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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 togive 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,@a»tprint reductionThe OPCindustry 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 aassifi (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 condé@refore, maximizing

the reuse and recycling of these residues (as for el@myast furnace slag, fly ash, mining

and mineral wastegeramic and demolition wastews) certainly a way for minimizing the
environmental impact associated with their treatment and disposal. The use-vblbigle
wastes in the production of blendednmvel 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 industriapiogucts 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, laasic 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 femctilatied
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 Wbal,6 2008;e di
Weil et al., 2009).
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The presenwork is aimed at evaluating Italian feedstock in alkali activation. In particular,
two local raw materials have been selected: subfatging clay andewage sludge of Pietra
Serena, an ornamental sandstoroi.ro

The issues related to these materials are diffefentthe first material, the occurrence of
alunite, KAk(SQy)2(OH)s, which is present in kaolin deposits deriving from trachyte, rhyolite,
and similar potassiusrich volcanic rocks, normally hinders use in the ceramic industry

due to the release of 3@t 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 thisaolinitic clay containing alunite to prepare AAMs has
been assessed by activating the clay at temperature below desulfZO0AGKristof et al.,

2010. Results are promising, as evidenced by high thermal stability and high compressive
strength (ca. 88Pa) of the AAMs obtained from this material, opening the way for utilizing
sulfatebearing kaolin. However, the presence of thenardite,S8a deriving from the
dissolution of alunite, was observed in the final products.

The issue associated to the tRieSerenasandstone sewage sludgmmmon to all stone
processing, is its suitable disposal which needs precise requirenadnlis the coarser
fractions of quarrying wastes can be reused in construction indug&idsjlut et al., 2007,
Felekoglu et aJ.2007) the finest fraction often containeavy metals, organic matters, and
high content of waterand could represent a loAgrm risk of environmental pollution or
problems of uneconomical energgnsuming drying process (Yang et al., 20IB). 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 valorizat
cements and binders, through alkaline activation protegarticular,the use of kaolitic clay
containingsulfatein thealkali activationprocesshas been evaluate8ulfate can in fadct as
promoter of zeolite nystallization, as proposed by Criadbat. (2010),or can be hosted by

the metakaolirbased AAM gelln addition the reactivity oPietra Serena sewage slucyel

its behavior inthe alkali activation process when mixed to the sulagaring clayhave been
investigated.



The local structureand properties ofthe productshave been investigated in order to

strengthen the basis upon which alternative materials can be developed.

With this premise, the present.Bhthesis has been designed in three parts:

1 In thefirst section, a detailed chacaerization 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 crgliine phases present in the materials has been assessed in
order to establish the synthesis parameters.

1 In thesecond sectionthe feasibility of using sulfatkearing clay for alkali activation has
been assessed using sodium silicate as activator. tioybar, the effects of the presence
of SO on the microstructure and chemical composition of the resulting AAMs and, in
particular, on the MA-S-H gel have been evaluated; reoluble sulfatébearing phases
have beemdentified finally, the possibilityof sulfate uptake by the gel itsalésessed

1 In thethird section, the synergic use of sandstone sewage sludge in binary mixtures with
sulfatebearing clay has been studied. Sodium hydroxide solution has been used as
activator. The resulting cements araled hybrid alkaline cementsn which binders of
two different compositions form <CA)-S-H and NA-S-H. The former, well known, is
characteristic of Portland cement hydration, while the second is characteristic of the
alkaline activation of aluminosdate, 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
sulfatebearing minera is present. At the high pH of the slurry, this mineral dissolves to
release S and AP*, which, in turn, react with Ca(Oki)to form sulfealuminate
compounds, which could improve the mechanical properties (Katsioti et al., 2009) of the
resulting bin@r. Compositional and microstructural characterizations of the synthesised
samples were performed to explain the different mechaniswolved in the alkaline

process.



1 STATE OF THE ART

1.1 Alkali activated materials and geopolymers

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 alkalmetal 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 industriaptmglucts, 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 attengoaulse they can
provide comparable performance to traditional cementitious binders in a variety of
applications, such as highch ceramics, thermal insulating foams, protective coatings, fire
proof building materials, refractory adhesive, and hybrid iaoigorganic 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 thensiouction industry, have been developed with

the aim of a technological, environmental and economic earning (Van Deventer et al., 2012).
AAAMs O is the most widespread term for defi
Provis & Van Deventer, 2014 owever, the technology of alkali activation is dated back to a
first patent awarded to Kuhl in 1908 (Kuhl, 1908), the research conducted by Purdon in the
1930s1940s Purdon, 1940), and the extensive program of research, development and
commercialscaleproduction grown from the work of Glukhovsky from the 1950s onwards
(Gl ukhovsky, 1959) . Davidovits, i n t he 197
developing and patenting materials obtained from the adksivation of metakaolin.
Nowadays, this ternmsilargely known and used also for marketing purposes, highlighting the
similarities between these synthetic materials and the -thmeensional silicealuminate
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), sodcements (Krivenko, 1997; Krivenko & Kovalchuk, 200f@ydroceramic (Siemer,
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2002), low temperature aluminosilicate glass (Rahier et al., 1997), zeocements (Krivenko et
al., 2007) and zeoceramics (Fernandieaénez et al., 2008a).

Based on the nature of their cementitious component® (a0 SiO,-Al,03 systen, where

M = Na or K), alkaline materials may be grouped by calcium content and classified as high
calcium and lowcalcium cements. In the first model, calciuand siliconrrich materials,

such as blast furnace slags (s8#0CaO >70%), are activated undquite moderate alkaline
conditions (Bakharev et al., 2000; Fernandeménez, 2000; Shi et al., 2006). In this case, the
main reaction product is a-&-S-H (calcium silicate hydrate) gel, similar to the gel obtained
during Portland cement hydration, whitdkes 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 coafired steam power plants). In this case, more severe working conditions are
required to triggr the reactions (highly alkaline media and curing temperatures20@T).

The main reaction product formed in this case is a ttimeensional NA-S-H (or alkaline
aluminosilicate hydrate) gel that has been considered as the amorphous equivalent of
syrthetic zeolites and have more or less the same chemical composition (Palomo et al., 1999a;
Proviset 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 ko asblendedor hybrid alkaline cementsn which CaO,

Si0O, and ALO; content is >20% (Alonso & Palomo, 2001; Yip et al., 2005; Palomo et al.,
2007; Garcid_odeiro et al., 2013a; 2013@nd include a mix of cementitious gels, such as
C-A-S-H (which takessodium into its composition) and(®)-A-S-H (high calcium content
N-A-S-H gels) gels (Garctaodeiro et al., 2010).

In Figurel.1, a simplified representation of the chemistry of conefetming systems, based
mainly onthe system Ca@Al,0s-M,0-H,O (whee M is the alkali cation) is reported. It
shows the classification and position of the AAMs with respect to OPC andasuifinate
cementing systems. Geopolymers are shown as a subset of AAMs, with the highest Al and
lowest Ca concentrations, to enable formation of a network structure rather than the chains
characteristic of calcium silicate hydrates. l-oalcium fly ashes and calcined clays are the

most prevalent precursors used in geopolymer synthesis.
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FIGURE 1.1. Classification of AAMsand comparisowith OPC and calcium sulfaluminate binder
chemistry. Grey indicates approximate alkali content; blue corresponds to higher concentratic
alkali (indicated as Mon the axis) (readapted from Fig2in Provis & van Deventer, 2014).

1.2 Synthesis procedure and reaction process

Alkali activation process can be achieved by mixing the alkaline solution to a finely milled
aluminosilicate precursor. Chemical composition, grain size distribution andigaidifatio

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 tirolesh 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 (Fernaddegnez & Palomo, 2005a; Duxson et

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

The reactionprocess 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
threedimensional polyhydroxy-silicoaluminate complex (Weng et al.,, 2005; Fernandez
Jiménezet al., 2006). Al and Si, in the solid product, are tetrahedrally coordinated, while the

alkalis, that balance the electric charge generated by the substitutiori*dbABI*™", are
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located in the voids of this framework. The resulting product is arirakaluminosilicate
hydrate NaO A fObRSIOAH,O-type gel (NA-S-H gel), with a threelimensional structure

that, on an atomic to nanometric scaad resembleseolitic structures (Provis et al., 2005;
Shietal., 2011).

It is worth highlighting thattte alkaltactivation of aluminosilicates differs from the chemical
process involved in traditional cement hydration, where the main reaction product is a
calcium silicate gel, CaiSiO,tnH,O gel type (ES-H) (Shi et al., 2011)

Glukhovsky (1959) first promed an explanation of the mechanism, which governs the
formation of the threelimensional structure of aluminosilicate alkaline.géhe model
describes a number of destructioondensation transformations that take place in the starting
solid. The initialunits, 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 researcheseriix

al., 2006a; Shi et al., 2011), who proposed schematic models-A{SH gel reaction
processFigure 1.2(Shi et al., 2011) outlines the processes occurring in the transformation of

a solid aluminosilicate source into a synthetic alkali aluminagéic
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l‘ S ®A @0 OM O I (SilAl1 1), [Q%4Al) and Q*(3Al))

Polymerization N-A-S-H precipitation. Gel 2
(SilAI =2), [0*(3A)) and Q*(241)]

|QSiA oa A |

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

At first, disaggregation process entails the break of th@ W indicates the alkaline cation),
Si-O-Si and AFO-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 aiveréd 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 formatiomlidomers and then of large networks gel. This
process releases the water that was consumed during dissolution, formiplgasibisystem,
which is composed by the aluminosilicate binder and the water. The first intermediate
reaction product (denominatgdel 1) contains high aluminum amount due to the higher
concentration of AT 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, becase AIO bonds are weaker and hence more easily severed tHanb8&nds
(Provis et al., 2005; Fernanddanénez et al., 2006). As the reaction progresses, meade Si
groups of the initial solid source are dissolved, favoring the evolution of the initidl Gt

a new Sirich gel (Gel 2). After gelation, the gel structure continues to rearrange and
reorganize, increasing oligomers connectivity and developing a -dimesnsional
aluminosilicate network. These processes of structural reorganization geribeate
microstructure and pores distribution of the material, which are fundamental in determining

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

1.3 Precursors

Two main compoundsan alkaline activator andn aluminosilicate precursor are the starting
materals required in the synthesis of AAMs, as described in previous paraghapbsg 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 alkalndgtions. 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
mechanochemicl prolonged milling was also succes$julused (Maké 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 evél 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; Dwxson 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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effed of these impurities is generally limited by their low dissolution to affect the formation
mechanism. In general, the knowledge gained by investigation of metakaekd alkalli
activated materials may be applied to all metakaolin supplies in the viukbg¢n et al.,
2006a). Among the industrial fyroducts, 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 diftewelpan, industrial and mining wastes as
precursors for production of alkactivated materials. These materials can be further
combined with secondary raw materials to maximize the conversion of wastes into novel
resources (RuiBantaquiteria et al., 281 Horpibulsuk et al., 2015). However, alkali
activation can be applied to any material with a sufficiently high content of reacti@g Al

and SiQ species.

1.4 Chemistry and structure of hardened alkali activated materials

Aluminosilicate sources and adivon 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 mentiondégfore: lowcalcium and higkcalcium AAMs. Scheme of
primary reaction products either an alkali aluminosilicat&4S-H type gel or a calcium
aluminosilicate hydrate -8-S-H type, proposed by Provis and Bernal (2014) is reported in
Figure 1.3 The image stws a NA-S-H gel structure formed by silicon and aluminum
tetrahedra distributed at random, forming a tkdigeensional skeleton in which cavities are
suitable to accommodate alkaline cations, to compensate for the deficit generated by
electronegative chlige presence of aluminum in tetrahedral coordingfRalomoet al, 2004;
FerrindezJiménezet 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 zanlites
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 iSARSEH (Allen et al.,
2007). In calciunrrich AAMs, C-A-S-H gels include layers of tetrahedrally coordinated
silicate chains with dreierketterstructure, in which each chain containe-(3 tetrahedra for

an integer value af. The same structural unitseaobserved in OPC systems. The interlayer

region contains (3 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** replaces S in the etrahedral chain sites (Fernandéménez 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 GS-H (calcium silicate hydra) gel, similar to that obtained in hydration Portland

cement that incorporates a significant percentage of aluminum (Puertas et al., 2011).
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FIGURE 1.3. Processes and reaction products of alkaline aativati a solid aluminosilicate precursor.
High-calcium systems react according to the-tefhd (blue) pathway; lowalcium systems react accordit
to the righthand (green) pathway (from Provis & Bernal, 2014).

1.5 Environmental perspectives and technical aplications

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 immont@ustrial 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 g@missionsIEA, 2008; Allwood et al., 2010; Friedlingstein

et al., 2010; UNSTATS, 2010Jhe originalcomparisons 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-b times lower thawement avoiding the high direct emissions of,@® for

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

studies (e.g. FI ower & Sanjayan, 2007; OO0 Br i

emissions of concrete arm@ment, 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 reseahers 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 & Ouelémondon, 2016). The
variaion 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 thece 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 €@fissions, representing nearly
half of the total emissions, while the clinker representsttwrds 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 constrair® inhibits the worldwide introduction of alkaline cements is
the local unavailability and nemniformity of the raw materials whose chemical and physical
properties of alkaline materials are strictly dependent, and which requires control of the
quality ard 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 alkal
activated materials. However, the existing high demand for blast fustegend 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 enespurces could drive to the decay of fly ash
production, as well as blast furnace slag are related to exploitation of iron ores. This means
t hat mo s t of the Atraditional 6 precursors
Substitut ean veyn ttihoen ailnbonr esour ces. Il n order
11
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these new/alternative precursors, new relationships among them need to be established, and
alternat ve routes to pr explaed.erhefuselofesacdnelayorawsnatsriale m e
or industrial seHgenerated 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
oneday 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 highlisteed to the effects of acidic
solutions (Shi et al., 2006; Fernandbménez & Palomo, 2009). They are resistant to attack
by sulfates (Palomo et al., 1999a; Bakharev, 2005a; Fernditdenez et al., 2007); to acid
attack by chloride, like sea water (Berev, 2005b; Zhang et al., 2012); to fredzaw
(Gkvgra et al., 2005; Brooks et al. 2010; S
mechani cal strength after 150 cycles (Gkv§gra
that AAMs preserve gl properties at high temperatures, they have cerikeiproperties
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
consicered valid candidates for passive fire protection applications under ediet®
exposure temperatures9B0°C), fire resistant composite materials such as-fiaforced
composites (Barbosa & MacKenzie, 2003; Kong et al., 2007; Ferndmiénez et al.2010;
Davidovits, 2011; Hung et al., 2011; Rickard et al., 2013).
Other studies have been conducted to evaluate the development chetikalied mixtures
from industrial byproducts as sustainable lime/cement replacements for chemical soll
stabilizaton (Al-Tabbaa, 2003; Ahnberg, 2007; Hughes & Glendinning, 2010; Hughes et al.,
2011). The laboratory research and srsallle orsite experiments have shown that akali
activated metakaolin can be applied as an inorganic coating for the protection migexist
marine concrete structures (Balaguru et al., 2008; Hu et al., 2008; Ferndiméerz &
Pal omo, 20009; Bhutta et al., 2013; Aydén & B
AAMs can be used as immobilizers of toxic and/or hazardous waste, diminishing the severe
environmental mpacts, 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 dast/or b
furnace slag (Palomo & Palacios, 2003; Phair et al., 2004; Fernrdimdérez et al., 2005;
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Hanzlicekw & Steinerovw&ondrakova, 2006; Shi & Fernanddimenez, 2006; Xu et al.,
2006; Hanzlicekw et al., 2006AlvarezAyuso et al., 2008Zhang et al., 208, 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 chidatsi species within the Aand

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 concentratiohtbe 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 auses 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.

1.6 Low purity clays and secondary raw materials

The research for low cost or easily available materials for production of-atitalated
cements has |l ed to the-coymmmeycmarnto aofawa mae ei
purity clays or waste raw materials. Low purity clays, include those cadladal claysuch

as montmorillonites, lites 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 cdleoin 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 thim an@rent 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 enmienal 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 precursan AAMs: as building bricks (Ahmari & Zhang, 2012), lightweight
aggregates (Tay et al., 1997), additives in mortar or concrete (Valls & Vazquez, 200&; Yag
et al., 2005), materials for conservation, restoration and/or rehabilitation of historic
monumentssculptures, decorative and architectural interventions, or simply as materials for
building coatings (Castr@omes et al., 2012); as new construction materials in
stabilized/solidified admixtures of cemeéhentonite or cemenjarosite/alunite and as new
construction materials and cementitious materi@lseg(las 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 tedaut in terms of
long-term performance.
Blending of noacommercial raw materials or specific wastes in defined combinations, often
involving betterunderstood materials, can offer a lowsk and potentially highly attractive
pathway toward the uiilation 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 dilutiorHowever, 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 precutderslear from
the above discussion that the challenge of producing consistentsAAM r om fAnon
commer ci al 0 r a wapnoa tharactedzation of the gpredursoeseach 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 #he 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 sudaitream of the resource is therefore necessary to
draw on reserves of different sources to meet future binder requirements. As exaasfde, w
from extractive operation@g.e. waste from extraction and processing of mineral resources) is
one of the larggswvaste streams in the EU. The availability of new and cheap products with
good properties, based on sg#nerated wastes could allow to lower the dependence on
Portland cement in the developing countries (Pacfiecgal et al., 2014) and to minimize
the environmental impacts associated with waste treatment and disposal in developed
countries. Althoughmost of the mixtures now being used at production scale are based on a
limited selection of precursors (coal fly ash, blast furnace slag, and calcineg, cay
performancebased approach to standardization does certainly offers a possibility for the
14



utilization and valorization of a wide range of silicate and aluminosilicate raw materials as
precursors for the production of alkalktivated materials. Staadlization and largscale
commercial use of alkahctivation technology is taking place rapidly. In the future, most
precursors wil/l probably not belong to the 0
and appropriat e cpreeurs@as Altermative toutes smustobe asgessmgvfor
optimizing their properties and reactivity,
precursors may be explored.

1.7 Alkali activated materials and sulfates

So far, the effecbf someanionsonly on geopolymer properties havmen studiede.g. Lee

and van Deventer, 2002; Criadb &., 2010; Desbatse Chequer2011; Komnitsas et al.,
2013). These studies have focused on the effect of anions on fly ash, metakaolin and
ferronickel slagbased geopolymsr 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 andwélent 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, deperidg 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 ISQ*

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) ad Lahaand 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 nitrdes, 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 formSiiuNe the

alkaline activation of fly ash accelerates the conversidi-8FS-H gel into zeolites, driving

the zeolites crystallizationMoreover, 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 thé\-8-H gel formation,
obstructing the condensation of the aluminosilcates species. No new compounds have been
formedby the sulfateandits uptake by the reaction produttas not been obsexd Sulfates

are less commonly applied as activators, not many works have been published on their use in
alkaline activation (Fernandeliménez, 2000; Shi et al., 2006). Studies on slag activation
with a saturated N8O, solution have demonstrated that thetivation take place at a
relatively low pH ¢7), although the process is sloimilarly 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 yieldg8I0, (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 alkalinetivated 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 amonstrated that the activation of slag using ‘meartral salts such as
NaCOs; and NaSQ, has been considereda potential alternative for thenmobilization of

nuclear wastes including reactive metals. Asano €2@08) reported a possible S/S praces

for sulfaterich aqueous low level waste using Ba(@ldihd blast furnace slag (BFS) via a
two-step process in which a cemdike solid can bdormed. Mombasher et al. (2014ave
demonstrated that the immobilization of soluble sulfsaring aqueous wtes is effectively
achievable in Ba(OH)BFS composites via either a era@ two-step process, promoting the
simultaneous formation of Bag@nd the activation of the BFS, favoring the formation of a

stable cemenike composite.
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1.8 Alkali activated materials and zeolites

Alkaline activation can be vieweaka 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 Deventé&iQ02 Fernandedimenez & Palomo,

2005). Many studies have concluded that AAMs phases can be viewed as an analogue of
zeolite (Davidovits, 1982; Krivenko, 1994) and thermodynamicadly metastable with
respect to zeolites (Kriven at al., 2004). The conwar®f 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 Fernantiénez (2004)
proposed this model to describe the alkalwtivation 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 #&aline duminosilicate hydratelMn-(SiO,)-(AlO2)n.wH,O), secondary reaction
products are zeolites such as hydroxysodalite, zeolidafehabazite, zeolite Y and faujasite
(Palomo et al.,, 1999; Fernand@meénez et al., 2003, 2006; Duxson et al., 2007a). The
specfic type of zeolite obtained depends on the NaOH concentration, solid/liquid ratio (Alkan
et al., 2005) and N®/SiG; ratio (Miao et al., 2009), in addition to the presence or absence of
small amounts of other minerals in the starting raw materigdha & Kumar, 1996;
Cahndrasekhar & Pramada, 2001; DeshatsChequer 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 ofgiindlicts, 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 reactionnie 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; ValtciBozi&lov,

2004).

Silicacrich fly ashes, activated by NaOH, are reported to result in zeolit€® INand/or
hydroxysodalite phases (Inada et al., 2005). Exposition with deionized water, seawater,
NaSO, solutions, of amorphous or sewrystalline AAMs have been shown to crystallize

into a zelite 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), zeoliteMNa(GIS)
JBW-type zeolite (JBW), analcime (ANA), whereas the activation of kaolinite in KOH
solutions produced chabazite (CHA), zeolite BaKer phillipsite (PHI) and Kfeldspar
(Dudzik and Kowalak, 1974; Rocha et al., 1991; Akolekar et al., 1997; Gualtedrj @097,
Chorover et al., 2003; Liu et al., 2003; Zhao et al., 2004; Lin et al., 2004; Rios et al., 2007).
In general, zeolite molecular sieves are crystalline porous aluminosilicate minerals whose
unique pore and channel systems in the molecular sige rare the basis of their important
contribution in catalysis, separation and ion exchange (Davis & Lobo, 1992; Meier, 1996).
These aluminosilicates are characterized by a tlireensional framework, which contain
cages and channels in their negativéigrged frameworks because of the substitution Sf Si
ions by At'i ons . B a n H cagél, evhich compose their framewarked positively
charged species treutralizethem socations can enter these porous materials to balance the
charge of theistructural frameworksRios et al., 2008 Due to their porous properties, they
are used in various applications such as petrochemical crackirgxébange and separation
and removal of gases and solvents. The main environmental applications of za@lites
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 substancesaandnoni um ( Gi gk
2005).
In hydrated Ca€Al,0s-SiO, 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 theseneats towards various waste
metals (De Silva & Glasser 1993; Atkins & Glasser 1995). Wang .e{28D6) have
demonstrated that conversion of coal fly ash into-¢pade zeolites brings not only economic
benefits but also environmental benefits, in termsedicing 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 sgcNaCl,
NaSQy, NaCO; and CaSQ (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 antilesaas water molecules, and
they can support and stabilize these frameworks causing the formation of specific zeolites and
18



determing which of the frameworks of sodalite or cancrinite would form (Barrer, 1970; Barrer
1976). Both SOD and CAMNave common chmical formula Ng[Al¢SigO.4]-2NaX-6H0,
where X can be OH CI', NO5', % CO# |, or %2 SO | Cancrinitegroup (CAN) compounds
cannot be grouped along with theaterials showing good zeolitic properties, such as high
cation exchange capacity or molecular sieving (Fechtelkord et al., ZD®3he contrary,
being exra-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 naturallpccurring zeolites are that they can be engineerell witvide
variety of chemical properties and pore sizes and that they have greater thermal Sthbility.
identification of zeolitic nanocrystals within the AAMs binder is potentially a highly
significant data, as it provides a link between the chemicalposition and engineering

properties of geopolymeric materials.

1.9 Portland cement a concise overview

Cements and concretes are the most widely used building matelaaks important today are

the hydraulic cements. Starting from the beginning of th&ckitury, the Ordinary Portland
Cement (OPC) has become the most used binder in the construction industry. Currently, in the
field of inorganic waste management, cerdesmded processes are widely used for
immobilization and encapsulation as well as for i§itation (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 ¢1800°C). The product,

which is called clinker, is ground andxead with a few percent of gypsum (CasgH,0) or
anhydrite (CaSg) (Jawed et al., 19830 order to control the initial reaction and prevent flash
setting. Portland cement clinker contains four major phases: tricalcium silicgge) (€ b
di cal ci umCyYS,itricalcura alemingteb($2), and ferrite solid solution (KA,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, Wdachfirst 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 theceatration 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 (6Ca®l,05-3CaSQ-32H,0) are formed. Cd and Sf *ions from GS

pass into the solution.

The main reaction product of Portland cement is a very poorly crystalline calcium silicate
hydrate known as G-H. It is produced by hydration of ;8 a n@S dnd is often
designated as a gel when there are other phases admixed ommisubeterscale.This
compound gives long term mechanical strength since the hydration is a slow pfocess.
structural point of view, €5-H gel consists of silica tetrahedra linked to each other forming
linear chains with similarities to the imn tobermorite [Cs8igO16(OH),-8H,O or GSgHg)
and/or jennite [CaH,SigO15(OH)s-6H,0 or GSgH] (Taylor, 1986).

With regard to the higlenergy consumption, it is necessary to emphasize that during the
manufacture of the Portland cement, in the stage of clinker preparatisnnécessary to

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

1.10Calcium sulfo-aluminate cements

Calcium sulfealuminate (@A) cements have essentially been developed in China in the
1970s. Designed by the China Building Materiatsademy (CBMA), they were intended to

the manufacturing of sefftress concrete pipes due to their swelling properties. These cements
wer e produced by adding gypsum to 4&8A cli
(ye'elimite), belite and ferrite. The tempaires for the production of& clinkers range

from 1200 to 1300°C, i.e., about 2@ lower than needed to manufacture Portland cement
clinkers.

The amount of limestone required to produ@&ements is considerably smaller tithat

needed for Portlandemen (i.e. 50%, 56%, 59% and 80% of the unit mass needed to form
CsS, GS, GA and GAF, respectively) (Gartner, 2004). It combines economy of cost and low
emission of C@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 reasorg Cwould 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 areainly ettringite 3Ca0O-AD3;-3CaSQ-32H,0, and alumina gel,

Al,03-nH,O, but monosulfate, 3CaO-AD;-CaSQ-12H,0, can ceexist depending on the
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level of sulfate addition. Ettringite can incorporate a number of ions into its crystal structure,
making it anideal candidate for waste immobilizatigthou et al., 2006). Limestone, bauxite

and gypsum are the main raw materials involved in the manufacturédAf c€ments.
Actually, these cements are not able to subs
(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 beswterably 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 diffwtdy to obtain two useful
products at the same time, relateeonomic variabilities in the raw materials supply and in

the market for both products for lopgriods For this reason, replacing some of these natural
materials with industrial waste and-pyoducts 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:

1 Sulfatebearing clay (LOZXK) from Piloni di Torniella mine (Italy);

1 High grade kaolin (SIK) from Seiltz deposits (Germany);

1 Sewage sludge of Pietra Serena sandgfitely);

1 Alunite (B1) from Piloni di Torniella (Italy);
All these materials have been thermally treated in order to improve their reactivity prior to be
employed asrecursors in the AAMs preparation.

2.1 Sulfate-bearing (L02-K) clay

The sulfatebearing clay (LOXK) used in this work derives from Piloni di Torniella quarry,
located in Tuscany, Central Italyhis clay is found in &olinitic deposi belonging to the
Rocastrada district. They have been originabgdalteration process of rbites and other
calc-alkaline or highpotassium calcalkalin rockslue to postnagmatic 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 rhyoliteg¢data from Peccirillo & Donati, 2003 has been reporteth the
following table.

TABLE 2.1. Chemical composition of maj and trace elements of Roccastrada rhyolite (from
Peccirillo & Donati, 2003)

Major oxides \t%) SIO; Al,O; CaO Fe0O; KO MgO MnO NaO P,Os TiO, L.o.l Tot

734 1367 072 182 476 0.81 0.02 248 0.11 027 21 100.1
Trace elementfppm) Ba Cr Ni Rb Sr V Y Zr La Ce

105 11 8 521 55 29 23 100 19 38

Alunite, KAI3(SOy)2(OH)s, is present in these deposits and its formation has been related to
the alteration of plagioclase andf&ldspars due to an high S concentration in the fluid during
hydrothermalprocess 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 espams$ithe

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 pregeotalunite 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 lb dried and fired wares, and causes the emissiorsOpicompound
during firing (Lombardi & Mattias, 1987; Ligas et al., 1997; Dondi et al., 2000). Sulfate
bearingclay from Piloni di Torniella mine was provided by Eurit s.r.l. (Italy). Chemical
compositon has been analyzed by-rXy fluorescence (XRF) using XREsion method.
Sulfate content was determined by using Combustion Infrared Detection restidogshmples

were analyzed by Eltra CG&00 devicesand the results are reported Table 2.2 The
analyes were carried ot Activation Laboratories Ldt. (Canada). Loss Ignition (L.o.1.),

determined by mass loss up to 1800@s also reported in table.

TABLE 2.2. Chemical composition of LO2 clay (XRF, wt% of oxides).

Oxides Si0, Al,0; FeO; CaO MgO NaO K,O TiO, Other§ L.o.l® Sum SOZ°

LO2-K 59.02 22.85 1.26 0.11 0.12 0.82 3.30 0.28 0.26 12.07 100.275.2

&Minor elements: GOz, MnO; NiO; BOs; V,0s.
®L.o.l: Loss m Ingnition at 1000°C
°SQO,” is calculate separately by Combustion Infrared Detectidethod

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

equipped with a laser diffraction sensor
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FIGURE 2.1. Particle size distributin of LO2K clay. Red curve = cumulative volume (%); Blue cun
= volume distribution (%)
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The measurement was conductad a wet sample (using ethanas solvent). The results
reported inFigure 2.1display two maxima indicating a bimodal distributioh.has been
found that 50% of particles have size below 8.5 um whereas 90% belom.45

LO2-K mineralogical composition has been characterized by XRPD as repofegline 22.

As shown from the XRPD pattern (red line), the most intense reflections are related to quartz
and feldspars. Defined peaks at 1220.3° and 21.3°@ r etlve@rasence okaolinite,

while peaks a15.5°, 18.0° and 3@d  aetated taalunite.

Fds

Qtz

Qtz

Intenisty (arb.un.)

| LELELIL I rrrrprrri I rrrrprrri I rrrrprrnri I rrrrprrnri I rrrryrrra
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20 (°)

FIGURE 2.2. XRPD pattern of LOXK (red line) and respective thertteeated LO2MK (green line);
Alu = alunite; Fsp= Feldspars; Kl kaolinite; Qtz= quartz.

The amount of each phase has been quantifieRietveld refinement methodhe refined

pattern isplotted in Figure 2.3Ri et vel d quantitative -A@@$ ysi s
internal standard and the results were caroigilby GSAS software. Ralts are reported in

Table 23. The dataobtained from Rietveld quantification are in good agreement with the
calculationcarried outby the XRF analysis angith those obtained from thermal analyses as

reported inTable 2.3.
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TABLE 2.3. Mineralogical analyses of LOR clay evaluated by Rietveld method and data from w
loss analysis (TG) and XRF analysis.

Calculated by Calculated by Calculated by Calculated from

Minerals Rietveld method Rietveld method weight loss (TG) L.o.l.and
(wt %) (Wt %)° (Wt %) measured S§

Alunite 13.0(2) 12.3(2) 12.0 11.2
Kaolinite 47.6(7) 44.9(7) 45.0 457
Quartz 26.0(3) 24.6(3)
Feldspars 19.0(5) 18.2(5)
Total 105 100

awith internal standar,d’ 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 (T&pdferential Thermal
Analysis (DTA) results are shown iRigure 2.4 DTA curve of LO2K shows a first
endothermic peak around 5880°C, with a corresponding weight loss in the TG curveaof

8 wt%. This endothermic event correspando the transformain of kaolinite into
metakaoliniteand to the dehydroxylation of alunifevhich generates Kalum, KAI3(SQy),,

andamorphous alumingKristof et al., 201D
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FIGURE 2.4. TG (red line) and DTA (black line) of LOR clay.

In the range aboveB°C andup to 700°C othertwo smallendothermic peak&@t 528°C and
570°C)are visiblein the DTA curve. These are associated toeight los®f ca.5.5 w&o and

are related to alunite desulfation (Gasparini et al., 2@<s}yrnicRubio & al., 2016§. The
desulfation is associated withe formation of amorphous AD; and release of SOL02-K

has been thermally treated at 550°C for 3 hours in order to transform kaolinite into
metakaolinie (labelled LO2MK) for the AAMs preparation. The RD patternof LO2-MK
(Figure 2.2 green line) showthat the peaks related to kaolinite and alunite have disagpeare
meaningthat all the kaolinite and alunite ar@nsformed intanetakaolinite anéamorphous
aluminaand alumK respectively.The only crysalline phases, which are obviouslyot
affected by thermal treatment, are quartz and feldspars.

FT-IR spectra of the LOXK and LO2MK are reported irFigure 2.5.The bands at 3696m™

and at 362km™ represent the ADH and AFOH-AI stretching vibratio respectively (Bish,
1993; Petit et al., 1999; Zemenova et al., 20Mipther band at 348dm” represents the Al
OH alunite stretching vibration (Frost & Wain, 2008; Toumi & TIili, 2008hese bands
disappeaiafter heat treatment due to the loss of toyd/l groups (Chakraborty, 2003pne
peakrelated to stretching vibration of $0is observed as a shouldsfrthe main bandear
1120 cm' in LO2-K. From a visual point of viewa bandin the sulfate stretching region
seems to beetained after thermateatmentThe main feature of the IR spectra is an intense
band centered at 1010 2mshowing two maxima a@006cm™ and 1024 cr, as observed in
spectra from kaolinitéBalanet al., 2001Gaspariniet al.,2013.
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Peaks in this area correspond teGsstretching modesAccording to literature Krost &
Wain, 2008; Toumi & Tlili, 2008)SQ,* symmetric stretchingnodesof aluniteare in this
wavenumber region as wehfter thermal treatmenthe main SiO bandis broad and shoa
single maximuncenteredat 1030 crit. This shift towards higher frequency could be likely
due to redistribution of the € environment as resultf dehydroxylation l(ambertet al.,
1989. In the spectrum from LOK there is apeak at 914 crit corresponding to Al
deformation vbrations,this disappears in the LORIK spectrum due to the dehydroxylation
and the change in coordination of’Alo Al """V (Frost et al., 1999Both thespectran Fig.
2.5 show a doublet near 770 &melated to the presence of quartz, whishpresentbefore

and after thermal treatment (Farmer, 1974; Gasparini et al., 2015).
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FIGURE 2.5 FT-IR spectra of the LO2 clay before (L-83 and after (LO2MK) thermal treatment

In order to determine the potential reactivity of this sulfate bearinfinkas aluminosilicate

source in AAMs, a selective acid attack with (1% HF) has been conducted ek &6a
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LO2-MK respectively. This approach is based on the study of-Baitaquiteria et a{2013)

who assessed the accuracy of the quantification gidtential 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 analgd aluminosilicates. Moreover, they also proposed an analytical
procedure, which allows determining the silica and reactive alumina contentreauntive
SiO,/Al,O3 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 (Rui@antaquiteria et al., 2013).

Powders of LOXK (1.008g) and of LO2MK (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 thé nmétss of

the aluminosilicate. The percentage of silica and alumina released during selective chemical
attack was determined in the leachates by means cAEFR The data for LOK and LO2

MK, arereported inTable 2.4together with the calculations ofdtcorresponding oxides (wt

%).

TABLE 2.4. Solubility of Si and Al after HF attack for LOR kaolin and LO2MK metakaolin

Samples L02-K LO2-MK

Soluble phas

Wt % 59.0 63.3

SiOJ/Al O3 1.32 1.0

reactive

SiOJ/AlLO4 29

total (XRF) :

elements in bpm Wit : ppm Wt .

the liquid ppm corres_pon(hg corresponchg ppm corres_ponthg corresponthg
oxides oxide$ oxides oxide$

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

®Oxides percentage normalized at the initial weight of the analyzed samples

According to tle findings givenn the table, both materials have shown potentially reactive
phase of 59 wt% for LOK and of 63.3 wt% for LOMK. Metakaolin display aigher

reactivity towardsalkaline activation procesas expectedlhe percentage @&olublephass
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in the sampleds above 50 Wi, therefore above th@inimum required to ensure satisfactory
results(Fernandez & Palomo, 200RuizSantaquiteria et al., 2013)jable 2.4gives also the
reactive SiQ/Al,O; ratios compared to those calculated from XRF res#its expected,
SiO,/AlLO3 ratio found by XRE differ significantly from the reactive SyAI,O; ratios
determinedy using selective chemical attack, because not all the silica and the alumina from
the original raw material are reactive. LBXhows a Si@/Al ;03 of 1.3 while LO2MK of 1.0,

meaning that more aluminum is dissolved after thermal treatment.
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FIGURE 2.6 XRPD patterns of LOX and LO2MK before (green and black line respectively) and a
(red and blue line respectively) chemical HF attack.
Figure 2.6shows the XRPD patterns of the residues of-KOMF and LO2MK_HF after
selective chemical attack. For comparison, the-KOand LO2MK patterns before acid
treatment have been also reported in the graph. After HF ataljkquartz, feldsparsdve
been detecteth patterns of both clays. Alunite peaks are still evident in the pattern of L02
K_HF, while kaolinite peaks are not preserthus indicatingits dissolution inthe acid
medium. Thehigher amount oAl in the leachead frorh02-MK _HF might be explained by
consideringhealunitedissolution after thermal treatment.
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2.2 High grade (SI-K) kaolin

Industrial kaolin, labelled SK, deriving from the Seilitz kaolin deposits (Germany) and
provided by Sibelco Italia S.p.a, has been selected for AMsApreparation. Its chemical

composition determined by XRF and L.o.I are reporteGaible 2.5

TABLE 2.5. Chemical omposition SIK kaolin (XRF, wlt oxides)
Oxides SiO, Al,O; FeO; Ca0O MgO NaO K,O TiO, SO Other$ |__o,|C
sK® 67.0 315 032 0.12 0.23 - 035 024 - 024 10.02

a
Gasparini et al., 2013 Minor elements: COs; MnO; NiO; BROs; V50:s. CL.o.I: Loss an Ignition at 1000 °C.

SI-K is consideredhigh-grade kaolin as revealed also by ¥ieF analysis and by theRD
analysis, as showm Figure 2.7(red line).Sharp and intense peaks related to kaolinite are
revealed together to those related to qudtsznineralogical composition results exclusively
composed by’3 wt% of kaolinite and 27 W& of quartzas deternmed by Gasparini et al.
(2013), who studiedlsothe dehydroxylation kinetics of this sample.this study, SK has been
heated at 550°C for 3 hours in order to be comparable teMKO2ven if at this temperature
the dehydroxylation of SK is not complée (see also, Gasparini et al., 2013).
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FIGURE 2.7. XRPD patterns of SK and SIMK before and after thermal treatments (at temperatur
550°C, green line, and at 800°C, blue line)

From XRPD pattern after thermal treatment at 550°C (green line) ssbp®s$o observe that
traces of kaolinite are still present:-IShas 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 kaoliniterfrethe XRPD pattern. The only crystalline phase detected

iIs quartz. However, studies by microscopy techniques on the kaolinite dehydroxylation via
transmission electron have demonstrated that, after dehydroxylation, structure does not
completely collapse ahg the eaxis and maintains a tadimensional 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.; 20(At 8| ek et al ,
sample treatment (Vizcayano et al., 2005), pressure and partial water vapor pressure (Dion et
al., 1998).FT-IR spectra of the untreated-&land SIMK samples after thermal treatments

are repored in Figure 2.8.
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FIGURE 2.8. FT-IR spectra of SK and StMK before (red line) and after thermal treatment (at
temperature of 550°C, green line, and at 800°C, blue line).

Intense wekresolved peaks at 3689, 3650 and 3689 correspond to the stretching modes
of the OH groupsKarmer, 1974; Balan et al.; 20043 reported by the red line. The three
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peaks observed at 11t&*, 1027cm™ and 1004 cii correspond to SO stretching modes
(Russel & Fraser, 1971; Frost et al, 2001). The bands observed an®3td 910 crit are
related to asymmetric deformation modes of@H group (Frost et al., 1999; Frost et al.,
2001).Double peak at 750 cfare indicative of quartz existence in the sample. Significant
changes in width and intensity appears with heafiige peaksrelated toOH groups are
reduced in intensitand collapse into one broad band in the spectrum from the sample heated
at 550 °C, andlisappear after heating at 800°C. TheOSpeaks in the range 10a@00 cni

have become a unique broad band centered at 103@mupeaksat 910935 cm' are not

present after both thermal treatments

2.3 Pietra Serenasewage sludge

Pietra Serena sewage sludge (hereafter labelled BBS)been provided by Pietra Serena
Group S.r.. of Firenzuola (Italy). Pietra Serena sandstone corogs dr quarry in the
Firenzuola district (Florence, Italgnd it can be classified as a feldspathic litharenite
Chemical composition of sPS was deterad by XRF after drying at 10@ for 24 hours in
an oven and the data are reported in L.o.l.eri@inedby mass loss up to 100 is also
reported in table.

TABLE 2.6. Chemical composition of Pietra Serena sewage sludge (XRF, wt% oxides)
Oxides SiO, Al,O; FeO; CaO MgO SO; NaO K,O TiO, OtherL.0.l.? Sum

sPS 4350 828 244 1953 419 0.18 146 174 042 025 18 99.99
®_.0.l.: Loss m Ignition at 1000C for 1 hour.

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

of UNI-EN 12407: 2007 A Nat u-Petrbgraghic @xamamtTieosnt 0 ,Meit rhdoidc
a dominant silicoclastic component, constituted by quartz, feldspasfeldgpar and
plagioclase), phyllosilicates (biotite, chlorite and muscovite), accessories minerals and a
carbonatic component (clasts and cement), the XRPD patteepasted inFigure 2.10 In

this study, the sludge haween thermally treated at 80D for 2 hours (sPS_800) in order to

obtain the decomposition of carbonates. Results frorDT@& analyses, performed by using

a TA instruments Q600 are reportedHigure 2.9.

A total weight loss of 126 was detected together with three mandothermic changes. A

first weight bss at 0.%6 in the range 2800 C is ascribed to the loss of adsorbed or weakly

bonded water; a second weight loss of 1.1% corresponding @TiAgeak centered at 520°
44



C is attributed to the dehydroxylation of chlorite group minerals. Tha pdak at 573 C
corresponbdsquer ttzhepod ymorphic transitiCon. Th
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 mayimmccur
different steps depending on the experimental atmosphere, sample grinding, grain size and
other factorsNicIintoshet al., 1990Caceres & Attiogbe, 1997).

The weight percentage of calcium and magnesium carbonates contained in sSPS has been
determined byconsidering 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 metrdgsumed t@onstituteca.

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

Figure 2.10shows the XRD patters of the sPS beforand after thermal treatment. As
mentioned before crystalline phases detected in the original sSPS sample are clinochlore,
muscovite, quartz, albite, anorthite, calcite and dolomite. After heating, peaks related to
clinochlore disappear as well as thoseatetl 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 desé&ribed in

2.1. It has been here ama 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 reportdéigare 2.10and the results from
ICP-AES are reported imable 2.7

tz Rtz
Qtz Qtz Qtz Qtz
Qtz Qtz
Lime [Qtz
g Cal
e)
—
& LimeQ
tz
‘g Q| Qtz Qtz
=i
)
2 Qtz | Per Qtz
= Mu
Alb Mu
Mu
tz
sPS 800°C Qtz
Mu
t
i Cle als Mg Qtz
[II|IIIlII|IIIlIlIII|IIlIIIIIIlIIIIIIIII'IIIIIIIIIIIIII
10 20 30 40 50 60
20 (°)

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

respectively) andRS 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 ariorthite Peaks related to lime disappeard in the range
between 2830A

compounds.
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TABLE 2.7. Solubility of Si and Al after HF attack for sPS heated at 8D0°

Sample sPS

SiO,/Al,O; reactive 4.48

SiO,)/Al 05 total (XRF) 5.25

Soluble elements measure by IC ppm Cor_respondents Oxides wt %"

oxides (ppm)

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

#Oxides percentage normalizéo the initial weight of sample analyzed

Figure 2.11shows FTIR spectra of sPS before and after thermal treatment. The presence of
water isindicated by the humps at 1640 ¢nascribable to HD-H bending vibrations. The

presence of carbonates is identified by the bands at around 145qQfg> stretching
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FIGURE 2.11. FT-IR spectra of sPS before and after thermal treatment (red line and blue lin
respectively).

vibrations) and the other-O vibrations at 875 cthand 710 crit (Hughes. et al., 199. 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 grosf) &B©at

870 cn'.
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However, these peaks shalightly different featires due the presence of different carbonate
phases: calcite and dolomifeeaks resulting from the G® bending vibrations at 712 ¢h

and 727 crit are present in the spectrum of siSs worth underlining that these peaks are
generallyused to differatiatecalcitefrom dolomite (Mdller et al., 2014): the former is due

to calcite and the latter to dolomit€he main bands related to-8i symmetric stretching

bond are centered at 10001, 1040cm*, 1089cm* and 1165m*, which are associated to
quatz 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 -ZOG8tm* of

quartz and peak at 450 ¢rassociateto SO-Si bending vibrations.

2.4 Alunite

Alunite (KAI3(SOQs)2(OH)e) deriving from a vein of Piloni di Torniella mine was used in this
study.Figure 2.12shows XRPD patterns of the B1 alunite sample befi@e line) and after

thermal treatment (green line).
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FIGURE 2.12 XRPD patterns of alunite before (red line) and after thermal treatment (green lir
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Traces of quartz are also revealed but they are not visistlee 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 diffractiommaax attributed to its
dehydroxylation.Due to the hermaltreatment,alunite transform intoK-alum (KAI3(SQy)2)

and amorphous alumina which is not detected by XRPD.

The processes involved in the thermal modification over the temperatw®0@8°C is
illustrated inFigure 2.13The two endothermic peak at 429 and 541 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 anhydroasui, ALO; and waterwith a

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

746° C with a weight loss of 21.281t% are associated with the loss of sulfate through a
multistep process which produce desulfation ofaldm am consequent formation of
amorphous AlO; and release of SQJEce et al., 2007; Kristof et al., 2010).
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FIGURE 2.13 TG (red curve) and DTG (black curve) of alunite sample.

The FTFIR spectra of the alunite before and after thermal treatment are repoiftégure
2.14.Absorption band between 3488i*and 3500 ciishow the stretching modes of the Al
OH groups Frost& Wain, 2007; Toumi & Tlili, 2008. The three bands at 1211 ¢n1070
cm® and 1024 cnl are related to the SO asymmetric stretching nde (Farmer, 1993;
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Kloprogge & Frost, 1998Bishop & Murrad, 2005, Frost & Wain, 2007). After thermal
treatment the bands related to-@H modes disappear3he three asymmetric stretching
bands became broader are shifted to higher frequencies, in particular an1250108cm ™
and 1072 cn.

ry
g
=
O
—
<
-
>
S
wn
<]
[}
= 800 1000 1200 1400
B1 550°C

Al-OH
A -

1000 1500 2000 2500 3000 3500 4000

-1
Wavenumber (cm )
FIGURE 2.14. FT-IR spectra of alunite before (red line) and after thermal treatment (green lin

2.5 Other materials

Sodium silicate (density, 1.526 g/mMlvas supplied by Ingessil S.r.l with the following
compgsition: 14.37 wt% of NzD, 29.54 wt% of Si@and 56 wt% of HO. Barium hydroxide
octahydrate (Ba (OH)8H,O, 97% purity), calcium carbonate (Cag;®9% purity) and

silica fume (powder0.20. 3 e m avg. part. size) supplied
of the AAMs.

2.6 Characterization of starting materials

Loss on Ignition andX-ray FluorescenceSpectrometry
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Loss onignition (L.o.l) andX-ray FluorescencéXRF) analyse®n L02-K kaolin have
been carried oudit Activation Laboratories Ldt. (Canada). Sangpleere preliminarily dried
at 105°C, and the .b.l, which includes HO', CQ,, S and other volatiles, was determined
from the weight loss after roasting the sample at 1@ 2 hours.Fusion disls 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 antomated crucible fluxer and automatically poured into Pt
molds for castingSample were analyzed on a Panalytical Axios Advanced wavelength
dispersive XRF.

Sulfate content was determined by Combustion Infrared Detection metheginayan
Eltra CS2000analyzer

X-ray Powder Diffraction

XRPD measurements were performed bay usi ng
diffractometer at University of Bari, Italy, collecting data in the range-®®2 2d wi t h a
width of 0.01A 2d and ti me p e aydiflractpmeterfat 50 s,
University of Pavia, Italy, collecting dataintherange &3 A 2d with a step \
2d and time per ste{HUofadi &tisonl|l haboth. 5458s
identificati on was perfor med using X6Pert
refinements of LO2 samples have been conducted using GSAS software on XRPD patterns
coll ected with theayPanal ytical XoPert Pro X

Fourier Transform Infrared spectroscopy inAttenuated Total Reflectance (FTIRATR)

FTIR-ATR spectra were collected at room temperature in the range of wavenumbers
between 670 and 4000 Emwith 4 cmi* resolution by means of a ThermoScientific Nicolet
iIN10 MX micro-spectrometer. Spectra, recorded in AiRdewith a liquid nitrogercooled
mercury cadmium telluride array detector, were calculated by Fourier transformation of 256
interferometer scans and total scanning time o898 germanium hemisphericaternal
reflection element (IRE) crystal with a diameter of 300 um was used. The ATR accessory is
mounted on the X 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 x 15(aperture size was used.

IR spectra were recorded on the surface of compressed powder pellets of the samples.
51



Thermal analysis

Thermogravimetric (TG) analgs werecarried out using a TA Instruments AutoTGA
2950HR with V6.1A data acquisition software.& crucible was filled with ca. 1ing 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, equippath 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. Measuremsntere carried out in air with no gas flow, and 8k was

used as a reference material.

Acid attack with HF: clay reactivity

The fraction of reactive phase and reactive ,8\QQ0; ratio of the starting materil
were determined by means of selective chemical attack using a HF/{dpsolution.1 g of
each sample eremixed with 100 ml of a hydrofluceiacid solution (1%//V) for 5 h under
stirring. After the chemical attack, the solid residues and the solutions were separated by
filtering using AlbePashless filter paper (% ast9.01) for retention of particles und2r & m
(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 wenéephiagtsubtracting
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 ededisring the selective chemical attack in
the leachates was determined by 18ES.
ICP-AES analyses were conducted on a Varian-E35ICP atomic emission spectrometer
(plasma power, 1.40 kW; plasma gas flow, 15.00 I/min; nebulizer gas flow, 0.85 I/iih; re
time, 5 s). The concentrations of soluble silicon and aluminum determined by tERP

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 procegsconditions used for thereparationof alkaline
activated materials areexplained, together with a description of thexperimental

characterization of the reamh products.

3.1L02-MK and SI-MK with sodium silicate as activator

3.1.1Pastes preparation

In orde to investigate the effect of sulfate deriving from alunite in AAMs, binders prepared
by using LO2MK have beercomparedo bindess preparedoy usingmixtures ofSI-MK and
alunite as starting materials. At this purposeree ses of AAMs based on diffens
metakaolin precursor and annealing temperature have been prdpgerddree precursors are
(all the details are reported Trable 3.):

- L02-K annealed at 550°C for 3 hours (alunite 12t%0).

- SI-K kaolin and alunite (mixed i90/10 weight proportion) anealedtogetherat
550°C for 3 hours (hereaftéabeled Slindicating metakaolin and A indicating
alunite dehydroxylated).

- SIK kaolin annealed at 800°C for 2 hours and alunite annealed at 550°C for 3
hours (mixedn 8020 weightproportion).

Synthesis pameters have been defined on the basis of the potential reddvand ALO;

from available metakaolinite and alunite after each thermal treatment. Calculations have been

made combining XRF results, Rietveld analysis and weight loss (%) from TG emddys
both clays and alunite on the bases of metakaolinite present after thermal treatment.
For SIK clay, stoichiometric calculations for the synthesis have been performed by
considering that after thermal treatment at 550°C the metakaolinite amodBisiswt.%,
while, after thermal treatment at 800°C all kaolinite is transformed into metakaolinite. For
LO2-MK, all SiO, and ALO3 amounts from kaolinite and alunite, as determined by Rietveld
refinement, have been considered as reactive. The initial /8lgDsratio for each set is
resumed as follow:

- LO2 (alunite 12.3wt%) annealed at 550°GGi0, /Al,03 = 1.6.

- SIK (90 wt%) and alunite (10 wt%annealed together at 550°6i0, /Al O3 =

15
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- SIK (80 wt%) annealed at 800°C and alunite (20%) annealed 55 C:
SiO,/AI,03 = 1.25

The initial SIQ/Al,Osmolar ratios of the precursors has been modified by adding waterglass
and eventually by adding silica fume in order to achieve two/8IgD; molar ratio (3.6 and
4.6) for each set, in separated experimevietakaolin 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,O4/ (N&O + K,0O) 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 thebiityrieach 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 granuébry, 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 congeence a decrease in mechanical strength (Older & Robler, 1985).
Finally, in order immobilize sulfate deriving from aite in AAMs, two samples were
prepared by using (Ba(OKHBH,O) (BaD/SO, = 1:1) and calcium oxide (CaO/9& 1:1)
respectively. Ba reactsith Na,SO, giving the precipitation of insoluble bariusalfate; Ca
could react with Sg& and AF*to form ettringite or other sulfaluminate compounds.
Pastes were prepared by mechanically mitheg precursopowder(thermally treatedyvith
sodium dicate for 5 minutes, then poured into cylindrical molusving size 2cm in diameter
and 4 cm in height, and cured at 3DFor 20 hous in sealed vessels to ensuré&®gelative
humidity (R.H.).
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TABLE 3.1. Details of pastes preparation with sodiuncatie as activating solution

Clay/Alunite
Sample propor{ion in 100g L/S (ratio) *SiOG/AI20; *SiO./NaO  *Al ,04/Na,O *S0O,/Ca0 *S0O,/SIO, *SO4 /Al 04
(wt %)

Slsg, 46 100 0.33 4.6 4.6 1.0 - - -
SlseA10_s36 91/9 0.35 3.6 4.0 1.1 32.0 0.05 0.18
SlsA10_s$16 91/9 0.41 4.6 5.0 1.1 32.0 0.04 0.18
SlgeoA20_s36 82/18 0.48 3.6 3.6 1.0 65.0 0.09 0.31
SlgooA20_s46 82/18 0.50 4.6 4.7 1.1 65.0 0.10 0.5
LO2 s36 80/20 0.44 3.6 2.3 1.3 26.3 0.07 0.25
LO2 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
LO2 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 = SIK kaolin; L02 =L02-K kaolin; A = alunite initial wt% s36 and s46 SiO,/Al,O; molar ratio
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3.1.2Samples characterizéion

The reaction products formed were studied using XRPD, fATR, leaching testsand FE-
SEM. XRPD and FTIRATR analysis procedure have been already describ®@.ib.

Sulfate solubility

Leaching tests were performed accordin@dl-EN 1245 standardi Co mp | i anc e

for leaching of granular waste materials and sludge; Part 1. One stage batch test at a liquid to

solid ratio of 2l/kg for materials with high solid content and with particle size below 4 mm
(without or with size reduction)lg geopolymemwas 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 to ensure equilibration. Sates equilibrium concentrations were
measured on the centrifuged (4500 rpm, 1i&)nand filtered (0.45 pum nylon membrane)
samples by ion chromatography with a DX 500 lon Chromatograph (Dionex, Milan, Italy)
equipped with a GP40 gradient pump, CD20 conductivity detector and anisagaterating
suppressor (ASRS 400, 4 mm). The saaplere properly diluted with ultrapure water, then
70 €L of each sample were injected into a
50 x 4 mm guaraolumn at a flow rate of 1.0 mL mifn The eluent was 8 x oVl NaHCGQ;,

4.5 x 10° M Na,COs. The reslis for the analyzed sample are reporte@able 3.2

TABLE 3.2. Results of sulfate solubility after leaching test and percentage of retention in tf
sampé

SO” SO* SO

Sample calculated in 1g of measured retained after water
the initial mix(g) by ICP-OES(mQ) leaching(wt%)

Sl A10_s36 0.028 26.7 (1) 3.0(1)
SI55 A10_s46 0.026 17.8(1) 28.5(2)
Sl A20_s36 0.064 45.7(1) 15.5(1)
S|800A20_s46 0.057 35.4(1) 27.0(1)
LO2_s36 0.042 27.9(1) 21.0(1)
LO2_s46 0.039 8.8(1) 36.0(1)
L02_Ca_s36 0.042 22.3(2) 44.2 (1)
LO2_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 (FESEWESCAN 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 amch 5 mm respectively, with an

acceleration voltage of 20 kV.

3.2L02-MK and sPS withsodium hydroxide as activator

3.2.1Pastes preparation

LO2-K kaolin and Pietra Serena sewage sledge were annealed at 550°C for 3 hours and at
800°C for 2 hours respectively atlten mixed in different weight proportions and added to
sodium hydroxide solutions at different molarities (8M, 6M and 4M), as reporieabie 3.3
Sodium hydroxide solutions were obtained by dissolving NaOH pellets (supplied by-Sigma
Aldrich Co.; purityof 99 wt %) in deionizer water. The slurries were mixed for 3 minutes by
using a mechanical mixer before being poured in 1 x 1 x ¥pasmatic steel molds and
compacted by mechanical vibrations for 60s to remove the entrained air.

Liquid/solid ratio fo 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@t 85°
for 20 hous in sealed vessels to ensure %0R.H. conditions. At the end of the curing,
specimes 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 proportionshancliring conditions

of each mixture are reported Tiable3.3
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Table3.3. Scheme of AAMs binders preparation with EB2and sPS precursors and sodium hydroxide as activating solutions.

sPSinthe CaO . :
initial  calculated ii Curing Molarity L/S . . : :
Samples o -~ " temperaturc¢of NaOH -\ *SiO,/Al,05 *CaO/fSiO; * SiO/NaO* Al ,0/NaO*SO/CaC* SO/SIO,
solid mix themix o . (ratio)
(Wt%) (WE%)? °C) solution
L02-1008M_1D_85C 0 - 85° 8 0.38 1.8 - 3.4 1.9 - 0.11-
L02-90-sPS8M_1D _85C 10 2.0 85° 8 0.43 1.9 0.7 2.8 15 1.15 0.11
L02-80-sPS8M_1D _85C 20 3.9 85° 8 0.43 2.0 0.6 2.8 14 0.51 0.10
L02-80-sPS6M_1D 85C 20 3.9 85° 6 0.44 2.0 0.6 2.7 1.3 0.51 0.10
L02-80-sPS4M_1D_85C 20 3.9 85° 4 0.43 2.0 0.6 4.9 2.4 0.51 0.10
L02-50-sPS8M_1D 85C 50 9.8 85° 8 0.50 2.5 0.5 2.0 08 0.13 0.07
L02-50-sPS8M_1D _25C 50 9.8 250 8 0.50 2.5 0.5 2.0 0.8 0.13 0.07
L0O2-50-sPS6M_1D _85C 50 9.8 85° 6 0.48 2.5 0.5 2.7 1.0 0.13 0.07
L02-50-sPS6M_1D _25C 50 9.8 25° 6 0.48 2.5 0.5 2.7 1.0 0.13 0.07
L02-50-sPS4M_1D _85C 50 9.8 85° 4 0.49 2.5 05 4.4 1.6 0.13 0.07
L02-50-sPS4M_1D_25C 50 9.8 25° 4 0.49 2.5 0.5 4.4 1.6 0.13 0.07

& CaO wt% is referred to the sPS W addition in the mix, assuming that all the Ca from carbonatesitable as CaO

® Oxides ratio are referred to molar ratio ach mix, calculated taking into account the reactive moles@i8itAl,O; after selective chemical attack.

62



3.2.2Samples characterization

Reaction products have been characterized by mechanical tests, XRPD-Bhafdlysis,
leaching tests, SENEDS and Nulear Magnetic Resonance (MAS$MR) 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 AUTOTESDO0/10 SW test frae. 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 Brd)g ent ano (r etfd WRPt PRON ) X 0
(PANalytical)di f fract ometer using Cu KU1l radiation
monochromator]. Data were collected in the range®2A 2d wi th an angul ar

and time per step of 5s.

FT-IR analysis

FTIR spectra were obtained by analyzing, at roompegature, 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 40@@tceh cni*
of resolution. Spectra were calculated by Fourier transition of 64 interferometer scans

and total scanning time of 23s.

SEM-EDS analysis

SEM JEOL JSM 5400, equipped with an OXFORD LH&S-EDX energy
dispersive Xray spectrometer, was used to investigate the microstructure of samples.
Analyses were perfornge 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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acceleratigyy voltage of 20 kV, wor king distance of

acquiring for 30s per spot analysis. Chemical compositions were determined considering 100

wt % oxide content on an-,®- and CQ-free basis.

Leaching tests

Leaching tests were germed according t&NI-EN 1245 standard, as mentioned in
the 8§ 3.1.2 fisample characterizatian. Sul f ate quanti fication of

by lon Chromatography (IC). The results are reported in the following Table.

TABLE 3.4. Solubility measurements of sulfate ion after leaching tests.
SO*calculated in : SO>measurec SO inthe  SQ,*retained in

Samples g of the initial solic in the liquid liquid () the mix after
mix (g) (ppm) leaching(wt %)
L02-100-8M_1D 0.043 1972.55 0.039 7.82
L02-90-sPS8M_1D 0.039 880.77 0.018 54.27
L02-50-sPS6M_1D_85C 0.021 502.67 0.010 53.02
L02-50-sPS8M_1D_25C 0.021 543.99 0.011 49.16
L02-50-sPS8M 1D 85C 0.021 334.30 0.007 68.76

MAS-NMR analysis

The NMR spectra were recorded on a Bruker Avat@@ spectrometef@l: 104.3 MHz;
spinning rate, 10 kHz; 200 acquisitions; reference, A" ; 2°Si: 79.5 MHz; spinning rate,
10 kHz; 1000 acquisitions; reference, TMS).

3.3 Alkali fusion of L02-K, SI-K and sPS

331Synt hesi s procedure

Syntheses of zeolitdsave been started from sulfdiearing clay (LOZK) as well as from
synthetic mixtures of alunite and higinade kaolin (SK) in different proportions. Products
have been compared to those obtained by using thequiglity kaolin without alunite.
Finally, a mixture (50/50wieght poportion) of LO2-K and Pietra Serena sewagedga
(previously heated at 800;GPS_800) have been also prepaieblites were synthesized
using molten salt procedure which convert aluminosilicates as fly ash or metakaolin in
zeolites Park et al.2000; Andac et al., 200% usoff et al., 2007; Rios et al., 20@&elviso et

al., 2013; Belviso et al., 201.55yntheses procedwwbhave been conducted by melting kaolin
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and kaolinsilica mixtureswith NaOH (1:1.2 weight ratio)Fumed SiO, has been added to
modify the SiQ/Al,O3; The mixtures have been heated at 550°C for 2 houwadPincrucible.

The alkaline reagent acts as a fondant agent dheaging (Rios et al., 20097he resultant

solid mixture was cooled and grounded wahmortar and pestle for a few minutes
Afterward, the powder was mixed with distilled waterdifferentS/L ratios (se€lable 3.5,

and stirred for 12 hours at room temperatéethe end, the suspensions were incubated
vesselsat 50° C for 96, 360 ah720 hours in separated experiments. At the end of the
incubation period, all products were filterbg 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 forkShnd LO2K series and resulting products.

Sample CIay(AIunite SIGJ/AI 20_3 Solid/Liquid
proportion (wt %} molar ratio proportion
Sim_s36d4 100/0 3.6 1g/5ml
Sim_s46d4 100/0 4.6 1g/5ml
Sim_NaOHd4 100/0 2.0 1g/5ml
Sim_s36d30 100/0 3.6 19/33ml
SIA10m_s36d4 91.5/8.5 3.6 19/33ml
SIA10m_s36d30 91.5/8.5 3.6 19/33ml
SIA10m_s36d15 HT 91.5/8.5 3.6 1g/50ml
SIA20m_s36d4 82/18 3.6 1g/5ml
SIA20m_s46d4 82/18 4.6 1g/5ml
LO2m_NaDHd7 80/20 1.6 1g/5ml
LO2m_s36d4 80/20 3.6 1g/5ml
LO2m_s36d30 80/20 3.6 1g/5ml
LO2m_s46d4 80/20 4.6 1g/5ml
LO2m_s46d30 80/20 4.6 1g/5ml
LOZm_sP$ NaOHd4 80/2C 2.8 1g/5mi

&This ratio is referred to the clalinite. The ratid.02-K and sPS 800 s 50/50 wt%
SiG,/AlL,O; ratio is referred tamixtures kaolinfumed silica. No silica has been added to SIm_NaOHd4
LO2m_sPgJ/NaOHd4

332Sampl es characterizati on

TG-DTA analyss for the LO2K and SIK and alunite mixture have beennctucted during
the heating process in alkaline medium. After incubation psesrhave been characterized by
XRPD and SEMEDS analysisThe methods descriptions for IIA and XRPD analysis
are reported hereafter. FTFURTR analysis, leaching tests, SEBDS analyses were also

carried out and the details of these methods are descrigeilir?.
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Thermal analysis

Thermo gravimetric analysis (TG) and differential thermal analysis (DTA) of the mixtures of

both LO2K and SIK kaolin mixed with the sodium hydrade were performed using a TA

I nstrument LI NESI'S STA PT1000 with a weight
located in a Pt crucible and heated from 100°C up to 120ft°rate of 20C/min.

X-ray Powder Diffraction

XRPD measurements were performed b usi ng a Panal-rayi cal
diffractometer for quantitative analysis. Data were collected in the rang8& 2 A2 d wi t h
stepwidthof 0.012d and ti me per step of 50 s.

SEM-EDS analysis

SEM JEOL JSM 5400, equipped with an OXFORD LHBS-EDX energy
dispersive Xray 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 @&peking distance of
15 mm with an acceleration voltage of 20 kV. EDS analyses (on spots) were done with
accelerating voltage of 20 kV, wor king dist
acquiring for 30s per spot analysis. Chemical compositions determined considering 100

wt % oxide content on an,®- and CQ-free basis
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4 ALKALI ACTIVATION OF SULFATE-BEARING
CLAY

In this section, the feasibility to produé&Ms from low-T activated sulfatdearing clay has
been assessed. Thesultsdiscussed herare focused on the investigation of the effects of
SO on the nature and chemical composition of the resufimeglucts As mentioned ir§

1.7, some studies have been conduciedhe effect of the sulfate in alkali activation system
(e.g.Lee and van Deventer, 2B0Criado et al., 2010; Desbdte Chequer & Frizon, 2011
Komnitsas et al., 2013). Actually, sulfate has been studidty ash systemsas possible
alkali activationcatalystin zeolites formatioror retarding agent in the condensation reaction
of the silicon and aluminum speciéSriado et al., 2010). The presence of sulfate ions in the
solution and in pores may repel the negative charge on the aluminosilicatesyahehdto
similar condition to those prevailing in binddrased ofow 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 oxyaniomsg(,nitrate, sulfate, phosphate, etc.) have
shown that these anioqomotethe 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 alsthance the nucleation of certain zeolites, making these materials
a promising resourc®r waste encapsulation matrices (Laha & Kum#@®02 Le Chequer &
Frizon, 2011).

This work is an experimental investigatiarfi the possibility of sulfate retention bye
AAMs, and of the effect of this anion in the alkali activation processerims of phase
composition and microstructucd the resulting AAMs.

Sodium silicatgwaterglasshas been used for the alkaline activation of sulfate bearing clay.
In parallel,alkali activation was carried out on synthetic mixtures of alunite anddrayhe
kaolin for comparisorDetails of synthesis parameters are reporteégl3ni.

All samples have been analyzbg XRPD, SEMEDS, FTFIR, and leaching tests have been
carried otin order to quantify the soluble sulfate phases in AAMs.

Experiments for the stabilization of sulfatave beeralso conductetty adding Ba(OH) or

CaO. Ba(OH) is usetbr stabilizingsulfate rich aqueous level waste with blast furnace slag
(Mobasher etl., 2014) CaO is added to reproducalciumaluminate or sulf@luminate
cemerdbased materialsvhich can sometimes accommodate muggher sulfate contents

without undergoing degradation process. Table 4.1 shows a list of the analyzed samples,
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respedie starting materials proportion, HR main peaks positions before and after water
leaching and the new phases detected after alkali reaction.

TABLE 4.1. Results for LOXK and SIK based AAMs with sodium silicate
Clay/ Alunite  Si-O-T vibration Si-O-T vibration

New phase found by

Samples ratio (wt%)in  from FT—IRZ before from FT—IR, afte_r XRPD analysis
100 g water leaching (cit) water leaching (ci)

Sl s46 100 1014 - No new phase
Sl A10_s36 91.5:85 1014 998 Thenardite
S| A10_s46  91.5:85 1020 1037 Thenardite
S|, A20_s36 82:18 1029 1031 Thenardite
Sl,,A20_s46 82:18 1041 1037 Thenardite
LO2_s36 80:20 1006 1018 Thenardite
LO2_s46 80:20 1018 1018 Thenardite
L02 Ca_s36 80:20 - - Thenardite
L02 Ba s36 80:20 - - Barium-potassiurmsulfate

Sl =SI-K kaolin; L02 =L.02-K kaolin; A = alunite initial wt%s36 and s46 SiO,/Al,O; molar ratio

4.1 Phase composition

XRPD patterns of LOMK and SIMK based AAMs are reported irigure 4.1and Figure
4.2, respectively.

Qtz Qt7 o Qtz

Qtz

R QtZ QtZ QtZ

rocaest? M N0 W v
L02 s36 L u ' o
L02:s367 T w mmm“mw

1.02-MK

IIIIIIIIII HCT T | ‘ |

10 20 30 40 50 60
20 (°)
FIGURE4.1. XRPD patterns of LOMK based binderdBlack: LO2MK; red: samples with S¥DAI,O;

= 3.6; green: samples with SiBI,0; = 4.6; L= after leachingyertical black lines indicate feldspar
peak positionsT = thenardite (Ng&5Oy); Qtz = quartz.

Intenisty (arb.un.)
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The XRPD patterns of the corresponding precursor for each set of bivaderdeen reported

for comparison. All diffraction patterns display peaks due to crystalline phases deriving from
the precursorsike quartz forSI-MK-based AAMs and quartz and feldspars for 1M -

based AAMs, which do not take part the reaction.lt is worthy to note that traces of

kaolinite are still recognizable when-Klis heated at 550°CF{gure 4.2a, violet patterr).
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SIS VN N ' e
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s T T tz Qtz
> i Qtz Qtz t
g T SThe oz T2Qz T TQtZT b o
S [SlgoA20_s46
s
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S Slgo9A20_s36 I,JU L;-)‘WLW
SI-MK_ 800 J
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FIGURE 4.2. a) XRPD patterns of SVK -based binders with kaolin heated at 550°C; Hy\KBl-based

binders with kaolin heated at 800°C. Reference metakaolins are reported for comparison in

graph. Red pattesn=samples with B./Al,O; = 3.6; green patternssamples with SigJAl,Os; = 4.6;
L= after leachingT = thenardite; Qtz = quartz.
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This kaolin needs temperatsreigherthan 550°C to transform completely into metakaolin,

as explained 18 2.2.

XRPD patterns ofAAMs obtaned from LO2-MK (Figure 4.1)and SIMK with alunite

addition (Figure 4.2 showsimilarfeaturesA fihumpo centered in the r
30° A is visiblein all samples. This signalyhich indicates the formation ain amorphous
aluminosilicate,the aluminosilicate gel, is considered the distingirighfeature of the

diffraction pattern of AAMs. The position of this hump is independarthe aluminosilicate

source and activating solution, as wellamsthe curing conditions as also reported innma

example in literature (e.g. Barbo&aMc Kenzi e, 2003; Rowles and O¢
et al., 2005; Pereira et al., 2007; Dimas et al., 2009; Gasparini205).

It is possible to observe thab peaksattributableto zeolites have been foumadlthe patterns.

In fact, at the Si@JAl,O3 ratio used for the synthesis, the gel is stable with no tendency

very low tendencytowards amorphous/crystalline transformation (e.g. De Silva & Sagoe
Crenstil, 2008). The only crystalline {pyoduct formed s thenardite (NSO, PDF: 070
1541).Thenardite can precipitate directly from solution due to water evaporation after curing
(Navarro et al., 2000)This phase is present @l samples containing sulfat&éhenardites

soluble in water and peaks referlid it are not observed in the XR patterns of samples

after leaching.

4.2 Textural and microstructural properties

To point out the differences in the microstructarelchemical composition of these AAMs,
SEM-EDS analysesat different length scasehave ben carried out for sammenith and

without alunite in the starting mixture.

Figure 4.3shows the SHEnicrographs of the fracture surface of the IB5 Figure 4.3a, c

ande) and of LO2_s46Hjgure 4.3b, d and f) respectively. At Bx (Figure4.3 a and b), the
textures appear homogeneous for both samples, confirming the amorphous nature of the
reaction product. At 10 KxHigure 4.3b and c) a few voids and the platlfape morphology
typical of the met&kaolin based AMs are recognizable. At this length scale, some
differences in morphology between the two samples are observed. At lower silica content
(SIG,/AIL03 = 3.6), the amorphous particles that form the gel appear rounded or sub rounded.

At higher silica content (¥,/Al,O3 = 4.6) instead, the matrix morphology appears more
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compact although articulated and an indented surface could be recognized, as dfigumrein
4.3cand d respectively.

RN
SEM HV: 20.0 kV WD: 12.14 mm

SEM MAG: 5.00 kx Det: SE 10 pm

View field: 57.8 ym  Date(m/dly): 07/17/17

SEM HV: 20.0 kV WD: 12.13 mm
SEM MAG: 5.00 kx Det: SE
View field: 57.8 ym  Date(m/dly): 07/17/17

AS)
SEM HV: 20.0 kV WD: 12.22 mm
SEM MAG: 10.00 kx Det: SE
View field: 28.9 ym  Date(m/dly): 07/17/17

SEM HV: 20.0 KV WD: 12.49 mm MIRA3 TESCAN,
SEM MAG: 10.0 kx Det: SE
View field: 28.9 ym  Date(midly): 07/17/17

/\./ % o
N

SEM HV: 20.0 kV WD: 15.76 mm Ll MIRA3 TESCAN|

SEM MAG: 25.0 kx Det: SE 2 pm
View field: 11.6 ym | Date(m/dly): 07/07/17

SEM HV: 20.0 kV WD: 13.44 mm
SEM MAG: 25.0 kx Det: SE
View fleld: 11.6 um  Date(m/dly): 07/17/17

Na

S K
e —

FIGURE 4.3. SE-Micrographsof L0O2_s36 (a, ¢c and e) and L02_s46 (b, d and f) samples at diffel
length scales.
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At 25 Kx, L02s36 sample shows some incipient crystalline growths embedded in the
amorphous matrix. On the ba®§ EDS analyses and morphology, these crystals could be
attributed to framework silicatefike zeolites or feldspathoids, while at this enlargement
LO2 s46 shows the distinctive granular aspect ofA-8-H gel and no crystalare detected.

The increase of soluble silicon in the activating solution impréwestability of the materials

and desnot promote crystalline phases formation (Duxon et al., 2007).

Comparing samplesontainingalunite (Ss0A10_s4%) with those without alunite (§, s46)
obtainedfrom the highgrade kaolin,it is possible to observihat there are no significant
differences in their narostructuresletectable at lower magnification, as shown in the inset of
Figures 4.4a and b, respectively. At this scalmth matricesappear compact with a dense
texture At 20 Kx, particles arrange to form aggregate with the typical platshape
morphology of the products of alkali activatioh metakaolin are observed in both samples.
Someresidual particles of metakaolin precursor, which are not completely dissolvedtillare
visible in the samle S4 5 $46 (Figure 4.d), in agreementvith the partial dehydroxylation

of SKK at this temperature and consequent placbaversion inb metakaolinite.

However, at this length scale, the sample contaighmite (Figure 4.4a) appears less
interconneted and more granulathan the sample without aluni{&igure 4.4b), andthe
texture of the matrix appears more homogeneous and more compact in absence of sulfate
Thesemorphological differences might be related to the presence of sulfate and congequent

to the gel process formation.

. = -~ P
SEM HV: 20.0 kV WD: 15.92 mm SEM HV: 30.0 kV WD: 3.76 mm
SEM MAG: 20.0 kx Det: SE 2 pym SEM MAG: 20.0 kx Det: InBeam 2 pm

FIGURE 4.4. SEMicrographs of SkA10_s46 (a) and § s46 (b) samples at different length scalt
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In order to investigate the effect of the soluble silica in the urest contaiimg sulfate SEM
analy®s have been carried oah Slss0A10_s36 and [8s0A10_s46 sample@Figure 4.5. At
low enlargement (5.0 Kx), the analysis of the microstructure for both samples confirms the
development of the alkali activated gBly comparing these textures withose of L02_s36

(Figure4.3 @) and LO2_s46Kigure4.3 b), theyseem to have less compact microstructures

-, <
il » CNANY m— . e
SEM HV; 20.0 kV WD: 15.87 mm SEM HV: 20,0 kV WD: 15.91 mm
SEM MAG: 5.00 kx Det: BSE SEM MAG: 5.00 kx Det: SE
View fleld: 57.8 ym  Date(m/dly): 03/25/15

'

= - : - N
SEM HV: 20.0 kV WD: 15.88 mm | SEM HV: 20.0 kV WD: 1591 mm |
SEM MAG: 10.0 kx Det: SE 5 pm SEM MAG: 10.0 kx Det: SE
View fleld: 28.9 ym  Date(m/dly): 03/25/15

FIGURE 4.5. SE-Micrographs of fracture surfaces 8ks,A10_s36 &, ¢) andSlsscA10_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 homogemes. A common morphological feature is the metakaolin
tendencyto arrange itself into parallel planes arabth samples exhibit some unreacted
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particles Morphological differenceselated to SiO,/Al,O5 different molar ratie can be
observed comparin§ls sA1 0 _ § ¥6 guaandchandSlssA1 0 _ _EEBEbgubeaddb5
d ) respectively.The distinctive textural features are mostly related to two factors: the
different degree of development and homogeneity of the AAMs matrix and the amount of
precipitates anchecformed crystalline phases, which can also producerbglucs. At 5.0

Kx, the sample with Si@Al,O3 ratio = 3.6 exhibits a lesompact texturecomprisng dense
particulates which appears more fragmented with respect to that of the sample with
SiO,/Al,O3 ratio = 4.6 (Figure 4.8 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 voabs shownin Figure 4.5 a. These crystal are
composed by Na, Al, Si and S, dstectedfrom the EDS spectraF{gure 4.5 a), and from

their shape and compositiptheycould beintended ageolites At higher magrication, the
matrix displays an evidemorosity and the grains appdassinterconnectedhan the sample
with higher silica conter(fFigure4.5 ¢ and d)No crystalline phases have been detettdte

latter sampleand the matrix connection of the gel netwappears more developes shown

in Figure4.5b.

Theoretically Si-O-Si linkage are stroreg than SiO-Al bond, meaning that the compactness
of the binder should increase with Si/Al ratio since the density €D-&i increase with SO-

Si ratio (De Jong and Brown, 1980).

Indeed,a lower silicacontent in the mixture suggestsemdencyof these alkaline systems to
favor the transfornation ofzeolitic precursomto crystalline aluminosilicatat incipient state

of crystallization,as revealed irFigure 4.5 a. Besides the differences related to the silica
content, it is also possible to observe thasathples already described which contain sulfate

show a gel thatippeas lessreacted than thatf the samplén absence of sulfaiSlssq s46)

4.3 Sulfate quantification in AAMs

The efficiency of AAMs matrix to hold sulfate and thetualconcentration of sulfate ign
have been evaluated after leachion the extracted liquid (datae reported ifmmable 3.28
3.1.2) and onthe solid residues by BSEDS analyseOverall, the sliate retention is below
50 wt%. However, even if a soluble sulfate phase (thenardite) is formed in all samples
confirmed by XRPD, not all the sulfate esalched out.
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FIGURE 4.6. XRPD of LO2MK -based AAMs prepared adding CaO and Ba(£8#,0) to the
mixture with SiQ/Al,O; = 3.6. Red lines represent feldspars form the original precursor. T =
thenardite; Qtz guartz;* = barium sulfate (BaS{p

This means that there is a capability of these binders to retain and immaghitizef the
sulfate inside the matrix. It has been seen that when CaO is added to the L02_s36 {Ga0O/SO
1:1), sulfate retention increasieem 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 ifrigure4.6. This evidence suggests thatexternal 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)-8H,0 to the L02_s36 (Ba/SO, = 1:1), the sulfate retention is 80 %4, as

expected, due to formation of barium sulfate phasehown ifFigure4.6.

4.4 Analysis of residues after leaching test

Backscattered electron images of L02_s36 and LO2sa#ples have been carried out on

powder pellets, after water leachiragnd areeported inFigure 4.7
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1.02 36

SEM HV: 20.0 kV WD: 15.80 mm | MIRA3 TESCAN
SEM MAG: 150 x Det: BSE 500 pm

K
View field: 1.83 mm  Date{m/diy) 05/05/17 .
1

SEM HV: 20,0 kV WO 16,78 mm | MIRA3 TESCAN K
SEM MAG: 150 x Det: BSE 500 pm

View field: 1.83 mm Date{m/dly): 0505/17 .

FIGURE 4.7. BSE images and EDS analyses of L02_s36 and L02_s46 samples after leachil

At 150x, the migostructures 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 amgrepared as pellet€£DS analyses reported irigure 4.7 are
referred to an area of 500 pum in siZ&oth samples result composed by Si, Al, and Na
corresponding to the aluminosilicateANS-H gelcomposition, withan amount oK andS.

S content appears higher in the L02_s46 matith respect to LO2_s36 matrix. SE and BSE

images of the dark particle scattered on the matrices of the samples have been reported in
Figure 4.8.
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SEM HV; 20.0 kV WD: 15.87 mm SEM HV: 20,0 kV WD: 15.91 mm
SEM MAG: 5.00 kx Det: BSE SEM MAG: 5.00 kx Det: SE 10 pm
View fleld: 57.8 ym  Date(m/dly): 03/25/15

- N
‘
-~ - . . K. . .
SEM HV: 20.0 kV wo: 1588 mm | SEM HV: 20.0 kV wWo: 1591 mm |

SEM MAG: 10.0 kx Det: SE 5 pm SEM MAG: 10.0 kx Det: SE 5 pm
View field: 28.9 ym  Date(m/dly): 03/25/15

FIGURE 4.8. BSE and SE micrographs and EDS analysed particles after water leachin@, b)
L02_s36 samplgc, d) LO2_s46 sample.

From a morphological point of viewt is possible to notice that these dark portions appear
more denseand seemss loosely structured precipitated which are in contynuiith 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 mat EDS analyses carried out on an area of 5gtound

those particles show that they are compasgfeda, Al, Si, K and S Figure4.8). Nevertheless,

the Al/Na ratio is lower with respect that of the matrices, whd the S content, for both

samples, appears higher in these portions ithdine correspondg matrices. These findirsgy
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might suggest that they are localizeortiors of the gel, likely as zeolitic precursomshich
are able to hold the sulfate.

4.5FT-ATR analysis

Figure4.9 shows the infrared speatof the starting materials after thermal treatment aind

the reaction producisf alkaline activation before and after water leaching. Samples prepared
without alunite arelao reported for comparison.

Quartz is recognizable in all samples by the presence of double peaks7t57661 and

694 cm that are related to the-8-Si symmetric stretching vibration (Farmer, 1974; Lee and
van Deventer, 2003). All spectra shive Si-O-T stretching vibration band in the range 1000
1050 cni* (position that variedepending on th&iO,/Al,O; molar ratio and precursor used)
which is attributed to sodium aluminosilicate gel formed as a result of the alkaline activation
(e.g. Alonso & Rlomo, 2001; Lee and van Deventer, 2003; Lee and van Deventer, 2004;
Khan et al., 2015). In LORIK and SFMK spectra, this band related to J@trahedra is at
higher frequenciethanthose of alkaline activated samples. The stiifthis band to lower
wavenumbes indicates that some changes occurred in the leofgd-O-T bonds, due to the
extent of aluminum incorporation or due to an increase in the concentration-bfidgimg
oxygen atoms (Palomo & Glasser, 1992; Alonso & Palomo, 2001; Rees e0a).,28mple
contairing alunite show a shoulder around 1100tend 1200 cri, which represent the
strongest stretching vibration of $O(Farmer, 1974; Bishop and Murrad, 2005; Gasparini et
al., 2015). Thenardite is evident in L{3 s36 (dotted red li@) for the presence of the peak at
1101 cn related to vibration modes of theGSbonds. From a visual point of view, this band

is still evident after water leaching in all samples coitgisulfate.

Bands related to C§) stretching vibrationsreat 140 cmi'. The formation of these bands
could be attributed to sodium carbonates (Farmer, 1974; Fernrdimizez and Palomo,
2009) Theseare formedbecause of carbonation in air ihfe excess of Nacations that are

free to move inside the pore network amthsequently to the water evaporatawe brought to

the surface of the sampl€hey disappear after water leaching.
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FIGURE 4.9. FT-IR spectra: a) LOMK series; b) Skrseries ¢) SheseriesDotted lires represent
spectra before leaching test; bold lines represent spectra after leaching test. Black lines repre
spectra of the heated precursors for each s&fieket line represents the correspondent binder
without alunite
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A more detailed studypf the region between 80afin* and 1300 cit was conducted on the
sampleghatretain more sulfate after water leaching. In order to examine in depth the effect
related to the presence of the sulfate in these materials, the coriegpbimdier without
alunite ha been analyzed for comparison. Identification of the phases forming ths ba
involved their deconvolutigras reported irFigure 4.10 The fit has been carried out using
Multipeak Fitting package of Igor Pro 6.37 converged with nearly flat seduak.

The bandelated tathe original sulfatédbearing LO2MK kaolinitic clay was found to include

four signals (Figure 4.10a), which comprise: metakaolinit¢represented by blue lije
feldspars, quartz and sulfaieed line3. A further broad peak ogered at lower wavenumber
has been also includad all fits to take into account the tails of the fitted region at low
wavenumbers.

Alkaline activated sampleg-igure 4.10b and c) show a decrease in intensity of the peaks
related to metakaolinite (bluéine) and the occurrence of a peak attributed to the
aluminosilicate gel (green line), which is formed at its expense, for botiiA$O; molar
ratios. Deconvoluted spectrum for-lBK is composed by an intense peak related to
meatkaolinite (blue line) anguartz are (red line) as expectédglre 4.10d). After alkaline
activation Figure 4.10e), 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 (gyeen line
is formed. These evidences clearly mean that almost all the metakabbsiteeacted.
However, when sulfate is added toNBK, the peaks related to the gel appears lowen tha

peak related to metakaolinite with respect to the sample without salateported ifrigure

4.10f and g.This finding is evident for both SHDAI,O3 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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4.6 Conclusiors

The prodwcts of alkali activation of the AAMs based on LK and SIMK (with and
without alunite addition) includenainly an amorphous #-S-H gel and no new crystalline
phases apafor thenardite have been detectgdthe XRPD analyse3he latters solublein
waterand disappeared aftiraching testddowever,it seems that not all theulfateis leached
out after tests and sulfate solubility resaltsithigherin the samplavith lower SiGQ/Al,Os.
Morphological analyses outline thatgardless the solub$dica content, an amorphogel is
formed from all mixtures. Howeversigns of incipient gel crystallization can be noted in
sulfate containing samples withiO,/Al,O3 ratio is 3.6, hence when less soluble silica is
available to the process. Bgrmparing he samples containing sulfate to those without sulfate,
it is possible to notice that the gekrmationseems to baffected by its occurrenceyen if

the anorphous gel is formed in all caseaulfate in alkaline systenis said toretard or
interrupt gel formatiorand accelera¢ zeolites formationsulfate ions insolution may repel

the negative charge of the aluminosilicateis hindeing the condensation reaction and
lowering the degree of metakaolin dissoluti¢@riado et al., 2010)Differently from what
observed in literaturm the present studye gel appeas to bewell formed, and nerystalline
zeolitephass have beefoundby XRPD.

Leaching tests and chemical analyses performed on leached solution as well as on the
resulting leached materials have demonstratednibiaall sulfate iscombined with sodium to
form thenardite busomeamount is still present in the sampléfe data areonfirmed also

by chemical, microstructurandsemiquantitative EDSanalyses. Infraredpectra of sulfate
bearing AAMs after water leaching are dominated by the vibration-@F Bibondsrelated to

the formation of amghous NA-S-H gel and by the ® bonds of the sulfate anion, which
however seems nod form new compounds. Chemical micnadyses have revealed that the
presence of sulfurich particles containing Si and Al, likely amorphous or naized zeolites
phasesmight be the responsible structures able to take the sulfate in the gel. Hosuser
lower leachability have been founidh the sample with higher silica content andower
capdility to form zeolitic phasesthe uptake of sulfate ions by the gel itsefnnotbe
excludal. The data obtained untilow suggest that the at th&8iO,/Al,O3 molar ratio, the
properties of the amphous AAMs gel are obtained in presence of sulfate ion, and more
compactness of the gel microstructin@vever could be adjustetidingsoluble silica into

the mix as well as the sulfate retention capabilitige ability to retain sulfate by the gel or by
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nancezeolitelike structureseventually formednakes these binders a promising materials in
the exploitation of their matrix as ion encapsulaiiomobilization matrix. Optimization of
the synthesis parametglike for example adding calcium oxide or yarg the soluble silica
content in order to change the stability between amorptigssalling could provide a way

to improve the sulfate retention aadhieveits complete immobilization. The possibility to
vary the synthesis parametdrvased on the miformulation makes these materials highly

versatile and promising as waste encapsulating materials.
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5 ALKALI ACTIVATION OF MIXTURES OF
SULFATE-BEARING CLAY AND SANDSTONE
SEWAGE SLUDGE

In this chapter, the sewage sludderived ly the cultivation of an ornamental stoneow
simply dismissed, has been used as precursor in the AAMs preparation.
The aim of this study is to explore the featuresrodlminosilicatenulti-component system
in the presence of NaOH alkaline as activatdong with the reaction products formed in the
system. In particular, in this section, the effectsipfaddition of Pietra Serena sandstone
sewagesludge(10%, 20% or 50%veight proportionto sulfatebearing clayii) molarity of
the activating solutin (4, 6 or 8M NaOH solution); and iiiguring temperatur¢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
producs, leading tothe developnent of hybrid alkaline cement¢Garcia Lodeiro et al.,
2013). Moreover, CaO can react with sulfate to form calciunfosaluminate hydrate
phase, similar to those observed in the OPC system as ettringite (AFt compound) or
monoslfate (AFm compouny etc. Hence CaO presence in the reacting systemald offer
further paths to increase thelfateuptakeand storage in the solid products
All the details of the preparation of the AAMs are reportedTable 3.3 § 3.2.1. The
hardemd products obtained from the different syndsetiave been characterized from
mechanicalphysicatchemical and microstructural viewpoinihe results are summarized in
Table 5.1.
From mechanical test& has been observed that pastes preplayeattivaing LO2-MK with
8M NaOH and those preparég mixing sPS_800 (10 wt%) with LORIK 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 dffeating at room
temperature isignificantafter 20 hours and 7 and 28 days of settoajd related to samples
cured at 7 and 28ays are not reported hereaft€dn the other hand, it has been observed that
when pastes are cured at 85°Ggyttharden aéir 20 hours onlyFor this reason, the results
discussed in thishaptemregardall the AAMs binders after 20 hours of curinghe work has
been organized in three parts:
1 in the first part, the effects of mixing sPS_8Q0, 20 or 50 weight proportion) to
LO2-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 NA-S-H gel formation

in the second part, the effects of the molaoitythe ativating solution(4, 6 or 8M
NaOH solutionhave been evaluated

in the third part, the effects of sPS_800 in AR with different molarities of
alkaline activator and curing temperatug&iC or 25°Chave been evaluated.
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TABLE 5.1. Scheme of results fior LO2_sPS AAMs activated with NaOH solution, at different molaritiesiring temperature.

Compressive streng Flexural strength

Samples New phases found by XRPD analysis

(MPa) (MPa)
L02-1008M_1D &C A 4.4(1) 0.95(5) Gibbsite thenardite
L02-90-sPS8M_1D_85C A 11.8(9) 2.6(4) CAN, YUG
L02-80-sPS8M_1D_85C A.B 10.6(9) 3.0(5) CAN
L02-80-sPS6M_1D_85C B 8.7(5) 1.9(1) U-phase CAN
L02-80-sPS4M_1D_85C B 4.5(2) 1.5(2) Ettringite
L02-50-sPS8M_1D_85C AC 10.3(2) 3.0(2) U-phase CAN, SOD,killalaite
L02-50-sPS8M_1D_25C C 0.9(2) 0.12(1) CAN
L02-50-sPS6M_1D_85C C 8.6(6) 1.5(1) U-phase CAN
L02-50-sPS6M_1D_25C C 1.6(4) 0.56(3) -
L02-50-sPS4M_1D_85C C 4.0(3) 0.93(8) Zeo-P, Ettringite, CSH
L02-50-sPS4M_1D_25C C 1.16(3) 0.38(7) Zeo A

A - Samples selected for determining the effects of mixing sPS_8@@%1 @20nt% or 5@t%) to LO2Z2MK
B - Samples selected for determining the effects of the molarity of the activating solutoor @V NaOH solution)
C - Samples selected for determining the effects of molarities of alkaline activator and curing temperature (85 °C or 25 °C)
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5.1 Study of the effect of Pietra Serena sewage sludge content

In this section pastes madey mixing LO2-MK and sPS_80h differentweight proportiors
(1000, 90/10, 80/20 and 50/50)ave 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 inTable 5.1and plotted irFigure 5.1.
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FIGURE 5.1. Compressive strength (filled bars) and flexuregsgth (pattern bars) in MPa for LOZK
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(j #MPa to a
maximum of 12.§1) MPg and the flexural séngth varies from 0.48) to 3.0(5) MPa. The
lowest average values of strength are obtained for the sample prepared mixing e L02
and NaOH slution, L02100-8M_1D. When 10wt% of sPS_800 is added to 02K, the
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value of compressive strength is 121) MPa and flexural strength is A8) MPa. This value

is threetimes higher than that achieved for LDQ0-8M_1D. At 20 wt% of sPS800addition

to LO2-MK, the average value of compressive strength is (@.81Pa and flexural strength

is 3.0(5) MPa, wlereas, at 50 wt% of sPS_800, EB@sPS8M_1D sample shows average
values of compressive and flexusttengtls of 10.3(2) MPa and 3.q2) MPg respectively.
From theeresults,it is possible to observe that when EBIK is activated only with NaOH

the wvalues of mechanical strength are Iavhis could be attributed to a not complete reaction
of metakaolin with the activating solution or to the presence of cliggtdly-producs in the
hardened product, which could affect the mechanical properties.

After the addition of just 1@t% of sPS 800 to the LOWIK, mechanical properties
considerably increase. As reportad literature, addition of smalamountsof Ca in low
calcium systens could result in a remarkable imprawentin strength(Dombrowski et al.
2007). As mentioned before, when sPS is heated at 80Cfalcium from the original
dolomite and calcite is present mainly in the form of highly reactive CaO oxide that with
hydration behaves as in cememshancing the mechanical performance of thal fimaterial

(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 strengthi.0g-fact,
80-sPS8M_1D and LO250-sPS8M_1D show similar valuesf 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 ,ntlulksls
affecting the strength values. This cdrmh is more evident when 5@t% of sPS_800 is
added to the mixture as in the case of BOBSPS8M_1D. A possible explanation could be
given by the hydration of CaO, which aswell-known exothermic reaction. In fact, during
mechanical mixing with the deating solution, slurries suddenly tend to hardeinen a

temperature of around 50i€reached

XRPD

XRPD patterns of the sample prepared with only-M¥ and NaOHis reported inFigure

5.2. As a referencghe XRPD pattern of the LO2MK is also reportedAs mentioned irg 2.1,

after thermal treatmentenly quartz and feldspars deriving from the original raw material are

identified in the anhydrous materials. After activation, the binder shows a more or less

markedhalo betweer0°and3 5 A 2 d, which is typical of t h
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(Palomoet al., 1999; Shi et al 20065arcia Lodeiro et al., 2018. Crystalline phases
detected as reaction prodsiat this sample are thenarditda,SO,, and gibbsite Al( OH)s.

After curing, unmolded samples have been stored in chamber aa28%9% R.H), before
beingbroken. Crystals of thenardite have been also macroscopically deteetfdrascence

on the surface of the sample just after some h@tigaire 5.3a). After being removed from

the surface, the crystals have been analyzed by XRPD and the result is reported in the graph
of Figure 5.2c.
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The main reflections are referred to thenardite (PDF:Xb41), even if some peaks could be
attributed to an hydratl phase related to this mineral likely mirabilite (peaks ard@id18°
and 23A 2d), o r ssob tmemardidetwhich rcompanly paouwssr dprimg its

98



hydration as intermediate phase. Thenardite could precipitate directly from solution and it
maybe related to the evaporation rate of the sample after curing (Navarro et al., 2000).

FIGURE 5.3. L02-100-8M_1D binder (a) and LG20-sPS8M_1D binder (b) after curing at 85°C foi
20h. After curing the saphe have been stored in a chamber at 25°C and at 99% R.H.

The other reaction product detected by XRPD is gibbsite (PDF2038). The presence of

this phase may suggest that the aluminum available from the starting materials is not entirely
involved inthe gel formation and paof it precipitates as crystals.

Figure 5.4 showshe comparison among the samples made usingMKR2and sPS_800 in
different proportios. For comparisonthe XRPD pattern of the anhydrous mixture of 02

MK and sPS_800 before dhalkaline activations reported. The phases detected are quartz,
feldspars plagioclase andn minor amourg, lime derivedfrom thedecarbonation of calcite

and dolomite. After alkaline activatipalso in this mixtures, all samples show a signal rdlate

to the amorphous feature of aluminosilicate ¢elg. Barbosa et al., 2000; Barbosa &

Mc Kenzi e, 200 3; Rowles & O6Connor, 200 3; Fl
recognizable by the hump between 355 A Figyufe 5(4 aand b).CAN-type zeolitesjn
particular reflections correspondent to a sultadaring cancrinite, named vishevite (PDF:
046-1333) are revealed in all samples containing sPS_800 showing the phase reflection at the
position of 13. Pdaks related taAalciun? dlunifodilicag dhydrate
compound, identified as YU®/pe zeolite (PDF: 039372) lavebeen also detecteth the
L02-50-sPS8M_1D together to CANype zeolites, peaks related to S®pe zeolites (in
particular correspondent to a sulfétearing sodalite, PDR73-1734) has been identifieth

this patten U-phase (sodium calcium sutduminate, PDF: 048272) has been found. This
phase belongs to AFm compound (hydrated calcium aluminates, commonly formed in
cements systems), whit the difference that it costaodium between the layers. Several

peaks not well matched, relatexla poorly crystalline calcium silicate hydrate phases(B)

99



as killalaite (PDF: 02®332) are identified.C-S-H phasesare not detected in the binder
made with 10 wt% and 20 wt% &fPS_800 Generally, poorly crystalline -S-H phases
together with AFm compounds are recognized in cethaséd systems composed of high
aluminates cement or Portland cement and in the presence of sulfate and alumina (e.g. Li et
al., 199%). In fact, it iswell known that the main components of cements are poorly crystalline
calciumsilicatehydrate (CS-H) gel and crystalline phases of portlandite, ettringite, and
Al,Os-Fe0s- (AFmM) phases (such as monosulfate and monocarboaluminate) could be formed
(Moon ¢ al., 2015).

Generally, it is possible to observe that a small amount of sSPS_800 in the mixture can control
the efflorescenceCrystalline zeolites phase as CAype, in particular a sulfateearing
cancrinite, are formed in all sample regardless tf& adhtent. When 50 wt% of sPS_800 is
added to the mix beside to zeolites, calcium saltoninate product as-Bhase and poorly
crystalline GS-H phases are formed. According to literature, in traditional concrete it has
been found that Whase is formed len 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 1-:08-sPS8M_1D, L0280-sPS8M_1D and L0250-sPS8M_1D; On the bottom for comparison, XRPD patte
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SEM-EDS

The cross sections of the AAdvproducts have been analyzed by SEDIS to ascertain the

type of gel or gels formed in the different systems, with and without calcium. The micrograph
of the LO2100-8M_1D, L0290-sPS8M_1D and L0250-sPS8M_1D are shown in Figure
5.5, Figure5.6 and Figue 5.7respectivey.

20.0kV x8.(10k 5.00um

A0 W
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ALO3/Na,0=~2.0 ALOy/Na,0=~2.3 Si ALOy/Na,0=~3.4
$i0,/AL0=~3.0 $i0,/AL0;=~2.10 $i0/ALO=~3.6
2 S0/8i0;,=~0.01 $0,/8i0,=~0.07 $04/8i0,=~0.01
A S

FIGURE 5.5. SE-Micrographs and EDS analyses of ED20-8M_1D, after curing at 85°C for 20 hours.

At low magnifications (450%)Figure5.3, the presence of heterogeneous porosityidest.

The micrograph shows spherical voids of 100 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 anglysid 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 thgrgw from synthetic caustic soda solutions
(Sweegers et al., 2001). A particular of tlggobsite crystals is reported at higher
magnification in the insertion ifrigure5.2 However,the presencef crystals inside the

voids should not influence the mechanical strersifh Figure 5.% shows amicrograph at
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8.00 Kx of magnification, whichewvealed the matrix of the LOD0-8M_1D sample. This
displays amorphous features, with the distinctive granular aspect dA-S-H gel. Ultra

fine particles seem to be confined into isolated elements and partially bonded togetiser.
morphological feresof the gel have been fad in zeolites systems at very early stagefs
crystallization(Chandrasekhar & Pramada, 2008) and could confirm the natureAcSW

as amorphous precursor of zeolites.

From semiquantitative EDS analysed more than 50 pats analysis, the matrix shows an
average SigJAl,O3 ratio of 3 (seelable 5.3, which appears higher with respect to the initial
calculated Si@Al,O3 molar ratio of 18 (see Tabl&.3 §3.2.1). This could be explained by

the presence of gibbsite repregeg an index of a not complete reactwinthe aluminum in

the gel process, meaning that the gel is depleted in Al and is enriched in Si content.
Micrographs of LO20-sPS8M_1D sample, at different length scales are reportdéigare

5.6.At 3.5 Kx theFigure 5.@displays clearly the differences in microstructure of this sample
with respect to LO200-8M_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 iteelf int
parallel layers, a morphological feature related to metakadiimall agglomerates with a not
well-defined morphologyndwith composition resembling that of thenardite are detected in
the matrix, asreported in the insertion on the right side of the rogcaph. At higher
magnification,Figure 5.®, 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 ED&alysisresults difficult because the small particles
dimension. However, from EDS analyses reported below the micrograph, is ptssibtee

that the matrix and the crystals are very different in composition, except for the alumina
content which is lowerAl ,0s/NaO = ~ 0.3) with respect to the matrixA{,03/Na,O = ~0.6)
meaning that these crystals could be zeoligshigher magnification (12 Kx)Figure 5.€,

and two types of morphologically distinguishable gels are recognizable: one more granular
with con@atenated spherical particles interconnected to create small clusters of aluminosilicate
gel (left side of the micrographgnd another in which tharrangement in parallel planes is
revealed From EDS analysis, th8iO,/Al,O3 molar ratio is the same in Wotside of the

matrix.

103



20.0KV x3.£dk

ALOy/Na,0=~ 0.6 ALO3/Na,0=~ 0.6 ALO3/Na,0=
Si0,/ALO=~2.4 S Si0/ALO=~2.0 Na $i0,/ALO;=-
Ca0/8i0;=~0.1 Ca0/8i0;=~0.5 S Ca0/8i0,=~
S0/8i0,=~0.2 $04/8i0,=~0.4 d S0,/Si0;=~1

s ALOYNa,0=~0.2
Si0,/ALO=~2.3
Ca0/$i0,=~0.6
$0,/8i0,=~1.0

Al

G

2.00um

o o si
Ay ALOyNa,0=~ 1.0 ALOyNa,0=~0.5 ALOyNa,0=~2.1
s $i0,/ALO=~1.8 $i0,/ALO=~1.7 $i0,/AL0;=~3.8
Ca0/8i0,=~0.5 Ca0/8i0;=~0.2 Ca0/8i0,=~0.02

S04/8i0,=~0.2 S0/8i0,=~0.7 50/8i0,=~0.01

Na

FIGURE 5.6. SE-Micrographs and EDS analyses o2k90-sPS8M_1D, after curing at 85°C for 20
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The left side seem to have more alumina, more calcium oxide andulést®e contenwith
respect to the right side. The average,8\00; molar ratio of the matrix (calculate up to 50
points analyses) is overall around 3 while the theoretical averageA&Q; molar ratio
calculated on the basis of reactive silica and alumina coirtethie original precursors, is
around 2, meaning that this gel could be enriched in sHicelly, at magnification of 20.0

Kx (Figure5.@l) in some portion of the sample, nanocrystals with spherical morphology and
SiO,/Al,O3 molar ratio resembling sod&s at the beginning of their formation have been
detected. Their Si€Al,O3; molar ratio is 3.8 and results higher with respect to the other part
of the matrix, and calcium and sulfate are absent.

Figure 5.7shows a series of micrographs relative to S05PS8M_1D sample At this
enlargement (5.0 Kx) the analysis of the microstructure confirms the dewatoph the
amorphous gel, which is however, characterized by an inhomogeneous microstascture
confirmed by the subsequent images at higher magnificafigure 5.7 b, ¢, and d)The
contribution of CaO hydration is evidegdby the occurrence of sonedongated particles not
interconnected and distributed on the surfde&gure 5.7a)Figure 5.7c(at magnification of

12.0 Kx) shows a gel structure with needlehaped el ement s, more ofr
interconnected to several spherical particles that gise to a quite porous microstructure.
The spherical particles contain higher calcium oxide content (Ca@rSatar ratio of 3.0

4.0) and lower sulfate amoyrds shown from EDS analysis reported in the graph below.
Finally, at 20.0 Kx some spherical atabular nanocrystals are also detecleble 5.2shows

the oxides molar rat®of the analyzed sam@eThe EDS analys 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) thegel structure
appears made upy acicular fibers andeveral crystalline phases as small hexagonal prisms,
which could resemble zeoliteMorphology of these crystals and the presence of calcium

couldsuggest that they might be cancrinite zeolites (Barnes et al., 1999).

TABLE 5.2. Oxides molar ratio calculated by the average of EDS8lysis
Average molar raticy ., /a0, AlLOJ/Na,O SiO/Na,O SIOJAl,0; Cad/SIG SOZ/SIO, SOZ/AI0; SOZ/Na,O

by EDS

L02-100-8M _1D 0.23 4.42 5.98 1.35 0.01 0.02 0.03 0.12
L02-90-sPS8M_1D 1.56 0.64 184 2.86 0.16 0.23 0.66 0.42
L02-50-sPS8M_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 EBanalyses of LOB0-sPS8M_1D.
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The acicular particles ardistinctive of the early crystallizatiostages of calcium silicate
hydrated compounds (6H) (Taylor, 1986; Hranice, 2002) and a simihaicrostructure and
composition are found in literature using sandstone sediments (Dong et al., 2014; Li et al.,
2014). More exhaustive (over 30) EDS analydemve been conducted to determine the
composition of the gel phaseanly for two samplesthe Al,O4/SiO, and CaO/SiQ ratios

have beemlotted inFigure 5.8 The composition ranges which, according to the literature
(GarciaLodeiro et al2011; Rardalet d., 2009) characterizthe main types of gels, (6H,
C-(A)-S- H, C-A-S-H, N-A-S-H and (N,C)A-S-H), are also marked on the figurgs the
graph inFigure 5.& shows, LOD0-sPS8M_1D sample exhibits a number of compositional
clusters. While most of theopits are positioned in the-N-S-H and NC-A-S-H gel ranges, a
certain (much smaller) number of points are located in e &H gel zone. The situation is
different when more sPS is added to LO2K, as reported for LOB0-sPS8M_1D sample
(Figure 5.8b). Here, the points are clustered primarily in the ranges characteristic of high
aluminum (N,C)AS-H and CA-S-H gels. A smaller cluster, have been also observed to lie
within the G(A)-S-H gel (hydration product) rang&he findings confirmed that in thigpe

of multi-component systems the main reaction product was a mix of gé&fg-&H (due to

the presence dfa fromsPS_80pand CA-S-H as well as (N,GA-S-H (from the activation

of alkaline aluminosilicates). The precipitates were not pure gels,rdibher products
containing other podadissolution ionic species. For example in th8-H-like gel, much of

the original sodium was replaced by calcium as result of-kmellvn ionic exchange
mechanisms (Garcid.odeiro at al., 2010Garcia Lodeiro et al, 2011)The resulting product

is an intermediate @-S-H gel. Furthermore, the eexistence of €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 dt,2008).
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2’A1 AND 2°Si MAS NMR

In order to evaluatthe structure at sherdange length scale of the various gels formed for the
alkali-activated bindex MAS-NMR spectroscopy was used for examining the local

environment of°Si and?’Al(see Figures 5.9, 5.10).
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FIGURE 5.9. Al and *°Si MAS-NMR spectra of: LO2L00-8M_1D; L0290-sPS_8M_1D; L0B0-sPS
8M_1D and LO2MK..
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The /Al MAS-NMR spectra (Figuré.9 a), for the LO2VIK before activationreveals the
presence of Al in tetrahedrali & 70i 50 ppm), at little fivefold § = 30140 ppm) and
octahedral f = -20-Oppm) coordination. This signal reflects the amorphous nature of the
starting metakaolin in which tetrahedrally coordinated Al species the dominating
components; whereas the fractions of the other different coordination states are lower
(Engelhardt & Michel 1987Rocha& Klinowski 1990;Buchwald& Kaps 2007). The relative
intensity of octahedral aluminum can be associated to the pees#nél,O; from the
dehydroxilation of alunite (Nielsen et al., 2007).
The AI(4Si) sites in alkali activated pastes exhi3&l chemical shifts in the range %5
ppm. This range suggests thatO, tetrahedraare presentral likely surrounded by three or
four silicon atomsThe symmetry of this signal and the fact that it is narrower than in the
resonances of the starting materials, suggests its possible afissoavith tetrahedral
aluminum AIl(IV) . This resonance at 58.8 ppm, probably due tovamlay of tetrahedral Al
within the framework of the zeotypes, with octahedrigpesent in the MA-S-H, (N,C}A-S
H and GCA-S-H type cementing gels described in the literature (Engelhardt & Michel, 1987,
GarcialLodeiro et al., 2015)Furthermore, penteoordinated aluminum is not detected in any
of the alkaltactivated 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 sigl of Al (VI) is observed. In LOMK-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 XIPD. However in the sample with calcium from sPS (samplesNB290-
sPs8M-1D andL02-MK-50-sPs8M-1D), the signahaslow intensty and appears near to
10.6 ppm associated to the formation of AFm phasesRlisdde.
The **Si MAS NMR spectra of LOMK shows a broad and poorly defined signal, reflecting
the structural disorder and hetgemeous distribution of the silicon atoms in the
dehydroxylated clay. The sharp peak-807 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 alkalctivated 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 procHss.presence of calcium in the
mixtures gives rise tghargr signals, which shift towards less negative valdis,suggests
the formation of less polymerized gels-INS-H, (N,C}A-S-H and CA-S-H), (Garcia
Lodeiro et al., 2015)Although, the partly overlapping signals reveal the existenca of
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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 zeolitesdrmed during alkali activation.

In order to facitate the interpretation frorf’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 sig@@l@im that in

the sample LOZ00-8M_1D can be associated witH(@Al) units from the NA-S-H getlike
structures and/or zatds, in the LO2D0-sPS_8M_1D, and in thed2-50-sPS-8M_1D samples

may also be due to the presence &t3@l) units. In original sample, seven signals are
detected. LOVIK can be interpreted in teswf resonances associated to highly (@AI))

units which can be assigned td' @Al) structural unis of the quartz deriving from the
original precursor (Engelhardt, & Michel, 1987; MacKenzie, & Smith, 2002), to the sanidine
(Anbalagan et al., 2009).and to metakaolinite (Garodeiro et al., 2015). In the sample
L02-100-8M_1D eight signals are detectesbme ofwhich are new signal that appear at
approximately1 89.0, 193, 196, 199 andi 103 ppm ¢ee Figure 5.10 and Tables 5.4).
According to earlief°Si NMR studies of aluminosilicate frameworg@ngelhardt, & Michel,

1987; MacKenzie, & Smith, 2002jhesecan be assigned to*@Al), Q*3Al), Q*(2Al),

Q*(1Al) and G(0AI) respectivelyfrom the formation of NA-S-H. Signal at-86.6 ppm can be
associated to unit Q4(4Al) irsodalitetype zeolites structuresObviously, the relative
intensities assigned to each Q4 (mAl) structural unit in the reaction products are notyprecisel
accurate since unreacted materials also contributes to these values.

In the sample LOB0-sPS8M_1D a different shape in the spectrum profile is observed, and

an intense peak a89.1 ppm could be attributed td' @nAl) typical of N-A-S-H gel. Peaks at

-85.9 and-97.0 ppm could be related t@Al) for C-A-S-H gel but also &mAl) units in
N-A-S-H gel. According toliterature, sodalite ha a chemical shift of approximatetg5 ppm

and cancrinite t0-87.3 ppm, due to different Si/Al ratio. The contribution of theses zeolitic
phase to the signal a85 and-89 could be also considereSodalite type phasehave not

been obserng by XRPD in this sample however the presea of small amouts (below

XRPD detection limit)of this zeolitecannot be excluded, as in zeoliymthesis it has already

been observed tha&OD-type zeolite transform into CAlYy/pe ong[Reyes et al., 2013).
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FIGURE5.10. >’Al and *Si MAS NMR spectra deconvolution of LEP00-8M_1D; L0290-sPS
8M_1D; L0250-sPS8M_1D and LO2MK. Blue line= simulated spectrum using a number of
Gaussiarsignal.

In the sample L0OB0-sPS8M_1D resonances from*@nAl) and F(mAl) silicate sites may

overlap thereforethe correct assignmentdifficult, (see tentative assignment Tiable 5.3).
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In any caselte silicon concentration in the framewagk not sufficiently high to observe
resolved resonances fe#9 and-97 ppm J(1Al) and @ (2Al). Theintense signal at88.1
canbe associated to the formation lafger amount ofC-A-S-H gel but mordikely to the

presence of cancrinite.
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TABLE 5.3. 2°Si NMR Chemical shift {i) values (ppm) oA’Si spectra shifts to Q@nAl) environments.

L, Qe Q' (4A)) Q' (BA) Q(A) O (1A) Q'(0A) Q' (0Al Q"
Q.Q QBA) Q(2A) Q'(1A) Q*(0Al)
Q* (0AI)
LO2-MK position (ppm) - -87.8(3) i 92.0(3) -945(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
L02-1008M_1D __ position (ppm) - 86.6(1) -89.8 - 937(1) -965(1) -99.7(1) -102.4(2) -107.4(0) -108.7(5)
Area (%) 28.94 7.46 10.43 15.89 1027  18.05 6.90 2.06
L02-90sPS8M_1D position (ppm)  -80.5(1) -85.96(3) -89.1(3) 936(2) -97.1(3) 100.7(1) -108.9  -107.6(2)
Area (%) <1% 1222 2536 17.64 <1% 19.68  20.68 4.64
L02-50sPS8M_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%

aSignal associated with quariz ( -£07to -108 ppm) and fully polymerized amorphous silica (Engelhardt & Michel, 1987; McKenzie & Smith, 2002)
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LEACHING TEST

Data from leaching tes$tereafter discussed are reportedable3.4, 83.2.2. The results have
shown that the quantity of sulfate anion (expressed in wt%) measured in solution, for the
sample without sSPS_800, 32%wt meaning thall SO, present in the initial mixture react

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 10wt % of sPS_800, the sulfate retention is of 54 wt% evhdiding 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 cas®®f L02
sPS8M_1D in which CANtype zeolites have bedound (as confirmed also by XRPD).
However, as shown by SEMDS 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 LBB0-sPS_8M samplethe retention of sulfate is higher and in this
case together with CAMNype zeolites, calcium suHaluminate hydrates compound are
detected. Theseompounds could be the vehicles able to reducing sensibly the sulfate
leaching due to the reaction ben SG* and CaO in this system. However, it cannot be

excluded also that the sulfateregainedby the amorphous gel.

FT-IR

Figure 5.11shows the spectra from LK binder and LO2sPS mixed binders, before
(dashed curves) and after water leach{imgd curves). Focomparisonspectra of anhydrous
LO2-MK and sPS_800 in FATR are reported in the insertion. Features common to all
spectra are the hump at 1640 %nascribable to HO-H bending vibration and the bands
relater to crystalline phases @sartz 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 108fn*, 796 779 cm™ (double band), 69¢m™* and 460 cnt. Also
feldgpars show a broad bands in the region between @®dtand 1100 cni*, and to lower
frequencies at 72@m™, 638cm’™*, 580cm’*, 540 cm' (Harris et al., 1989; Criado et al., 2010;

Xu et al., 203). All these phases are formed by tetrahedfabi and Al with different

structural arrangements, causing an overlapping of the different vibration modes.
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FT-ATR
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FIGURES.11 FT-IR spectra of LOZL00-8M, L02-90-sPS8M_1D and L0250-sPS8M_1D; dotted lines
represent spectra before leaching tests, lrtdg represent the spectra after leaching test
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All samples show the main peak centered at 1T0@ cn' that is normally related to the

asymmetric stretch of the-8&-T bonds, where T is Al or Si in tetrahedral coordination.

The shift ofthese peakérom higher wavenumber in the LOZK (at 1037 cn) to lower

wave number in the AAMs (1000 ¢thhas been established as the evidence dfigmeof the

aluminosilicate phase and indicates the formation of the aluminosilicate amorphous gel (Lee

&van Deveter, 2003; Ferndndeliménez: Palomo, 2005).

All samples show another evident peak in the in the range between 1079 and 189thammn

is attributed to the aluminosilicate phase as quartz and feldspars. Regarding the sulfate

vibration modes, the fundantahdiagnostic absorption band positions related to thé &@

theoretically at 1030 cthand 11761086 cni for the symmetric and asymmetric stretching

modes respectively, while the most important deformation related to symmetric and

asymmetric bendingibration are at 476m™* and 632605 cm' respectively (Ross, 1974). In

the L02100-8M_1D spectrum, thenardite is revealed by one peak at 613randisappears

after water leaching and another peak at 1103 oshated to vibration modes of theCs

bonds, which is shifted towards slightly lower frequencies (at 1078) after leaching, and

finally, a shoulder at 1189 ¢ The latter, may be attributed to sodium sulfate polymorphs

(e.g. mirabilite), and it disappears after leaching, indicating theoldigson of this phase in

water (Farmer, 1974; Ross, 1974; Navarro et al., 2000; Lane 2007; Criado et alP2@ks).

from gibbsite (detected also by XRPB)e not visible as they ane the range of 1022020

cm? (Kloprogge et al., 2002; Balan et al.00B) therefore within te main SiO-T

wavenumber regian

The spectrum of LOB0-sPS8M_1D shows two main peaks at 160802 cm' and 1080

cm?, representative of the amorphous aluminosilicate gel structure and the aluminosilicate

phase present from rawaterials. 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 crhis related taSO,* asymmetric stretching vibration, which is evident also

after water leaching This band haslower amplitude after leachinghowever its presence

suggestghat sulfate is still inside the samplalthough no new crystallinghasehas been

detected by XRPD. Different is the situation when more sPS_800 is added tMKI_as

shown by L0250-sPS8M_1D sample. The bands between 1860" and 1160 cii became

sharper with respect to those showed for the sample9R@PS8M_1D and three main

bands are revealed at 108, 1090cm* and 1160 cil. The presence of thensll band at

1043 cm'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 1685atifted to

lower frequencies, at 1089 cnafter water leachingnladdition, here, the hump at 1160tm
attributed to SGF asymmetric stretching vibration remains unchanged, confirming that most
of the sulfate present form alunite is still in the matrix of the sample.

Only for L0250-sPS8M_1D, two peaks at 628m* and 655 crit have been detecteahd

they can be attribatl to cancrinite like minerals.

Generally, the IR spectra of these samples confirmed the formation of alkaline allinateos

gel, as the main-D stretching band is shifted toward lower frequenaigh respect to the

same peak in metakaoliwhen LO2MK is activated in absence of sSPS_800, the band related

to the S@” vibration are mainly attributed to soluble sodium sulfate phases, which disappear
after washing this sample. The huagsociated to @, vibration in the sample with 10 wt%

of sSPS_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 addéalthe mix, the TO region became sharper and the hump related

to SQ? vibration does not change after water leaching, meaning that the soluhitignzge

of sulfate is reduced.
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5.2 Study of the effect of the molarity of NaOH activator

In this section mixdres of LO2MK and sPS800 (8020 wt%) have been activated by using
NaOH solution at 4M, 6M, and 8M. Pastes have been daredOh at 85°C at 99% R.H.

conditions.
Mechanical strength

The mean values of three tests for flexural strength and six testsmmressive strength are
reported inTable 5.1and plotted inFigure 5.12 As shown from thegraph the results
highlight a positive trend related to the increase of molarity of the activating solution. Sample
activated with 4M NaOH solution shows the loweslue of compressive and flexural
strength with 4.5 (2) and 1.5 (2) MPa respectively.
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FIGURE 5.12. Compressive strength (filled bars) and flexural strength (line bars) of th8&8RS
binders, activated with 8M, 6M and 4M NaOH sabat, after curing at 85°C and 20 hours

L02-80-sPS6M_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 twes higher. Finally, the sample activated with 8M
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NaOH solution, shows average value of compressive and flexural strength ¢@L8Pa
and 3.0(5) MPa respectively.

As reported in literature, generally the optimal alkalinity of the NaOH solutiomé&akaolin
and fly ash system is estimated at 8DMuxson et al., 2005b, Fernandéiménez& Palomo,
2005). In lower calcium system, lowaitkalinity of the activating solution may adversely
affects the mechanical properties of the cements obtaipechus the ionic strength
generated in the bindactivating solution system is not high enough to satisfactorily
hydrolyze the silicon and aluminum present in the starting materials fadtisould lead to

an increase of the unreacted materials and indibedreaction degree of the reaction of
metakaolin with NaOH solutiomcreasesvith the alkaliconcentration.

XRPD

Phases analysof these AAMs is reported Figure 5.13 Quartz and feldspars, deriving from
the original raw materials, are present insalinples. All patterns display a halo ard#0*
35A 2d which is indicative of the occurrenc
patterns, this halo appears slightly less pronounced ir8D&EPS4M_1D sample, meaning
that the amount of amorphous phase formed could be lower with respleetainer samples.
The main crystalline product at 4M sample is ettringitesACASOy)3(OH)2-26H,O, PDF:
041-1451), which is stable at these alkaline concentrantierieportedoy Li et al.(1996).
Reflections related to calciusilicatehydrate compouwh (PDF: 0431488) have also been
identified.

The XRPD pattern of LOB0-sPS6M_1D sampleshowssimilarly to the other samples an
halo relatedo the amorphous phadg;phase (sodium calcium sutlduminate phase, PDF:
044-0272)has beendentifiedtogethe with CAN-type zeolites, in particular a sate-bearing
cancrinite, named vishevite (PDF: 04333) Some reflections at 21° and 281 &e related

to a sulfate of calcium and sodium, named wattevillite (PDF-XBED) Finally, at 8M
NaOH, the L02-80-sPS-8M_1D sample reveals peakeghich areindicative of CAN type
zeolite (PDF: 043.333), as only crystalline product in this samg@lecording to literature,
U-Phase is stable at 6M cement basedystem composed by high aluminate cement or in
presence of ilgh proportion of NaSO, (Li et al., 199¢. As well as ettringite, also Phase
crystals could havean opposite influence on mechanical strength depending on if they are

formed during the plastic state of binder or after concrete has set (Katsioti 2004),
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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 compavatiethe same process, which
occurs inOPC cementitious systems (e.g. Gougar et al., 1986)eover, in literature many
examplege.g.,Shi, 199; Kovalchuk et al., 2007; Najafi & Allahverdi, 200€riado et al.,

2010) of alkali activation of fly ash as well asetakaolinat higher molarity confirm the

occurrence ofeolitesas secondary reactigmoducts
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FIGURE 5.13. XRPD patterns of the AAMs prepared mixing LOK and sPS_800 (8R0 wt% proportion) activated with NaOH solutiotM, 6M or 8M)
and cured at 85°C for 20 hours. On the bottom for comparison, XRPD pattern 62th&PIS mix after thermal treatment (red line). Black sticks represent the
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E = CaAl»(SOy)3(0OH),2-26H,0); CSH =calcium silicate hydrataV/ = wattevilleite;Q = quartz;Mu = muscovite, Ab = albite; k& lime.
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SEM-EDS

Figure 5.14shows shows a micrographs of L8@-sPS4M_1D sample. At 600k is possible

to observea heterogenous matrix composed mabyyneedleike morphology crystals.

FIGURE 5.14. SE-Micrograph and EDS analyses of 8@sPS_8M_1D sample.

Thesehave beerrecognized as ettringite crystals (as revealed also by XRPD analysis) and
they are spread overall the surfadehe sample. The shape and the position of these crystals
suggest that ettringite igniformly dispersed throughout cement paste at a submicroscopic
level (less than a micrometer in cresection) likely, as products precipitated from the
solution at theend of the reaction procesEBhe formation of ettringite in the fresh, plastic
concrete is the mechanism that controls stiffeniitgces of feldspars and quartz are evident

as well as some angular and sub angular fragment of uedepatticles (Figure.b4a). EDS
analyses ofwo points of this sample show that the crystals have a composition which could
be attributed to ettringiteonfermed by the absence sidium oxide. The other point of the
sample which seem to be amorphous, shows a different cHeroitgosition whit higher
value of NaO and SiQ, as reported in the graphs belaWwe micrograph.At higher
magnification, (4.0Kx) (Figure 5.14b), the matrix is composed by granular particles, which
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