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INTRODUCTION AND OBJECTIVES  

Alkali activation is the chemical process through which precursors sufficiently rich in reactive 

silica and alumina and with amorphous or vitreous structures interact with a strongly alkaline 

medium to give rise, under mild processing conditions, to materials with good binding and 

cementing properties. Nowadays, Alkali Activated Materials (AAMs) have emerged as 

alternative to traditional construction materials, such as mortars or Ordinary Portland Cement 

(OPC), with the aim to become primary components in the development of environmentally 

sustainable building products, in the context of the growing interest of the scientific 

community for the themes of sustainability and CO2 footprint reduction. The OPC industry is 

in fact one of the major contributors to the overall emission of greenhouse gases. 

Furthermore, the increasing production of different urban, agriculture, industrial and mining 

wastes, and its respective storage, independently of their classification (which in Europe is 

ruled by the Council Directive 1999/31/EC, with limit values specified by the Council 

Decision 64 2003/33/EC), is another major environmental concern. Therefore, maximizing 

the re-use and recycling of these residues (as for example, blast furnace slag, fly ash, mining 

and mineral wastes, ceramic and demolition wastes) is certainly a way for minimizing the 

environmental impact associated with their treatment and disposal. The use of high-volume 

wastes in the production of blended or novel cements (including alkali activated cements) is a 

well-known pathway, by which these wastes can be reused.  

Studies and efforts are needed in order to increase the volume of these residues and to 

introduce new types of resources and industrial by-products in the production chain. The 

alkaline activation technique constitutes a very promising way to transform recycle materials 

into resources. It requires two main components, namely the solid precursor, rich in alumina 

and silica, and the activator, a basic solution of an alkaline or alkaline earth metal. 

Valorization of a wide variety of mining, metallurgical, societal and agricultural wastes can be 

achieved through the use of these materials as precursors or activators for alkali-activated 

binders. Considering that transportation of material at all stages leading up to the production 

of the binder is of key importance, the cost and emissions metrics (especially for waste 

products) can be highly affected by the distance and mode of transport (OôBrien et al., 2009; 

Weil et al., 2009).  
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The present work is aimed at evaluating Italian feedstock in alkali activation. In particular, 

two local raw materials have been selected: sulfate-bearing clay and sewage sludge of Pietra 

Serena, an ornamental sandstone rock.  

The issues related to these materials are different: for the first material, the occurrence of 

alunite, KAl3(SO4)2(OH)6, which is present in kaolin deposits deriving from trachyte, rhyolite, 

and similar potassium-rich volcanic rocks, normally hinders its use in the ceramic industry 

due to the release of SO3 at high temperature. However, alunite can be considered a valuable 

source of potassium and aluminum in alkali activation. In a previous study (Gasparini et al., 

2015), the possibility of using this kaolinitic clay containing alunite to prepare AAMs has 

been assessed by activating the clay at temperature below desulfation (<700°C, Kristof et al., 

2010). Results are promising, as evidenced by high thermal stability and high compressive 

strength (ca. 80 MPa) of the AAMs obtained from this material, opening the way for utilizing 

sulfate-bearing kaolin. However, the presence of thenardite, Na2SO4, deriving from the 

dissolution of alunite, was observed in the final products.  

The issue associated to the Pietra Serena sandstone sewage sludge, common to all stone 

processing, is its suitable disposal which needs precise requirements; while the coarser 

fractions of quarrying wastes can be reused in construction industries, (Akbulut et al., 2007, 

Felekoglu et al., 2007) the finest fraction often contains heavy metals, organic matters, and 

high content of water, and could represent a long-term risk of environmental pollution or 

problems of uneconomical energy-consuming drying process (Yang et al., 2013). To this 

purpose, the reuse, rather than disposal, would be the ideal solution. 

The versatility of the alkali activation process, which allows to employ different materials as 

precursors, has led to assess the synergic use of more than one type of raw materials. Such 

study will allow to start building the bases of designing materials that may achieve a balance 

of commercial and technical goals, and increase resource efficiency. 

Aim of this work is therefore the valorization of ñsecondary raw materialsò for designing 

cements and binders, through alkaline activation process. In particular, the use of kaolitic clay 

containing sulfate in the alkali activation process has been evaluated. Sulfate can in fact act as 

promoter of zeolite crystallization, as proposed by Criado et al. (2010), or can be hosted by 

the metakaolin-based AAM gel. In addition, the reactivity of Pietra Serena sewage sludge and 

its behavior in the alkali activation process when mixed to the sulfate-bearing clay have been 

investigated. 
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The local structure and properties of the products have been investigated in order to 

strengthen the basis upon which alternative materials can be developed.  

 

With this premise, the present Ph.D. thesis has been designed in three parts: 

¶ In the first section, a detailed characterization of all raw materials used for the AAMs 

syntheses has been carried out. Different techniques have been used in order to study 

chemical and mineralogical features before and after thermal treatments. An evaluation of 

amorphous, vitreous and crystalline phases present in the materials has been assessed in 

order to establish the synthesis parameters. 

¶ In the second section, the feasibility of using sulfate-bearing clay for alkali activation has 

been assessed using sodium silicate as activator. In particular, the effects of the presence 

of SO4
2-

 on the microstructure and chemical composition of the resulting AAMs and, in 

particular, on the N-A-S-H gel have been evaluated; non-soluble sulfate-bearing phases 

have been identified; finally, the possibility of sulfate uptake by the gel itself assessed.  

¶ In the third section, the synergic use of sandstone sewage sludge in binary mixtures with 

sulfate-bearing clay has been studied. Sodium hydroxide solution has been used as 

activator. The resulting cements are called hybrid alkaline cements, in which binders of 

two different compositions form C-(A)-S-H and N-A-S-H. The former, well known, is 

characteristic of Portland cement hydration, while the second is characteristic of the 

alkaline activation of aluminosilicate, such as fly ash or metakaolin. As in Portland 

cement manufacture, in which a small amount of gypsum is added to the clinker to control 

the initial hydration reactions and prevent flash setting, in the studied system, alunite, a 

sulfate-bearing mineral, is present. At the high pH of the slurry, this mineral dissolves to 

release SO4
2-

 and Al
3+

, which, in turn, react with Ca(OH)2 to form sulfo-aluminate 

compounds, which could improve the mechanical properties (Katsioti et al., 2009) of the 

resulting binder. Compositional and microstructural characterizations of the synthesised 

samples were performed to explain the different mechanisms involved in the alkaline 

process. 

 



4 

 

 STATE OF THE ART  1

 Alkali activated materials and geopolymers 1.1

Alkali Activated Materials (AAMs) are defined as amorphous materials obtained by the 

reaction between an alkaline solution (e.g., sodium hydroxide and sodium silicate) and an 

aluminosilicate source. The alkali sources essentially include any soluble substance, which 

can supply alkali metal cations, raise the pH of the reaction mixture, and accelerate the 

dissolution of the solid precursor. The aluminosilicate sources can be made from a great 

number of natural aluminosilicate minerals and industrial by-products, including pozzolans, 

fly ash, and granulated blast furnace slag, mine tailing, waste glass, etc. The final products, 

generated after a suitable curing process, give rise to mechanically strong and chemically 

durable materials. Nowadays, AAMs are receiving noteworthy attention because they can 

provide comparable performance to traditional cementitious binders in a variety of 

applications, such as high-tech ceramics, thermal insulating foams, protective coatings, fire-

proof building materials, refractory adhesive, and hybrid inorganic-organic composites for 

toxic waste immobilization (Balaguru, 1998; Gordon et al., 2005; Duxon et al., 2007; 

Buchwald et al., 2009; Zhang et al., 2010). In the last twenty years, a wide variety of alkaline 

activated binders, mainly conceived for the construction industry, have been developed with 

the aim of a technological, environmental and economic earning (Van Deventer et al., 2012).  

ñAAMsò is the most widespread term for defining these materials (Provis & Bernal, 2014; 

Provis & Van Deventer, 2014). However, the technology of alkali activation is dated back to a 

first patent awarded to Kühl in 1908 (Kühl, 1908), the research conducted by Purdon in the 

1930s-1940s (Purdon, 1940), and the extensive program of research, development and 

commercial-scale production grown from the work of Glukhovsky from the 1950s onwards 

(Glukhovsky, 1959). Davidovits, in the 1970s, introduced the name ñgeopolymersò, 

developing and patenting materials obtained from the alkali-activation of metakaolin. 

Nowadays, this term is largely known and used also for marketing purposes, highlighting the 

similarities between these synthetic materials and the three-dimensional silico-aluminate 

structures of natural tectosilicate minerals, like feldspathoids and zeolites (Davidovits, 1988; 

1991). Nevertheless, there is a surplus of names referring to alkali activated aluminosilicate 

materials, like mineral polymers (Wastiels et al., 1994), inorganic polymers (Barbosa et al., 

2000), soil-cements (Krivenko, 1997; Krivenko & Kovalchuk, 2007), hydroceramic (Siemer, 
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2002), low temperature aluminosilicate glass (Rahier et al., 1997), zeocements (Krivenko et 

al., 2007) and zeoceramics (Fernández-Jiménez et al., 2008a). 

Based on the nature of their cementitious components (M2O, CaO-SiO2-Al 2O3 system, where 

M = Na or K), alkaline materials may be grouped by calcium content and classified as high-

calcium and low-calcium cements. In the first model, calcium- and silicon-rich materials, 

such as blast furnace slags (SiO2 + CaO > 70%), are activated under quite moderate alkaline 

conditions (Bakharev et al., 2000; Fernández-Jiménez, 2000; Shi et al., 2006). In this case, the 

main reaction product is a C-A-S-H (calcium silicate hydrate) gel, similar to the gel obtained 

during Portland cement hydration, which takes Al in its structure. In the second system, the 

materials activated comprise primarily aluminum and silicon, such as metakaolin or type F fly 

ash (from coal-fired steam power plants). In this case, more severe working conditions are 

required to trigger the reactions (highly alkaline media and curing temperatures of 60-200°C). 

The main reaction product formed in this case is a three-dimensional N-A-S-H (or alkaline 

aluminosilicate hydrate) gel that has been considered as the amorphous equivalent of 

synthetic zeolites and have more or less the same chemical composition (Palomo et al., 1999a; 

Provis et al., 2005; Duxson et al., 2007). 

Recently, a new model based on a combination of the preceding two has been assessed. The 

reaction products are binders known as blended or hybrid alkaline cements, in which CaO, 

SiO2 and Al2O3 content is >20% (Alonso & Palomo, 2001; Yip et al., 2005; Palomo et al., 

2007; García-Lodeiro et al., 2013a; 2013b), and include a mix of cementitious gels, such as 

C-A-S-H (which takes sodium into its composition) and N(C)-A-S-H (high calcium content 

N-A-S-H gels) gels (Garcia-Lodeiro et al., 2010). 

In Figure 1.1, a simplified representation of the chemistry of concrete-forming systems, based 

mainly on the system CaO-Al 2O3-M2O-H2O (where M is the alkali cation) is reported. It 

shows the classification and position of the AAMs with respect to OPC and sulfo-aluminate 

cementing systems. Geopolymers are shown as a subset of AAMs, with the highest Al and 

lowest Ca concentrations, to enable the formation of a network structure rather than the chains 

characteristic of calcium silicate hydrates. Low-calcium fly ashes and calcined clays are the 

most prevalent precursors used in geopolymer synthesis. 
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FIGURE 1.1. Classification of AAMs and comparison with OPC and calcium sulfo-aluminate binder 

chemistry. Grey indicates approximate alkali content; blue corresponds to higher concentrations of 

alkali (indicated as M
+
 on the axis) (readapted from Fig. 1.2 in Provis & van Deventer, 2014). 

 

 Synthesis procedure and reaction process  1.2

Alkali activation process can be achieved by mixing the alkaline solution to a finely milled 

aluminosilicate precursor. Chemical composition, grain size distribution and solid/liquid ratio 

are parameters that control the workability of the mixture (Palomo & Glasser, 1992; Duxson 

et al., 2005a; Duxson et al., 2006a). The maturation phase, commonly called curing, can be 

carried out at temperature between 20°C and about 100°C in controlled humidity conditions 

(99% R.H.), for different lengths of time. At the end of the curing, specimens are generally 

stored at room temperature until their use (Fernández-Jiménez & Palomo, 2005a; Duxson et 

al., 2006b; Zuhua et al., 2009). 

The reaction process can be theoretically described by using the model proposed for the 

formation of some zeolites. Aluminum and silicon dissolved in the medium react to form a 

three-dimensional poly-hydroxy-silicoaluminate complex (Weng et al., 2005; Fernández-

Jiménez et al., 2006). Al and Si, in the solid product, are tetrahedrally coordinated, while the 

alkalis, that balance the electric charge generated by the substitution of Al
3+

 for Si
4+

, are 
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located in the voids of this framework. The resulting product is an alkaline aluminosilicate 

hydrate Na2OĀAl2O3Ā2SiO2ĀnH2O-type gel (N-A-S-H gel), with a three-dimensional structure 

that, on an atomic to nanometric scale, and resembles zeolitic structures (Provis et al., 2005; 

Shi et al., 2011). 

It is worth highlighting that the alkali-activation of aluminosilicates differs from the chemical 

process involved in traditional cement hydration, where the main reaction product is a 

calcium silicate gel, CaOẗSiO2ẗnH2O gel type (C-S-H) (Shi et al., 2011). 

Glukhovsky (1959) first proposed an explanation of the mechanism, which governs the 

formation of the three-dimensional structure of aluminosilicate alkaline gel. The model 

describes a number of destructionïcondensation transformations that take place in the starting 

solid. The initial units, with an unstable structure, give rise to a series of coagulated structures 

that at the end condense to generate the hydrated products. In the last years, this model 

described by Glukhovsky has been improved by the work of different researchers (Duxson et 

al., 2006a; Shi et al., 2011), who proposed schematic models of N-A-S-H gel reaction 

process. Figure 1.2 (Shi et al., 2011) outlines the processes occurring in the transformation of 

a solid aluminosilicate source into a synthetic alkali aluminosilicate. 

 

FIGURE 1.2. Descriptive model for alkali activation of aluminosilicates (from Shi et al., 2011). 

At first, disaggregation process entails the break of the M-O (M indicates the alkaline cation), 

Si-O-Si and Al-O-Si bonds in the starting material. The strongly basic environment associated 

to water consumption and the formation of complex unstable products promotes this process. 

The dissolution rate increases linearly with pH of the solution, and it is favored by reducing 

the dimension of the alkaline cation used in the activation solution. At high pH, the fast 
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dissolution rate gives rise to the formation of a supersaturated aluminosilicate solution, which, 

by condensation, leads first to the formation of oligomers and then of large networks gel. This 

process releases the water that was consumed during dissolution, forming a bi-phasic system, 

which is composed by the aluminosilicate binder and the water. The first intermediate 

reaction product (denominated Gel 1) contains high aluminum amount due to the higher 

concentration of Al
3+

 ions in the alkaline medium during the early period of the process. Such 

higher concentration, in turn, can be attributed to the faster dissolution of aluminum than 

silicon, because Al-O bonds are weaker and hence more easily severed than Si-O bonds 

(Provis et al., 2005; Fernández-Jiménez et al., 2006). As the reaction progresses, more Si-O 

groups of the initial solid source are dissolved, favoring the evolution of the initial Gel 1 into 

a new Si-rich gel (Gel 2). After gelation, the gel structure continues to rearrange and 

reorganize, increasing oligomers connectivity and developing a three-dimensional 

aluminosilicate network. These processes of structural reorganization generate the 

microstructure and pores distribution of the material, which are fundamental in determining 

many physical properties (Duxson et al., 2005b).  

 

 Precursors 1.3

Two main compounds, an alkaline activator and an aluminosilicate precursor are the starting 

materials required in the synthesis of AAMs, as described in previous paragraphs. Among the 

natural raw materials, largely widespread are clay minerals, such as kaolinite, illite and 

smectite, which need to be activated to improve their reactivity under alkaline conditions. The 

clay activation generally consists in the thermal treatments in a temperature range between 

500°C and 800°C (Buchwald et al., 2009; Elimbi et al., 2011; Gasparini et al., 2013), but a 

mechanochemically prolonged milling was also successfully used (Makó et al., 2001; 

Temuujin et al., 2009; Rescic et al., 2011). The result is the loss of structural hydroxyl ions of 

the clay minerals and the consequently breakdown or partial breakdown of their layered 

structure, which is responsible of the material reactivity under alkaline conditions. Among the 

calcined clays, metakaolin represents the most studied precursor, due to its high reactivity and 

the good properties in terms of resistance and durability of the final products (Palomo et al., 

1999b; Duxson et al., 2006a; Siddique & Klaus, 2009; Rashad, 2013). The structure of 

metakaolin is that of a highly disrupted phyllosilicate structure containing silicon and 

aluminum only. Although most commercial metakaolin contains levels of impurities, the 
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effect of these impurities is generally limited by their low dissolution to affect the formation 

mechanism. In general, the knowledge gained by investigation of metakaolin-based alkali 

activated materials may be applied to all metakaolin supplies in the world (Duxson et al., 

2006a). Among the industrial by-products, largely used are the blast furnace slags (BFS) from 

iron-making processes and the fly ashes from coal combustion power plant. In recent years, 

there has been significant growth in the use of different urban, industrial and mining wastes as 

precursors for production of alkali-activated materials. These materials can be further 

combined with secondary raw materials to maximize the conversion of wastes into novel 

resources (Ruiz-Santaquiteria et al., 2013; Horpibulsuk et al., 2015). However, alkali 

activation can be applied to any material with a sufficiently high content of reactive Al2O3 

and SiO2 species.  

 

 Chemistry and structure of hardened alkali activated materials  1.4

Aluminosilicate sources and activation solutions are responsible of the good mechanical, 

physical and chemical properties of AAMs. Based on the nature of starting components, 

AAMs show extremely diverse chemistry and structure, so much to be grouped under two 

main categories as mentioned before: low-calcium and high-calcium AAMs. Scheme of 

primary reaction products either an alkali aluminosilicate N-A-S-H type gel or a calcium 

aluminosilicate hydrate C-A-S-H type, proposed by Provis and Bernal (2014) is reported in 

Figure 1.3. The image shows a N-A-S-H gel structure formed by silicon and aluminum 

tetrahedra distributed at random, forming a three-dimensional skeleton in which cavities are 

suitable to accommodate alkaline cations, to compensate for the deficit generated by 

electronegative charge presence of aluminum in tetrahedral coordination (Palomo et al., 2004; 

Fernández-Jiménez et al., 2003; Provis & Van Deventer, 2009). This type of gel can be also 

considered as a zeolite precursor (Davidovits, 1991; Provis et al., 2005). Indeed zeolites can 

be revealed as secondary products of the reaction. AAMs formed by alkali activation of 

metakaolin and fly ashes (type F according to ASTM classification) belong to this first group. 

Furthermore, water is not a major structural component as it is in C-A-S-H (Allen et al., 

2007). In calcium-rich AAMs, C-A-S-H gels include layers of tetrahedrally coordinated 

silicate chains with a dreierketten structure, in which each chain contains (3n-1) tetrahedra for 

an integer value of n. The same structural units are observed in OPC systems. The interlayer 

region contains Ca
2+

 cations, alkalis and water of hydration that is structurally incorporated 
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into the gel structure. Some alkali cations also balance the negative charge generated when 

Al
3+

 replaces Si
4+

 in the tetrahedral chain sites (FernándezȤJiménez et al., 2003; Myers et al., 

2013). The second group is mainly represented by vitreous blast furnace slag (BFS). In fact, 

activation of BFS takes place through a process of polymerization and crystallization of a 

main C-S-H (calcium silicate hydrate) gel, similar to that obtained in hydration Portland 

cement that incorporates a significant percentage of aluminum (Puertas et al., 2011). 

 

FIGURE 1.3. Processes and reaction products of alkaline activation of a solid aluminosilicate precursor. 

High-calcium systems react according to the left-hand (blue) pathway; low-calcium systems react according 

to the right-hand (green) pathway (from Provis & Bernal, 2014). 

 

 Environmental perspectives and technical applications  1.5

Nowadays, AAMs are viewed as potential materials to reduce the environmental footprint 

associated to cement production and they are considered a viable alternative to OPC in large-

scale construction applications. Cement production is an important industrial activity in terms 

of its volumes and impact to greenhouse gas emissions. Worldwide production of cement 
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contributes at least 5 to 7% of CO2 emissions (IEA, 2008; Allwood et al., 2010; Friedlingstein 

et al., 2010; UNSTATS, 2010). The original comparisons between OPC and AAMs that have 

been drawn in the literature have been largely based on the production step of cement and 

alkaline activated materials (Davidovits, 1993). These studies claimed AAMs greenhouse 

emissions up to 5-6 times lower than cement avoiding the high direct emissions of CO2 as for 

cement production and reducing some process energy (Davidovits, 2002). A number of 

studies (e.g. Flower & Sanjayan, 2007; OôBrien et al., 2009) have examined the greenhouse 

emissions of concrete and cement, and the impact of fly ash content on the total emissions. 

However, the impacts associated with the production, processing and transportation of 

feedstock are likely to contribute significantly to the life cycle emissions of the concrete. 

Some researchers have recently used this approach in examining the life cycle impacts of 

OPC and AAMs (e.g., Huntzinger & Eatmon, 2009; Habert et al, 2011; Chen et al., 2010; 

McLellan et al., 2011; Turner & Collins, 2013; Habert & Ouellet-Plamondon, 2016). The 

variation in financial and environmental costs of AAMs and geopolymers depends on the 

source of the materials and energy, and the mode and distance of transportation (McLellan et 

al., 2011). Moreover, there is also a variability of the impact depending on the source of 

energy and the technology to produce the reagents. The common result of all studies is that 

sodium silicate solution is the greatest contributor to the CO2 emissions, representing nearly 

half of the total emissions, while the clinker represents two-thirds of the impact for standard 

concrete (Turner & Collins, 2013). Another important issue influencing the environmental 

assessment of alkali activation technology is related to the availability of raw materials. One 

of the limitations that constrains or inhibits the worldwide introduction of alkaline cements is 

the local unavailability and non-uniformity of the raw materials whose chemical and physical 

properties of alkaline materials are strictly dependent, and which requires control of the 

quality and origin of the precursors used. In recent years, there has been significant growth in 

the use of different urban, industrial and mining wastes as precursors for production of alkali-

activated materials. However, the existing high demand for blast furnace slag and fly ash in 

blends with Portland cement represents one of the main barriers to the further deployment of 

alkali-activated cements on a large industrial scale (Bernal et al., 2016). Moreover, in the near 

future, the development of alternative energy sources could drive to the decay of fly ash 

production, as well as blast furnace slag are related to exploitation of iron ores. This means 

that most of the ñtraditionalò precursors are limited resources and they are likely to be 

substituted by the ñnon-conventionalò resources. In order to assess the potential usefulness of 



12 

 

these new/alternative precursors, new relationships among them need to be established, and 

alternative routes to prepare ñblendedò system explored. The use of secondary raw materials 

or industrial self-generated wastes in each country could open the way to the development of 

alkali activation technology reducing the dependence of Portland cement.  

From a technical point of view, AAMs achieve good mechanical performances already after 

one day of curing, developing strengths comparable to OPC after 28 days of hardening (Hawa 

et al., 2013). Furthermore, they reach similar or greater durability than that offered by 

traditional cements.  

Alkali -activated binders have been shown to be highly resistant to the effects of acidic 

solutions (Shi et al., 2006; Fernández-Jiménez & Palomo, 2009). They are resistant to attack 

by sulfates (Palomo et al., 1999a; Bakharev, 2005a; Fernandez-Jimenez et al., 2007); to acid 

attack by chloride, like sea water (Bakharev, 2005b; Zhang et al., 2012); to freeze-thaw 

(Ġkv§ra et al., 2005; Brooks et al. 2010; Sun & Wu, 2013), maintaining up to 70% of their 

mechanical strength after 150 cycles (Ġkv§ra et al., 2005). Several studies have demonstrated 

that AAMs preserve good properties at high temperatures, they have ceramic-like properties 

that make them resistant upon heating at high temperatures, due to formation of several 

crystalline aluminosilicate phases with potentially high melting points (>1100°C). They are 

considered valid candidates for passive fire protection applications under intermediate 

exposure temperatures (<900°C), fire resistant composite materials such as fiber-reinforced 

composites (Barbosa & MacKenzie, 2003; Kong et al., 2007; Fernández-Jiménez et al., 2010; 

Davidovits, 2011; Hung et al., 2011; Rickard et al., 2013). 

Other studies have been conducted to evaluate the development of alkali-activated mixtures 

from industrial by-products as sustainable lime/cement replacements for chemical soil 

stabilization (Al-Tabbaa, 2003; Ahnberg, 2007; Hughes & Glendinning, 2010; Hughes et al., 

2011). The laboratory research and small-scale on-site experiments have shown that alkali-

activated metakaolin can be applied as an inorganic coating for the protection of existing 

marine concrete structures (Balaguru et al., 2008; Hu et al., 2008; Fernández-Jiménez & 

Palomo, 2009; Bhutta et al., 2013; Aydēn & Baradan, 2014).  

AAMs can be used as immobilizers of toxic and/or hazardous waste, diminishing the severe 

environmental impacts, which can be associated with their chemistry and toxicity. Several 

studies have been conducted in the inertization of solid and liquid wastes. The matrices used 

in these studies include kaolin, metakaolin and cement added with coal fly ash and/or blast 

furnace slag (Palomo & Palacios, 2003; Phair et al., 2004; Fernández-Jiménez et al., 2005; 
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Hanzlìcekw & Steinerovà-Vondràkova, 2006; Shi & Fernandez-Jimenez, 2006; Xu et al., 

2006; Hanzlìcekw et al., 2006; Álvarez-Ayuso et al., 2008; Zhang et al., 2008; Lancellotti et 

al., 2013). It is known that AAMs behave similarly to zeolites, which are known for their 

ability to absorb toxic ions (Davidovits, 1988). Therefore, the metals are believed to be 

microencapsulated as hydroxide or monomeric/small chain silicate species within the Al- and 

Si-rich amorphous phase of the AAMs (Van Jaarsveld & van Deventer, 1999a). The heavy 

metals present in the waste mass seem to affect the chemical and physical characteristics of 

the final product, while the concentration of the alkali activator influences the immobilization 

behavior of a geopolymeric system (Xu et al., 2006).  

Any material used in such applications need to be well understood in terms of nanostructure 

and durability. Although the scientific and technical advances have provided a very good 

foundation for the initial deployment of this technology, a correct mix and processing design 

have been required in order to optimize their performance and/or reduce the costs.  

 

 Low purity clays and secondary raw materials  1.6

The research for low cost or easily available materials for production of alkali-activated 

cements has led to the assessment of a series of ñnon-commercialò raw materials, as low 

purity clays or waste raw materials. Low purity clays, include those called normal clay such 

as montmorillonites, illites and smectites, among the others. However, they tend to be more 

variable in composition and mineralogy than commercial kaolinites, and the parameters of the 

thermal activation process must be particularly controlled in order to reach high reactivity 

(Snellings et al., 2016). 

Secondary raw materials include industrial waste materials, such as fly ash, blast furnace slag, 

waste glass, ceramic waste, mine tailings. For example, mine tailing, are generally inert form 

chemical and environmental point of view. They involve materials that must be removed to 

gain access to the mineral resource, such as topsoil, overburden and waste rock, as well as 

tailings remaining after minerals have been largely extracted from the ore. In current practice, 

mine tailing are transported in slurry form and deposited in storage impoundments. Storage of 

these materials in such impoundments leads to occupation of large areas of land, costly 

construction and maintenance, and potential environmental and ecological risks. In fact, 

management of tailings is an intrinsically risky activity, often involving residual processing 

chemicals and elevated levels of metals. Some studies have been carried out about the sludge 
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reutilization as a precursor in AAMs: as building bricks (Ahmari & Zhang, 2012), lightweight 

aggregates (Tay et al., 1997), additives in mortar or concrete (Valls & Vàzquez, 2001; Yagüe 

et al., 2005), materials for conservation, restoration and/or rehabilitation of historic 

monuments, sculptures, decorative and architectural interventions, or simply as materials for 

building coatings (Castro-Gomes et al., 2012); as new construction materials in 

stabilized/solidified admixtures of cementïbentonite or cementïjarosite/alunite and as new 

construction materials and cementitious materials (Cheilas et al., 2007; Katsioti et al., 2008). 

Although many researchers have shown potential applications of sewage sludge utilized as 

building and construction materials, further investigations should be carried out in terms of 

long-term performance.  

Blending of non-commercial raw materials or specific wastes in defined combinations, often 

involving better-understood materials, can offer a lower-risk and potentially highly attractive 

pathway toward the utilization of a broader range of wastes. In this way, the quality control 

and metals leachability issues, which are often associated with many of these materials, are 

reduced through dilution. However, these precursors tend to be more variable in composition 

and mineralogy than commercial ones, and the parameters of the thermal activation process 

must be precisely controlled in order to reach high reactivity of the precursors. It is clear from 

the above discussion that the challenge of producing consistent AAMs from ñnon-

commercialò raw materials requires a priori characterization of the precursors each time. The 

amount of impurities in the raw materials and the form in which they are present both play 

significant roles in the determining the reaction pathway and the physical properties of the 

final product. Tailoring compositional and synthesis parameters for a certain system is 

important in order to define a mix design which allow the exploitation of using several 

different sources but also focus out on suitable stream of the resource is therefore necessary to 

draw on reserves of different sources to meet future binder requirements. As example, waste 

from extractive operations (i.e. waste from extraction and processing of mineral resources) is 

one of the largest waste streams in the EU. The availability of new and cheap products with 

good properties, based on self-generated wastes could allow to lower the dependence on 

Portland cement in the developing countries (Pacheco-Torgal et al., 2014) and to minimize 

the environmental impacts associated with waste treatment and disposal in developed 

countries. Although, most of the mixtures now being used at production scale are based on a 

limited selection of precursors (coal fly ash, blast furnace slag, and calcined clays), a 

performance-based approach to standardization does certainly offers a possibility for the 
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utilization and valorization of a wide range of silicate and aluminosilicate raw materials as 

precursors for the production of alkali-activated materials. Standardization and large-scale 

commercial use of alkali-activation technology is taking place rapidly. In the future, most 

precursors will probably not belong to the óconventionalô category, due to the high availability 

and appropriate characteristics of ónewô precursors. Alternative routes must be assessing for 

optimizing their properties and reactivity, and different options for preparing óblendedô 

precursors may be explored. 

 

 Alkali activated materials and sulfates 1.7

So far, the effect of some anions only on geopolymer properties have been studied (e.g. Lee 

and van Deventer, 2002; Criado et al., 2010; Desbats-Le Chequer, 2011; Komnitsas et al., 

2013). These studies have focused on the effect of anions on fly ash, metakaolin and 

ferronickel slag-based geopolymers. These researches have shown that anions that can 

commonly be found in aqueous waste streams, such as nitrates and sulfates, modify the 

properties of geopolymers. Frizon et al. (2011) have studied the impact caused by the 

introduction of monovalent and divalent anions, such as sulfate and nitrate, in alkali activated 

metakaolin systems on the setting time and mechanical properties of the binders. Their 

immobilization appears to be related to the progress of the geopolymerization reaction. 

Moreover, depending on the alkali ions used in the activation solution, the anionic species 

considered may also enhance the precipitation of some zeolites. It has been seen that the 

compressive strength of geopolymers is negatively affected by the presence of NO3
-
 or SO4

2-
 

ions in the starting mixture. Both anions consume most of the available alkali activator moles, 

hinder geopolymerization reactions and thus the quantity of the gel produced is limited and 

scarcely connected (Komnitsas et al., 2013). 

Kumar et al. (1996) and Laha and Kumar (2002) claimed that the presence of certain 

oxyanions could act as promoter of crystallization of definite zeolites and they studied the 

effect of these promoters on the synthesis of mesoporous materials. These authors observed 

that nitrates, sulfates and phosphates were the compounds that shortened crystallization time 

most effectively.  

Criado et al. (2013) have stated that the presence of sulfate (in the form of Na2SO4) in the 

alkaline activation of fly ash accelerates the conversion of N-A-S-H gel into zeolites, driving 

the zeolites crystallization. Moreover, they state that the sodium sulfate presence does not 
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accelerate the fly ash dissolution and consequently lower degrees of reaction and lower 

mechanical strength have been recorded.  

Therefore, sulfate is believed to be a retarding agent in the N-A-S-H gel formation, 

obstructing the condensation of the aluminosilcates species. No new compounds have been 

formed by the sulfate and its uptake by the reaction products has not been observed. Sulfates 

are less commonly applied as activators, not many works have been published on their use in 

alkaline activation (Fernández-Jiménez, 2000; Shi et al., 2006). Studies on slag activation 

with a saturated Na2SO4 solution have demonstrated that the activation takes place at a 

relatively low pH (~7), although the process is slow. Similarly to when gypsum is the 

activator, a sufficient source of hydroxyl ions is needed to accelerate activation. Activation 

with a combination of gypsum and NaOH yields Na2SO4 (Shi et al., 2006).  

Recently, studies on the immobilization of sulfate bearing radioactive wastes in blast furnace 

slag (BFS) based binders have been conducted. Some authors (e.g., Wu et al. 1991, Milestone 

et al., 2006) have suggested that alkaline activated slag might be a better option for 

stabilization/solidification (S/S) of low/intermediate level waste than Portland cement due to 

its low permeability, low reaction heat, and high resistance to aggressive chemical attack. Bai 

et al. (2006) have demonstrated that the activation of slag using near-neutral salts such as 

Na2CO3 and Na2SO4 has been considered as a potential alternative for the immobilization of 

nuclear wastes including reactive metals. Asano et al. (2008) reported a possible S/S process 

for sulfate-rich aqueous low level waste using Ba(OH)2 and blast furnace slag (BFS) via a 

two-step process in which a cement-like solid can be formed. Mombasher et al. (2014) have 

demonstrated that the immobilization of soluble sulfate-bearing aqueous wastes is effectively 

achievable in Ba(OH)2-BFS composites via either a one- or two-step process, promoting the 

simultaneous formation of BaSO4 and the activation of the BFS, favoring the formation of a 

stable cement-like composite.  
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 Alkali activated materials and zeolites 1.8

Alkaline activation can be viewed as a similar process to that of zeolites formation, as both 

processes involve the dissolution of solid reactants, hydrolysis of the dissolved species and 

condensation of the gel phase (Xu & Van Deventer., 2000; Fernandez-Jimenez & Palomo, 

2005). Many studies have concluded that AAMs phases can be viewed as an analogue of 

zeolite (Davidovits, 1982; Krivenko, 1994) and thermodynamically, as metastable with 

respect to zeolites (Kriven at al., 2004). The conversion of amorphous aluminosilicate gels 

into zeolites involves two steps: (1) formation of an aluminosilicate gel and (2) crystal 

nucleation and growth (Akolekar et al., 1997). Palomo and Fernández-Jiménez (2004) 

proposed this model to describe the alkaline activation process of fly ash and metakaolin 

based on zeolite synthesis (Palomo et al., 2004). Generally, in the alkaline activation of silica-

and alumina rich materials such as fly ash and metakaolin, beside the main reaction product 

(amorphous alkaline aluminosilicate hydrate, Mn-(SiO2)-(AlO2)n.wH2O), secondary reaction 

products are zeolites such as hydroxysodalite, zeolite P, Na-chabazite, zeolite Y and faujasite 

(Palomo et al., 1999; Fernández-Jiménez et al., 2003, 2006; Duxson et al., 2007a). The 

specific type of zeolite obtained depends on the NaOH concentration, solid/liquid ratio (Alkan 

et al., 2005) and Na2O/SiO2 ratio (Miao et al., 2009), in addition to the presence or absence of 

small amounts of other minerals in the starting raw materials (Laha & Kumar, 1996; 

Cahndrasekhar & Pramada, 2001; Desbats-Le Chequer et al., 2011). The degree of 

crystallization in AAMs systems is related to the formulation and condition of the synthesis as 

well as several factors controls the chemistry and nature of final products, such as temperature 

and pressure, which are generally a prerequisite for zeolites formation. Temperature and water 

content are usually higher in zeolite synthesis systems than in alkali activation, but also 

particularly Si/Al ratio and reaction time are variables that can condition zeolites formation 

(Provis et al., 2005). Nevertheless, some zeolites types can be synthesized at lower 

temperatures, or even under ambient conditions (Atkins et al., 1995; Valtchev & Bozhilov, 

2004).  

Silica-rich fly ashes, activated by NaOH, are reported to result in zeolite Na-P1 and/or 

hydroxysodalite phases (Inada et al., 2005). Exposition with deionized water, seawater, 

Na2SO4 solutions, of amorphous or semi-crystalline AAMs have been shown to crystallize 

into a zeolite material belonging to the faujasite family (Palomo et al., 1999).  
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The main synthesis products obtained after activation of kaolinite in NaOH solutions included 

zeolite LTA (LTA), sodalite (SOD), cancrinite (CAN), faujasite (FAU), zeolite Na-P1 (GIS), 

JBW-type zeolite (JBW), analcime (ANA), whereas the activation of kaolinite in KOH 

solutions produced chabazite (CHA), zeolite Barrer-KF, phillipsite (PHI) and K-feldspar 

(Dudzik and Kowalak, 1974; Rocha et al., 1991; Akolekar et al., 1997; Gualtieri et al., 1997; 

Chorover et al., 2003; Liu et al., 2003; Zhao et al., 2004; Lin et al., 2004; Ríos et al., 2007). 

In general, zeolite molecular sieves are crystalline porous aluminosilicate minerals whose 

unique pore and channel systems in the molecular size range are the basis of their important 

contribution in catalysis, separation and ion exchange (Davis & Lobo, 1992; Meier, 1996). 

These aluminosilicates are characterized by a three-dimensional framework, which contain 

cages and channels in their negatively charged frameworks because of the substitution of Si4
+
 

ions by Al3
+
 ions. Both the ɓ- and Ů- cages, which compose their framework, need positively 

charged species to neutralize them so cations can enter these porous materials to balance the 

charge of their structural frameworks (Ríos et al., 2008). Due to their porous properties, they 

are used in various applications such as petrochemical cracking, ion-exchange and separation 

and removal of gases and solvents. The main environmental applications of zeolites are 

particularly concern in wastewater treatment. Many industrial processing and wastewater 

streams, such as waters from leaching, mining, rinsing, etc., contain rare and/or toxic heavy 

metals mixed with other pollutants, frequently organic substances and ammonium (Ġiġka, 

2005).  

In hydrated CaO-Al 2O3-SiO2 systems (Portland and pozzolanic cements), for example, the 

formation of zeolitic phases from corresponding gel phases has been shown to have 

significantly altered the immobilization potential of these cements towards various waste 

metals (De Silva & Glasser 1993; Atkins & Glasser 1995). Wang et al. (2006) have 

demonstrated that conversion of coal fly ash into low-grade zeolites brings not only economic 

benefits but also environmental benefits, in terms of reducing the landfill and the potential 

geological risks (Wang et al., 2006). 

Sodalite and cancrinite minerals are an interesting group in that they may be synthesized with 

their open frameworks filled either with water (zeolitic variety) or by salts such as NaC1, 

Na2SO4, Na2CO3 and CaSO4 (felspathoid variety). Various intermediate situations with both 

water and salts presence can be achieved in hydrothermal systems (Barrer, 1984). The salts 

occupy some or all of the same intracrystalline channels and cavities as water molecules, and 

they can support and stabilize these frameworks causing the formation of specific zeolites and 
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determing which of the frameworks of sodalite or cancrinite would form (Barrer, 1970; Barrer 

1976). Both SOD and CAN have common chemical formula Na6[Al 6Si6O24]·2NaX·6H2O, 

where X can be OH
ī
, Cl

ī
, NO3

ī
, ½ CO3

2ī
, or ½ SO4

2ī
. Cancrinite-group (CAN) compounds 

cannot be grouped along with the materials showing good zeolitic properties, such as high 

cation exchange capacity or molecular sieving (Fechtelkord et al., 2003) On the contrary, 

being extra-framework ions diffusion limited by the presence of fairly strong bonds, CAN can 

be considered as ion sequestrating materials. The main advantages of synthetic zeolites when 

compared with naturally-occurring zeolites are that they can be engineered with a wide 

variety of chemical properties and pore sizes and that they have greater thermal stability. The 

identification of zeolitic nanocrystals within the AAMs binder is potentially a highly 

significant data, as it provides a link between the chemical composition and engineering 

properties of geopolymeric materials.  

 

 Portland cement: a concise overview 1.9

Cements and concretes are the most widely used building materials. More important today are 

the hydraulic cements. Starting from the beginning of the 19
th
 century, the Ordinary Portland 

Cement (OPC) has become the most used binder in the construction industry. Currently, in the 

field of inorganic waste management, cement-based processes are widely used for 

immobilization and encapsulation as well as for stabilization (Sharp et al., 2003). 

OPC is obtained by heating a mixture of limestone and clay, or other materials of similar bulk 

composition, to a temperature at which partial fusion occurs (1300-1500°C). The product, 

which is called clinker, is ground and mixed with a few percent of gypsum (CaSO4·2H2O) or 

anhydrite (CaSO4) (Jawed et al., 1983) in order to control the initial reaction and prevent flash 

setting. Portland cement clinker contains four major phases: tricalcium silicate (C3S), ɓ-

dicalcium silicate (ɓ-C2S), tricalcium aluminate (C3A), and ferrite solid solution (C2(A,F)) 

(Taylor, 1986). The hydration of the Portland cement is associated to a sequence of reactions 

between the phases of clinker, calcium sulfate and water, which lead first to the setting and 

subsequently to the hardening of the material (Jawed et al., 1983). When the cement is in 

contact with water, an exchange of species takes place between the solid and the liquid 

phases, resulting in a rapid increase in the concentration of aluminates, sulfates and alkalis in 

the liquid phase. During this phase of hydration, a large amount of heat is released and 
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crystals of ettringite (6CaO·Al 2O3·3CaSO4·32H2O) are formed. Ca
2 +

 and Si
4 +

 ions from C3S 

pass into the solution.  

The main reaction product of Portland cement is a very poorly crystalline calcium silicate 

hydrate known as C-S-H. It is produced by hydration of C3S and ɓ-C2S and is often 

designated as a gel when there are other phases admixed on a sub-micrometer scale. This 

compound gives long term mechanical strength since the hydration is a slow process. From a 

structural point of view, C-S-H gel consists of silica tetrahedra linked to each other forming 

linear chains with similarities to the 1.4-nm tobermorite [Ca5Si6O16(OH)2·8H2O or C5S6H9] 

and/or jennite [Ca9H2Si6O18(OH)8·6H2O or C9S6H] (Taylor, 1986).  

With regard to the high-energy consumption, it is necessary to emphasize that during the 

manufacture of the Portland cement, in the stage of clinker preparation, it is necessary to 

reach very high temperatures for the formation of each one of its phases. 

 

 Calcium sulfo-aluminate cements 1.10

Calcium sulfo-aluminate (CȃA) cements have essentially been developed in China in the 

1970s. Designed by the China Building Materials Academy (CBMA), they were intended to 

the manufacturing of self-stress concrete pipes due to their swelling properties. These cements 

were produced by adding gypsum to CȃA clinkers, which consist mainly of C4A3ȃ 

(ye'elimite), belite and ferrite. The temperatures for the production of CȃA clinkers range 

from 1200 to 1300°C, i.e., about 200°C lower than needed to manufacture Portland cement 

clinkers. 

The amount of limestone required to produce CȃA cements is considerably smaller than that 

needed for Portland cement (i.e. 50%, 56%, 59% and 80% of the unit mass needed to form 

C3S, C2S, C3A and C4AF, respectively) (Gartner, 2004). It combines economy of cost and low 

emission of CO2 with rapid strength gain and compatibility with other construction materials. 

Hydration provides an internal pore solution where the pH is considerably lower than that of 

OPC, in which the higher alkalinity can sometimes cause the formation of expansive reaction 

corrosion products. For this reason, CȃA would allow wastes containing these metals to be 

encapsulated with lower reactivity than OPC and these cements are currently considered 

alternative to OPC in waste encapsulation because providing different hydration chemistry. 

The hydration products are mainly ettringite 3CaO·Al2O3·3CaSO4·32H2O, and alumina gel, 

Al 2O3·nH2O, but monosulfate, 3CaO·Al2O3·CaSO4·12H2O, can co-exist depending on the 
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level of sulfate addition. Ettringite can incorporate a number of ions into its crystal structure, 

making it an ideal candidate for waste immobilization (Zhou et al., 2006). Limestone, bauxite 

and gypsum are the main raw materials involved in the manufacture of CȃA cements. 

Actually, these cements are not able to substitute entirely the OPC as ñcement for the futureò 

(Shi et al., 2011), due to the issues related to the formation of sulfuric acid, with the by-

product being Portland cement clinker, which could be considerably worse than that of the 

normal cement manufacturing process. Moreover, good deposits of calcium sulfate are less 

abundant than good deposits of limestone. Therefore, it is difficult to try to obtain two useful 

products at the same time, relative economic variabilities in the raw materials supply and in 

the market for both products for long periods. For this reason, replacing some of these natural 

materials with industrial waste and by-products is a challenge of greatest social and technical 

importance. 
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2 STARTING  MATERIALS  

In the present work, different natural aluminosilicate raw materials have been used as 

precursors in the alkaline activation process: 

¶ Sulfate-bearing clay (L02-K) from Piloni di Torniella mine (Italy); 

¶ High grade kaolin (Sl-K) from Seiltz deposits (Germany); 

¶ Sewage sludge of Pietra Serena sandstone (Italy); 

¶ Alunite (B1) from Piloni di Torniella (Italy); 

All these materials have been thermally treated in order to improve their reactivity prior to be 

employed as precursors in the AAMs preparation.  

2.1 Sulfate-bearing (L02-K) clay  

The sulfate-bearing clay (L02-K) used in this work derives from Piloni di Torniella quarry, 

located in Tuscany, Central Italy. This clay is found in kaolinitic deposits belonging to the 

Roccastrada district. They have been originated by alteration process of rhyolites and other 

calc-alkaline or high-potassium calcalkalin rocks due to post-magmatic hydrothermal 

phenomena (Mazzuoli, 1967; Bertolani & Loschi Ghittoni, 1989; Gorga et al., 1995; 

Peccerillo et al., 2003; Viti et al., 2007). Representative geochemical composition of 

Roccastrada rhyolites (data from Peccirillo & Donati, 2003) has been reported in the 

following table.  

TABLE 2.1. Chemical composition of major and trace elements of Roccastrada rhyolite (from 

Peccirillo & Donati, 2003) 

Major oxides (wt%) SiO2 Al 2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 L.o.I Tot. 

 

73.4 13.67 0.72 1.82 4.76 0.81 0.02 2.48 0.11 0.27 2.1 100.1 

Trace elements (ppm) Ba Cr Ni Rb Sr V Y Zr La Ce 
  

 

105 11 8 521 55 29 23 100 19 38 
  

Alunite, KAl3(SO4)2(OH)6, is present in these deposits and its formation has been related to 

the alteration of plagioclase and K-feldspars due to an high S concentration in the fluid during 

hydrothermal process of these riolites (Viti et al., 2007). In the past, Piloni di Torniella mine 

was a very productive mining site for the alum extraction from alunite deposits. Since 1800, 

with technological advances, extraction process of the alum became too expensive and the 

mine was finally closed in 1950. Nowadays, the Piloni di Torniella mine is still in activity for 

kaolin extraction. However, the clays are selectively exploited in order to enrich the kaolinitic 

fraction and lower the sulfur content. The presence of alunite in these clays normally hinders 
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their use in ceramic industry because it affects strongly the rheological behavior of ceramic 

slips, increasing drastically their viscosity. Furthermore, this mineral fosters the formation of 

efflorescence on both dried and fired wares, and causes the emissions of SO3 compound 

during firing (Lombardi & Mattias, 1987; Ligas et al., 1997; Dondi et al., 2000). Sulfate-

bearing clay from Piloni di Torniella mine was provided by Eurit s.r.l. (Italy). Chemical 

composition has been analyzed by X-ray fluorescence (XRF) using XRF-fusion method. 

Sulfate content was determined by using Combustion Infrared Detection method, and samples 

were analyzed by Eltra CS-2000 devices and the results are reported in Table 2.2. The 

analyses were carried out at Activation Laboratories Ldt. (Canada). Loss on Ignition (L.o.I.), 

determined by mass loss up to 1000°C is also reported in table. 

TABLE 2.2. Chemical composition of L02 clay (XRF, wt% of oxides). 

Oxides SiO2 Al 2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Others
a L.o.I

b Sum SO4
2- c 

L02-K  59.02  22.85  1.26  0.11  0.12  0.82  3.30  0.28  0.26  12.07  100.27  5.2 
a 
Minor elements: Cr2O3; MnO; NiO; P2O5; V2O5. 

b 
L.o.I: Loss on Ingnition at 1000°C

 

c 
SO4

2-
 is calculated separately by Combustion Infrared Detection Method

 

Particles size distribution was carried out by Malvern Mastersizer S particle size analyzer 

equipped with a laser diffraction sensor 

FIGURE 2.1. Particle size distribution of L02-K clay. Red curve = cumulative volume (%); Blue curve 

= volume distribution (%) 
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The measurement was conducted on a wet sample (using ethanol as solvent). The results 

reported in Figure 2.1 display two maxima indicating a bimodal distribution. It has been 

found that 50% of particles have size below 8.5 µm whereas 90% below 45 ɛm. 

L02-K mineralogical composition has been characterized by XRPD as reported in Figure 2.2. 

As shown from the XRPD pattern (red line), the most intense reflections are related to quartz 

and feldspars. Defined peaks at 12.4°, 20.3° and 21.3° 2ɗ reveal the presence of kaolinite, 

while peaks at 15.5°, 18.0° and 30° 2ɗ are related to alunite. 

 

FIGURE 2.2. XRPD pattern of L02-K (red line) and respective thermal-treated L02-MK (green line); 

Alu = alunite; Fsp = Feldspars; Kln = kaolinite; Qtz = quartz. 

The amount of each phase has been quantified by Rietveld refinement method, the refined 

pattern is plotted in Figure 2.3. Rietveld quantitative analysis was performed using Ŭ-Al 2O3 as 

internal standard and the results were carried out by GSAS software. Results are reported in 

Table 2.3. The data obtained from Rietveld quantification are in good agreement with the 

calculation carried out by the XRF analysis and with those obtained from thermal analyses as 

reported in Table 2.3. 
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FIGURE 2.3. Rietveld plot of L02-K mixed with 20% of Ŭ-Al 2O3 (Rwp = 6.88%; Rexp = 4.57% ɉ
2
 = 

2.35%). 

 

TABLE 2.3. Mineralogical analyses of L02-K clay evaluated by Rietveld method and data from weight 

loss analysis (TG) and XRF analysis. 

Minerals 
Calculated by 

Rietveld method  
(wt %)

a 

Calculated by 
Rietveld method  

(wt %)
b 

Calculated by 
weight loss (TG)  

(wt %) 

Calculated from 
L.o.I. and 

measured SO4
2-
  

Alunite  13.0 (2) 12.3 (2) 12.0 11.2 
Kaolinite 47.6 (7) 44.9 (7) 45.0 45.7 

Quartz  26.0 (3) 24.6 (3)   

Feldspars 19.0 (5) 18.2 (5)   

Total 105 100   
a 
With internal standard, 

b
 calculated without internal standard 

Thermal analyses have been conducted up to 1000°C in order to understand the effect of the 

heat treatment on the kaolinite and alunite. Thermogravimetric (TG) and Differential Thermal 

Analysis (DTA) results are shown in Figure 2.4. DTA curve of L02-K shows a first 

endothermic peak around 500-550°C, with a corresponding weight loss in the TG curve of ca. 

8 wt%. This endothermic event corresponds to the transformation of kaolinite into 

metakaolinite and to the dehydroxylation of alunite, which generates K-alum, KAl 3(SO4)2, 

and amorphous alumina (Kristof et al., 2010). 
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FIGURE 2.4. TG (red line) and DTA (black line) of L02-K clay. 

In the range above 500°C and up to 700°C, other two small endothermic peaks (at 528°C and 

570°C) are visible in the DTA curve. These are associated to a weight loss of ca. 5.5 wt% and 

are related to alunite desulfation (Gasparini et al., 2013; Osornio-Rubio et al., 2016). The 

desulfation is associated with the formation of amorphous Al2O3 and release of SO3. L02-K 

has been thermally treated at 550°C for 3 hours in order to transform kaolinite into 

metakaolinite (labelled L02-MK) for the AAMs preparation. The XRD pattern of L02-MK 

(Figure 2.2, green line) shows that the peaks related to kaolinite and alunite have disappeared, 

meaning that all the kaolinite and alunite are transformed into metakaolinite and amorphous 

alumina and alum-K respectively. The only crystalline phases, which are obviously, not 

affected by thermal treatment, are quartz and feldspars. 

FT-IR spectra of the L02-K and L02-MK are reported in Figure 2.5. The bands at 3690 cm
-1
 

and at 3621 cm
-1

 represent the Al-OH and Al-OH-Al stretching vibration respectively (Bish, 

1993; Petit et al., 1999; Zemenová et al., 2014). Another band at 3481 cm
-1

 represents the Al-

OH alunite stretching vibration (Frost & Wain, 2008; Toumi & Tlili, 2008). These bands 

disappear after heat treatment due to the loss of hydroxyl groups (Chakraborty, 2003). One 

peak related to stretching vibration of SO4
2-

 is observed as a shoulder of the main band near 

1120 cm
-1

 in L02-K. From a visual point of view, a band in the sulfate stretching region 

seems to be retained after thermal treatment. The main feature of the IR spectra is an intense 

band centered at 1010 cm
-1

, showing two maxima at 1006 cm
-1

 and 1024 cm
-1

, as observed in 

spectra from kaolinite (Balan et al., 2001; Gasparini et al., 2013). 
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Peaks in this area correspond to Si-O stretching modes. According to literature (Frost & 

Wain, 2008; Toumi & Tlili, 2008), SO4
2-

 symmetric stretching modes of alunite are in this 

wavenumber region as well. After thermal treatment, the main Si-O band is broad and show a 

single maximum centered at 1030 cm
-1

. This shift towards higher frequency could be likely 

due to redistribution of the Si-O environment as result of dehydroxylation (Lambert et al., 

1989). In the spectrum from L02-K there is a peak at 914 cm
-1

 corresponding to Al
VI

 

deformation vibrations, this disappears in the L02-MK spectrum due to the dehydroxylation 

and the change in coordination of Al
VI

 to Al 
III,IV,V

 (Frost et al., 1999). Both the spectra in Fig. 

2.5 show a doublet near 770 cm
-1

 related to the presence of quartz, which is present before 

and after thermal treatment (Farmer, 1974; Gasparini et al., 2015). 

 

FIGURE 2.5 FT-IR spectra of the L02 clay before (L02-K) and after (L02-MK) thermal treatment. 

 

In order to determine the potential reactivity of this sulfate bearing kaolin as aluminosilicate 

source in AAMs, a selective acid attack with (1% HF) has been conducted on L02-K and 
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L02-MK respectively. This approach is based on the study of Ruiz-Santaquiteria et al. (2013), 

who assessed the accuracy of the quantification of the potential reactivity of a series of natural 

aluminosilicates (white clays, red clay) with respect to acid and basic chemical attacks. They 

have demonstrated that the quantification of the material dissolved in the two media is 

comparable for all the analyzed aluminosilicates. Moreover, they also proposed an analytical 

procedure, which allows determining the silica and reactive alumina content. Such reactive 

SiO2/Al2O3 ratio can be used to predict the properties of the alkaline cements obtained from a 

given aluminosilicate and therefore speedily and simply assess its aptness for use as a prime 

material in alkaline activation (Ruiz-Santaquiteria et al., 2013). 

Powders of L02-K (1.008 g) and of L02-MK (1.006 g) have been attacked with 100 ml of HF 

(1% V/V) solution for 5 hours. Then the solid residue and the solution were separated by 

filtering. The solid residue was calcined at 1000°C. The percentage of soluble phase content 

was quantified by subtracting the final weight of the calcined residue from the initial mass of 

the aluminosilicate. The percentage of silica and alumina released during selective chemical 

attack was determined in the leachates by means of ICP-AES. The data for L02-K and L02-

MK, are reported in Table 2.4 together with the calculations of the corresponding oxides (wt 

%). 

TABLE 2.4. Solubility of Si and Al after HF attack for L02-K kaolin and L02-MK metakaolin  

Samples  L02-K   L02-MK   

Soluble phase 

wt % 
 59.0  

 63.3  

SiO2/Al 2O3  
 reactive   

1.32  
 

 
 

1.0 
 

 

SiO2/Al 2O3  
 total (XRF) 

 2.2 
 

  
 

elements in 

the liquid 
ppm 

ppm 

corresponding 

oxides  

Wt% 

corresponding 

oxides
a
  

ppm 
ppm 

corresponding 

oxides 

Wt% 

corresponding 

oxides
a 

Si 105.04 224.73  22.29  110.29 235.95  22.24  
Al  89.53 169.18  16.78  117.19 221.44  20.87  
Fe 8.36 11.96  1.19  9.46 13.53  1.28  
Ca 1.12 1.57  0.16  1.25 1.76  0.17  
Mg 0.26 0.44  0.04  0.27 0.46  0.04  
S 1.63 4.08  0.41  17.13 42.78  4.03  
a 
Oxides percentage normalized at the initial weight of the analyzed samples  

 

According to the findings given in the table, both materials have shown potentially reactive 

phase of 59 wt% for L02-K and of 63.3 wt% for L02-MK. Metakaolin display a higher 

reactivity towards alkaline activation process, as expected. The percentage of soluble phases 
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in the samples is above 50 wt%, therefore above the minimum required to ensure satisfactory 

results (Fernandez & Palomo, 2003; Ruiz-Santaquiteria et al., 2013). Table 2.4 gives also the 

reactive SiO2/Al 2O3 ratios compared to those calculated from XRF results. As expected, 

SiO2/Al2O3 ratio found by XRF, differ significantly from the reactive SiO2/Al2O3 ratios 

determined by using selective chemical attack, because not all the silica and the alumina from 

the original raw material are reactive. L02-K shows a SiO2/Al 2O3 of 1.3 while L02-MK of 1.0, 

meaning that more aluminum is dissolved after thermal treatment. 

 

FIGURE 2.6 XRPD patterns of L02-K and L02-MK before (green and black line respectively) and after 

(red and blue line respectively) chemical HF attack. 

Figure 2.6 shows the XRPD patterns of the residues of L02-K_HF and L02-MK_HF after 

selective chemical attack. For comparison, the L02-K and L02-MK patterns before acid 

treatment have been also reported in the graph. After HF attack, only quartz, feldspars have 

been detected in patterns of both clays. Alunite peaks are still evident in the pattern of L02-

K_HF, while kaolinite peaks are not present, thus indicating its dissolution in the acid 

medium. The higher amount of Al in the leachead from L02-MK_HF might be explained by 

considering the alunite dissolution after thermal treatment. 
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2.2 High grade (Sl-K) kaolin  

Industrial kaolin, labelled Sl-K, deriving from the Seilitz kaolin deposits (Germany) and 

provided by Sibelco Italia S.p.a, has been selected for the AAMs preparation. Its chemical 

composition determined by XRF and L.o.I are reported in Table 2.5. 

TABLE 2.5. Chemical composition Sl-K kaolin (XRF, wt% oxides) 

Oxides SiO2 Al 2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO4 Others
b 

L.o.I
c

 

Sl-K
a

 67.0 31.5 0.32 0.12 0.23 - 0.35 0.24 - 0.24 10.02 
a 

Gasparini et al., 2013. 
b 

Minor elements: Cr2O3; MnO; NiO; P2O5; V2O5. 
c 

L.o.I: Loss on Ignition at 1000 °C. 

 

Sl-K is considered high-grade kaolin as revealed also by the XRF analysis and by the XRD 

analysis, as shown in Figure 2.7 (red line). Sharp and intense peaks related to kaolinite are 

revealed together to those related to quartz. Its mineralogical composition results exclusively 

composed by 73 wt% of kaolinite and 27 wt% of quartz as determined by Gasparini et al. 

(2013), who studied also the dehydroxylation kinetics of this sample. In this study, Sl-K has been 

heated at 550°C for 3 hours in order to be comparable to L02-MK even if at this temperature 

the dehydroxylation of Sl-K is not complete (see also, Gasparini et al., 2013). 

FIGURE 2.7. XRPD patterns of Sl-K and Sl-MK before and after thermal treatments (at temperature of 

550°C, green line, and at 800°C, blue line). 

From XRPD pattern after thermal treatment at 550°C (green line) is possible to observe that 

traces of kaolinite are still present. Sl-K has been also treated at 800°C for 2 hours (blue line) 
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in order to reach the full transformation of kaolinite into reactive metakaolinite, as deduced by 

the absence of peaks of kaolinite from the XRPD pattern. The only crystalline phase detected 

is quartz. However, studies by microscopy techniques on the kaolinite dehydroxylation via 

transmission electron have demonstrated that, after dehydroxylation, structure does not 

completely collapse along the c-axis and maintains a two-dimensional regularity (Gualtieri & 

Bellotto, 1998), and it has been found that metakaolinite consists of planar entities, which 

result from the combination of two successive dehydroxylated sheets (Bergaya et al., 1996). 

Kaolinite dehydroxylation is related to many different factors such as Kaolinite structure (e.g., 

particle size, shape and morphology, density of defects) (Bellotto et al., 1995; Dion et al., 

1998), associated minerals, heating rate (Castelein et al., 2001; Pt§ļek et al., 2010; 2011), 

sample treatment (Vizcayano et al., 2005), pressure and partial water vapor pressure (Dion et 

al., 1998). FT-IR spectra of the untreated Sl-K and Sl-MK samples after thermal treatments 

are reported in Figure 2.8. 

 

FIGURE 2.8. FT-IR spectra of Sl-K and Sl-MK before (red line) and after thermal treatment (at 

temperature of 550°C, green line, and at 800°C, blue line). 

 

Intense well-resolved peaks at 3689, 3650 and 3689 cm
-1

 correspond to the stretching modes 

of the OH groups (Farmer, 1974; Balan et al.; 2001) as reported by the red line. The three 
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peaks observed at 1112 cm
-1

, 1027 cm
-1

 and 1004 cm
-1

 correspond to Si-O stretching modes 

(Russel & Fraser, 1971; Frost et al, 2001). The bands observed at 935 cm
-1

 and 910 cm
-1
 are 

related to asymmetric deformation modes of Al-O-H group (Frost et al., 1999; Frost et al., 

2001). Double peak at 750 cm
-1

 are indicative of quartz existence in the sample. Significant 

changes in width and intensity appears with heating. The peaks related to OH groups are 

reduced in intensity and collapse into one broad band in the spectrum from the sample heated 

at 550 °C, and disappear after heating at 800°C. The Si-O peaks in the range 1000-1200 cm
-1
 

have become a unique broad band centered at 1050 cm
-1 

and peaks at 910-935 cm
-1 

are not 

present after both thermal treatments. 

 

2.3 Pietra Serena sewage sludge 

Pietra Serena sewage sludge (hereafter labelled sPS), has been provided by Pietra Serena 

Group S.r.l. of Firenzuola (Italy). Pietra Serena sandstone comes from a quarry in the 

Firenzuola district (Florence, Italy) and it can be classified as a feldspathic litharenite. 

Chemical composition of sPS was determined by XRF after drying at 100º C for 24 hours in 

an oven and the data are reported in L.o.I., determined by mass loss up to 1000° C is also 

reported in table. 

TABLE 2.6. Chemical composition of Pietra Serena sewage sludge (XRF, wt% oxides)  

Oxides SiO2 Al 2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 Other L.o.I.
a Sum 

sPS 43.50 8.28 2.44 19.53 4.19 0.18 1.46 1.74 0.42 0.25 18 99.99 
a
L.o.I.: Loss on Ignition at 1000 C for 1 hour.  

 

The mineralogical composition provided by Pietra Serena Group s.r.l. company on the basis 

of UNI-EN 12407:2007 ñNatural Stone Test Methods- Petrographic Examinationò, indicated 

a dominant silicoclastic component, constituted by quartz, feldspars (K-feldspar and 

plagioclase), phyllosilicates (biotite, chlorite and muscovite), accessories minerals and a 

carbonatic component (clasts and cement), the XRPD pattern is reported in Figure 2.10. In 

this study, the sludge have been thermally treated at 800° C for 2 hours (sPS_800) in order to 

obtain the decomposition of carbonates. Results from TG-DTA analyses, performed by using 

a TA instruments Q600 are reported in Figure 2.9. 

A total weight loss of 17 % was detected together with three main endothermic changes. A 

first weight loss at 0.5 % in the range 26-200° C is ascribed to the loss of adsorbed or weakly 

bonded water; a second weight loss of 1.1% corresponding to the DTA peak centered at 520° 
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C is attributed to the dehydroxylation of chlorite group minerals. The DTA peak at 573° C 

corresponds to the Ŭ-ɓ quartz polymorphic transition. The broad endothermic peak at 755Á C 

in the DTA curve is due to carbonates decomposition (dolomite and calcite). The 

corresponding weight loss in TGA is of 15.4%. Decomposition of carbonates may occur in 

different steps depending on the experimental atmosphere, sample grinding, grain size and 

other factors (McIntosh et al., 1990; Caceres & Attiogbe, 1997). 

The weight percentage of calcium and magnesium carbonates contained in sPS has been 

determined by considering XRF and TG results. Assuming that all the MgO content, as 

measured by XRF, forms dolomite, the sludge result constituted by ca. 19 wt% of dolomite. 

By subtracting dolomite contribution to the weight loss due to carbonate, calcium carbonate 

(related to both crystalline phase and carbonatic cement matrix) is desumed to constitute ca. 

18 wt% of the sludge. 

FIGURE 2.9. TG (red line) and DTA (black line) of Pietra Serena sewage sludge (sPS). 

 

Figure 2.10 shows the XRPD patterns of the sPS before and after thermal treatment. As 

mentioned before crystalline phases detected in the original sPS sample are clinochlore, 

muscovite, quartz, albite, anorthite, calcite and dolomite. After heating, peaks related to 

clinochlore disappear as well as those related to calcite and dolomite, and carbonates 

decomposition was confirmed by the presence of reflections of lime (CaO) and periclase 

(MgO). 
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Selective chemical attack with HF was also used by using the same procedure described in § 

2.1. It has been here applied only in order to evaluate the percentage of silica and alumina 

potentially reactive. Since calcium present in this material, reacts with HF producing calcium 

fluoride by-product this method does not permit to evaluate potentially reactive phase content. 

XRPD pattern of the solid residue (sPS_HF) is reported in Figure 2.10 and the results from 

ICP-AES are reported in Table 2.7.  

FIGURE 2.10. XRPD patterns of sPS sewage sludge before and after thermal treatment (red line and blue line 

respectively) and sPS after acid attack (green line). 

 

From the XRPD pattern is possible to observe that the diffraction peaks of muscovite become 

less intense as well as that of anorthite. Peaks related to lime disappear and in the range 

between 28°-30Á 2ɗ and 46Á-49Á 2ɗ, broad peaks reveal the formation of calcium fluoride 

compounds. 
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TABLE 2.7. Solubility of Si and Al after HF attack for sPS heated at 800° C  

Sample sPS   

SiO2/Al 2O3  reactive  4.48   

SiO2/Al 2O3  total (XRF) 5.25   

Soluble elements measure by ICP ppm 
Correspondents 

oxides (ppm) 
Oxides wt % 

a 

Si 64.59 138.17  13.76  
Al  16.29 30.78  3.07  
Fe 15.29 2.18  2.18  
Ca 13.35 1.86  1.86  
Mg 12.88 2.13  2.13  
S 0.64 0.19  0.19  
a 
Oxides percentage normalized to the initial weight of sample analyzed 

 

Figure 2.11 shows FT-IR spectra of sPS before and after thermal treatment. The presence of 

water is indicated by the humps at 1640 cm
-1

, ascribable to H-O-H bending vibrations. The 

presence of carbonates is identified by the bands at around 1450 cm
-1

 (CO3
2-

 stretching 

vibrations) and the other C-O vibrations at 875 cm
-1 

and 710 cm
-1

 (Hughes. et al., 1995). It is 

evident how the spectrum of sPS_800°C is broader than that of sPS, thus suggesting a larger 

disorder in the former. In both spectra, peaks arising from the carbonate group (CO3
2-

) are at 

870 cm
-1

. 

FIGURE 2.11. FT-IR spectra of sPS before and after thermal treatment (red line and blue line 

respectively). 
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However, these peaks show slightly different features due the presence of different carbonate 

phases: calcite and dolomite. Peaks resulting from the CO3
2-

 bending vibrations at 712 cm
-1

 

and 727 cm
-1

 are present in the spectrum of sPS. It is worth underlining that these peaks are 

generally used to differentiate calcite from dolomite (Müller et al., 2014): the former is due 

to calcite and the latter to dolomite. The main bands related to Si-O symmetric stretching 

bond are centered at 1000 cm
-1

, 1040 cm
-1

, 1089 cm
-1

 and 1165 cm
-1

, which are associated to 

quartz and silicate minerals, such as feldspars and micas. After thermal treatment, the 

spectrum in this region is broader than that of sPS, thus suggesting a larger disorder in the 

former. Features common to all spectra are the characteristic doublet at 780-790 cm
-1

 of 

quartz and peak at 450 cm
-1

 associated to Si-O-Si bending vibrations. 

 

2.4 Alunite  

Alunite (KAl3 (SO4)2 (OH)6) deriving from a vein of Piloni di Torniella mine was used in this 

study. Figure 2.12 shows XRPD patterns of the B1 alunite sample before (red line) and after 

thermal treatment (green line).  

FIGURE 2.12. XRPD patterns of alunite before (red line) and after thermal treatment (green line). 

 



49 

 

Traces of quartz are also revealed but they are not visible, as the amount of quartz is relatively 

low. For this reason, an insertion on the right side of the figure shows the peaks related to 

quartz. After heating at 550°C, quartz peaks are retained and they are more visible. The 

characteristic peaks of alunite disappear and the lack of diffraction maxima is attributed to its 

dehydroxylation. Due to the thermal treatment, alunite transform into K-alum (KAl3(SO4)2) 

and amorphous alumina which is not detected by XRPD. 

The processes involved in the thermal modification over the temperature 25°-1000°C is 

il lustrated in Figure 2.13. The two endothermic peak at 429° C and 541° C on the DTG curve 

(red line) are attributed to dehydroxylation of alunite (see also Ece et al., 2007; Kristof et al., 

2010), and its consequent transformation into anhydrous K-alum, Al2O3 and water, with a 

weight loss of 14.2 wt% on the TG curve (black line). The endothermic events at 621°C and 

746° C with a weight loss of 21.23 wt% are associated with the loss of sulfate through a 

multistep process which produce desulfation of K-alum and consequent formation of 

amorphous Al2O3 and release of SO3 (Ece et al., 2007; Kristof et al., 2010). 

FIGURE 2.13. TG (red curve) and DTG (black curve) of alunite sample. 

 

The FT-IR spectra of the alunite before and after thermal treatment are reported in Figure 

2.14. Absorption band between 3483 cm
-1 

and 3500 cm
-1 

show the stretching modes of the Al-

OH groups (Frost & Wain, 2007; Toumi & Tlili, 2008). The three bands at 1211 cm
-1

, 1070 

cm
-1 

and 1024 cm
-1 

are related to the SO4
2- 

asymmetric stretching mode (Farmer, 1993;
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Kloprogge & Frost, 1998; Bishop & Murrad, 2005, Frost & Wain, 2007). After thermal 

treatment the bands related to Al-OH modes disappears. The three asymmetric stretching 

bands became broader are shifted to higher frequencies, in particular at 1250 cm 
-1

, 1108 cm 
-1
 

and 1072 cm 
-1

. 

 

2.5 Other materials  

Sodium silicate (density, 1.526 g/ml), was supplied by Ingessil S.r.l with the following 

composition: 14.37 wt% of Na2O, 29.54 wt% of SiO2 and 56 wt% of H2O. Barium hydroxide 

octa-hydrate (Ba (OH)2·8H2O, 97% purity), calcium carbonate (CaCO3, 99% purity) and 

silica fume, (powder 0.2-0.3 ɛm avg. part. size) supplied by Sigma Aldrich in the preparation 

of the AAMs. 

 

2.6 Characterization of starting materials 

Loss on Ignition and X-ray Fluorescence Spectrometry  

FIGURE 2.14. FT-IR spectra of alunite before (red line) and after thermal treatment (green line). 
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Loss on Ignition (L.o.I) and X-ray Fluorescence (XRF) analyses on L02-K kaolin have 

been carried out at Activation Laboratories Ldt. (Canada). Samples were preliminarily dried 

at 105°C, and the L.o.I, which includes H2O
+
, CO2, S and other volatiles, was determined 

from the weight loss after roasting the sample at 1000° C for 2 hours. Fusion disks were then 

made by mixing a 0.75 g equivalent of the roasted sample with 9.75 g of a combination of 

lithium metaborate and lithium tetraborate with lithium bromide as a releasing agent. Samples 

were fused in Pt crucibles using an automated crucible fluxer and automatically poured into Pt 

molds for casting. Samples were analyzed on a Panalytical Axios Advanced wavelength 

dispersive XRF.  

Sulfate content was determined by Combustion Infrared Detection method by using an 

Eltra CS-2000 analyzer. 

 

X-ray Powder Diffraction  

XRPD measurements were performed by using either a Panalytical XôPert Pro X-ray 

diffractometer at University of Bari, Italy, collecting data in the range of 2-85Á 2ɗ with a step 

width of 0.01Á 2ɗ and time per step of 50 s, or a Philips PW 1808/10 X-ray diffractometer at 

University of Pavia, Italy, collecting data in the range of 2-65Á 2ɗ with a step width of 0.01Á 

2ɗ and time per step of 0.5 s. In both cases, Cu-KŬ radiation (ɚ = 1.5418 Ȕ) was used. Phases 

identification was performed using XôPert High Score software (Philips). Rietveld 

refinements of L02 samples have been conducted using GSAS software on XRPD patterns 

collected with the Panalytical XôPert Pro X-ray. 

 

Fourier Transform Infrared spectroscopy in Attenuated Total Reflectance (FTIR-ATR)  

FTIR-ATR spectra were collected at room temperature in the range of wavenumbers 

between 670 and 4000 cm
-1

 with 4 cm
-1

 resolution by means of a ThermoScientific Nicolet 

iN10 MX micro-spectrometer. Spectra, recorded in ATR mode with a liquid nitrogen-cooled 

mercury cadmium telluride array detector, were calculated by Fourier transformation of 256 

interferometer scans and total scanning time of 90 s. A germanium hemispherical internal 

reflection element (IRE) crystal with a diameter of 300 µm was used. The ATR accessory is 

mounted on the X-Y stage of the FTIR microscope, and the IRE crystal makes contact with 

the sample via a force level with pressure of 2 Pa. A 150 × 150 µm
2
 aperture size was used. 

IR spectra were recorded on the surface of compressed powder pellets of the samples. 
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Thermal analysis  

Thermogravimetric (TG) analyses were carried out using a TA Instruments AutoTGA 

2950HR with V6.1A data acquisition software. A Pt crucible was filled with ca. 11 mg of 

powdered samples and heated at rate of 20°C/min under nitrogen flow, from room 

temperature (RT) up to 1000°C. Differential Thermal Analysis (DTA) was performed with a 

TA Instruments 2910 Modulated DSC V4.4E, equipped with a 1600°C DTA cell, on ca. 14 

mg of sample. The sample was located in a Pt crucible and heated from 100°C up to 1200°C 

at rate of 20°C/min. Measurements were carried out in air with no gas flow, and Al2O3 was 

used as a reference material. 

 

Acid attack with HF: clay reactivity 

The fraction of reactive phase and reactive SiO2/Al 2O3 ratio of the starting materials 

were determined by means of selective chemical attack using a HF (1% V/V) solution. 1 g of 

each sample were mixed with 100 ml of a hydrofluoric acid solution (1% V/V) for 5 h under 

stirring. After the chemical attack, the solid residues and the solutions were separated by 

filtering using Albet
®
ash-less filter paper (% ash<0.01) for retention of particles under 2 ɛm 

(ref. DP5893125). The residues were washed with distilled water until neutral pH. After 

drying the filter papers contained, the residues were calcinated at 1000°C in a platinum 

crucible for 1 hour. The percentages of reactive phase contents were quantified by subtracting 

the final mass of the residue from the initial mass of the sample (except for sPS sample, 

because calcium fluoride precipitation did not permit to calculate the quantity of amorphous 

phases). The percentage of silica and alumina released during the selective chemical attack in 

the leachates was determined by ICP-AES. 

ICP-AES analyses were conducted on a Varian 725-ES ICP atomic emission spectrometer 

(plasma power, 1.40 kW; plasma gas flow, 15.00 l/min; nebulizer gas flow, 0.85 l/min; read 

time, 5 s). The concentrations of soluble silicon and aluminum determined by the ICP-AES 

technique correspond to the average of three measurements for a given liquid sample. 
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3 SYNTHESIS AND CHARACTERIZATION  

In this section, the details of the processing conditions used for the preparation of alkaline 

activated materials are explained, together with a description of the experimental 

characterization of the reaction products.  

3.1 L02-MK and Sl-MK  with sodium silicate as activator 

3.1.1 Pastes preparation 

In order to investigate the effect of sulfate deriving from alunite in AAMs, binders prepared 

by using L02-MK have been compared to binders prepared by using mixtures of Sl-MK and 

alunite as starting materials. At this purpose, three sets of AAMs based on different 

metakaolin precursor and annealing temperature have been prepared. The three precursors are 

(all the details are reported in Table 3.1): 

- L02-K annealed at 550°C for 3 hours (alunite 12.3 wt%). 

- Sl-K kaolin and alunite (mixed in 90/10 weight proportion) annealed together at 

550°C for 3 hours (hereafter-labeled Sl indicating metakaolin and A indicating 

alunite dehydroxylated). 

- Sl-K kaolin annealed at 800°C for 2 hours and alunite annealed at 550°C for 3 

hours (mixed in 80/20 weight proportion). 

Synthesis parameters have been defined on the basis of the potential reactive SiO2 and Al2O3  

from available metakaolinite and alunite after each thermal treatment. Calculations have been 

made combining XRF results, Rietveld analysis and weight loss (%) from TG analyses for 

both clays and alunite on the bases of metakaolinite present after thermal treatment.  

For Sl-K clay, stoichiometric calculations for the synthesis have been performed by 

considering that after thermal treatment at 550°C the metakaolinite amount is 43.5 wt.%, 

while, after thermal treatment at 800°C all kaolinite is transformed into metakaolinite. For 

L02-MK, all SiO2 and Al2O3 amounts from kaolinite and alunite, as determined by Rietveld 

refinement, have been considered as reactive. The initial SiO2 /Al2O3ratio for each set is 

resumed as follow: 

- L02 (alunite 12.3 wt%) annealed at 550°C: SiO2 /Al2O3  = 1.6. 

- Sl-K (90 wt%) and alunite (10 wt%) annealed together at 550°C: SiO2 /Al2O3  = 

1.5. 
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- Sl-K (80 wt%) annealed at 800°C and alunite (20 wt%) annealed 550°C:  

SiO2 /Al 2O3  = 1.25. 

The initial SiO2/Al2O3 molar ratios of the precursors has been modified by adding waterglass 

and eventually by adding silica fume in order to achieve two SiO2/Al 2O3 molar ratio (3.6 and 

4.6) for each set, in separated experiments. Metakaolin based AAMs, with these silica content 

show good mechanical strength, good development of aluminosilicate gels with no formation 

of crystalline phases, as zeolites (Duxson et al., 2005; Fletcher et al., 2005; Komnitsas & 

Zaharaki, 2007).  

Al 2O3/ (Na2O + K2O) molar ratio was maintained around 1 in order to avoid efflorescences. 

The ratio considers the alkalis from sodium silicate solution (waterglass). Liquid/solid ratio is 

variable from 0.35 to 0.70, and it has been chosen depending on the workability each mix; 

liquid value is referred to the water of the waterglass and the water eventually added to the 

mix. This ratio is strictly dependent on the specific surface area of the precursor employed, 

which is in turn, related to the particles granulometry, morphology and to the degree of 

crystallinity of the raw materials. Moreover the variability of this ratio is an important factor 

to take into account, for example an elevate L/S ratio could lead an increase of the porosity in 

the matrix and as consequence a decrease in mechanical strength (Older & Robler, 1985). 

Finally, in order immobilize sulfate deriving from alunite in AAMs, two samples were 

prepared by using (Ba(OH)2·8H2O) (BaO/SO4 = 1:1) and calcium oxide (CaO/SO4 = 1:1) 

respectively. Ba reacts with Na2SO4 giving the precipitation of insoluble barium sulfate; Ca 

could react with SO4
2- 

and Al
3+ 

to form ettringite or other sulfo-aluminate compounds. 

Pastes were prepared by mechanically mixing the precursor powder (thermally treated) with 

sodium silicate for 5 minutes, then poured into cylindrical molds, having size 2cm in diameter 

and 4 cm in height, and cured at 50° C for 20 hours in sealed vessels to ensure 99% relative 

humidity (R.H.). 
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TABLE 3.1. Details of pastes preparation with sodium silicate as activating solution. 

Sample 

Clay/Alunite 

proportion in 100g 

(wt %) 

L/S (ratio) *SiO2/Al2O3 *SiO2/Na2O *Al 2O3/Na2O *SO4/CaO *SO4/SiO2 *SO4/Al 2O3 

Sl550_s46  100 0.33 4.6 4.6 1.0 - - - 

Sl550A10_s36 91/9  0.35 3.6 4.0 1.1 32.0 0.05 0.18 

Sl550A10_s46 91/9 0.41 4.6 5.0 1.1 32.0 0.04 0.18 

Sl800A20_s36 82/18 0.48 3.6 3.6 1.0 65.0 0.09 0.31 

Sl800A20_s46 82/18 0.50 4.6 4.7 1.1 65.0 0.10 0.5 

L02_s36 80/20 0.44 3.6 2.3 1.3 26.3 0.07 0.25 

L02_s46 80/20 0.74 4.6 7.7 1.7 26.3 0.05 0.25 

L02_Ca_s36  80/20 0.50 3.6 4.2 1.2 0.50 0.07 0.25 

L02_Ba_s36  80/20 0.39 3.6 4.2 1.2 26.3 0.07 0.25 
*  
Oxides ratios are expressed in molar ratio  

Sl = Sl-K kaolin; L02 = L02-K kaolin; A = alunite initial wt%; s36 and s46 = SiO2/Al 2O3 molar ratio.  
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3.1.2 Samples characterization 

The reaction products formed were studied using XRPD, FTIR-ATR, leaching tests, and FE-

SEM. XRPD and FTIR-ATR analysis procedure have been already described in § 2.6. 

 

Sulfate solubility 

Leaching tests were performed according to UNI-EN 1245 standard: ñCompliance test 

for leaching of granular waste materials and sludge; Part 1: One stage batch test at a liquid to 

solid ratio of 2 l/kg for materials with high solid content and with particle size below 4 mm 

(without or with size reduction). 1g geopolymer was weighted into 50 mL PP centrifuge 

tubes, mixed with 20 mL of pure water and shaken on a rotating plate (150 rpm) at room 

temperature for 24 h to ensure equilibration. Sulfates equilibrium concentrations were 

measured on the centrifuged (4500 rpm, 15 min) and filtered (0.45 µm nylon membrane) 

samples by ion chromatography with a DX 500 Ion Chromatograph (Dionex, Milan, Italy) 

equipped with a GP40 gradient pump, CD20 conductivity detector and anion self-regenerating 

suppressor (ASRS 400, 4 mm). The samples were properly diluted with ultrapure water, then 

70 ɛL of each sample were injected into a 250 Ĭ 4 mm IonPac AS23 coupled with an AG23 

50 × 4 mm guard-column at a flow rate of 1.0 mL min
-1

. The eluent was 8 × 10
-4

 M NaHCO3, 

4.5 × 10
-3

 M Na2CO3. The results for the analyzed sample are reported in Table 3.2. 

 

TABLE 3.2. Results of sulfate solubility after leaching test and percentage of retention in the solid 

sample 

Sample 
SO4

2- 
calculated in 1g of 

the initial mix (g) 

SO4
2- 

measured  

by ICP-OES (mg) 

SO4
2- 

retained after water 

leaching (wt%) 

Sl
550

A10_s36 0.028 26.7 (1) 3.0 (1) 

Sl
550

A10_s46 0.026 17.8 (1) 28.5 (1) 

Sl
800

A20_s36 0.064 45.7 (1) 15.5 (1) 

Sl
800

A20_s46 0.057 35.4 (1) 27.0 (1) 

L02_s36 0.042 27.9 (1) 21.0 (1) 

L02_s46 0.039 8.8 (1) 36.0 (1) 

L02_Ca_s36 0.042 22.3 (1) 44.2 (1) 

L02_Ba_s36 0.037 6.12 (1) 80.4 (1) 
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Field Emission Scanning Electron Microscopy  

Carbon coated and chromium coated samples in powder were investigated with a Field 

Emission Scanning Electron Microscope (FESEM), TESCAN Mira 3 XMU-series equipped 

with EDAX energy dispersive spectrometer (EDS) Analysis of morphological features were 

performed from the micro scale to the nano scale. Secondary electron (SE) and In Beam 

images were collected at a working distance of 15.8 mm and 5 mm respectively, with an 

acceleration voltage of 20 kV. 

 

3.2 L02-MK  and sPS with sodium hydroxide as activator 

3.2.1 Pastes preparation 

L02-K kaolin and Pietra Serena sewage sledge were annealed at 550°C for 3 hours and at 

800°C for 2 hours respectively and then mixed in different weight proportions and added to 

sodium hydroxide solutions at different molarities (8M, 6M and 4M), as reported in Table 3.3. 

Sodium hydroxide solutions were obtained by dissolving NaOH pellets (supplied by Sigma-

Aldrich Co.; purity of 99 wt %) in deionizer water. The slurries were mixed for 3 minutes by 

using a mechanical mixer before being poured in 1 × 1 × 6 cm
3 

prismatic steel molds and 

compacted by mechanical vibrations for 60s to remove the entrained air.  

Liquid/solid ratio for each formulation was chosen in order to guarantee the minimum 

workability of the slurry and to allow its pouring in the molds. Specimens were cured at 85° C 

for 20 hours in sealed vessels to ensure 100% R.H. conditions. At the end of the curing, 

specimens were unmolded and stored at room temperature until the end of curing time. Some 

experiments were also conducted curing the sample directly at 25°C in a room with 99%R.H. 

condition. 

Information about the molar ratio, the starting materials proportions and the curing conditions 

of each mixture are reported in Table3.3. 
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Table 3.3. Scheme of AAMs binders preparation with L02-K and sPS precursors and sodium hydroxide as activating solutions.  

Samples 

sPS in the 

initial 

solid mix 

(wt%) 

CaO  
calculated in 

the mix 

(wt.%)
a 

Curing 

temperature 

(°C) 

Molarity 

of NaOH 

solution 

L/S 

(ratio) 
*SiO2/Al 2O3 *CaO/SiO2 *SiO2/Na2O *Al 2O3/Na2O *SO4/CaO *SO4/SiO2 

L02-100-8M_1D_85C 0 - 85° 8 0.38 1.8 - 3.4 1.9 - 0.11- 

L02-90-sPS-8M_1D_85C 10 2.0 85° 8 0.43 1.9 0.7 2.8 1.5 1.15 0.11 
L02-80-sPS-8M_1D_85C 20 3.9 85° 8 0.43 2.0 0.6 2.8 1.4 0.51 0.10 
L02-80-sPS-6M_1D_85C 20 3.9 85° 6 0.44 2.0 0.6 2.7 1.3 0.51 0.10 

L02-80-sPS-4M_1D_85C 20 3.9 85° 4 0.43 2.0 0.6 4.9 2.4 0.51 0.10 

L02-50-sPS-8M_1D_85C 50 9.8 85° 8 0.50 2.5 0.5 2.0 0.8 0.13 0.07 

L02-50-sPS-8M_1D_25C 50 9.8 25º 8 0.50 2.5 0.5 2.0 0.8 0.13 0.07 

L02-50-sPS-6M_1D_85C 50 9.8 85° 6 0.48 2.5 0.5 2.7 1.0 0.13 0.07 

L02-50-sPS-6M_1D_25C 50 9.8 25° 6 0.48 2.5 0.5 2.7 1.0 0.13 0.07 

L02-50-sPS-4M_1D_85C 50 9.8 85° 4 0.49 2.5 0.5 4.4 1.6 0.13 0.07 
L02-50-sPS-4M_1D_25C 50 9.8 25° 4 0.49 2.5 0.5 4.4 1.6 0.13 0.07 
a
 CaO wt % is referred to the sPS wt % addition in the mix, assuming that all the Ca from carbonates is available as CaO 

b 
Oxides ratio are referred to molar ratio in each mix, calculated taking into account the reactive moles of SiO2and Al 2O3 after selective chemical attack. 
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3.2.2 Samples characterization 

Reaction products have been characterized by mechanical tests, XRPD and FT-IR analysis, 

leaching tests, SEM-EDS and Nuclear Magnetic Resonance (MAS-NMR) analysis. The 

techniques employed are described hereafter. 

 

Mechanical tests 

Flexural and compressive strengths of the resulting materials were measured after one 

day of curing using an IBERTEST AUTOTEST-200/10 SW test frame. Flexural strengths 

were calculated as the average value of six measurements, while the average compressive 

strengths values were measured on twelve specimens.  

 

X-ray Powder Diffraction  

XRPD patterns were recorded in a Bragg-Brentano (reflection) XôPert, a MDP PRO 

(PANalytical) diffractometer using Cu KŬ1 radiation (ɚ = 1.5409 Ȕ), [Ge (111) primary 

monochromator]. Data were collected in the range 2-65Á 2ɗ with an angular step of 0.01Á 2ɗ 

and time per step of 5s. 

 

FT-IR analysis 

FTIR spectra were obtained by analyzing, at room temperature, pellets containing 1.0 

mg of crushed sample and 300 mg of KBr by a Thermo Scientific NICOLET 6700 

spectrometer. The range of wavelength collected was between 400 and 4000 cm
-1

 with 4 cm
-1
 

of resolution. Spectra were calculated by Fourier transformation of 64 interferometer scans 

and total scanning time of 23s. 

 

SEM-EDS analysis 

SEM JEOL JSM 5400, equipped with an OXFORD LINK-ISIS-EDX energy 

dispersive X-ray spectrometer, was used to investigate the microstructure of samples. 

Analyses were performed, in vacuum mode, on fracture surfaces of the specimens covered by 

carbon coating. Images were collected using secondary electron (SE) at a working distance of 

15 mm with an acceleration voltage of 20 kV. EDS analyses (on spots) were done with 
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accelerating voltage of 20 kV, working distance of 15 mm and beam current of 20 ɛA and 

acquiring for 30s per spot analysis. Chemical compositions were determined considering 100 

wt % oxide content on an H2O- and CO2-free basis. 

 

Leaching tests  

Leaching tests were performed according to UNI-EN 1245 standard, as mentioned in 

the § 3.1.2, ñsample characterizationò. Sulfate quantification of the leachates were performed 

by Ion Chromatography (IC). The results are reported in the following Table. 

 

TABLE 3.4. Solubility measurements of sulfate ion after leaching tests. 

Samples 
SO4

2-calculated in 1 

g of the initial solid 

mix (g) 

SO4
2-measured 

in the liquid 

(ppm) 

SO4
2- in the 

liquid (g) 
SO4

2-retained in 

the mix after 

leaching (wt %) 
L02-100-8M_1D  0.043 1972.55 0.039 7.82 
L02-90-sPS-8M_1D  0.039 880.77 0.018 54.27 
L02-50-sPS-6M_1D_85C  0.021 502.67 0.010 53.02 
L02-50-sPS-8M_1D_25C  0.021 543.99 0.011 49.16 
L02-50-sPS-8M_1D_85C  0.021 334.30 0.007 68.76 
 

MAS-NMR analysis 

The NMR spectra were recorded on a Bruker Avance-400 spectrometer (
27

Al: 104.3 MHz; 

spinning rate, 10 kHz; 200 acquisitions; reference, Al(H2O)6
3+ 

; 
29

Si: 79.5 MHz; spinning rate, 

10 kHz; 1000 acquisitions; reference, TMS). 

 

3.3 Alkali fusion of L02-K, Sl-K and sPS 

3.3.1 Synthesis procedure 

Syntheses of zeolites have been started from sulfate-bearing clay (L02-K) as well as from 

synthetic mixtures of alunite and high-grade kaolin (Sl-K) in different proportions. Products 

have been compared to those obtained by using the high-quality kaolin without alunite. 

Finally, a mixture (50/50 wieght proportion) of L02-K and Pietra Serena sewage sludge 

(previously heated at 800°C, sPS_800) have been also prepared. Zeolites were synthesized 

using molten salt procedure which convert aluminosilicates as fly ash or metakaolin into 

zeolites (Park et al., 2000; Andac et al., 2005; Yusoff et al., 2007; Ríos et al., 2009; Belviso et 

al., 2013; Belviso et al., 2015). Syntheses procedures have been conducted by melting kaolin 
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and kaolin-silica mixtures with NaOH (1:1.2 weight ratio). Fumed SiO2 has been added to 

modify the SiO2/Al 2O3. The mixtures have been heated at 550°C for 2 hours in a Pt crucible. 

The alkaline reagent acts as a fondant agent during heating (Ríos et al., 2009). The resultant 

solid mixture was cooled and grounded with a mortar and pestle for a few minutes. 

Afterward, the powder was mixed with distilled water in different S/L ratios (see Table 3.5), 

and stirred for 12 hours at room temperature. At the end, the suspensions were incubated in 

vessels at 50° C for 96, 360 and 720 hours in separated experiments. At the end of the 

incubation period, all products were filtered by using a Buchner funnel, rinsed with distilled 

water to remove the excess alkali and the solid residues was dried in an oven at 80° C for 12 

hours.  

TABLE 3.5. Scheme of synthesis conditions for Sl-K and L02-K series and resulting products.  

Sample  
Clay/Alunite 

proportion (wt %)
a
  

SiO2/Al 2O3 
molar ratio  

Solid/Liquid 

proportion  

Slm_s36d4  100/0  3.6  1g/5ml  
Slm_s46d4  100/0  4.6  1g/5ml  
Slm_NaOHd4  100/0  2.0  1g/5ml  
Slm_s36d30  100/0  3.6  1g/33ml  
SlA10m_s36d4  91.5/8.5  3.6  1g/33ml  
SlA10m_s36d30  91.5/8.5  3.6  1g/33ml  
SlA10m_s36d15_HT  91.5/8.5  3.6  1g/50ml  
SlA20m_s36d4  82/18  3.6  1g/5ml  
SlA20m_s46d4  82/18  4.6  1g/5ml  
L02m_NaOHd7  80/20  1.6  1g/5ml  
L02m_s36d4  80/20  3.6  1g/5ml  
L02m_s36d30  80/20  3.6  1g/5ml  
L02m_s46d4  80/20  4.6  1g/5ml  
L02m_s46d30  80/20  4.6  1g/5ml  
L02m_sPS

800
NaOHd4  80/20a 2.8

 
 1g/5ml 

a This ratio is referred to the clay/alunite. The ratio L02-K and sPS_ 800 is 50/50 wt% 

SiO2/Al 2O3 ratio is referred to mixtures kaolin-fumed silica. No silica has been added to Slm_NaOHd4 and 

L02m_sPs800NaOHd4.  

 

3.3.2 Samples characterization 

TG-DTA analyses for the L02-K and Sl-K and alunite mixture have been conducted during 

the heating process in alkaline medium. After incubation, samples have been characterized by 

XRPD and SEM-EDS analysis. The methods descriptions for TG-DTA and XRPD analysis 

are reported hereafter. FTIR-ATR analysis, leaching tests, SEM-EDS analyses were also 

carried out and the details of these methods are described in § 3.1.2. 

 



68 

 

Thermal analysis 

Thermo gravimetric analysis (TG) and differential thermal analysis (DTA) of the mixtures of 

both L02-K and Sl-K kaolin mixed with the sodium hydroxide were performed using a TA 

Instrument LINESIS STA PT1000 with a weight resolution up to 0.5 ɛg. The sample was 

located in a Pt crucible and heated from 100°C up to 1200° C at rate of 20° C/min. 

 

X-ray Powder Diffraction  

XRPD measurements were performed by using a Panalitical XôPert Pro X-ray 

diffractometer for quantitative analysis. Data were collected in the range of 2-85 Á2ɗ with a 

step width of 0.01° 2ɗ and time per step of 50 s.  

 

SEM-EDS analysis 

SEM JEOL JSM 5400, equipped with an OXFORD LINK-ISIS-EDX energy 

dispersive X-ray spectrometer, was used to investigate the microstructure of samples. 

Analyses were performed, in vacuum mode, on fracture surfaces of the specimens covered by 

carbon coating. Images were collected using secondary electron (SE) at a working distance of 

15 mm with an acceleration voltage of 20 kV. EDS analyses (on spots) were done with 

accelerating voltage of 20 kV, working distance of 15 mm and beam current of 20 ɛA and 

acquiring for 30s per spot analysis. Chemical compositions were determined considering 100 

wt % oxide content on an H2O- and CO2-free basis.  
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 ALKALI ACTIVATION OF SULFATE-BEARING 4

CLAY  

In this section, the feasibility to produce AAMs from low-T activated sulfate-bearing clay has 

been assessed. The results discussed here are focused on the investigation of the effects of 

SO4
2-

 on the nature and chemical composition of the resulting products. As mentioned in § 

1.7, some studies have been conducted on the effect of the sulfate in alkali activation system 

(e.g. Lee and van Deventer, 2003; Criado et al., 2010; Desbats-Le Chequer & Frizon, 2011; 

Komnitsas et al., 2013). Actually, sulfate has been studied in fly ash systems, as possible 

alkali activation catalyst in zeolites formation or retarding agent in the condensation reaction 

of the silicon and aluminum species (Criado et al., 2010). The presence of sulfate ions in the 

solution and in pores may repel the negative charge on the aluminosilicates and may lead to 

similar condition to those prevailing in binders based on low Portland cement and high fly ash 

contents (Brough et al., 2001; Palomo et al., 2007). On the other hand, studies on the effects 

of addition of small amount of certain oxyanions (e.g., nitrate, sulfate, phosphate, etc.) have 

shown that these anions promote the synthesis of mesoporous materials. They can shorten 

crystallization time and depending on the alkali ion used in the activation solution, the anionic 

species considered can also enhance the nucleation of certain zeolites, making these materials 

a promising resource for waste encapsulation matrices (Laha & Kumar, 2002; Le Chequer & 

Frizon, 2011). 

This work is an experimental investigation of the possibility of sulfate retention by the 

AAMs, and of the effect of this anion in the alkali activation process, in terms of phases 

composition and microstructure of the resulting AAMs. 

Sodium silicate (waterglass) has been used for the alkaline activation of sulfate bearing clay. 

In parallel, alkali activation was carried out on synthetic mixtures of alunite and high-grade 

kaolin for comparison. Details of synthesis parameters are reported in § 3.1. 

All samples have been analyzed by XRPD, SEM-EDS, FT-IR, and leaching tests have been 

carried out in order to quantify the soluble sulfate phases in AAMs.  

Experiments for the stabilization of sulfate have been also conducted by adding Ba(OH)2 or 

CaO. Ba(OH) is used for stabilizing sulfate rich aqueous level waste with blast furnace slag 

(Mobasher et al., 2014). CaO is added to reproduce calcium-aluminate or sulfo-aluminate 

cement-based materials, which can sometimes accommodate much higher sulfate contents 

without undergoing degradation process. Table 4.1 shows a list of the analyzed samples, 
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respective starting materials proportion, FT-IR main peaks positions before and after water 

leaching and the new phases detected after alkali reaction. 

 

TABLE 4.1. Results for L02-K and Sl-K based AAMs with sodium silicate  

Samples 
Clay/ Alunite 

ratio (wt%)in 

100 g 

Si-O-T vibration 

from FT-IR, before 

water leaching (cm
-1
) 

Si-O-T vibration 

from FT-IR, after 

water leaching (cm
-1
) 

New phase found by 

XRPD analysis 

Sl
550

_s46  100 1014 - No new phase- 

Sl
550

A10_s36 91.5:8.5 1014 998 Thenardite 

Sl
550

A10_s46 91.5:8.5 1020 1037 Thenardite  

Sl
800

A20_s36 82:18 1029 1031 Thenardite 

Sl
800

A20_s46 82:18 1041 1037 Thenardite 

L02_s36 80:20 1006 1018 Thenardite 
L02_s46 80:20 1018 1018 Thenardite 
L02_Ca_s36  80:20 - - Thenardite  
L02_Ba_s36  80:20 - - Barium-potassium-sulfate 

Sl = Sl-K kaolin; L02 = L02-K kaolin; A = alunite initial wt%; s36 and s46 = SiO2/Al 2O3 molar ratio. 

 

4.1 Phase composition 

XRPD patterns of L02-MK and Sl-MK based AAMs are reported in Figure 4.1 and Figure 

4.2, respectively. 

FIGURE 4.1. XRPD patterns of L02-MK based binders. Black: L02-MK; red: samples with SiO2/Al 2O3 

= 3.6; green: samples with SiO2/Al 2O3 = 4.6; L= after leaching; vertical black lines indicate feldspars 

peak positions. T = thenardite (Na2SO4); Qtz = quartz. 
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The XRPD patterns of the corresponding precursor for each set of binders have been reported 

for comparison. All diffraction patterns display peaks due to crystalline phases deriving from 

the precursors, like quartz for Sl-MK-based AAMs and quartz and feldspars for L02-MK-

based AAMs, which do not take part in the reaction. It is worthy to note that traces of 

kaolinite are still recognizable when Sl-K is heated at 550°C (Figure 4.2 a, violet pattern).

FIGURE 4.2. a) XRPD patterns of Sl-MK-based binders with kaolin heated at 550°C; b) Sl-MK-based 

binders with kaolin heated at 800°C. Reference metakaolins are reported for comparison in each 

graph. Red patterns = samples with SiO2/Al 2O3 = 3.6; green patterns = samples with SiO2/Al 2O3 = 4.6; 

L= after leaching; T = thenardite; Qtz = quartz. 



74 

 

This kaolin needs temperatures higher than 550° C to transform completely into metakaolin, 

as explained in § 2.2. 

XRPD patterns of AAMs obtained from L02-MK (Figure 4.1) and Sl-MK with alunite 

addition, (Figure 4.2) show similar features. A ñhumpò centered in the range between 21Á and 

30° 2ɗ is visible in all samples. This signal, which indicates the formation of an amorphous 

aluminosilicate, the aluminosilicate gel, is considered the distinguishing feature of the 

diffraction pattern of AAMs. The position of this hump is independent on the aluminosilicate 

source and activating solution, as well as on the curing conditions as also reported in many 

example in literature (e.g. Barbosa & McKenzie, 2003; Rowles and OôConnor, 2003; Fletcher 

et al., 2005; Pereira et al., 2007; Dimas et al., 2009; Gasparini et al., 2015). 

It is possible to observe that no peaks attributable to zeolites have been found in the patterns. 

In fact, at the SiO2/Al 2O3 ratio used for the synthesis, the gel is stable with no tendency -or 

very low tendency- towards amorphous/crystalline transformation (e.g. De Silva & Sagoe-

Crenstil, 2008). The only crystalline by-product formed is thenardite (Na2SO4, PDF: 070-

1541). Thenardite can precipitate directly from solution due to water evaporation after curing 

(Navarro et al., 2000). This phase is present in all samples containing sulfate. Thenardite is 

soluble in water and peaks referable to it are not observed in the XRPD patterns of samples 

after leaching. 

 

4.2 Textural and microstructural properties  

To point out the differences in the microstructure and chemical composition of these AAMs, 

SEM-EDS analyses at different length scales have been carried out for samples with and 

without alunite in the starting mixture. 

Figure 4.3 shows the SE micrographs of the fracture surface of the L02_s36 (Figure 4.3 a, c 

and e) and of L02_s46 (Figure 4.3 b, d and f) respectively. At 5 Kx (Figure 4.3 a and b), the 

textures appear homogeneous for both samples, confirming the amorphous nature of the 

reaction product. At 10 Kx (Figure 4.3 b and c) a few voids and the platy-shape morphology 

typical of the meta-kaolin based AAMs are recognizable. At this length scale, some 

differences in morphology between the two samples are observed. At lower silica content 

(SiO2/Al2O3 = 3.6), the amorphous particles that form the gel appear rounded or sub rounded. 

At higher silica content (SiO2/Al2O3 = 4.6) instead, the matrix morphology appears more 
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compact although articulated and an indented surface could be recognized, as shown in Figure 

4.3c and d, respectively. 

FIGURE 4.3. SE-Micrographs of L02_s36 (a, c and e) and L02_s46 (b, d and f) samples at different 

length scales. 

 

Na 
Al  

S 

Si 

K 
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c) (d 
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At 25 Kx, L02_s36 sample shows some incipient crystalline growths embedded in the 

amorphous matrix. On the basis of EDS analyses and morphology, these crystals could be 

attributed to framework silicates, like zeolites or feldspathoids, while at this enlargement, 

L02_s46 shows the distinctive granular aspect of a N-A-S-H gel and no crystals are detected. 

The increase of soluble silicon in the activating solution improves the stability of the materials 

and does not promote crystalline phases formation (Duxon et al., 2007). 

Comparing samples containing alunite (Sl550A10_s46) with those without alunite (Sl550_s46) 

obtained from the high-grade kaolin, it is possible to observe that there are no significant 

differences in their microstructures detectable at lower magnification, as shown in the inset of 

Figures 4.4 a and b, respectively. At this scale, both matrices appear compact with a dense 

texture. At 20 Kx, particles arranged to form aggregates with the typical platy-shape 

morphology of the products of alkali activation of metakaolin are observed in both samples. 

Some residual particles of metakaolin precursor, which are not completely dissolved, are still 

visible in the sample Sl550_s46 (Figure 4.4 b), in agreement with the partial dehydroxylation 

of Sl-K at this temperature and consequent partial conversion into metakaolinite. 

However, at this length scale, the sample containing alunite (Figure 4.4 a) appears less 

interconnected and more granular than the sample without alunite (Figure 4.4 b), and the 

texture of the matrix appears more homogeneous and more compact in absence of sulfate. 

These morphological differences might be related to the presence of sulfate and consequently, 

to the gel process formation. 

 

FIGURE 4.4. SE-Micrographs of Sl550A10_s46 (a) and Sl550_s46 (b) samples at different length scales. 
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In order to investigate the effect of the soluble silica in the mixtures containing sulfate, SEM 

analyses have been carried out on Sl550A10_s36 and Sl550A10_s46 samples (Figure 4.5). At 

low enlargement (5.0 Kx), the analysis of the microstructure for both samples confirms the 

development of the alkali activated gel. By comparing these textures with those of L02-_s36 

(Figure 4.3 a) and L02_s46 (Figure 4.3 b), they seem to have less compact microstructures. 

 

FIGURE 4.5. SE-Micrographs of fracture surfaces of Sl550A10_s36 (a, c) and Sl550A10_s46 (b, d) 

samples at different length scales. 

The presence of grains and particles scattered in all the matrix of the pastes makes the 

microstructure less homogeneous. A common morphological feature is the metakaolin 

tendency to arrange itself into parallel planes and both samples exhibit some unreacted 
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particles. Morphological differences related to SiO2/Al2O3 different molar ratios can be 

observed comparing Sl550A10_s36 (Figure 4.5 a and c) and Sl550A10_s46 (Figure 4.5 b and 

d), respectively. The distinctive textural features are mostly related to two factors: the 

different degrees of development and homogeneity of the AAMs matrix and the amount of 

precipitates and neo-formed crystalline phases, which can also produce by-products. At 5.0 

Kx, the sample with SiO2/Al2O3 ratio = 3.6 exhibits a less compact texture, comprising dense 

particulates, which appears more fragmented with respect to that of the sample with 

SiO2/Al2O3 ratio = 4.6 (Figure 4.5 a and b). 

Defects in the gel network are also represented by the presence of small crystals, as tetragonal 

prisms, which have been found in a void, as shown in Figure 4.5 a. These crystals are 

composed by Na, Al, Si and S, as detected from the EDS spectra (Figure 4.5 a), and from 

their shape and composition, they could be intended as zeolites. At higher magnification, the 

matrix displays an evident porosity and the grains appear less interconnected than the sample 

with higher silica content (Figure 4.5 c and d). No crystalline phases have been detected in the 

latter sample and the matrix connection of the gel network appears more developed, as shown 

in Figure 4.5 b.  

Theoretically, Si-O-Si linkage are stronger than Si-O-Al bond, meaning that the compactness 

of the binder should increase with Si/Al ratio since the density of Si-O-Si increase with Si-O-

Si ratio (De Jong and Brown, 1980).  

Indeed, a lower silica content in the mixture suggests a tendency of these alkaline systems to 

favor the transformation of zeolitic precursor into crystalline aluminosilicate at incipient state 

of crystallization, as revealed in Figure 4.5 a. Besides the differences related to the silica 

content, it is also possible to observe that all samples already described which contain sulfate 

show a gel that appears less reacted than that of the sample in absence of sulfate (Sl550_s46).  

 

4.3 Sulfate quantification in AAMs 

The efficiency of AAMs matrix to hold sulfate and the actual concentration of sulfate ions 

have been evaluated after leaching on the extracted liquid (data are reported in Table 3.2 § 

3.1.2) and on the solid residues by BSE-EDS analyses. Overall, the sulfate retention is below 

50 wt%. However, even if a soluble sulfate phase (thenardite) is formed in all samples, as 

confirmed by XRPD, not all the sulfate is leached out. 
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FIGURE 4.6. XRPD of L02-MK-based AAMs prepared adding CaO and Ba(OH)2·8H2O) to the 

mixture with SiO2/Al 2O3 = 3.6. Red lines represent feldspars form the original precursor. T = 

thenardite; Qtz = quartz; *  = barium sulfate (BaSO4) 

 

This means that there is a capability of these binders to retain and immobilize part of the 

sulfate inside the matrix. It has been seen that when CaO is added to the L02_s36 (CaO/SO4 = 

1:1), sulfate retention increases from 31.0 wt % to 44.5 wt %, meaning that calcium is able to 

hold sulfate, likely by forming calcium sulfate compounds, which however, are not detected 

by XRPD, as reported in Figure 4.6. This evidence suggests that an external additional source 

of calcium has a positive effect on the sulfate retention in this matrix and the supplied CaO 

could be achieved by the addition of a lime source as the clinker in the hybrid cements. 

Adding Ba(OH)2·8H2O to the L02_s36 (BaO/SO4 = 1:1), the sulfate retention is 80 wt %, as 

expected, due to formation of barium sulfate phase, as shown in Figure 4.6. 

 

4.4 Analysis of residues after leaching test 

Backscattered electron images of L02_s36 and L02_s46 samples have been carried out on 

powder pellets, after water leaching, and are reported in Figure 4.7. 
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FIGURE 4.7. BSE images and EDS analyses of L02_s36 and L02_s46 samples after leaching. 

 

At 150x, the microstructures appear composed by a light matrix and several darker grains 

scattered in the matrix. These dark portions are recognizable also in the surface fracture not 

only when the samples are prepared as pellets. EDS analyses reported in Figure 4.7 are 

referred to an area of 500 µm in size. Both samples result composed by Si, Al, and Na 

corresponding to the aluminosilicate N-A-S-H gel composition, with an amount of K and S. 

S content appears higher in the L02_s46 matrix with respect to L02_s36 matrix. SE and BSE 

images of the dark particles scattered on the matrices of the samples have been reported in 

Figure 4.8. 
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FIGURE 4.8. BSE and SE micrographs and EDS analyses of dark particles after water leaching: (a, b) 

L02_s36 sample; (c, d) L02_s46 sample.  

 

From a morphological point of view, it is possible to notice that these dark portions appear 

more dense and seems as loosely structured precipitated which are in continuity with the 

surrounding matrix, as showed by morphological image carried out in secondary electron 

modes (Figure 4.8 b and d). However, BSE images reveal some differences in chemical 

composition with respect to the matrix. EDS analyses carried out on an area of 5 µm around 

those particles show that they are composed of Na, Al, Si, K and S (Figure 4.8). Nevertheless, 

the Al/Na ratio is lower with respect to that of the matrices, while the S content, for both 

samples, appears higher in these portions than in the corresponding matrices. These findings 
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might suggest that they are localized portions of the gel, likely as zeolitic precursors, which 

are able to hold the sulfate. 

 

4.5 FT-ATR analysis 

Figure 4.9 shows the infrared spectra of the starting materials after thermal treatment and of 

the reaction products of alkaline activation before and after water leaching. Samples prepared 

without alunite are also reported for comparison. 

Quartz is recognizable in all samples by the presence of double peaks at 750-775 cm
-1

 and 

694 cm
-1

 that are related to the Si-O-Si symmetric stretching vibration (Farmer, 1974; Lee and 

van Deventer, 2003). All spectra show the Si-O-T stretching vibration band in the range 1000-

1050 cm
-1

 (position that varies depending on the SiO2/Al2O3 molar ratio and precursor used), 

which is attributed to sodium aluminosilicate gel formed as a result of the alkaline activation 

(e.g. Alonso & Palomo, 2001; Lee and van Deventer, 2003; Lee and van Deventer, 2004; 

Khan et al., 2015). In L02-MK and Sl-MK spectra, this band related to TO4 tetrahedra is at 

higher frequencies than those of alkaline activated samples. The shift of this band to lower 

wavenumbers indicates that some changes occurred in the length of Si-O-T bonds, due to the 

extent of aluminum incorporation or due to an increase in the concentration of non-bridging 

oxygen atoms (Palomo & Glasser, 1992; Alonso & Palomo, 2001; Rees et al., 2007). Samples 

containing alunite show a shoulder around 1100 cm
-1

 and 1200 cm
-1

,
 
which represent the 

strongest stretching vibration of SO4
2-

 (Farmer, 1974; Bishop and Murrad, 2005; Gasparini et 

al., 2015). Thenardite is evident in L02550_s36 (dotted red line) for the presence of the peak at 

1101 cm
-1

 related to vibration modes of the S-O bonds. From a visual point of view, this band 

is still evident after water leaching in all samples containing sulfate. 

Bands related to CO3
2-

 stretching vibrations are at 1400 cm
-1

. The formation of these bands 

could be attributed to sodium carbonates (Farmer, 1974; Fernández-Jiménez and Palomo, 

2009). These are formed because of carbonation in air of the excess of Na
+
 cations that are 

free to move inside the pore network and consequently to the water evaporation are brought to 

the surface of the sample. They disappear after water leaching. 
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FIGURE 4.9. FT-IR spectra: a) L02-MK series; b) Sl550-series c) Sl800-series. Dotted lines represent 

spectra before leaching test; bold lines represent spectra after leaching test. Black lines represent the 

spectra of the heated precursors for each series. Violet line represents the correspondent binder 

without alunite. 

(a 

(b 
 

(c 
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A more detailed study of the region between 800 cm
-1

 and 1300 cm
-1

 was conducted on the 

samples that retain more sulfate after water leaching. In order to examine in depth the effect 

related to the presence of the sulfate in these materials, the corresponding binder without 

alunite has been analyzed for comparison. Identification of the phases forming this band 

involved their deconvolution, as reported in Figure 4.10. The fit has been carried out using 

Multipeak Fitting package of Igor Pro 6.37. It converged with nearly flat residuals. 

The band related to the original sulfate-bearing L02-MK kaolinitic clay was found to include 

four signals (Figure 4.10 a), which comprise: metakaolinite (represented by blue line), 

feldspars, quartz and sulfate (red lines). A further broad peak centered at lower wavenumber 

has been also included in all fits to take into account the tails of the fitted region at low 

wavenumbers. 

Alkaline activated samples (Figure 4.10 b and c) show a decrease in intensity of the peaks 

related to metakaolinite (blue line) and the occurrence of a peak attributed to the 

aluminosilicate gel (green line), which is formed at its expense, for both SiO2/Al2O3 molar 

ratios. Deconvoluted spectrum for Sl-MK is composed by an intense peak related to 

meatkaolinite (blue line) and quartz are (red line) as expected (Figure 4.10 d). After alkaline 

activation (Figure 4.10 e), it is possible to observe that the intensity of the peak related to 

metakolinite clearly decrease and a broad intense peak of the aluminosilicate gel (green line) 

is formed. These evidences clearly mean that almost all the metakaolinite has reacted. 

However, when sulfate is added to Sl-MK, the peaks related to the gel appears lower than the 

peak related to metakaolinite with respect to the sample without sulfate, as reported in Figure 

4.10 f and g. This finding is evident for both SiO2/Al2O3 molar ratios and it might suggest that 

the degree of reaction is lower in presence of sulfate and larger amount of meatakolinite 

remained unreacted. 
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FIGURE 4.10. Deconvoluted 

spectra for the T-O bond 

asymmetric stretching bond in 

sulfate bearing AAMs. a) L02-

MK; b) L02_s36; c) L02_s46; d) 

Sl-MK; e) Sl550_s46; f) 

Sl550A10_s46; g) Sl800A10_s46. 

Blue line attributed to 

metakaolinite; green line attributed 

to alluminosilicate gel.  
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4.6 Conclusions 

The products of alkali activation of the AAMs based on L02-MK and Sl-MK (with and 

without alunite addition) include mainly an amorphous N-A-S-H gel and no new crystalline 

phases apart for thenardite have been detected by the XRPD analyses. The latter is soluble in 

water and disappeared after leaching tests. However, it seems that not all the sulfate is leached 

out after tests and sulfate solubility results a bit higher in the sample with lower SiO2/Al 2O3. 

Morphological analyses outline that, regardless the soluble silica content, an amorphous gel is 

formed from all mixtures. However, signs of incipient gel crystallization can be noted in 

sulfate containing samples with SiO2/Al 2O3 ratio is 3.6, hence when less soluble silica is 

available to the process. By comparing the samples containing sulfate to those without sulfate, 

it is possible to notice that the gel formation seems to be affected by its occurrence, even if 

the amorphous gel is formed in all cases. Sulfate in alkaline system is said to retard or 

interrupt gel formation and accelerate zeolites formation; sulfate ions in solution may repel 

the negative charge of the aluminosilicate thus hindering the condensation reaction and 

lowering the degree of metakaolin dissolution (Criado et al., 2010). Differently from what 

observed in literature in the present study the gel appears to be well formed, and no crystalline 

zeolite phases have been found by XRPD.  

Leaching tests and chemical analyses performed on leached solution as well as on the 

resulting leached materials have demonstrated that not all sulfate is combined with sodium to 

form thenardite but some amount is still present in the samples. The data are confirmed also 

by chemical, microstructural and semi-quantitative EDS analyses. Infrared spectra of sulfate-

bearing AAMs after water leaching are dominated by the vibration of Si-O-T bonds related to 

the formation of amorphous N-A-S-H gel and by the S-O bonds of the sulfate anion, which 

however seems not to form new compounds. Chemical microanalyses have revealed that the 

presence of sulfur-rich particles containing Si and Al, likely amorphous or nano-sized zeolites 

phases, might be the responsible structures able to take the sulfate in the gel. However, since 

lower leachability have been found in the samples with higher silica content and lower 

capability to form zeolitic phases, the uptake of sulfate ions by the gel itself cannot be 

excluded. The data obtained until now suggest that the at this SiO2/Al 2O3 molar ratio, the 

properties of the amorphous AAMs gel are obtained in presence of sulfate ion, and more 

compactness of the gel microstructure however could be adjusted adding soluble silica into 

the mix, as well as the sulfate retention capability. The ability to retain sulfate by the gel or by 
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nano-zeolite-like structures eventually formed makes these binders a promising materials in 

the exploitation of their matrix as ion encapsulation/immobilization matrix. Optimization of 

the synthesis parameters, like for example adding calcium oxide or varying the soluble silica 

content in order to change the stability between amorphous-crystalline, could provide a way 

to improve the sulfate retention and achieve its complete immobilization. The possibility to 

vary the synthesis parameters based on the mix formulation makes these materials highly 

versatile and promising as waste encapsulating materials. 
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 ALKALI ACTIVATION OF MIXTURES OF 5

SULFATE-BEARING CLAY  AND SANDSTONE 

SEWAGE SLUDGE 

In this chapter, the sewage sludge derived by the cultivation of an ornamental stone, now 

simply dismissed, has been used as precursor in the AAMs preparation.  

The aim of this study is to explore the features of an aluminosilicate multi-component system 

in the presence of NaOH alkaline as activator, along with the reaction products formed in the 

system. In particular, in this section, the effects of: i) addition of Pietra Serena sandstone 

sewage sludge (10%, 20% or 50% weight proportion, to sulfate-bearing clay; ii) molarity of 

the activating solution (4, 6 or 8M NaOH solution); and iii) curing temperature (85°C or 

25°C) have been evaluated. The presence of CaO produced after dehydroxylation of sPS can 

modify the mechanical properties of the binder and the type and composition of the reaction 

products, leading to the development of hybrid alkaline cements (Garcia Lodeiro et al., 

2013a). Moreover, CaO can react with sulfate to form calcium sulfo-aluminate hydrate 

phases, similar to those observed in the OPC system as ettringite (AFt compound) or 

monosulfate (AFm compound), etc. Hence, CaO presence in the reacting system could offer 

further paths to increase the sulfate uptake and storage in the solid products.  

All the details of the preparation of the AAMs are reported in Table 3.3, § 3.2.1. The 

hardened products obtained from the different syntheses have been characterized from 

mechanical, physical-chemical and microstructural viewpoints. The results are summarized in 

Table 5.1. 

From mechanical tests, it has been observed that pastes prepared by activating L02-MK with 

8M NaOH and those prepared by mixing sPS_800 (10 wt%) with L02-MK at 8M NaOH do 

not develop mechanical strength after curing at 25°C (99% R.H.), even after 28 days of 

setting time. Whereas, when sPS_800 is at 50 wt% in the mix, the effect of curing at room 

temperature is significant after 20 hours and 7 and 28 days of setting (date related to samples 

cured at 7 and 28 days are not reported hereafter). On the other hand, it has been observed that 

when pastes are cured at 85°C, they harden after 20 hours only. For this reason, the results 

discussed in this chapter regard all the AAMs binders after 20 hours of curing. The work has 

been organized in three parts:  

¶ in the first part, the effects of mixing sPS_800 (10, 20 or 50 weight proportion) to 

L02-MK in the alkali activation have been evaluated in terms of mechanical properties 
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and reaction products. The alkalinity of the solution has been chosen in order to 

promote N-A-S-H gel formation; 

¶ in the second part, the effects of the molarity of the activating solution (4, 6 or 8M 

NaOH solution) have been evaluated; 

¶ in the third part, the effects of sPS_800 in L02-MK with different molarities of 

alkaline activator and curing temperature (85°C or 25°C) have been evaluated. 
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TABLE 5.1. Scheme of results fior L02_sPS AAMs activated with NaOH solution, at different molarities and curing temperature. 

Samples 
 Compressive strength 

(MPa) 

Flexural strength 

(MPa) 
New phases found by XRPD analysis 

L02-100-8M_1D_85C A 4.4 (1) 0.95 (5) Gibbsite, thenardite 

L02-90-sPS-8M_1D_85C A 11.8 (9) 2.6 (4) CAN, YUG 

L02-80-sPS-8M_1D_85C A,B 10.6 (9) 3.0 (5) CAN 

L02-80-sPS-6M_1D_85C B 8.7 (5) 1.9 (1) U-phase, CAN 

L02-80-sPS-4M_1D_85C B 4.5 (2) 1.5 (2) Ettringite 

L02-50-sPS-8M_1D_85C A,C 10.3 (2) 3.0 (1) U-phase, CAN, SOD, killalaite 

L02-50-sPS-8M_1D_25C C 0.9 (1) 0.12 (1) CAN 

L02-50-sPS-6M_1D_85C C 8.6 (6) 1.5 (1) U-phase, CAN 

L02-50-sPS-6M_1D_25C C 1.6 (4) 0.56 (3) - 

L02-50-sPS-4M_1D_85C C 4.0 (3) 0.93 (8) Zeo-P, Ettringite, CSH 

L02-50-sPS-4M_1D_25C C 1.16 (3) 0.38 (7) Zeo A 

A - Samples selected for determining the effects of mixing sPS_800 (10wt%, 20wt% or 50wt%) to L02-MK  
B - Samples selected for determining the effects of the molarity of the activating solution (4, 6 or 8M NaOH solution)  
C - Samples selected for determining the effects of molarities of alkaline activator and curing temperature (85 ºC or 25 ºC)  
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5.1 Study of the effect of Pietra Serena sewage sludge content 

In this section, pastes made by mixing L02-MK and sPS_800 in different weight proportions 

(100/0, 90/10, 80/20 and 50/50) have been prepared. The molarity of sodium hydroxide 

solution has been fixed at 8M and the pastes have been cured at 85°C at 99% R.H for 20 

hours. 

 

Mechanical strength results 

The mean values of three tests for flexural strength and six tests for compressive strength are 

reported in Table 5.1 and plotted in Figure 5.1. 

 

FIGURE 5.1. Compressive strength (filled bars) and flexural strength (pattern bars) in MPa for L02-MK 

and sPS_800 mixtures activated with 8M NaOH, after curing for 20 hours at 85°C. 

 

Overall, the measured compressive strength values vary from a minimum of 4.7 (1) MPa to a 

maximum of 12.8 (1) MPa, and the flexural strength varies from 0.1 (8) to 3.0 (5) MPa. The 

lowest average values of strength are obtained for the sample prepared mixing only L02-MK 

and NaOH solution, L02-100-8M_1D. When 10 wt% of sPS_800 is added to L02-MK, the 
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value of compressive strength is 12.0 (1) MPa and flexural strength is 2.6 (3) MPa. This value 

is three times higher than that achieved for L02-100-8M_1D. At 20 wt% of sPS_800 addition 

to L02-MK, the average value of compressive strength is 10.6 (9) MPa and flexural strength 

is 3.0 (5) MPa, whereas, at 50 wt% of sPS_800, L02-50-sPS-8M_1D sample shows average 

values of compressive and flexural strengths of 10.3 (2) MPa and 3.0 (2) MPa, respectively. 

From these results, it is possible to observe that when L02-MK is activated only with NaOH, 

the values of mechanical strength are low. This could be attributed to a not complete reaction 

of metakaolin with the activating solution or to the presence of crystalline by-products in the 

hardened product, which could affect the mechanical properties. 

Af ter the addition of just 10 wt% of sPS_800 to the L02-MK, mechanical properties 

considerably increase. As reported in literature, addition of small amounts of Ca in low 

calcium systems could result in a remarkable improvement in strength (Dombrowski et al., 

2007). As mentioned before, when sPS is heated at 800° C, calcium from the original 

dolomite and calcite is present mainly in the form of highly reactive CaO oxide that with 

hydration behaves as in cements, enhancing the mechanical performance of the final material 

(Yip et al., 2005; Yip et al., 2008). However, a further increase of sPS_800 content in the mix 

does not correspond to an increase of the average values of mechanical strength. In fact, L02-

80-sPS-8M_1D and L02-50-sPS-8M_1D show similar values of mechanical strength. This 

fact might be related to the fast hardening of the slurry when more sPS_800 is mixed to L02-

MK. The formation of a solid external crust makes difficult to put pastes into the molds, this 

affecting the strength values. This condition is more evident when 50 wt% of sPS_800 is 

added to the mixture as in the case of L02-50-sPS-8M_1D. A possible explanation could be 

given by the hydration of CaO, which is a well-known exothermic reaction. In fact, during 

mechanical mixing with the activating solution, slurries suddenly tend to harden when a 

temperature of around 50°C is reached. 

 

XRPD  

XRPD patterns of the sample prepared with only L02-MK and NaOH is reported in Figure 

5.2. As a reference, the XRPD pattern of the L02-MK is also reported. As mentioned in § 2.1, 

after thermal treatments, only quartz and feldspars deriving from the original raw material are 

identified in the anhydrous materials. After activation, the binder shows a more or less 

marked halo between 20° and 35Á 2ɗ, which is typical of the amorphous gel precipitation 
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(Palomo et al., 1999; Shi et al 2006; Garcia- Lodeiro et al., 2013a). Crystalline phases 

detected as reaction products in this sample are thenardite, Na2SO4, and gibbsite, Al(OH)3. 

After curing, unmolded samples have been stored in chamber at 25°C and 99% R.H), before 

being broken. Crystals of thenardite have been also macroscopically detected as efflorescence 

on the surface of the sample just after some hours (Figure 5.3 a). After being removed from 

the surface, the crystals have been analyzed by XRPD and the result is reported in the graph 

of Figure 5.2 c. 

 

 

The main reflections are referred to thenardite (PDF: 070-1541), even if some peaks could be 

attributed to an hydrated phase related to this mineral likely mirabilite (peaks around 16°, 18° 

and 23Á 2ɗ), or some other polymorphs of thenardite, which commonly occurs during its 

FIGURE 5.2. a) XRPD patterns of 

L02-100-8M_1D: L02-MK (black 

line) and feldspars reflections 

(black sticks) are reported on the 

bottom of the graphs; b) 

magnification of 20°-30° 2ɗ range; 

c) XRPD pattern of crystals 

removed from the surface of the 

sample; thenardite reflections 

(black sticks) are reported on the 

bottom of the graph; *= mirabilite 

(Na2SO4·10 H2O); G = gibbsite; T 

= thenardite; Q = quartz. 
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hydration as intermediate phase. Thenardite could precipitate directly from solution and it 

may be related to the evaporation rate of the sample after curing (Navarro et al., 2000). 

 

FIGURE 5.3. L02-100-8M_1D binder (a) and L02-90-sPS-8M_1D binder (b) after curing at 85°C for 

20h. After curing the sample have been stored in a chamber at 25°C and at 99% R.H.  

 

The other reaction product detected by XRPD is gibbsite (PDF: 070-2038). The presence of 

this phase may suggest that the aluminum available from the starting materials is not entirely 

involved in the gel formation and part of it precipitates as crystals.  

Figure 5.4 shows the comparison among the samples made using L02-MK and sPS_800 in 

different proportions. For comparison, the XRPD pattern of the anhydrous mixture of L02-

MK and sPS_800 before the alkaline activation is reported. The phases detected are quartz, 

feldspars, plagioclase and, in minor amounts, lime derived from the decarbonation of calcite 

and dolomite. After alkaline activation, also in this mixtures, all samples show a signal related 

to the amorphous feature of aluminosilicate gel (e.g. Barbosa et al., 2000; Barbosa & 

McKenzie, 2003; Rowles & OôConnor, 2003; Fletcher et al., 2005; Dimas et al., 2009) 

recognizable by the hump between 25°-35Á 2ɗ (Figure 5.4 a and b). CAN-type zeolites, in 

particular reflections correspondent to a sulfate-bearing cancrinite, named vishevite (PDF: 

046-1333) are revealed in all samples containing sPS_800 showing the phase reflection at the 

position of 13.5Á, 21.0Á, 24.0Á 2ɗ. Peaks related to a calcium aluminosilicate hydrate 

compound, identified as YUG-type zeolite (PDF: 039-1372) have been also detected. In the 

L02-50-sPS-8M_1D together to CAN-type zeolites, peaks related to SOD-type zeolites (in 

particular correspondent to a sulfate-bearing sodalite, PDF: 073-1734) has been identified. In 

this pattern U-phase (sodium calcium sulfo-aluminate, PDF: 044-0272) has been found. This 

phase belongs to AFm compound (hydrated calcium aluminates, commonly formed in 

cements systems), whit the difference that it contains sodium between the layers. Several 

peaks not well matched, related to a poorly crystalline calcium silicate hydrate phase (C-S-H) 

a) (b 
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as killalaite (PDF: 029-0332), are identified. C-S-H phases are not detected in the binder 

made with 10 wt% and 20 wt% of sPS_800. Generally, poorly crystalline C-S-H phases 

together with AFm compounds are recognized in cement-based systems composed of high 

aluminates cement or Portland cement and in the presence of sulfate and alumina (e.g. Li et 

al., 1996). In fact, it is well known that the main components of cements are poorly crystalline 

calcium-silicate-hydrate (C-S-H) gel and crystalline phases of portlandite, ettringite, and 

Al 2O3-Fe2O3- (AFm) phases (such as monosulfate and monocarboaluminate) could be formed 

(Moon et al., 2015).  

Generally, it is possible to observe that a small amount of sPS_800 in the mixture can control 

the efflorescence. Crystalline zeolites phase as CAN-type, in particular a sulfate-bearing 

cancrinite, are formed in all sample regardless the sPS content. When 50 wt% of sPS_800 is 

added to the mix beside to zeolites, calcium sulfo-aluminate product as U-Phase and poorly 

crystalline C-S-H phases are formed. According to literature, in traditional concrete it has 

been found that U-Phase is formed when the alkaline concentration is high (>4 M) (Li et al., 

1996). The latter could have important influences, both favorable and unfavorable on the 

properties, performance and durability of the binders, producing expansion phenomena. 
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FIGURE 5.4. XRPD patterns of the samples L02-90-sPS-8M_1D, L02-80-sPS-8M_1D and L02-50-sPS-8M_1D; On the bottom for comparison, XRPD pattern 

of the L02_sPS mix after thermal treatment (red line). Black sticks represent the feldspars reflections. A magnification of 20°-30° 2ɗ range is reported on the 

right box. U = U-Phase (NaCa4Al 2O6(SO4)1.5·15H2O); ɾ,* = CAN-type zeolites; CSH = killalaite; ů = SOD-typezeolites; ɓ = YUG-type zeolite; Q = quartz; 

Mu = muscovite, Ab = albite; L = lime. 
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SEM-EDS  

The cross sections of the AAMs products have been analyzed by SEM-EDS to ascertain the 

type of gel or gels formed in the different systems, with and without calcium. The micrograph 

of the L02-100-8M_1D, L02-90-sPS-8M_1D and L02-50-sPS-8M_1D are shown in Figure 

5.5, Figure 5.6 and Figure 5.7 respectively. 

 

FIGURE 5.5. SE-Micrographs and EDS analyses of L02-100-8M_1D, after curing at 85°C for 20 hours. 

 

At low magnifications (450x), Figure5.5a, the presence of heterogeneous porosity is evident. 

The micrograph shows spherical voids of 100 µm in size probably due to air bubbles trapped 

in the matrix during the synthesis. However, these pores result filled by several crystals, 

which are attributed to gibbsite (confirmed also by XRPD analysis) and they results spread 

overall the surface of the sample. In general, gibbsite crystals show a very large dispersion in 

growth morphology and crystal size when they grow from synthetic caustic soda solutions 

(Sweegers et al., 2001). A particular of the gibbsite crystals is reported at higher 

magnification in the insertion in Figure5.5a. However, the presence of crystals inside the 

voids should not influence the mechanical strength sity. Figure 5.5b shows a micrograph at 
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8.00 Kx of magnification, which revealed the matrix of the L02-100-8M_1D sample. This 

displays amorphous features, with the distinctive granular aspect of an N-A-S-H gel. Ultra-

fine particles seem to be confined into isolated elements and partially bonded together. These 

morphological features of the gel have been found in zeolites systems at very early stages of 

crystallization (Chandrasekhar & Pramada, 2008) and could confirm the nature of N-A-S-H 

as amorphous precursor of zeolites. 

From semi-quantitative EDS analyses of more than 50 points analysis, the matrix shows an 

average SiO2/Al 2O3 ratio of 3 (see Table 5.2), which appears higher with respect to the initial 

calculated SiO2/Al 2O3 molar ratio of 1.8 (see Table 3.3, § 3.2.1). This could be explained by 

the presence of gibbsite representing an index of a not complete reaction of the aluminum in 

the gel process, meaning that the gel is depleted in Al and is enriched in Si content. 

Micrographs of L02-90-sPS-8M_1D sample, at different length scales are reported in Figure 

5.6. At 3.5 Kx the Figure 5.6a displays clearly the differences in microstructure of this sample 

with respect to L02-100-8M_1D sample. At this length scale, the amorphous features of the 

gel are confirmed. It is evident how the matrix shows a tendency to organize itself into 

parallel layers, a morphological feature related to metakaolin. Small agglomerates with a not 

well-defined morphology and with composition resembling that of thenardite are detected in 

the matrix, as reported in the insertion on the right side of the micrograph. At higher 

magnification, Figure 5.6b, it can be possible to notice that the gel is characterized by an 

inhomogeneous microstructure; some interconnected acicular crystals interrupt the continuity 

of the matrix. Their identification by EDS analysis results difficult because the small particles 

dimension. However, from EDS analyses reported below the micrograph, is possible to notice 

that the matrix and the crystals are very different in composition, except for the alumina 

content which is lower (Al 2O3/Na2O = ~ 0.3) with respect to the matrix (Al 2O3/Na2O = ~0.6) 

meaning that these crystals could be zeolites. At higher magnification (12 Kx), Figure 5.6c, 

and two types of morphologically distinguishable gels are recognizable: one more granular 

with concatenated spherical particles interconnected to create small clusters of aluminosilicate 

gel (left side of the micrograph), and another in which the arrangement in parallel planes is 

revealed. From EDS analysis, the SiO2/Al 2O3 molar ratio is the same in both side of the 

matrix.  



104 

 

FIGURE 5.6. SE-Micrographs and EDS analyses of L02-90-sPS-8M_1D, after curing at 85°C for 20 

hours 
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The left side seem to have more alumina, more calcium oxide and less sulfate content with 

respect to the right side. The average SiO2/Al 2O3 molar ratio of the matrix (calculate up to 50 

points analyses) is overall around 3 while the theoretical average SiO2/Al 2O3 molar ratio 

calculated on the basis of reactive silica and alumina content in the original precursors, is 

around 2, meaning that this gel could be enriched in silica. Finally, at magnification of 20.0 

Kx (Figure5.6d) in some portion of the sample, nanocrystals with spherical morphology and 

SiO2/Al2O3 molar ratio resembling sodalites at the beginning of their formation have been 

detected. Their SiO2/Al 2O3 molar ratio is 3.8 and results higher with respect to the other part 

of the matrix, and calcium and sulfate are absent. 

Figure 5.7 shows a series of micrographs relative to L02-50-sPS-8M_1D sample. At this 

enlargement (5.0 Kx) the analysis of the microstructure confirms the development of the 

amorphous gel, which is however, characterized by an inhomogeneous microstructure as 

confirmed by the subsequent images at higher magnification (Figure 5.7 b, c, and d). The 

contribution of CaO hydration is evidenced by the occurrence of some elongated particles not 

interconnected and distributed on the surface (Figure 5.7a). Figure 5.7c (at magnification of 

12.0 Kx) shows a gel structure with needle-shaped elements, more or less 1 ɛm in size 

interconnected to several spherical particles that give rise to a quite porous microstructure. 

The spherical particles contain higher calcium oxide content (CaO/SiO2 molar ratio of 3.0-

4.0) and lower sulfate amount, as shown from EDS analysis reported in the graph below. 

Finally, at 20.0 Kx some spherical and tabular nanocrystals are also detected. Table 5.2 shows 

the oxides molar ratios of the analyzed samples. The EDS analyses shows no important 

differences in composition between the oxides molar ratio, and the sulfate results distributed 

in the whole matrix. At higher magnification (10.0 Kx), (Figure 5.7b) the gel structure 

appears made up by acicular fibers and several crystalline phases as small hexagonal prisms, 

which could resemble zeolites. Morphology of these crystals and the presence of calcium 

could suggest that they might be cancrinite zeolites (Barnes et al., 1999).  

TABLE 5.2. Oxides molar ratio calculated by the average of EDS-analysis  

Average molar ratio 

by EDS 
Na2O/Al2O3 Al 2O3/Na2O SiO2/Na2O SiO2/Al 2O3 CaO/SiO2 SO4

2-/SiO2 SO4
2-/Al 2O3 SO4

2-/Na2O 

L02-100-8M _1D  0.23 4.42 5.98 1.35 0.01 0.02 0.03 0.12 

L02-90-sPS-8M_1D 1.56 0.64 1.84 2.86 0.16 0.23 0.66 0.42 

L02-50-sPS-8M_1D 1.15 0.87 2.69 3.09 0.73 0.04 0.11 0.10 
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FIGURE 5.7. SE-Micrographs and EDS analyses of L02-50-sPS-8M_1D. 
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The acicular particles are distinctive of the early crystallization stages of calcium silicate 

hydrated compounds (C-S-H) (Taylor, 1986; Hranice, 2002) and a similar microstructure and 

composition are found in literature using sandstone sediments (Dong et al., 2014; Li et al., 

2014). More exhaustive (over 30) EDS analyses have been conducted to determine the 

composition of the gel phases. Only for two samples, the Al 2O3/SiO2 and CaO/SiO2 ratios 

have been plotted in Figure 5.8. The composition ranges which, according to the literature 

(Garcia-Lodeiro et al 2011; Pardal et al., 2009) characterize the main types of gels, (C-S-H, 

C-(A)-S- H, C-A-S-H, N-A-S-H and (N,C)-A-S-H), are also marked on the figure. As the 

graph in Figure 5.8a shows, L02-90-sPS-8M_1D sample exhibits a number of compositional 

clusters. While most of the points are positioned in the N-A-S-H and N-C-A-S-H gel ranges, a 

certain (much smaller) number of points are located in the C-A-S-H gel zone. The situation is 

different when more sPS is added to L02- MK, as reported for L02-50-sPS-8M_1D sample 

(Figure 5.8 b). Here, the points are clustered primarily in the ranges characteristic of high 

aluminum (N,C)-AS-H and C-A-S-H gels. A smaller cluster, have been also observed to lie 

within the C-(A)-S-H gel (hydration product) range. The findings confirmed that in this type 

of multi-component systems the main reaction product was a mix of gels: C-(A)-S-H (due to 

the presence of Ca from sPS_800) and C-A-S-H as well as (N,C)-A-S-H (from the activation 

of alkaline aluminosilicates). The precipitates were not pure gels, but rather products 

containing other post-dissolution ionic species. For example in the N-AS-H-like gel, much of 

the original sodium was replaced by calcium as result of well-known ionic exchange 

mechanisms (Garcia- Lodeiro at al., 2010; Garcia- Lodeiro et al., 2011) The resulting product 

is an intermediate C-A-S-H gel. Furthermore, the co-existence of C-A-S-H and N-(C)-A-S-H 

gels and the prevalence of one over the other depend on the calcium content and the alkalinity 

of the system (Yip et al., 2005; Yip et al., 2008).  
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FIGURE 5.8. Al 2O3/SiO2 vs. CaO/SiO2 ratios for gels precipitating in hybrid cements (based on EDS 

findings), a) L02-90-sPS-8M_1D; b) L02-50-sP-8M_1D 
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27
A1 AND 

29
Si MAS NMR  

In order to evaluate the structure at short-range length scale of the various gels formed for the 

alkali-activated binders, MAS-NMR spectroscopy was used for examining the local 

environment of 
29

Si and 
27

A1(see Figures 5.9, 5.10). 

 

FIGURE 5.9. 
27

Al and 
29

Si MAS-NMR spectra of: L02-100-8M_1D; L02-90-sPS_8M_1D; L02-50-sPS-

8M_1D and L02-MK.. 
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The 
27

Al MAS-NMR spectra (Figure 5.9 a), for the L02-MK before activation reveals the 

presence of Al in tetrahedral (ŭ = 70ï50 ppm), at little fivefold (ŭ = 30ï40 ppm) and 

octahedral (ŭ = -20-0ppm) coordination. This signal reflects the amorphous nature of the 

starting metakaolin in which tetrahedrally coordinated Al species are the dominating 

components; whereas the fractions of the other different coordination states are lower 

(Engelhardt & Michel 1987; Rocha & Klinowski 1990; Buchwald & Kaps 2007). The relative 

intensity of octahedral aluminum can be associated to the presence of Al2O3 from the 

dehydroxilation of alunite (Nielsen et al., 2007).  

The Al(4Si) sites in alkali activated pastes exhibit 
27

Al chemical shifts in the range 50-65 

ppm. This range suggests that AlO4 tetrahedra are present and likely surrounded by three or 

four silicon atoms. The symmetry of this signal and the fact that it is narrower than in the 

resonances of the starting materials, suggests its possible association with tetrahedral 

aluminum, Al(IV) . This resonance at 58.8 ppm, probably due to an overlay of tetrahedral Al 

within the framework of the zeotypes, with octahedral Al present in the N-A-S-H, (N,C)-A-S-

H and C-A-S-H type cementing gels described in the literature (Engelhardt & Michel, 1987, 

Garcia-Lodeiro et al., 2015). Furthermore, penta-coordinated aluminum is not detected in any 

of the alkali-activated samples. This observation strongly indicates that almost all of the 

Al(V) species in the starting materials have been dissolved during the alkaline activation 

process. However, a little signal of Al (VI) is observed. In L02-MK-100-8M-1D sample, the 

signal appears at 9.8 ppm and can be associated to a crystalline Gibbsite (Isobe et al., 2003), 

also detected by XRPD. However in the sample with calcium from sPS (samples L02-MK-90-

sPs-8M-1D and L02-MK-50-sPs-8M-1D), the signal has low intensity and appears near to 

10.6 ppm associated to the formation of AFm phases as U-Phase.  

The 
29

Si MAS NMR spectra of L02-MK shows a broad and poorly defined signal, reflecting 

the structural disorder and heterogeneous distribution of the silicon atoms in the 

dehydroxylated clay. The sharp peak at -107 ppm is associated to the presence of quartz 

(Engelhardt, & Michel, 1987; MacKenzie, & Smith, 2002) in the original material, and this 

peak not change in the alkali activated samples. A significant change is observed in the 

appearance of the resonances for the blends after alkali activation, an indication that chemical 

and structural transformations take place in the process. The presence of calcium in the 

mixtures gives rise to sharper signals, which shift towards less negative values, this suggests 

the formation of less polymerized gels (N-A-S-H, (N,C)-A-S-H and C-A-S-H), (Garcia-

Lodeiro et al., 2015). Although, the partly overlapping signals reveal the existence of a 
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number of distinct features, they cannot be readily interpreted due to the overlap with 

resonances attributed to silicon sites in the unreacted materials, the cementitious gel/gels, and 

the zeolites formed during alkali activation. 

In order to facilitate the interpretation from 
29

Si MAS NMR, the experimental spectra have 

been deconvoluted (Table 5.3 and Figure 5.10). Thus, the spectra are deconvoluted using, 

when is possible the same number of peaks. The assignment of the peak is not easy especially 

in the samples with the highest content of calcium. For example, the signal at -89 ppm that in 

the sample L02-100-8M_1D can be associated with Q
4
(4Al) units from the N-A-S-H gel-like 

structures and/or zeolites, in the L02-90-sPS_8M_1D, and in the L02-50-sPS-8M_1D samples 

may also be due to the presence of Q
3
(3Al) units. In original sample, seven signals are 

detected. L02-MK can be interpreted in terms of resonances associated to highly (Q
4
 (mAl)) 

units which can be assigned to Q
4 

(mAl) structural units of the quartz deriving from the 

original precursor (Engelhardt, & Michel, 1987; MacKenzie, & Smith, 2002), to the sanidine 

(Anbalagan et al., 2009).and to metakaolinite (Garcia-Lodeiro et al., 2015). In the sample 

L02-100-8M_1D eight signals are detected, some of which are new signal that appear at 

approximately ī89.0, ī93, ī96, ī99 and ī103 ppm (see Figure 5.10 and Tables 5.4). 

According to earlier 
29

Si NMR studies of aluminosilicate frameworks (Engelhardt, & Michel, 

1987; MacKenzie, & Smith, 2002), these can be assigned to Q
4
(4Al), Q

4
(3Al), Q

4
(2Al), 

Q
4
(1Al) and Q

4
(0Al) respectively from the formation of N-A-S-H. Signal at -86.6 ppm can be 

associated to unit Q4(4Al) in sodalite-type zeolites structures. Obviously, the relative 

intensities assigned to each Q4 (mAl) structural unit in the reaction products are not precisely 

accurate since unreacted materials also contributes  to these values.  

In the sample L02-90-sPS-8M_1D a different shape in the spectrum profile is observed, and 

an intense peak at -89.1 ppm could be attributed to Q
4 
(mAl) typical of N-A-S-H gel. Peaks at 

-85.9 and -97.0 ppm could be related to Q
3
(mAl) 

 
for C-A-S-H gel but also Q

4
(mAl) units in 

N-A-S-H gel. According to literature, sodalite has a chemical shift of approximately -85 ppm 

and cancrinite to -87.3 ppm, due to different Si/Al ratio. The contribution of theses zeolitic 

phase to the signal at -85 and -89 could be also considered. Sodalite type phases have not 

been observed by XRPD in this sample, however the presence of small amounts (below 

XRPD detection limit) of this zeolite cannot be excluded, as in zeolite synthesis it has already 

been observed that  SOD-type zeolite transform into CAN-type one (Reyes et al., 2013). 
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FIGURE 5.10. 
27

Al and 
29

Si MAS NMR spectra deconvolution of L02-100-8M_1D; L02-90-sPS-

8M_1D; L02-50-sPS-8M_1D and L02-MK. Blue line = simulated spectrum using a number of 

Gaussian signal. 

In the sample L02-50-sPS-8M_1D resonances from Q
4
(mAl) and Q

3
(mAl) silicate sites may 

overlap; therefore the correct assignment isdifficult , (see tentative assignment in Table 5.3). 
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In any case the silicon concentration in the framework is not sufficiently high to observe 

resolved resonances for -99 and -97 ppm Q
4
(1Al) and Q

4
 (2Al). The intense signal at -88.1 

can be associated to the formation of larger amount of C-A-S-H gel but more likely to the 

presence of cancrinite.  
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TABLE 5.3. 
29

Si NMR Chemical shift (ŭ) values (ppm) on 
29

Si spectra shifts to Q
n
 (nAl) environments. 

 

  Q
1
,
 
Q

2

 

Q
4
 (4Al) 

Q
3
 (3Al)  

Q
2
 (0Al) 

Q
4
 (4Al) 

Q
3
 (2Al) 

 

 

Q
3
 (1Al) 

 

Q
4
 (3Al) 

Q
3
 (0Al) 

 

Q
4
 (2Al) 

 

 

Q
4
 (1Al) 

 

 

Q
4
 (0Al) 

 

 

Q
4
 (0Al) 

 

 

Q
4a 

 

 

L02-MK  position (ppm) - -87.8(3) - -92.0(3) -94.5(2) -96.5(3) 
 

-100.6(1) -107.3(2) -107.4(0) 

 

Area (%) 
 

0.56  7.50 5.80 10.76  32.96 38.76 3.63 

L02-100-8M_1D position (ppm) - -86.6(1) -89.8 - -93.7(1) -96.5(1) -99.7(1) -102.4(2) -107.4(0) -108.7(5) 

 

Area (%) 
 

28.94 7.46  10.43 15.89 10.27 18.05 6.90 2.06 

L02-90-sPS-8M_1D position (ppm)  -80.5(1) -85.96(3) -89.1(3)   -93.6(2) -97.1(3)   -100.7(1) -108.9 -107.6(2) 

 

Area (%) <1% 12.22 25.36  17.64 <1%  19.68 20.68 4.64 

L02-50-sPS-8M_1D position (ppm)  -79.7(3) -86 -88.2(2)   -93.0(3) -97.5(1)   -100.5(2)   -107.616 

 

Area (%) <1% <1% 65.89  22.53 <1%  11.57  <1% 
a 
Signal associated with quartz (ŭ = -107 to -108 ppm) and fully polymerized amorphous silica (Engelhardt & Michel, 1987; McKenzie & Smith, 2002) 
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LEACHING TEST   

Data from leaching test hereafter discussed are reported in Table 3.4, § 3.2.2. The results have 

shown that the quantity of sulfate anion (expressed in wt%) measured in solution, for the 

sample without sPS_800, is 92%wt meaning that all SO4
2-

 present in the initial mixture reacts 

to sodium and precipitates as thenardite when the excess of water evaporates. Addition of 

sPS_800 in the mix causes a positive effect in sulfate retention by the solid AAMs. In fact, 

adding just 10 wt % of sPS_800, the sulfate retention is of 54 wt% while adding 50 wt % of 

sPS_800, the sulfate retention shows a value of 69 wt %. It is no easy to understand where 

sulfate could be retained. It could be trapped into zeolites structures, as in the case of L02-90-

sPS-8M_1D in which CAN-type zeolites have been found (as confirmed also by XRPD). 

However, as shown by SEM-EDS analysis some sodium sulfate it has been also identified in 

the sample, meaning that 10 wt % of calcium is not enough to avoid the formation soluble 

sodium sulfate. In the L02-50-sPS_8M sample, the retention of sulfate is higher and in this 

case together with CAN-type zeolites, calcium sulfo-aluminate hydrates compound are 

detected. These compounds could be the vehicles able to reducing sensibly the sulfate 

leaching due to the reaction between SO4
2-

 and CaO in this system. However, it cannot be 

excluded also that the sulfate is retained by the amorphous gel. 

 

FT-IR  

Figure 5.11 shows the spectra from L02-MK binder and L02-sPS mixed binders, before 

(dashed curves) and after water leaching (bold curves). For comparison, spectra of anhydrous 

L02-MK and sPS_800 in FT-ATR are reported in the insertion. Features common to all 

spectra are the hump at 1640 cm
-1

, ascribable to H-O-H bending vibration and the bands 

relater to crystalline phases as quartz and feldspars, from the original raw materials, which do 

not take part to the reaction. The presence of quartz in the original raw materials, give rise to a 

series of bands at 1080 cm
-1

, 796- 779 cm
-1

 (double band), 697 cm
-1

 and 460 cm
-1

. Also 

feldspars show a broad bands in the region between 1000 cm
-1

 and 1100 cm 
-1

, and to lower 

frequencies at 727 cm
-1

, 638 cm
-1

, 580 cm
-1

, 540 cm
-1

 (Harris et al., 1989; Criado et al., 2010; 

Xu et al., 2003). All  these phases are formed by tetrahedral of Si and Al with different 

structural arrangements, causing an overlapping of the different vibration modes.  
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FIGURE 5.11. FT-IR spectra of L02-100-8M, L02-90-sPS-8M_1D and L02-50-sPS-8M_1D; dotted lines 

represent spectra before leaching tests, bold lines represent the spectra after leaching test 

. 
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All samples show the main peak centered at 1010-1000 cm
-1 

that is normally related to the 

asymmetric stretch of the Si-O-T bonds, where T is Al or Si in tetrahedral coordination.  

The shift of these peaks from higher wavenumber in the L02-MK (at 1037 cm
-1

) to lower 

wave number in the AAMs (1000 cm
-1

) has been established as the evidence of the sign of the 

aluminosilicate phase and indicates the formation of the aluminosilicate amorphous gel (Lee 

&van Deventer, 2003; Fernández-Jiménez & Palomo, 2005). 

All samples show another evident peak in the in the range between 1079 and 1095 cm
-1

, that 

is attributed to the aluminosilicate phase as quartz and feldspars. Regarding the sulfate 

vibration modes, the fundamental diagnostic absorption band positions related to the SO4
2- 

are 

theoretically at 1030 cm
-1 

and 1170-1086 cm
-1 

for the symmetric and asymmetric stretching 

modes respectively, while the most important deformation related to symmetric and 

asymmetric bending vibration are at 475 cm
-1

 and 632-605 cm
-1

 respectively (Ross, 1974). In 

the L02-100-8M_1D spectrum, thenardite is revealed by one peak at 619 cm
-1

 that disappears 

after water leaching and another peak at 1103 cm
-1

 related to vibration modes of the S-O 

bonds, which is shifted towards slightly lower frequencies (at 1078 cm
-1

) after leaching, and 

finally, a shoulder at 1189 cm
-1

. The latter, may be attributed to sodium sulfate polymorphs 

(e.g. mirabilite), and it disappears after leaching, indicating the dissolution of this phase in 

water (Farmer, 1974; Ross, 1974; Navarro et al., 2000; Lane 2007; Criado et al, 2010). Peaks 

from gibbsite (detected also by XRPD) are not visible as they are in the range of 1010-1020 

cm
-1 

(Kloprogge et al., 2002; Balan et al., 2006) therefore within the main Si-O-T 

wavenumber region.  

The spectrum of L02-90-sPS-8M_1D shows two main peaks at 1006-1002 cm
-1

 and 1080  

cm
-1

, representative of the amorphous aluminosilicate gel structure and the aluminosilicate 

phase present from raw materials. The overall region appears sharper with respect to the 

sample without sPS_800, suggesting more ordered structure of the gel. The occurrence of the 

hump at 1166 cm
-1 

is related to SO4
2- 

asymmetric stretching vibration, which is evident also 

after water leaching. This band has lower amplitude after leaching, however its presence 

suggests that sulfate is still inside the sample, although no new crystalline phase has been 

detected by XRPD. Different is the situation when more sPS_800 is added to the L02-MK, as 

shown by L02-50-sPS-8M_1D sample. The bands between 1000 cm
-1

 and 1160 cm
-1

 became 

sharper with respect to those showed for the sample L02-90-sPS-8M_1D and three main 

bands are revealed at 1043 cm
-1

, 1090 cm
-1

 and 1160 cm
-1

. The presence of the small band at 

1043 cm
-1 

has been attributed to quartz and silicate minerals from the sPS_800, which could 
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contribute to increase of the amount of unreacted material. The peak at 1095 cm
-1

 is shifted to 

lower frequencies, at 1089 cm
-1

 after water leaching. In addition, here, the hump at 1160 cm
-1
 

attributed to SO4
2-

 asymmetric stretching vibration remains unchanged, confirming that most 

of the sulfate present form alunite is still in the matrix of the sample.  

Only for L02-50-sPS-8M_1D, two peaks at 622 cm
-1

 and 655 cm
-1

 have been detected
 
and 

they can be attributed to cancrinite like minerals. 

Generally, the IR spectra of these samples confirmed the formation of alkaline aluminosilicate 

gel, as the main T-O stretching band is shifted toward lower frequencies with respect to the 

same peak in metakaolin. When L02-MK is activated in absence of sPS_800, the band related 

to the SO4
2-
 vibration are mainly attributed to soluble sodium sulfate phases, which disappear 

after washing this sample. The hump
 
associated to SO4

2
 vibration in the sample with 10 wt% 

of sPS_800 is visible after water leaching even if it appears sensibly reduced due to the loss of 

a percentage of soluble sodium sulfate that might be formed and leached out. Finally, when 

50 wt% of sPS_800 is added to the mix, the T-O region became sharper and the hump related 

to SO4
2
 vibration does not change after water leaching, meaning that the solubility percentage 

of sulfate is reduced. 
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5.2 Study of the effect of the molarity of NaOH activator 

In this section mixtures of L02-MK and sPS_800 (80/20 wt%) have been activated by using 

NaOH solution at 4M, 6M, and 8M. Pastes have been cured for 20h at 85°C at 99% R.H. 

conditions. 

Mechanical strength  

The mean values of three tests for flexural strength and six tests for compressive strength are 

reported in Table 5.1 and plotted in Figure 5.12. As shown from the graph the results 

highlight a positive trend related to the increase of molarity of the activating solution. Sample 

activated with 4M NaOH solution shows the lowest value of compressive and flexural 

strength with 4.5 (2) and 1.5 (2) MPa respectively. 

FIGURE 5.12. Compressive strength (filled bars) and flexural strength (line bars) of the L02-80-sPS 

binders, activated with 8M, 6M and 4M NaOH solutions, after curing at 85°C and 20 hours 

. 

L02-80-sPS-6M_1D sample shows a value of compressive strength of 8.7 (5) MPa and 

flexural strength of 1.9 (1) MPa. Thus, when the alkalinity of the NaOH solution rises to 6M 

the mechanical strength shows values two times higher. Finally, the sample activated with 8M 
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NaOH solution, shows average value of compressive and flexural strength of 10.6 (9) MPa 

and 3.0 (5) MPa respectively.  

As reported in literature, generally the optimal alkalinity of the NaOH solution for metakaolin 

and fly ash system is estimated at 8M (Duxson et al., 2005b, Fernández-Jiménez & Palomo, 

2005). In lower calcium system, lower alkalinity of the activating solution may adversely 

affects the mechanical properties of the cements obtained, because the ionic strength 

generated in the binder-activating solution system is not high enough to satisfactorily 

hydrolyze the silicon and aluminum present in the starting materials. This fact could lead to 

an increase of the unreacted materials and indeed, the reaction degree of the reaction of 

metakaolin with NaOH solution increases with the alkali concentration. 

 

XRPD  

Phases analysis of these AAMs is reported in Figure 5.13. Quartz and feldspars, deriving from 

the original raw materials, are present in all samples. All patterns display a halo around 20°-

35Á 2ɗ which is indicative of the occurrence of the amorphous phase. Observing all three 

patterns, this halo appears slightly less pronounced in L02-80-sPS-4M_1D sample, meaning 

that the amount of amorphous phase formed could be lower with respect to the other samples. 

The main crystalline product at 4M sample is ettringite (Ca6Al 2(SO4)3(OH)12·26H2O, PDF: 

041-1451), which is stable at these alkaline concentrantion, as reported by Li et al.(1996). 

Reflections related to calcium-silicate-hydrate compound (PDF: 043-1488) have also been 

identified. 

The XRPD pattern of L02-80-sPS-6M_1D sample, shows similarly to the other samples an 

halo related to the amorphous phase, U-phase (sodium calcium sulfo-aluminate phase, PDF: 

044-0272) has been identified together with CAN-type zeolites, in particular a sulfate-bearing 

cancrinite, named vishevite (PDF: 043-1333). Some reflections at 21° and 28° 2ɗ are related 

to a sulfate of calcium and sodium, named wattevillite (PDF: 041-1360). Finally, at 8M 

NaOH, the L02-80-sPS-8M_1D sample reveals peaks which are indicative of CAN type 

zeolite (PDF: 043-1333), as only crystalline product in this sample. According to literature, 

U-Phase is stable at 6M in cement based-system composed by high aluminate cement or in 

presence of high proportion of Na2SO4 (Li et al., 1996). As well as ettringite, also U-Phase 

crystals could have an opposite influence on mechanical strength depending on if they are 

formed during the plastic state of binder or after concrete has set (Katsioti et al., 2009). 
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However, their presence after one day might indicate that they are formed in the first stage of 

the hydration process of these binders, which is comparable with the same process, which 

occurs in OPC cementitious systems (e.g. Gougar et al., 1996). Moreover, in literature many 

examples (e.g., Shi, 1999; Kovalchuk et al., 2007; Najafi & Allahverdi, 2009; Criado et al., 

2010) of alkali activation of fly ash as well as metakaolin at higher molarity confirm the 

occurrence of zeolites as secondary reaction products. 
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FIGURE 5.13. XRPD patterns of the AAMs prepared mixing L02-MK and sPS_800 (80/20 wt% proportion) activated with NaOH solution (4M, 6M or 8M) 

and cured at 85°C for 20 hours. On the bottom for comparison, XRPD pattern of the L02_sPS mix after thermal treatment (red line). Black sticks represent the 

feldspars reflections. A magnification of 20°-30Á 2ɗ range is reported on the right box. U = U- phase (NaCa4Al 2O6 (SO4)1.5·15H2O); ɔ, * = CAN-type zeolites; 

E = Ca6Al 2(SO4)3(OH)12·26H2O); CSH = calcium silicate hydrate; W = wattevilleite; Q = quartz; Mu = muscovite, Ab = albite; L = lime. 
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SEM-EDS  

Figure 5.14 shows shows a micrographs of L02-80-sPS-4M_1D sample. At 600x it is possible 

to observe a heterogenous matrix composed mainly by needle-like morphology crystals. 

 

FIGURE 5.14. SE-Micrograph and EDS analyses of L02-80-sPS_8M_1D sample. 

These have been recognized as ettringite crystals (as revealed also by XRPD analysis) and 

they are spread overall the surface of the sample. The shape and the position of these crystals 

suggest that ettringite is uniformly dispersed throughout cement paste at a submicroscopic 

level (less than a micrometer in cross-section) likely, as products precipitated from the 

solution at the end of the reaction process. The formation of ettringite in the fresh, plastic 

concrete is the mechanism that controls stiffening. Traces of feldspars and quartz are evident 

as well as some angular and sub angular fragment of unreacted particles (Figure 5.14a). EDS 

analyses of two points of this sample show that the crystals have a composition which could 

be attributed to ettringite confermed by the absence of sodium oxide. The other point of the 

sample which seem to be amorphous, shows a different chemical composition whit higher 

value of Na2O and SiO2, as reported in the graphs below the micrograph. At higher 

magnification, (4.0 Kx) (Figure 5.14b), the matrix is composed by granular particles, which 




























































