stage than other FA analysed 
in the literature, whereas the polycondensation stage is rather positively influenced by the 
high presence of silica source (irrespective of the phase nature).  

The content of the hematite phase (iron III oxide) in the XRD spectrum was found to be 
2.5 wt.%, not coinciding with the amount of iron oxide displayed in the XRF spectroscopy. 
In the EDS analysis of the FA, a spherical particle (attributed to an amorphous structure) 
was ascertained to be iron-based, meaning that the mismatch between XRF and XRD is 
attributed to the presence of amorphous iron oxide. The amorphous iron oxide particles are 
not uncommon, and it was found they have unique mechanical, electrical, thermal, 
magnetic, and capillary properties, and because of that largely studied and employed in 
several applications [320,321]. Due to these reasons, a specific utilization of the iron (III) 
oxide contained in the FA could be an intriguing solution for further applications related to 
this material. If such a solution is intended to be undertaken, the FA has to be beneficiated, 
as this material contains many impurities (up to 5.5 wt.%, see Table 4). 

The SEM observation of the powder evidenced a spherical and hollowed morphology of 
the particles, as depicted in Figure 31. This is a basic characteristic of each FAs which 
renders this aluminosilicate powder highly reactive in a base-alkali ambient (especially in 
presence of sodium cations) [67,322,323].  

One of the main factors influencing the degree of reaction of a powder is the grain size – 
the finer the particle the faster and higher the dissolution [256]. Table 5 reports the 
fineness of the FA, in average 22.64 µm, while the distribution curve (Figure 34) exhibits 
two humps, one micrometric and one sub-micrometric. This was considered to be why FA 
has a higher BET value than BSG (Table 5). This peculiarity related to FA grain size 
measurement was already partially evidenced in previous studies [324]. Table 5 also 
reports the density of the FA, which was calculated to be 2.35 g/cm3, which is in 
accordance with the literature, as this value usually ranges between 2.20 and 2.60 g/cm3, 
depending on the nature of the raw powder [135]. 

6.1.2 Borosilicate glass  

The chemical composition of the BSG was provided by the XRF spectroscopy (Table 4), 
mostly composed of silica (72 wt.%), and displaying a presence of some significant 
network modifiers, i.e. alumina 7 wt.% and borate 12 wt.%. This composition is typical for 
a Pyrex glass, turning out to be the bottom-line for any type of borosilicate glass, being the 
borate content the minimal one [279,325]. The content of borates, in particular, determines 
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also the structure of the GP, as they replace the reactive alumina in its role during the 
geopolymerization [4].  

The analysis at the pycnometer revealed a density of 2.23 g/cm3, coincident with most of 
the borosilicate glass already existent in the market [325,326], and quite close to the FA, 
helping the dispersion and the homogenization of the two powders. Indeed, the segregation 
of the powder during curing is driven by the specific weight (density). Its grain size 
distribution (Figure 34) and the specific surface area (BET in Table 5) are merely related 
to the energy of ball-milling – the higher the round speed the finer the powder.  
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6.2 Geopolymer samples  

6.2.1 Microstructure of the GP samples 

The SEM observation of the GP samples (both the fracture and the polished surface) is 
depicted in Figure 35. It was noticed that the microstructure is characterized by a matrix, 
i.e. the product of geopolymerization, holding an amorphous morphology (Figure 35a and 
c). This glassy compound, initially in a liquid saturated state, spreads everywhere and 
somehow glues the remaining particles, usually composed by FA and BSG unreacted 
particles, organic and metal oxide grains. The hardening of the matrix freezes the 
microstructure in a pattern described in Figure 35d. If FA is present in the formulation, this 
is a typical microstructure of a GP sample, widely advertised in many studies, holding 
similar morphological characteristics [319]. The systematic study of the GP samples did 
not lead to any visible difference between each formulation, most likely because of the 
insufficient variations of the playing parameters (such as molarity of the solution). Indeed, 
in one of their studies, Palomo et al. evidenced a decay of the FA based AAMs setting (and 
so the microstructure) if the concentration of the NaOH solution is 8M [67]. A similar 
deterioration of the microstructure was observed if the curing stage is kept under sealed 
and humid conditions according to method 2, as exposed in Figure 44. 

The nature of the geopolymeric product is based on an aluminosilicate compound, for the 
alkali solution dissolves and activates mainly the aluminosiliciate particles (both from FA 
and BSG). The EDS analysis of the GP matrix (Figure 38a) corroborates the 
aluminosilicate composition, more specifically with a surplus of the silicon over 
aluminium, sometimes in a weight percentage even double – the same results were already 
exposed in another study conducted by Palomo et al., focused on a microstructural 
identification of a FA-based AAMs, irrespective of the nature and concentration of the 
alkali solution [24].  

One must bear in mind that the chemical composition of the AAMs has not necessarily to 
be different from a GP material, albeit the chemical modulus (SiO2/Al2O3 ratio) are largely 
different. Indeed, the rearrangement of the aluminosilicate species must proceed in a way 
to respect the Lowenstein’s restriction, in which Al-O-Al bond is not chemically consistent 
[45,76,87,183]. What really changes is the degree of connection of the Si-Al network, 
which is directly evidenced by the NMR spectroscopy. It was shown that the ambient of 
the silicon chemical ambient is dictated by the content of aluminium and boron in relation 
to the silicon content – specifically, a high silica to alumina ratio is supposed to give rise to 
a higher amount of Q4 and Q4(0-1Al) species produced, i.e. higher structured network [62]. 
To determine the relationship between the silica to alumina ratio and the type of 
microstructure, it’s sufficient to perform the 29Si MAS NMR spectroscopy to samples with 
a variable formulation. Nevertheless, this work is quite long and time-consuming, but a 
future development could include this analysis. 

The geopolymeric matrix is the main compounds rising from the geopolymerization, but 
not the only product of the reaction. Figures 38 gives examples of crystals formation after 
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the reaction, which is a typical outcome of an alkali activation [92]. The quantitative and 
qualitative study of this crystalline product was performed through concurrently XRD and 
EDS analysis of the GP samples (Figures 37 and 38). Based on the fitting of the GPs XRD 
spectra peaks, it was found that the main crystalline formation is defined by mullite and 
sillimanite, whereas a secondary crystals (other phases in Figure 37) could be ascribed to 
formation of C-S-H crystals, due to the presence of Ca in composition, and sodium 
carbonate, is the aftermath of an elevated alkalinity of the solution. These phases were 
identified in the EDS analysis in Figure 38. The extensive XRD study conducted on 
activated FA and reported in the literature by Criado et al., showed many crystalline 
phases formation, including Na-chabazite ((Ca,Na2,K2,Mg)Al2Si4O12·6H2O) and various 
forms of zeolite [92], which determines one of the main differences between AAMs and 
GPs. Williams et al. [254] detected a similar crystalline microstructure in FA based GP 
samples, except for the carbonates compounds. Torres-Carrasco et al. [87] processed GP 
samples based on a formulation including waste glass, and the XRD spectroscopy 
displayed the production of hydroxysodalite, often associated with an N-A-S-H gel of 
AAMs in many studies conducted by Palomo et al. [20,41,118]. This result is quite 
contradictory with what has been found in our XRD spectra, however one should bear in 
mind that the XRD spectroscopy is a powerful mean of crystalline investigation, but the 
procedure of peaks fitting is not trivial as the single signal may experience local shifts due 
to lattice distortions, thus the pattern of peaks could be confused for something else. 
Therefore, the analysis of the XRD data could be corrupted by a subjective evaluation of 
the operator, who usually fits the peaks in accordance with crystalline phases found in the 
literature.  

6.2.2 FTIR and NMR spectroscopy 

The FTIR spectroscopy gives important insight regarding the type of bonds established 
after geopolymerization, and mostly held by the amorphous aluminosilicate geopolymeric 
matrix. The comparative analysis of the FA and GP FTIR spectra (Figure 39) suggests 
some modifications, but the absorption band at 1000 cm-1 associated with a Si-O stretching 
vibration (typical of an aluminosilicate amorphous compound) remains still the prominent 
one in GP sample as well. The only change is a shift of the band centre towards higher 
wavelengths, generally attributed in the literature to an increase of the degree of the 
connectivity [87,107].  

To understand the connectivity state of the silicon and aluminium in the amorphous 
network, the FITR spectrum should be integrated with the information given by the 29Si 
NMR spectroscopy. In the interpretation of the NMR spectra, many authors agreed that the 
shift that the main resonance hump centre experienced after geopolymerization/alkali-
activation is attributed to the formation of Q4(3-4Al) silicon ambient, and so did we in 
Chapter 5.2. These analyses are totally admissible, as these species are likely to exist into 
the structure. But a high percentage of these signals would shift the characteristic band of 
the FTIR towards the left in a higher extent. This is not the case as the band is cantered at 
1010 cm-1 (see Figure 39). Thus, another interpretation of the NMR spectra is that some 
contribution at high ppm is given by Q1 and Q2 species, usually resonating approximately 



112 
 

at -92 and -94 ppm respectively [268,327–330]. The presence of these species explains the 
centration of the GP FTIR characteristic band at lower wavelengths. The 11B MAS NMR 
spectra, reported in Figure 42, demonstrated for the first time the participation of borates in 
the microstructure. Nicholson et al. back to 2005 [130], carried out a work focused on the 
synthesis of GPs incorporating borates salts, analysing the boron interaction with the 
geopolymeric matrix through 11B NMR, but such explicit conclusion was not drawn. The 
boron participation was parameterized in this thesis work through α coefficient 
(Equation 16), a total novelty in the determination of the GP chemistry. 

6.2.3 Mechanical properties  

In Chapter 2.8, dealing with the exploration of all the past and potential GPs and AAMs 
applications, it was understood that since the discovery of these materials, their 
characteristics and mechanical properties would fit in building and construction 
application. The basic requirements are chemical stability to endure environmental 
degradations [288,331–334] and structural properties, especially in compressive strength 
[335]. The first condition has always been the point of strength of GPs against OPC 
cement, as cement involves dehydration process of the hydroxide groups of the C-S-H 
chains, a condition less relevant for GPs and AAMs due to the lower hydration level of the 
microstructure [26,336]. The second condition is not uniquely defined, as the GPs and 
AAMs mechanical performances are strictly related to the raw materials, the chemistry of 
the reaction and the physical conditions adopted in the synthesis of the material. However, 
many works based on a comparative study of GPs and AAMs mechanical performance 
have found a smooth affinity with the compressive strength of OPC cement, having an 
average compressive strength in frame range of 40-80 MPa [337–339]. The compressive 
strength of FA/recycled glass based GPs were found to have a slightly lower value than 
reported for AAMs in the literature, most likely due to the inhomogeneity of the raw 
materials and the change of the chemistry, going more towards high silica content. One of 
the first work related to the incorporation of urban recycled glass in GPs synthesis was 
carried out by Torres-Carrasco et al. [19,87,122], who attained a compressive strength of 
38 MPa for a FA based GPs incorporating 15 wt.% of recycled glass and activated with a 
10 M NaOH solution, after 28 days of curing, which is 25% lower as compared to 
FA/BSG based GPs.The results of the micro-indentations evidenced an average value of 
78 HV, which is in line with GPs and AAMs hardness value found in the literature [6,340]. 

The study of the GP production parameters was applied to the bending test reported in 
Figure 45a-b. Irrespective of the parameters, the highest flexural strength, i.e. 12 MPa, 
associated with the Mix-2 sample, is comparable with the flexural strength of FA-based 
GPs found in the literature (from 10 to 15 MPa in GPs incorporating fly ash and urban 
recycled glass) [18]. A similar study concerning the assessment of the fracture toughness 
through chevron notch test was conducted on the above-mentioned samples. The results 
coming displayed a stress intensity factor always lower than 0.3 MPa·m1/2. These results 
are not far from the typical values of the resistance to crack propagation of GPs reported in 
the literature [291].  
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6.3 Geopolymer matrix composites 

6.3.1 Geopolymer matrix composite microstructure 

Figures 46a and b depict the polished surface of a GP matrix composite. The SEM images 
evidence a homogenous dispersion of the cellulose fibres, corroborating the effectiveness 
of the method of dispersion reported in Chapter 4.1. GC incorporating cellulose derived 
fibres/fabrics were extensively studied in the literature, showing always an increment of 
the mechanical and fracture properties of the material [6,7,144,291,341]. All these works, 
however, have encountered serious issues in fibres bundles unraveling, which could be 
preferential spots of crack initiation and decreases the efficiency of matrix toughening.   

Crack bridging and fibres pull-out mechanisms were demonstrated in Figures 46c-f, likely 
to happen quite often in this kind of composites. These mechanisms were found also in 
cotton fibres based GCs [6,7].   

6.3.2 Flexural strength and fracture toughness 

The systematic study of the flexural strength and the fracture toughness was also 
performed on GP matrix composites, incorporating various weight percentage of cellulose 
fibres (1, 2 and 3 wt.%) starting from a Mix-1 formulation. The sample with 2 wt.% of 
cellulose displayed the highest value of flexural strength, as high as 20 MPa on average as 
depicted in Figure 46a.  

The fracture toughness deduced from the chevron notch test was calculated through 
Equation 14 in Chapter 4.2. The highest resistance to crack propagation was in average 
0.7 MPa·m1/2, also in this case displayed by the 2 wt.% sample (Figure 46b). Increasing or 
decreasing the number of incorporated cellulose fibres in the GP matrix from the 2 wt.% 
concentration induces a decrease of the mechanical and fracture performance of the 
composite. 

A similar study on the flexural strength and fracture toughness of GP matrix with 
dispersed cotton fibres was conducted by Alomayri et al. [7]. In their work, these authors 
found that the highest flexural strength and fracture toughness was achieved when 
0.5 wt.% of cotton fibres were dispersed in the matrix. The value of the flexural strength in 
average 12 MPa which is almost half the one reported in this thesis work, whereas the 
fracture toughness measured according to the straight notch technique turns out to be 
higher (1.1 MPa·m1/2). These discrepancies are explained by the different nature of the 
filler, as the cotton is composed by 90 wt.% of cellulose, thus having a lower specific 
tensile strength, thus lower flexural strength of the composite. The higher fracture 
toughness could be simply attributed to the higher performance of the GP matrix.  

6.3.3 Cellulose-to-matrix interface 

A sort of chemical interaction was detected between the organic network of the cellulose 
fibres and the aluminosilicate based one of the GP matrix (Figure 48a). The EDS analysis 
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on the fibre-to-matrix interface evidences a synergy between the two networks, suggesting 
a poly-condensation reaction happening between the organic and inorganic chains [297]. 
In all the studies regarding cellulose fibres based GP composites, such interaction was 
never observed. Tonoli et al. [286] observed a surface modification of the cellulose fibres 
dispersed in OPC matrix, but no interaction with the C-S-H network was observed. This is 
anyway expectable, as the crystalline microstructure of the OPC cement does not easily 
interact, in the same way, a glassy phase does.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

6.4 HyPS process  

6.4.1 Crystals formation 

The densification of the FA, exceeding 80% of relative density, was carried out on a HyPS 
setup according to the methodology reported in Chapter 4.4.  Both from the SEM 
observation (Figure 50) and the XRD spectroscopic analysis (Figure 52) of the samples, it 
was evident an increment of the crystallinity of the microstructure, irrespective of the type 
of solvent and its alkali concentration. The HyPS process carried out on FA was found to 
produce a crystal phases in an amount even double than the FA/BSG based GP samples 
and any other FA based GPs and AAMs in the literature [319,342], as evidenced by a 
comparative study conducted with the XRD spectroscopy of the GP samples reported in 
Figure 37. 

6.4.2 Geopolymer matrix 

The remaining amorphous phase detected in the XRD spectrum of the FA HyPS samples 
was expected to be associated with the geopolymeric product, since, at high pressure, the 
glassy phase contained in the FA is readily dissolved in the solution. The EDS analysis in 
Figure 51 revealed that the amorphous sites of the geopolymeric product are richer in 
aluminium than the GP samples. This result is also discordant with the literature, reporting 
that the amorphous product of GPs and AAMs based on FA have a silica-rich composition 
[24]. This is likely due to the fast setting time – following the stages of geopolymerization 
described by Provis et al. [20,23,71], in which the liquid saturated phase forms initially a 
Gel-1 rich in aluminium, prior reorganizing into a silicon-rich compound. Therefore, the 
liquid phase freezes in an aluminium-rich composition after sample drying. From the EDS 
analysis (Figure 51), it was also deduced that being the aluminium in a higher amount in 
the amorphous phase than silicon, the Lowenstein’s rule was clearly violated, a condition 
that was recently found to happen in some low silica zeolite phase synthesis [343].  

The future work will include a basic understanding of the chemical dynamics happening 
during HyPS process, by integrating insights from FTIR and NMR spectroscopy, and a 
systematic study of the mechanical properties and the results will be compared to those 
coming from the GP and GP composite sample. Being merely a manufacturing process, the 
HyPS could also successfully densify any material (similarly to CSP process), and the 
heat-free process allows to include the densification of organic-based material, which 
easily degrades under the effect of a heat-flux. This would open a different and more 
interesting scenario in the processing of organic-inorganic hybrid materials. For further 
examples concerning the densification of inorganic materials according to the HyPS 
methodology, the attention of the reader is addressed to Appendix C. 
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7. Conclusions 

7.1 Geopolymer 

1. New geopolymer was designed by incorporation of fly ash and borosilicate 
recycled glass, evidencing an improvement in compressive strength of about 25% 
as compared to geopolymers based on fly ash and recycled glass (e.g. urban glass) 
reported in the literature. 

2. The silica to alumina (SiO2/Al2O3) ratio was tuned so as to find the best 
formulation. The bending test evidenced the highest flexural strength for a ratio of 
3.3 (45 MPa - Mix-2). The chevron notch technique displayed a fracture toughness 
always below 0.3 MPa·m1/2 for all the examined geopolymer formulations. No 
improvements were observed as compared to the literature. 

3. The alkalinity of the solvent and curing conditions were also inspected, revealing 
best performance in terms of flexural strength for a 13 M caustic soda solution, 
cured at 85 °C for 1 day in sealed condition for a given formulation.  

4. The chemistry of the material was investigated through FTIR and NMR 
spectroscopy, showing a shift of the characteristic FTIR peak (̴ 1000 cm-1) towards 
higher wavelength and of the 29Si NMR hump toward lower ppm as the silica to 
alumina ratio is increased. 11B NMR spectra demonstrated that borates contained in 
the borosilicate glass play an active role in the geopolymerization similar to 
aluminates, pushing the authors to substitute the silica to alumina ratio with a more 
suitable coefficient (α coefficient) which takes into account the influence of boron 
in the reaction.  

7.2 Geopolymer composites  

1. Geopolymer matrix composites with dispersed cellulose fibres on the basis of the 
fly ash and borosilicate glass formulation and dispersing cellulose fibres by ultra-
sonication were successfully produced. Improvements in flexural strength and 
fracture toughness of about 162% and 51% respectively as compared to plain 
geopolymer formulation were achieved, rendering this material more suitable for 
structural applications.  

2. The toughening mechanisms of fibres pull-out and crack-bridging, as well as fibres 
tearing, were identified.  

3. Cellulose fibres were superficially modified by the geopolymeric matrix, 
establishing an intermediate layer between the two materials. The formation of this 
affected zone suggests a sort of interaction between the organic polymer and the 
geopolymeric compound.  

7.3 Hydro-Pressure sintering 

1. A new room-temperature pressure-driven method of power densification, named 
hydro-pressure sintering, was developed using the simultaneous effect of the 
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dissolution from an aqueous solvent and the effect of the pressure (this method has 
been submitted in a patent application Nr. D18079023). 

2. The dynamics of densification are characterized by the preferential dissolution, 
migration, and re-precipitation of dissolved aluminosilicate species driven by the 
mechanisms of the Ostwald ripening. 

3. Fly ash was successfully densified up to 80% of relative density, under 500 MPa 
for 5 minutes in water and NaOH (3 M and 5 M) solutions, thus allowing the 
utilization of less aggressive solvents.  

4. The observation of the microstructure through secondary electron microscope 
evidenced the formation of crystals, likely induced by the pressure. The XRD 
spectroscopy corroborated this observation, revealing the presence of 
aluminosilicate crystalline phases (mullite and sillimanite), and lower content of 
the glassy phases forming during conventional geopolymerization.  
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Appendix A – Ostwald ripening mechanisms under hydro-pressure sintering 
conditions 

The Ostwald ripening mechanism [301–303] is the observed phenomenon driven by 
minimization of the surface energy in which smaller particles (or crystals) in a liquid (or 
solid) solution dissolves promoting the growth of bigger particles. Coarsening by 
migration, rearrangement, and deposition of dissolved species.  

The Ostwald ripening mechanisms (Figure A1) were investigated through HyPS 
(450 MPa) applied to silica microbeads-water suspension in the condition of high liquid to 
solid ratio (1:100). The as-received microbeads particle size was falling in the range of 1-
20 µm (Figure S1a). Once the hydraulic pressure was applied, the size distribution of 
beads visibly changed (Figure A1b), in favour of a size distribution bigger than 3 µm, as 
quantitatively demonstrated by the grain size analysis conducted using SEM, before and 
after application of HyPS (Table A1). This demonstrates a preferential dissolution of the 
particles. Figure A1c shows pieces of evidence of preferential precipitation of the 
dissolved species onto high surface energy spots (as dictated by the Ostwald ripening 
theory), i.e. the uniform deposition of the second-phase over undissolved particles and the 
formation of necks (necking).  

 

Figure A1: Second electrons image of silica microbeads a) as received and b) after 
hydraulic pressing in excess of water (liquid to solid ratio 100:1) at 450 MPa for 
30 minutes and c) magnifications of Figure S1b. 
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Table A1: Grain size analysis of the microbeads as given and after applying hydro-
pressure sintering (450 MPa, 30 minutes, in water). 

 total Below 1µm [1,2]µm [2,3]µm Above 3µm 

As 
received 

Counts 234 5 31 53 145 

Percentage 
(%) 

 
2.14 13.25 22.65 61.97 

After 
HyPS 

Counts 244 1 4 17 222 

Percentage 
(%) 

 
0.41 1.64 6.97 90.98 
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Appendix B – Vickers micro-indentation hardness and indentation fracture 
toughness on nanosilica based hydro-pressure sintering and cold sintering 
samples 

Amorphous silica nanoparticles were densified through HyPS process under 450 and 
600 MPa using either water or NaOH solution (0.5M). The average relative densities of 
densified nano-silica samples, measured using SEM images and reported in Figure S2d, 
were 99.99%, 99.95% and 99.95% for samples processed at 600 MPa in water, 450 MPa in 
water and 450 MPa in NaOH (0.5 M) respectively, all of them for a total duration of 
5 minutes. Differently, from silica microbeads samples, the pressure seems to be more 
effective than the type of solvent if the particle size is reduced to nanometric size. The 
relative density was also calculated through Archimede’s technique, for nanosilica Cold 
Sintering (CSP) sample (200°C, 450 MPa, 2h) [308], giving an average value of 81%. 

Surprisingly, HyPS samples (Figure B1d) also show translucency, which is related to low 
light scattering [344–347], and to relative densities close to 100% [348], in line with the 
values calculated for nanosilica HyPS samples. The translucency is a characteristic of pure 
silica compounds. 

Assessments of the mechanical properties were conducted on nanosilica HyPS samples 
processed in water under 450 MPa (Figure B1a), and CSP samples (Figure B1b) by means 
of micro-indentation test for Vickers hardness and relative measurements of the median 
cracks for the indentation fracture toughness (IFT) assessment [349]. The cracks were 
ascertained to be median by multiple polishing of the sample surface. The average value of 
the Vickers micro-hardness (HV 0.2) among a set of 10 indentations was 155 for the HyPS 
samples and 32 for CSP samples, i.e. material compacted through the HyPS process is 
5 fold harder than the same material processed according to CSP methodology, though it 
results 4 times softer than a silica-based sintered material [350].  

The resulting IFT for HyPS samples was in average 0.69 MPa·m1/2, in line with the IFT 
values of silica-based glasses reported in the literature [245,351]. No cracks (neither 
Palmqvist’s nor median) were observed in CSP samples, thus no IFT was related to these 
samples, meaning that CSP samples are not hard enough to induce the formation of cracks 
on the indentation corners. The discrepancy between HyPS and CSP samples is also 
demonstrated by the indentation plot in Figure B1c, showing a deeper indentation 
displacement for CSP samples [349,352,353].  
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Figure B1: Vickers Hardness micro-indentations on a) nanosilica hydro-pressure 
sintering sample (450 MPa in water for 5 minutes) and b) nanosilica cold sintering 
sample (450 MPa in water for 2 h at 200 °C). c) Micro-hardness load plot of nanosilica 
cold sintering sample (black line) and nanosilica hydro-pressure sintering sample (red 
line). d) Macrograph of a translucent nanosilica hydro-pressure sintering sample 
(600 MPa in water for 5 minutes). 
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Appendix C – Hydro-pressure densification of borosilicate glass powder 

The HyPS process was found to be also effective for the densification of the borosilicate 
glass powder in water under 500 MPa of pressure kept for 5 minutes. The BSG is highly 
soluble even in simple water [354], more than another silica-based glasses (e.g. soda-lime, 
sodium trisilicate, fused silica, etc.) due to the presence of borates and other network 
modifiers in the composition. This is why the HyPS process was found to not be effective 
if the NaOH solution was used as a solvent – in this condition BSG particles almost totally 
dissolve and no compaction of powder is possible.  

Due to these reasons, BSG powder is highly densified through HyPS process, as deductible 
from Figure C1a-b, showing a relative density of about 90% (Archimedes method). The 
second-phase produced under pressure is mainly amorphous, a part from a presence of 
some cristobalite detected through XRD spectroscopy. Most interestingly, the quasi-
amorphous second-phase seems to create by deposition of the borosilicate species in 
nanoparticles clusters around undissolved BSG microparticles, and conjugate each other 
through the formation of a network, as depicted in Figure C1c. This phenomenon is likely 
to be attributed to the Ostwald ripening mechanisms, like happens in the biosintering of 
diatoms and sea-sponges [82,84].  

 

Figure C1: Scanning electron microscopy of a borosilicate hydro-pressure sintering 
sample in the water at 500 MPa for 5 minutes a) 5000, b) 20000x and c) 20000x less 
dense site. 
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