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RESUMO

Aglomerantes ativados alcalinamente (AAA) séo obtidos da combinacéo de um precursor
solido (geralmente um aluminosilicato) e uma solucéo alcalina de alta concentracao. As
vantagens de utilizar este novo tipo de aglomerante comparado ao cimento Portland, um
aglomerante convencional, sdo as menores emissdes de CO2, menor consumo de energia e
a possibilidade de utilizar matérias prima renovaveis e/ou residuos. Neste sentido, este
trabalho apresenta um novo residuo da industria da cada de acucar: a folha de cana de
acucar. A folha apresenta um poder calorifico interessante; portanto, ela pode ser utilizada
como biomassa para produzir energia através um processo de queima. Depois deste
procedimento, é gerado um novo residuo: a cinza de folha de cana de agucar (CF). Esta
cinza ndo apresenta uma destinacdo correta, entdo este trabalho tem como intenc¢éo utilizar
esta cinza como material prima em AAA. A CF foi avaliada de duas formas: como
precursor solido e como matéria prima para produzir a solucdo alcalina. No primeiro
modo, a CF foi utilizada em sistemas combinados com a escéria de alto forno (EAF)
ativado com ambas solucdes de NaOH e NaOHy/silicato de sodio. No segundo modo, a CF
foi utilizada como fonte de silica para produzir a solucdo alcalina com 0 NaOH em AAA
baseados em EAF. Os sistemas foram estudados atraves da resisténcia a compressdo de
argamassas e pelo estudo da microestrutura de pastas. Ensaios realizados para avaliar a
microestrutura foram a difracdo de raios-X (DRX), espectroscopia de infravermelho por
transformada de Fourier (EITF), analise termogravimétrica (ATG), microscopia eletrénica
de varredura (MEV) e porosimetria por intrusdo de mercurio (PIM). Resultados dos
ensaios mostraram que a CF melhorou as propriedades mecéanicas dos AAA baseados em
EAF nos dois modos, como precursor solido e como fonte de silicio para a solucéo
ativadora. Estes resultados permitem concluir que a CF pode ser utilizada em AAA, dando
uma destinacdo ao residuo.

Palavras chave: Material alternativo. Material sustentavel. Resisténcia a compressao.
Estudos microestruturais.
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ABSTRACT

Alkali-activated binders (AAB) are obtained from a combination of a solid precursor
(generally an aluminosilicate) and a high concentrated alkaline solution. The advantages of
using this new type of binder compared to the Portland cement, a conventional binder, are
the less CO2 emissions, lower energy consumption and the possibility of using renewable
and/or residues as raw materials. In this way, this work presents a new residue from the sugar
cane industry: the sugar cane straw. The straw presents an interesting calorific value;
therefore, it can be utilised as biomass to produce energy by a burning process. After this
procedure, it is generated another waste: the sugar cane straw ash (SCSA). This ash does not
have an appropriate destination, then this work intends to utilise this ash as raw material in
AAB. SCSA was evaluated in both ways: as solid precursor and as raw material to produce
the alkaline solution. In the first way, SCSA was utilised in combined systems with blast
furnace slag BFS activated with both NaOH and NaOH/sodium silicate solutions. In the
second one, the SCSA was utilised as silica source to produce the alkaline solution with
NaOH in BFS-based systems. These systems were assessed by the compressive strength of
mortars and by microstructural studies on pastes. Tests carried out to assesses their
microstructure were X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), field emission scanning electron microscopy
(FESEM), and mercury intrusion porosimetry (MIP). Results of the tests showed that the
SCSA improved the mechanical properties of BFS-based AAB in both methods, as solid
precursor and as silica source to produce the activating solution. These results allow to
conclude that the SCSA can be utilised in AAB, giving it a suitable destination.

Keywords: Alternative material. Sustainable material. Compressive strength.
Microstructural studies.
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1 INTRODUCTION

Alkali-activated binders (AAB) are the new trend in the research of building
construction materials. This type of material is obtained when a silico-aluminous material
(also known as solid precursor) is combined with a high concentrated alkaline solution
(activating solutuin) in appropriate proportions. The studies on this type of binder started in
the last century with the purpose to reduce the Portland cement consumption. Authors
highlighted some advantages of alkali-activated binders’ mixtures when compared to the
Portland cement: similar or higher compressive strength, improved durability and, mainly,
less CO2 emissions and energy consumption. However, these new kinds of binders present
the desavantages of handling difficult due the high alkalinity, and the several proportions
and factors to analyse that influence the mechanical properties of the material (for example,
the solid precursor and alkaline solution compositions).

Recent studies focused on the obtainment of new materials source (solid precursors
and alkaline solution) for alkali-activated binders’ production. The usual materials used as
solids precursors are the blast-furnace slag, fly ash and metakaolin. About the alkaline
sources in the preparation of the activating solution, hydroxides and silicates are the most
common activators. New materials that are being researched in the preparation of alkali-
activated binders are, in majority, residues from industry, agro-industry and building
construction. This thesis presents a new agro-industry residue from sugar cane production in
order to obtain an alkali-activated binder: the sugar cane straw ash (SCSA).

The issue of sugar cane starts in the increase of its production in the last years in
Brazil due the production of alcohol and sugar: in only ten years (from 2004/2005 to
2014/2015), the increase was 64%. The state of Sao Paulo, where this research takes place,
is the major sugar cane production in Brazil, which represents over than 50% of total
production. Another important issue of the sugar cane is the harvesting process. Some years
ago, the sugar cane harvesting used to be performed by a burning process in the cultivation
area. However, an Agro-environmental protocol was signed to put an end on this burning
procedure, making that the mechanized harvesting gains in importance on this scenario. In
this type of harvesting, is generated a by-product that is composed by the dried and green

leaves, which are mostly left on the cultivation field: the sugar cane straw. Due its interesting
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calorific value, which is compared to the sugar cane bagasse, authors are studying new
methods to collect and generate energy from this by-product. After this process to obtain
energy from the straw, an ash is obtained: the sugar cane straw ash (SCSA). This residue
does not present a suitable valorisation, and similar to other ashes from agro-industry (rice
husk ash and sugar cane bagasse ash), it can be utilised in the building construction in alkali-
activated binders.

2.1 OBJECTIVES

The main objective of this study was to assess the sugar cane straw ash (SCSA)
behaviour in alkali-activated binders.

The specific objectives were:

I) Assess the SCSA reactivty in mixtures of the ash with calcium hydroxide;

I Evaluate the SCSA as solid precursor in alkali-activated binders based on blast-
furnace slag and;

I11) Analyse the SCSA potential as silica source to produce the activating solution.
2.2 THESIS STRUCTURE

The SCSA was obtained from an auto-combustion process of the straw, and it was
characterized chemically and physically. After, SCSA reactivity was evaluated in calcium
hydroxide (CH) pastes by several experimental techniques. Confirmed SCSA good
reactivity in these studies, the ash was assessed as solid precursor in binary systems of alkali-
activated binders with blast furnace slag (BFS). In the last part of the study, the alkaline
solution was prepared by NaOH combined with the SCSA as silicon source in order to
replace the use of silicates. The solid precursor utilised in this last work was also the blast
furnace slag. Figure 1.1 shows the steps of thesis.

The thesis was divided in 10 chapters, including the Introduction. The Chapter 2 is
a State of the Art about alkali-activated binders and sugar cane straw ash. Chapter 3 shows
reactivity studies on SCSA in mixtures with calcium hydroxide. Chapter 4 presents the first
applications of SCSA in alkali-activated binders. In the Chapters 5, 6 and 7 it is presented
studies of SCSA as solid precursor in alkali-activated binders based on BFS. Chapter 8
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shows the SCSA as silica source to produce the alkaline solution in BFS-based AAB.

Finally, Chapter 9 and 10 presents the general conclusions and proposal for future works.

Figure 1.1 — Experimental program of the present doctoral thesis

SCSA Production

Reactivity
assessment in
CH/SCSA pastes

SCSA as solid

recursor in
combined systems

SCSA as silicon
source m alkaline
solution
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2 STATE OF THE ART

This chapter introduces concepts of alkali-activated binders, empathising
definitions, history, comparisons to Portland cement, reaction products, solids precursors,
alkaline activator solution and durability. Afterwards, a general view of the background and
importance on the SCSA as a construction material is presented, completing this chapter of

literature review.

2.1 ALKALI-ACTIVATED BINDERS

2.1.1 Definition

Alkali-activated binders are obtained when an alkaline solution is combined with
an amorphous silico-aluminous source (solid precursor), resulting in a material with
cementing properties (PACHECO-TORGAL et al., 2015). These types of binders have
several denominations as, for example, inorganic polymers, alkali-activated cements, and it
is also widely called by “geopolymers”. However, Provis (2014) differs the meaning of
alkali-activated binders from geopolymers in the following points. Alkali-activated binders,
according to the author, is a combination of a silicate fine solid and an activating alkali metal
(in the solid or dissolved forms). That fine solid can be a calcium silicate (as blast furnace
slag), or an aluminosilicate (as fly ash and metakaolin). The alkali metal can be obtained
from alkali hydroxides, carbonates, silicates, sulphates, aluminates and others sources that
can increase the pH and dissolve quicker the fine solid. The author excludes, in his definition,
the lime-pozzolan systems and cases that water without the alkaline activator is utilised to
make the reaction possible. In the other hand, geopolymer is obtained from the combination
of exclusively aluminosilicates (low Ca content) with hydroxides/silicates as alkaline
activating solution. From this point of view, any geopolymer can be an alkali-activated
binder, but not vice versa. Figure 2.1 illustrate that distinction clearly and compared to others
type of binders. In this thesis, the term alkali-activated binders will be adopted to describe

that type of construction material.
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Figure 2.1 — Scheme of types of binders related to the Ca, Al and M* content,
emphasizing the classification of alkali-activated binders and geopolymers (PROVIS,
2014)

2.1.2 History

Before to present studies related to alkali-activated binders, this topic shows some
important steps of history from alkali-activated binders. The first record of these materials
was in 1908 by a patent of Kuhl called “Slag cement and process of making the same”. The
researcher combined slag with alkalis sulphate/carbonate, and described its performance as
“fully equal to the best Portland cements”. Purdon, in 1940, published a study of slag
activated by sodium hydroxide. These studies compared the new binder to the Portland
cement mixtures, obtaining similar compressive strength, lower solubility and heat
evolution. In the 1950s, Glukhovsky, in Eastern Europe, studied the binders used in the
ancient Egypt and Rome. These binders were produced by aluminosilicates with low calcium
content, which were denominated as “soil cements” by the author. The next important point
was in the 1970s, where the French Joseph Davidovits created the name “geopolymer”, and
has patented several formulations of aluminosilicates. In the 80s and 90s, several works
about alkali-activated binders took place in the most important scientific journals in the
world. However, only after the 2000s, the number of these publications increased drastically
(Figure 2.2). The most discussed topics in these recent studies are related to the
microstructural properties and characterization, new raw materials and alkaline activators,
durability, environmental and others issues (BERNAL et al.,, 2013; PROVIS, 2014;
PACHECO-TORGAL et al., 2015).
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Figure 2.2 — Development in the accumulated publications number in Scopus/Elsevier

database of the words ““alkali-activated binders” (dotted line) and “geopolymer” (solid

line) presented in title, abstract or keywords (PACHECO-TORGAL et al., 2015)
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2.1.3 Comparisons to the Portland cement

It is known that Portland cement is the most traditional binder utilized nowadays in
building construction, and the main purpose to study the alkali-activated binders is to replace
it for several reasons. The main advantages of these new binders compared to that
conventional binder are: similar or higher strength; resistance to fire and low thermal
conductivity; resistance to acid and chemical attack; lower degradation by alkali-silica
reaction; good volumetric stability after hardening; adhesion to cement, ceramic, glass and
metallic substrates; lower permeability and cost; among others advantages (PROVIS; van
DEVENTER, 2014). However, the most important note in the literature is the environmental
advantages of alkali-activated binders compared to the Portland cement (DUXSON et al.,
2007).

In the Portland cement production, it is emitted 0.66-0.82 ton of CO in atmosphere
per 1 ton of binder manufactured. This number put this binder production responsible of 5-
8% of CO2 emissions in the world. Another problem is the use of 2.8-ton non-renewable raw
materials (limestone and clay) per 1 ton of Portland cement obtained (GUO et al., 2010).
They are heated over than 1400 °C within a rotating kiln, which requires a high-energy
consumption to obtain the final product (van DEVENTER et al., 2012; TURNER,;
COLLINS, 2013). All this information motivated the research of new possibilities do reduce
the Portland cement consumption, being one of them the alkali-activated binders. Some of

these new materials can release only 0.184 ton of CO, per ton of binder produced,
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representing a reduction in 50-70% when compared to Portland cement (DAVIDOVITS,
2002; McLELLAN et al., 2011). About the energy consumption, that type of binder can
reduce it in 70% (DAVIDOVITS, 2001). In general, the materials used in alkali-activated
binders were residues as, for example, fly ash (FA) and fluid catalyst cracking (FCC), which
means that the use of these type of binders are environmental friendly for two reasons: the

no use of non-renewable raw materials and valorisation of wastes.
2.1.4 Alkali-activated binders reaction products

The results of the combination between the solid precursor and the alkaline solution
are, primary, a gel (amorphous phase) and, secondary, the zeolites (crystalline phase).
Authors divides the studies on reaction products formed in the alkali-activated reaction by
the calcium content of the solid precursor in three groups: low (metakolin and fly ash class
F), medium (fly ash class C and some combination of binders) and high (blast-furnace slag).
The solid precursors with high and low Ca content are that present more information about
the reaction products (PROVIS, 2014; PACHECO-TORGAL et al., 2015), whereas the

medium presents fewer studies in understating their reaction products.
I) High Ca-content

This group of reaction products, also known as (Na,K)20-Ca0O-Al;03-SiOz-H20
system, is usually obtained from a binder richer of calcium and silicon (SiO2 + CaO > 70%).
The information of this sub-topic is based on the alkali-activated binders obtained by the
activation of the blast-furnace slag, which is the main solid precursor researched in this
group. The main reaction product of activating BFS is the C-A-S-H (calcium silicate
hydrate) gel, which is similar to the gel obtained from the Portland cement reaction
(GARCIA-LODEIRO et al., 2015). Secondary products are also obtained in the reaction:
AFm (as stranglingite), hydrocalcite (due the presence of MgO on the BFS) and zeolites
(BERNAL et al., 2014; GARCIA-LODEIRO et al., 2015).

The development of the BFS-based AAB structure is divided in four steps
(BERNAL et al., 2014):

- Dissolution of glassy part from the solid precursor;
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- Nucleation and growth from the first solid phases;

- Interactions and mechanical binding at the boundaries of the products formed,;

- The reactions continue by the chemical equilibrium and diffusion of reactive
species through the reaction products formed in older curing time.

The model proposed by these steps is presented in Figure 2.3a. In this model, the
alkaline cation, represented as R*, works as a catalyser in the beginning of the reaction, and
are replaced by Ca* in a cationic exchange in the sequence of the reaction. However, the
alkaline cation returns to participate of the gel structure with the advance of the reaction. Of
course, the anions (SiO+* and AlO+™>) also presents an important function, especially in the
early ages, as showed in the Figure 2.3b (GARCIA-LODEIRO et al., 2015). The presence
of highly condensed anions favours the increase of compressive strength (FERNANDEZ-
JIMENEZ; PUERTAS, 2003).

Figure 2.3 — Proposed model to formation of BFS-based alkali-activated binders: a) role
from the alkalis in the reaction (being R* the alkaline cation), and b) gel formation
(GARCIA-LODEIRO et al., 2015)

a) b) Alkaline solution C-5-H formation Outer C=5—H

[Si*4

=Si-O + R* ==Si-O-R )
=Si-O-R + OH = =Si-O-R-OH"
=Si-O-R-OH™ + Ca”" ==5i-0-Ca-OH + R"

Inner C-S-H

Aluminium has an important role in the alkali-activated binders. The aluminium
tetrahedra replaces silicon tetrahedra and permits longer linear chains and inter-chain of Si-
O-Al, making that C-S-H gels become two-dimensional C-A-S-H gels. These formed gels
are directly influenced by the alkaline activator used in the mixture. The role of alkalis (as
Na, K...) is to neutralise the charge balance of the Si replacement by Al (GARCIA-
LODEIRO et al., 2015). The activators that are being largely utilised to study the gel
formation are the sodium hydroxide and silicate. In general, the presence of silicates, when
compared to only hydroxide, make the Ca/Si relation lower (BERNAL et al., 2014) and a
higher presence of aluminium in the gel (GARCIA-LODEIRO et al., 2015). The presence of
sodium turns the C-A-S-H gel into a (N,C)-A-S-H gel (PROVIS et al., 2015; GARCIA-
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LODEIRO etal., 2015). Some authors are trying to describe how the sodium is incorporated
to the gel structure by crosslinking, non-crosslinking or replacing of cations (Ca?* by Na*),
and it is not a fully resolved issue (BERNAL et al., 2014; GARCIA-LODEIRO et al., 2015;
PROVIS et al., 2015). The understating on AAB-based on solid precursors of high Ca-
content increase in the last years by publication of several studies, however, some gel
formation issues and the lack of study on other sources of solid precursor should be more

studied to real understand the behaviour of this group of reaction products.
I1) Low Ca-content

The reaction products studied in this group, also named as (Na,K)20-Al203-SiO»-
H>O system, are obtained from binders composed basically from silicon and aluminium. In
this group, the most used solid precursors are fly ash and metakaolin, and the studies on their
reaction products will be focused in this topic. The main reaction product from alkaline
activation of these binders is the Me-A-S-H (alkaline aluminosilicate hydrate, where Me can
be Na, K...) gel. This gel is a three-dimensional inorganic alkaline polymer aluminosilicate,
with highly disordered and crosslinked structure (Figure 2.4). The silicon and aluminium are
found in the tetrahedral coordination (SiO4* and AlO4>, respectively), where the alkaline
cation balances the extra negative charge from the aluminium tetrahedra replacing the silicon
tetrahedra. The secondary products are the zeolites, as faujasite, hydroxysodalite, zeolite P,
zeolite Y, and others. These formed products depend on the alkaline activator and curing
conditions (PROVIS et al., 2014; GARCIA-LODEIRO et al., 2015).

Figure 2.4 — A general view from the N-A-S-H gels produced in the alkaline activation
of binders with low Ca-content (GARCIA-LODEIRO et al., 2015)
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The reaction mechanism of these AAB products from fly ash and metakaolin
activation is presented by three steps: destruction-coagulation, coagulation-condensation
and condensation-crystallisation (GARCIA-LODEIRO et al., 2015).

- Destruction-coagulation: In the beginning, OH" ions from the alkaline activator
break the bonds siloxane (Si-O-Si). These breaks are possible due the weakening of siloxane
by the redistribution of the electronic density from the ions. Then, it is produced silanol (-
Si-OH) and sialate (-Si-O") groups. The cation from the alkaline activator (Na*, K*...)
neutralises the negative charge from de sialates, yielding -Si-O-Na". In this form, the
reversion to siloxane is hindered. This information is summarized in Figure 2.5a. The Si-O-
Al bonds are also affected by the OH" ions. The aluminium species is dissolved and form

complex species, mainly aluminium tetrahedra (Al(OH)4) (Figure 2.5b).

Figure 2.5 — Reaction mechanism from the first step named destruction-coagulation: a)
dissolution of Si-O-Si bonds, and b) dissolution of Si-O-Al bonds (GARCIA-LODEIRO
etal., 2015)

Na+

a) =$i-0-Si= +OH > =8i-0-Si= — =Si-OH + 0-Si= —--l
T '

S~/ OH /
e =5i—0-Si= =<-=5i—-0—Na*

b)
=Al-0-Si=+OH" > =A+0-Si= > =AIL.OH+0-Si=  H
. -__/! - | A L |
— OH . \.OH" Al
N, HO*" | “~OH

0]
H

- Coagulation-condensation: In this step, with the accumulation of ionic species
produced in the last step, is favoured the contact between them and polycondensation starts,
generating coagulated structures. Silica monomers inter-react and form dimers, trimers, etc.
and forming polymers. The aluminium behaves in the same way, where the aluminium
tetrahedra replaces the silicon tetrahedra in the structure. The alkaline metal works as a
structural component in this step, differently from the first one when worked as catalyst.

This information is represented in the Figure 2.6.
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Figure 2.6 — Reaction mechanism from the second step named coagulation-condensation

(GARCIA-LODEIRO et al., 2015)
H
P
// HO*” ’:?;NOH
| H
(HO);$i-0™ + $i-OH — [(HO);$i-0 ... $i-OH] — [[;Hohsmigl%cm]— —
(OH ), (OH )3 (OH);

[(HO),Si-0-Si~(OH); + OH] = [(HO);Si-O~Si ... OH” «+—
(OH )3

- Condensation-crystallisation: At this final stage, the increase of coagulation
favours the precipitation of the reaction products. Their composition depends on the solid
precursor, alkaline activator and the curing conditions.

Another model proposed to alkaline activation of only fly ash is showed in the
Figure 2.7. In this model, firstly occurs the dissolution of the solid precursor. In the next
step, it is highlighted that the first precipitated reaction products are richer in aluminium than
silicon. This behaviour is explained due the weaker Al-O bond compared to Si-O bond,
which makes that the former dissolves quicker than the latter. After, more Si-O dissolves
and raises the concertation of silicon in the gels, producing a richer Si gel. The structural
reorganisation and polymerisation of gels determine composition of the polymer, and defines
the structure and, consequently, the mechanical behaviour of the alkali-activated binder
(GARCIA-LODEIRO et al., 2015). Recent studies focused on the gel formed in these
reactions. The improve in the experimental techniques, as nuclear magnetic resonance
(NMR), attenuated total reflectance (ATR) and Fourier transform infrared spectroscopy
(FTIR), permit to understand better the reactions products. In the next years, due the several
raw materials (solid precursors and alkaline activator) that are utilised in alkali-activated
binders, the researches in nanostructure and microstructural characterisation increased in
numbers and probably will continuous in this way (PALOMO et al., 2014; PROVIS et al.,
2015).
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Figure 2.7 — Illustration of the gel formation in alkali-activated binders with low Ca-
content (GARCIA-LODEIRO et al., 2015)
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[11) Medium Ca-content

This third and last group is a combination of the two last ones discussed. They are
also known as hybrid alkaline cement and are obtained by the alkaline activation of materials
(or combination of materials) with SiO2, Al.O3 and CaO > 20%. Examples of binders that
produce a hybrid cement are the fly ash Class C, and combination of OPC with slag and/or
fly ash. The reaction product from their alkaline activation is really complex due the non-
uniformity of the raw materials, where can be generated the C-A-S-H, (N,C)-A-S-H and N-
A-S-H gels. Stability of these gels are directly related to the pH from the phases obtained:
several studies on the pH showed that it favours some type of gel formation. Aluminium and
alkali also have an important role in the gel formation, since they can increase the crosslink
of the gels. As can be seen, the reaction products of this group present less information when
compared to a high and low Ca-content due its complexity, and the based information is
mostly empirical (PROVIS; BERNAL, 2014; GARCIA-LODEIRO et al., 2015).

2.1.5 Solid Precursor

Solid precursor is one of the raw materials to produce an alkali-activated binder,
where that is basically a fine power composed by silicon and aluminium (and calcium in
some cases). The main researched solid precursors and ones that will be discussed are blast-
furnace slag, fly ash and metakaolin (PACHECO-TORGAL et al., 2008). After, a general
view of others materials (mainly residues) that are being researched to produce alkali-

activated binders. In addition, in these topics, will be showed some studies about combined
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systems (the use of two or more solid precursors), which improve the mechanical properties
of alkali-activated binders when compared to which presents only one solid precursor
(YUSUF et al., 2014).

I) Blast-furnace slag (BFS)

As showed previously, the first solid precursor that was studied in alkali-activated
binders is the blast-furnace slag (BFS) in 1908. This material is a by-product of iron
production, and has the presence of calcium, magnesium, silicon and aluminium in its
composition. There are several studies focused on properties of alkali-activated binders
based on BFS, mainly issues about microstructure, fresh properties, mechanical properties
and durability (SHI et al., 2006).

The main reaction product obtained from the alkaline activation of BFS is the C-A-
S-Hand (Me,C)-A-S-H gels (being Me a N, K.....), which its formation was already discussed
for solid precursors with high Ca content (PROVIS et al., 2014). The characteristic of this
gel is related to several factors (activating solution, curing conditions, etc.), and are directly
linked to the mechanical properties. Improving in these properties on BFS based-AAB was
previously studied with the use of waterglass combined with a metal hydroxide in the
alkaline solution preparation (Figure 2.8) (BROUGH; ATKINSON, 2002; SHI et al., 2006).
However, recent studies are highlighting the advantages of using combined systems in order
to improve the mechanical properties (RAKHIMOVA and RAKHIMOV, 2015). Some of
materials used in combined systems studied in the last years are red clay brick waste
(RAKHIMOVA and RAKHIMOV, 2015), palm oil fuel ash (YUSUF et al., 2014), silica
fume (HEIKAL et al., 2014) and sugar cane bagasse ash (PEREIRA et al., 2015).
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Figure 2.8 — Studies on influence of sodium silicate in the compressive strength of BFS-
based AAB: a) phosphorous BFS; and b) Acid, neutral and basic BFS (SHI et al., 2006)
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The red clay brick waste (RCBW) is a residue from construction and demolition
industries that presents, in its chemical composition, SiO2 and Al.O3 of 70 and 10%,
respectively (by mass). The authors concluded that RCBW can replace the BFS until 60%
from compressive strength studies, where the optimum stands on the range 20-40% (Figure
2.9). The justifying of the good results using this waste is due to the interaction of
aluminosilicates and feldspars from RCBW, and also the presence of amorphous silica that
forms hydrates (RAKHIMOVA and RAKHIMOV, 2015). About the palm oil fuel ash
(POFA), this is a residue from burning process of the palm empty fruit brunches, palm fibres
and palm kernel shell, and the resultant ash is composed by mainly silica (45%) with a high
loss on ignition (21%). Studies on this material concluded that the UPOFA (POFA after a
treatment) presents an optimum BFS replacement of 20%, which reaches 50% more
compressive strength than the control. The authors justify this best replacement percentage
by the optimum Ca concentration in the mixture, more Al reactive sourced by the BFS, and
the increasing in the amorphousness of the reaction products (YUSUF et al., 2014). Silica
fume (SF) is a well-known pozzolanic material. It is a by-product from the silicon or silicon
alloys, and presents higher than 95% of high-reactivity amorphous silica. In this study in
alkali-activated materials with BFS, the authors replaced this binder by 8% of SF. The
authors explained that the higher surface area of SF acts as nucleating agents for formation
of C-S-H gel, which increases the compressive strength (HEIKAL et al., 2014). Finally, a
residue from sugar cane production, the sugar cane bagasse ash (SCBA), was assessed in
alkali-activated binders with interesting results. SCBA replaced BFS in the range of 0-50%

by mass, where the authors discovered that the optimum replacement percentage was the
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25%. In this percentage of SCBA, the compressive strength presented similar values to the
control. The authors concluded that the presence of the sugar cane waste did not cause
change in the formed gels from alkali-activated reaction (PEREIRA et al., 2015). The
materials studied in binary systems with BFS are mainly composed by silica. All promising
results from those studies shows the use of SCSA (which are also composed by silica) an
interesting way in combined systems with BFS.

Figure 2.9 — Compressive strength results of combined systems composed by blast
furnace slag and red clay brick waste (RCBW/BFS) after 28 days of curing at room
temperature (RAKHIMOVA and RAKHIMOV, 2015)
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I1) Metakaolin (MK)

Metakaolin is a pozzolanic material obtained from the burning process of the kaolin
(clay) in the temperature range of 600-850 °C. This material is basically composed by silica
and alumina with high degree of amorphous phase and surface area. The first use of
metakaolin in alkali-activated binders was by Davidovits in 1979, when the denomination
geopolymer was proposed. In MK-based AAB, the main reaction product is the Me-A-S-H
gel (being Me a Na, K...), where its structure was already discussed for solid precursors with
low Ca content. Some studies about influences on this gel formation, and consequently in
the mechanical properties, is showed in this topic (PACHECO-TORGAL et al., 2008;
RASHAD, 2013a; RASHAD, 2013b).
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The first influence presented is the alkaline solution. In general, the mechanical
properties of MK-based AAB with the combination of alkaline metal silicate/hydroxide is
higher than one with only the alkaline metal hydroxide (OZER; SOYER-UZUM, 2015;
TYPPAYASAM et al., 2016). About the alkaline metal concentration, there are studies with
sodium and potassium, being the former with more works about it. In sodium hydroxide, the
Na* concentration studied is in the range or 6-15 M (ZHANG et al., 2012; YUSUF et al.,
2014; OZER; SOYER-UZUM, 2015; CHENG et al., 2015), whereas, for potassium
hydroxide, the K™ concentration is found in the range of 5-40 M (TAWFIK, A., 2016;
TYPPAYASAM et al., 2016). From these studies, the optimum concentration stands in the
range of 8-12M (which can vary according to origin of studied metakaolin). For
concentrations of the alkaline metal that is outside from this range, it is not able to balance
completely the negative charge of the AlO4 groups, justifying the worst results in
mechanical properties (DUXSON et al., 2005; DUSXON et al., 2007). In addition, for lower
concentrations than this range, there is no sufficient alkaline metal to dissolve the metakaolin
particles to form polymerized and strength network (WANG et al., 2005). Another factor
that influences in the properties of MK-based AAB is the curing temperature. Some authors
studied the compressive strength in the range of 20-105°C (PELLISER et al., 2013;
ARELLANO-AGUILAR et al., 2014; BING-HUI et al., 2014; CATAURO et al., 2014,
TAWFIK et al., 2016; TIPPAYASAM et al., 2016). These studies showed that the higher
temperatures (until 80 °C) accelerates the compressive strength development in the first
hours when compared to room temperature, however, they became similar after 7-14 days.
Now about temperatures above of 80 °C, this caused a decrease in the compressive strength,
which was justified by the authors for too rapid setting speed of the matrix that restrained
the transformation into a strength structure (BING-HUI et al., 2014). Finally, an important
factor that affect the mechanical properties of MK-based AAB is the Si/Al proportion of the
mixture (DUXSON et al., 2005; RASHAD, 2013a; OZER; SOYER-UZUM, 2015). The
silica and alumina sources are the metakaolin and the waterglass. The chemical composition
of the metakaolin cannot be varied in a study; therefore, the Si/Al is varied from the amount
of waterglass in the activating solution. Authors concluded that the ideal Si/Al amount is in
the range 1.40 to 2.20. In this interval, the microstructure appears glassy, more homogenous,

with regular pores. With less Si/Al relation, is showed there is high formation of zeolite

31



yo -
u ne sp YA¥ UNIVERSIDADE ESTADUAL PAULISTA

‘JULIO DE MESQUITA FILHO”

structures. For Si/Al higher than this interval, there are presence of unreacted particles and
isolated porous.

To end this topic, some studies of combined systems with metakaolin is presented.
The aim of use another binder with the metakaolin is to improve its mechanical properties
of the final product (ZHANG et al., 2014). The others binders that were used in combined
systems are: fly ash (RAJAMMA et al., 2012; ZHANG et al., 2014; PAPA et al., 2014), red
mud (HAJJAJI et al., 2013; KAYA; SOYER-UZUN, 2016), boiler slag and rice husk ash
(VILLAQUIRAN-CAICEDO; GUITIERREZ, 2015) waste catalyst (CHENG et al., 2015)
and palm oil fuel ash (YUSUF et al., 2014).

The studies on fly ash replacing partially metakaolin showed interesting results
(Figure 2.10). Authors achieved 15% more compressive strength than the control with a 10%
replacement percentage. They give the credits for this improvement due the increase in the
reaction extent measured by isothermal calorimetry studies (ZHANG et al., 2014). In studies
of metakaolin/red mud, the researchers did not find significantly change in the mechanical
properties after 28 days of curing until 40% of replacement percentage (HAJJAJI et al.,
2013). When the metakaolin is utilised in a ternary system with boiler slag and rice husk ash,
authors achieved improvement of 122% in the compressive strength after 180 days of curing.
Now about the waste catalyst replacing partially the metakaolin, researchers found that the
optimum replacement percentage was 10% after a compressive strength test. They justify
this result by TGA studies, where this replacement percentage presented higher mass loss in
the range of 50-300 °C than the control, indicating more reaction products formed (CHENG
et al., 2015). Palm oil fuel ash was utilised replacing partially the metakaolin until 70%. The
results showed that there is a reduction in the compressive strength of 30% (YUSUF et al.,
2014). These results show that is possible to utilise the metakaolin in combined systems with

other type of binders.
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Figure 2.10 — Compressive strength results of binary systems composed by metakaolin
and fly ash (MK/FA) after 7 and 28 days of curing at room temperature (ZHANG et al.,
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1) Fly Ash (FA)

Fly ash is a by-product from the energy production by coal burning in thermal
plants. The worldwide production is around of 1 billion ton per year, which gives it as one
of the most abundant anthropogenic materials (RASHAD, 2014; YAO et al., 2015). The fly
ash can be classified in two groups: the Class F and the Class C. The Class F is the fly ash
that presents the chemical composition composed by silica and alumina as major oxides. In
the other hand, for Class C, there is a considerable quantity of calcium oxide, which gives it
a hydraulic characteristic (ASTM, 2015). In this topic, only will be discussed the Fly Ash
Class F, which presents better results in alkali-activated studies. This ash presents a glassy
aluminosilicate structure with spherical particles, which results in less water demand in
mixtures than metakaolin (van DEVENTER et al., 2012). The first study on fly ash in alkali-
activated binders was published in 1999 (PALOMO et al., 1999). As the metakaolin and
others aluminosilicates materials, the activation of the fly ash generates a Me-A-S-H (being
Me a Na, K...) gel. The factors that influences the gel formation, and consequently the
mechanical properties, are similar to was discussed previously: metal concentration, curing

temperature and SiO2/Na.O relation.
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The alkaline metal most utilised in the recent years to activating the fly ash is the
sodium by combination of sodium hydroxide and sodium silicate. As the others two solid
precursors discussed, fly ash shows better results when activated with waterglass. Authors
reported concentrations of this alkaline metal in the range or 3-15M, where these studies
showed that the optimum Na* concentration are in the range of 9-12 M by compressive
strength tests. About the curing temperature, fly ash of Class F is activated only at high
temperatures (in the range of 45-115 °C) due its slow reactivity. The optimum curing
temperature of fly ash-based AAB from these studies is in the range of 85-115 °C, where a
study reaches 120 MPa after 24 hours of curing at 115 °C. The SiO2/NaO relation has an
important role in the compressive strength development following these works. This relation
was studied in the range of 0-10, where better results are obtained in the range 0.8-1.3 (RYU
et al., 2013; GORHAN; KURKLU, 2014; ZHANG et al., 2014; ATIS et al., 2015; CHI,
2015; GUNASEKARA et al., 2015; KAZEMIAN et al., 2015; NIKOLIC et al., 2015).

As the other two solid precursors studied, fly ash was also utilised in AAB
combined systems with another binders: sugar cane bagasse ash (CASTALDELLI et al.,
2016), palm oil fuel ash (RANJBAR et al., 2014; NADZIRI et al., 2017), blast-furnace slag
(MARJANOVIC et al., 2015; DEB et al., 2014), metakaolin and silica fume (RASHAD,
2014).

In studies on binary system of fly ash and sugar cane bagasse ash (SCBA), authors
determined that the best FA/SCBA relation is 75/25. The authors highlighted the importance
of the SCBA in the compressive strength results in the early curing time at 20 °C. When fly
ash was studied with blast-furnace slag, authors detected a compressive strength gain with
the increase of this binder. They correlate the compressive strength with the gel composition,
Ca/Si and Al/Si relations, where obtained optimum values of these rates of 0.5 and 0.2,
respectively (FA/BFS = 25/75). Palm oil fuel ash showed good results when combined with
fly ash on high temperature studies. Authors heated samples until 1000 °C and assessed their
compressive strengths. The specimens with more palm oil fuel ash in the composition
presented less compressive strength loss (Figure 2.11). In studies on fly ash with metakaolin,
authors concluded that the most beneficial effect was the increase in the compressive
strength. Silica fume also presented good results when combined with fly ash, showing gains

in the compressive strength until 7% replacement. From these studies with different binders
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combined with fly ash, highlight for the sugar cane bagasse ash, which is an agro-industrial
residue as sugar cane straw ash and presented interesting results.

Figure 2.11 — Compressive strength evolution of FA/POFA specimens studied in high
temperatures (adapted from RANJBAR et al., 2014)
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IV) Other materials

This topic is destined to other materials that are being studied in alkali-activated
binders. The list is large, but some of new binders are the being researched recently are: fluid
catalytic cracking catalyst residue (TASHIMA et al., 2012a; TASHIMA et al., 2013a), red
clay brick waste (REIG et al., 2013a), ceramics wastes (REIG et al., 2013b; REIG et al.,
2017), red mud (HE et al., 2013) and vitreous calcium aluminosilicate (TASHIMA et al.
2012b; TASHIMA et al., 2013b). Those studies focused on best alkaline metal molar

concentration and SiO2/Me20O relation in order to achieve highest mechanical properties.

2.1.6 Alkaline Activators

Alkaline solution has an important role in the alkali-activated binders’ reaction.
They are responsible for the high pH conditions that is necessary to activate the solid
precursor (PROVIS; van DEVENTER, 2009). There are six groups that are usually used as
alkaline source (SHI et al., 2006):
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a) Caustic alkalis (MeOH, being Me a Na, K, Li...);
b) Silicates (Me20 . nSiOy);

c¢) Aluminates (Me20 . nAI203);

d) Aluminosilicates (M20 . Al203 . (2-6)Si02)

e) Non-silicate weak acid salts (Me2COs);

f) Non-silicate strong acid salts: Me2SOa.

From these activators listed, the most commons are the use of sodium hydroxide
(NaOH), potassium hydroxide (KOH) and sodium silicate (Na2O . nSiO). The sodium-
based alkaline activator is cheaper and more available than the potassium-based,
consequently, is the most used in alkali-activated binders (SHI et al., 2006). In the other
hand, the advantages of potassium-based are the improved phase behaviour (including the
less rapid formation of zeolites) and rheology (PROVIS, 2009). The use of silicates
combined with hydroxides improve the mechanical properties than those based only by
hydroxides (SHI et al., 2006; PROVIS, 2009).

The main advantage from alkali-activated binders over than OPC blends is the less
greenhouse gas emission, where the alkaline solution has an important role in releasing this
gas. Authors who studied CO: footprints of those binders (TURNER; COLLINS, 2013;
MELLADO et al., 2014) showed that the most pollutant raw material is the alkaline
activator, mainly the waterglass (silicate) (Figure 2.12). The challenge is to increase even
more the environmentally characteristic of alkali-activate binders, hence, new ways to

replace the use of conventional alkaline source are being researched in the last years.
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Figure 2.12 — Comparison between CO. footprints of concretes based on alkali-activated
binders and OPC, highlighting the emissions from the alkaline activator (adapted from
Turner; Collins, 2013)
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In a study on using potassium-rich biomass ashes to activate metakaolin, authors
achieved until 40 MPa after 3 days of curing (PEYS et al., 2016). The evolution of reaction
was assessed by calorimetry, attenuated total reflectance Fourier-transformed infrared
spectroscopy (ATR-FTIR) and electron probe micro-analysis (EPMA). These tests showed
that the biomass ashes reacted with the metakaolin and formed gels. The successful of those
biomass ashes is due to the high pH (> 13) and over 30% of KO in their composition. A
study tried do replace the use of silicates by adding rice husk ash (RHA) in activating
solution with NaOH by a refluxing dissolution method (BOUZON et al., 2014). Results on
compressive strength of mortars using FCC as solid precursor showed similar values to a
control using sodium silicate after one day of curing, where both reached over than 40 MPa
(Figure 2.13). The results were justified due the high dissolution of the amorphous silica in
the sodium hydroxide solution. In the same line in order to replace the use of silicates, a
glass waste was also assessed in alkaline solution preparation. Results showed compressive
strength fewer than the control with waterglass, however, higher than only activated with
NaOH/Na,CO3 (PUERTAS; TORRES-CARRASCO, 2014). More recently, sugar cane
bagasse ash was evaluated as silica source in the production of activating solution

(TCHAKOUTE et al., 2017). This new solution presented similar results in compressive
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strength tests than the waste glass and rice husk ash in metakaolin-based AAM. These results
showed that the alkaline activator influences the mechanical properties of the alkali-activated
binders.

Figure 2.13 — Compressive strength versus reflux time of FCC-based alkali activated
binders prepared with different siliceous sources combined with NaOH solutions: G-
RHA (ground rice husk ash), O-RHA (original rice husk ash), quartz, control
(commercial waterglass solution). Key: full line for compressive strength and dotted line

for flexural strength (Bouzdn et al., 2014)
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2.1.7 Durability

As showed previously, alkali-activated binders can present high compressive
strength. However, only this mechanical property is not sufficient, because a construction
material should be not only strength, but also durable. Therefore, durability tests on alkali-
activated binders are an important issue. These binders were not adopted yet due the lack of
full characterization and performance under physicomechanical and chemical conditions
(BERNAL; PROVIS, 2014). Therefore, several studies on durability of this type of binder
were carried out recently, and it was compared to Portland cement mixtures (MELLADO et
al., 2017).

Durability (and compressive strength) of alkali-activated binders is directly linked
to their microstructure. Hence, studying the products formed and the porosity of these
binders help to understand the durability results of alkali-activated binders. The
microstructural of an AAB can vary according to the solid precursor, alkaline solution,

solid/liquid ratio, paste content, curing conditions and among others parameters (BERNAL;
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PROVIS, 2014). Then, an overview about durability tests and their consequence on alkali-
activated binders’ microstructure will be presented. These studies are based on acid attack,
sulphate attack, chloride penetration, temperature resistance, carbonation, alternate extreme
cycles, and alkali-silica reaction.

Alkali-activated binders present good resistance to acid attack when compared to
Portland cement mixtures. This is explained by the higher alkalinity of the structure and
lower CaO amount in those binders (ABORA et al., 2014; BASCAREVIC, 2015). In
general, studies on blast furnace slag, fly ash and metakaolin show less compressive strength
and mass losses when compared to Portland cement mixtures (PACHECO-TORGAL et al.,
2012; HOSSAIN et al., 2015; DUAN et al., 2015). About studies on binary systems, AAB
based on blast-furnace slag and sugar cane bagasse ash (BFS/SCBA) were assessed in acid
attack tests were compared to a control mixture composed by only Portland cement. The
alkali-activated binder presented a loss in the compressive strength similar for hydrochloride
acid and lower for acetic acid when compared to the control one (PEREIRA et al., 2015). In
another study of binary systems composed by fly ash and palm oil fuel ash in acid attack,
the alkali-activated binders also showed lower compressive strength loss than the Portland
cement after an immersion of 18 months in sulfuric acid (Figure 2.14) (ARIFFIN et al.,
2013).

Figure 2.14 — Compressive strength of concrete manufactured with fly ash and palm oil
fuel ash (BA geopolymer concrete) compared to one of Portland cement after sulfuric
acid attack (ARIFFIN et al., 2013)
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Sulphate attack impact depends on the salt that alkali-activated binders are exposed.

The most used sulphates are the NaSO4 and MgSOa. Whereas MgSO4 causes a cation-
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exchange mechanism degrading the gel structure (mainly in Ca-rich structures), leading to
formation of M-S-H gels and precipitation of gypsum (in Ca-rich binders), NaSO4 do not
lead any degradation and can promotes the structural evolution of the alkali-activated binders
(ISMAIL etal., 2013; BERNAL; PROVIS, 2014). Blast-furnace slag, fly ash and metakaolin
specimens were tested in sulphate attack and their showed better results than the Portland
cement samples for presenting less expansion and compressive strength loss
(CHINDAPRASIRT; CHALEE, 2014; HOSSAIN et al., 2015). In studies on binary systems
of BFS/SCBA, MgSOs resulted in more compressive strength and mass losses than the
NaSOs. When compared to the Portland cement mixtures, the alkali-activated binders
presented lower compressive strength loss in both sulphates attack (PEREIRA et al., 2015).

Chloride ion penetration is also an important durability study. If is aiming the use
of alkali-activated binders as a structure material, they will be used as a reinforced concrete.
As know that the chloride ion can induce to corrosion of the steel bars by an electrolytic
action; therefore, a low permeability of this ion is required for a durable structure
(PACHECO-TORGAL et al., 2012; HOSSAIN et al., 2015). The chloride ion penetration is
directly related to the porosity of the material, where authors reported that alkali-activated
binders presents lower permeability than the Portland cement ones (BERNAL; PROVIS,
2014). In AAB combined systems containing fly ash and blast furnace slag, authors obtained
lower CI" concentration in chloride penetration test when compared to a one-system binder
(ZHU et al., 2014).

Studies on alkali-activated binders treated at high temperatures are also found in
bibliography. Authors found optimistic results in alkali-activated binders until 1200 °C due
their high stability (PACHECO-TORGAL et al., 2012). When compared to OPC, the alkali-
activated binders produced by solid precursors with low Ca content (as fly ash and
metakaolin) show better results than the high Ca content (blast furnace slag). The first class
of these binders presents higher stability in the compressive strength with the increase of the
temperature treatment (MARTIN et al., 2015; DUAN et al., 2015), whereas the second class
showed similar results to OPC (TURKER et al., 2016) (Figure 2.15). Authors justified the
first comparison (first class and OPC) due the pore structure of the AAB be able to absorb
the stress of water pressure that tends to evaporate at higher temperatures, whereas the OPC
pore structure is not able to do it under similar conditions. In addition, XRD analysis

presented a halo from the gel structure of AAB after the treatment at 800 °C. In the other
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hand, the similar results by the second class is verified in TGA studies, where both, AAB
and OPC specimens, presented a significant reduction in the mass loss related to the hydrate
products that are responsible for the compressive strength. Binary systems of AAB were also
studied in temperature treatment by the combination of metakaolin and fly ash, where
authors achieved an optimum proportion of 50/50 by mass after expose specimens until 800
°C (ZHANG et al., 2014). The influence of the activator was also evaluated in thermal tests.
Whereas AAB produced by sodium as alkali activator presented deterioration and loss in the
compressive strength after 800 °C, potassium-based AAB presented problems only after
1000 °C (PANIAS et al., 2015).

Figure 2.15 — Compressive strength after temperature treatment of OPC mixtures and
alkali-activated binders of solid precursors with a) high Ca content and b) low Ca
content (TURKER et al., 2016; DUAN et al., 2015)
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Carbonation is also an important issue studied for alkali-activated binders. In
general, it depends on the type of the solid precursor, the nature/concentration of the alkaline
solution and, consequently, the porous size from the final binder. In normal conditions, AAB
presents similar or lower carbonation rates than the OPC mixtures (BERNAL; PROVIS,
2014; HOSSAIN et al., 2015). There are studies on the behaviour of alkali-activated binders
at alternate extreme cycles, as the freeze-thaw. Authors showed that alkali-activated binders
presented better performance than OPC mixtures, where the former can endure more and
presents less compressive strength loss in those type of durability tests. Alkali-silica
reactions still a complex issue for alkali-activated binders due few studies, whereas for OPC

presents several studies. In some of those studies, alkali-activated binders showed to be less
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susceptive when compared to OPC mixtures. The presence of calcium has an important role
in the expansion of the binders (PACHECO-TORGAL et al., 2012).

As showed in the last paragraphs, there are several durability studies reported on
alkali-activated binders in the last years. However, more studies must be done to know the
real limits of these new type of binders, since there are many types of solid precursors and
alkaline solutions being researched.

2.2 SUGAR CANE STRAW ASH (SCSA)

Sugar cane straw ash is obtained after a burning process of the straw. The interesting
in the sugar cane straw arises a few years ago in Brazil for two reasons: the increase in sugar
cane production and the mechanized harvesting.

The cultivation of sugar cane increased in the last years in Brazil mainly to obtain
ethanol, and put the country as the major producer in the world (FAOSTAT, 2016). The
production in 2004/2005 was 385.2 million tons, and increased to 632 million tons in
2014/2015, showing an increase of 64% in only ten years (UNICA, 2016). Some years ago,
the sugar cane used to be burned in open-air, which facilitated the process of harvesting. Due
to environmental and health risks, a Brazilian law n°® 11.241/2002 prohibited gradually this
harvesting mode until 2031. However, an Agro-environmental Protocol was assigned by
stakeholders of sugar cane production chain reduces this deadline to 2018 (RIBEIRO;
FICARELLI, 2010; LEAL et al., 2013a). With these law and protocol, the mechanized

harvesting gained importance as a method to collect the sugar cane (Figure 2.16).

Figure 2.16 — Mechanized harvesting of the sugar cane (UNICA, 2016)
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After harvesting the sugar cane with these machines, is obtained a by-product that
are composed by green and dry leaves, which is called by sugar cane straw. The amount of
straw obtained is 140 kg per 1000 kg of sugar cane harvested (BNDES; CGEE, 2008; LEAL
et al., 2013a). Authors stated that some part of this straw should be in the field to protect the
soil, however, a part can be used as biomass to generate energy, as the bagasse are being
used nowadays (LEAL et al., 2013b). Many studies are being carried out in order to collect
the straw from the field (LEMOS et al., 2014) and to obtain energy from the straw due its
interesting calorific value and economic point of view (LOMBARDI et al., 2012; MORAES
et al., 2012; MESA-PEREZ et al., 2013; ALVES et al., 2015). This process of energy
generation by a burning process yields an inorganic ash composed mainly by silicon dioxide:
the sugar cane straw ash (SCSA) (ALVES et al., 2015). The SCSA do not present a suitable
valorisation and, considering others agro-industrial ashes destinations, it can be utilised in
building construction (MADURWAR et al., 2013).

The SCSA was already assessed previously by its potential reactivity and as a
construction material, but not in alkali-activated binders. The reactivity of SCSA was
evaluated by Villar-Cocifia (2002) and Frias et al. (2005 and 2007) in systems of hydrated
lime/SCSA. The researchers concluded that the SCSA presents high reactivity, and it can be
compared to a well-known pozzolanic material: rice husk ash (RHA) (Figure 2.17). In other
study, Calligaris et al. (2015) assessed the SCSA reactivity replacing partially the Portland
cement in 20% by X-ray diffraction (XRD) analysis. Authors found pozzolanic behaviour
due to crystals analysis on XRD after 90 days of curing: less Ca(OH)2 and higher ettringite

(Aft) in pastes with presence of SCSA when compared to a control without the ash.

Figure 2.17 — Electrical conductivity of hydrated lime/RHA and hydrated lime/SCSA
suspensions (VILLAR-COCINA, 2002)
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About studies with the application of SCSA as construction material, Rodrigues et
al. (2013) assessed the ash in cement composites on mechanical and durability (accelerated
ageing) tests. According to the authors, the SCSA presented pozzolanic characteristics and
high porosity of these particles. The researchers obtained that the mechanical properties of
specimens with SCSA presented similar values to the control. Regarding to the durability
test, specimens with SCSA showed improved results than compared to the control one. By
the results obtained, they concluded that the SCSA could replace partially the Portland
cement by 20% in mass in these composites studied. In studies of Portland cement mortars,
Oliveira et al. (2015) assessed a combined effect of sugar cane straw and bagasse ashes. The
researches obtained that 20% replacement of Portland cement by SCSA presented similar
values of compressive strength to the control. In another study of Portland cement mortars,
Guzén et al. (2011) studied replacements by SCSA until 40%. The authors concluded that
the optimum replacement percentage is in the range 10-20% after studies on compressive
strength of 60 curing days (Figure 2.18).

Figure 2.18 — Compressive strength of mortars cured after 60 days (GUZMAN et al.,
2011)
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All these SCSA studies showed that the ash presents high reactivity and a potential
to be utilised in alkali-activated binders.
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3 POZZOLANIC REACTIVITY STUDIES ON
SUGAR CANE STRAW ASH

The article entitled as “Pozzolanic Reactivity Studies on a Biomass-Derived Waste
from Sugar Cane Production: Sugar Cane Straw Ash (SCSA)” by J. C. B. Moraes, J. L. P.
Melges, J. L. Akasaki, M. M. Tashima, L. Soriano, J. Monzo, M. V. Borrachero, and J.
Paya was published in the journal ACS Sustainable Chemistry and Engineering, v. 4
(8), p. 4273-4279, 2016.

Abstract: Biomass has gained in importance as an energy source in recent years. One of the
crops that presents interesting opportunities with regard to biomass is sugar cane. In Brazil,
sugar cane production is increasing for alcohol and sugar manufacture. Some byproducts,
such as sugar cane straw, also are obtained during harvesting. Because of the calorific value
of the sugar cane straw, its use as biomass is increasing. After the straw is burned to produce
energy, an ash is obtained: sugar cane straw ash (SCSA). This waste needs an appropriate
destination, and since the recent publication of successful studies using biomass derived-
ashes as pozzolanic material, the present study aimed to assess the pozzolanic reactivity of
sugar cane straw ash. The pozzolanic activity was assessed using a new and simple recently
proposed method: evaluation of the electrical conductivity of calcium hydroxide (CH) and
pozzolan suspensions, in which solid CH is initially present. These results were compared
to those of two other well-established techniques: Fourier transformed infrared spectroscopy
and thermogravimetric analysis. The evaluation by all three techniques is similar and shows
that sugar cane straw ash is a good pozzolanic material: high lime fixation values for
CH/SCSA mixes were determined by thermogravimetric analysis, and unsaturation with
respect to CH in 3.5:6.5 CH/SCSA suspension.

Keywords: Agroindustry residue, Pozzolan, Hydrated lime, Fourier-transformed infrared

spectroscopy, Thermogravimetric analysis, Electrical conductivity measurement, Scanning

electron microscopy.
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3.1 INTRODUCTION

Biomass has become an interesting source of energy in the last years. In the early
21st century, concern about the availability of nonrenewable resources and CO2 emissions
motivated an increase in research about biomass as an alternative energy source
(GALLEZQT, 2008). The transformation of biomass into energy also allows the production
of new inorganic materials for different applications (VASSILEV et al., 2013a; VASSILEV
etal., 2013b; JAMES et al., 2012). In some cases, advanced materials based on porous silica
nanoparticles have been obtained (ALYOSEFT et al., 2015; CHEN et al., 2013). One
agricultural product that supplies biomass is sugar cane. In Brazil, the sugar cane crop has
increased in recent years for the manufacture of alcohol and sugar, making Brazil the largest
producer worldwide (FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED
NATIONS — FAOSTAT, 2016). In numbers, the harvest of sugar cane in Brazil was 632
million tons in 2014/2015, which represents an increase of 64% in the last 10 years (UNIAO
DA INDUSTRIA DE CANA-DE-ACUCAR — UNICA, 2016). Formerly, the sugar cane
harvest was performed using a burning process in the cultivation area; however, an Agro-
Environmental Protocol (LEAL et al., 2013) was created in order to end this procedure. As
a consequence, mechanized harvesting gained in importance. In the mechanized process, a
byproduct composed of green and dry leaves is generated, sugar cane straw, of which about
140 kg is obtained per ton of sugar cane produced (LEAL et al., 2013; BNDES and CGEE,
2008). Initially, the straw was left on the field, but some authors recognized that the calorific
value of the sugar cane straw could be used as biomass, in the same way as the sugar cane
bagasse that is obtained from alcohol/sugar production (LEAL et al., 2013; MORAES et al.,
2012). Recent studies have assessed the collection of this byproduct from the field (LEAL
et al., 2013; LEMOS et al., 2014), and new practices for burning it to produce energy
(MESA-PEREZ et al., 2013). However, after obtaining energy from sugar cane straw by
burning, waste is generated: sugar cane straw ash (SCSA). There is currently no mechanism
for the valorization of this residue, and due to expected increases in sugar cane production
and studies on the use the straw as an energy source, the production of SCSA will likely
increase in the coming years. A good valorization method for this biomass-derived waste
could be the partial replacement of Portland cement as a pozzolanic material. Some biomass-

derived ashes have been successfully tested in cement and concrete as pozzolanic materials:
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rice husk ash (CHAO-LUNG et al., 2011) and sugar cane bagasse ash (CORDEIRO et al.,
2011). Pozzolan is an amorphous silica or alumina/silica material that reacts with calcium
hydroxide (portlandite generated from Portland cement hydration) in an aqueous medium
and generates cementing gels similar to those found for Portland cement (HEWLETT, 2008).
The advantages of using biomass wastes such as pozzolans to partially replace Portland
cement are technological (improving compressive strength and durability) and ecological
(reducing both Portland cement consumption and the disposal of ashes in landfills)
(MALHOTRA; MEHTA, 1996). The pozzolanic reactivity of a material can be assessed via
studies of calcium hydroxide consumption using several techniques. Previously, reports on
the reactivity of SCSA studied the behavior of Portland cement blends (GUZMAN et al.,
2011) and kinetic parameters (FRIAS et al., 2007). In this article, the pozzolanic activity of
SCSA obtained from an autocombustion process was assessed by means of electrical
conductivity measurements as proposed by Tashima et al. (2014). This method consists of
monitoring the electrical conductivity of suspensions composed of calcium
hydroxide/pozzolan for 7 days. The SCSA reactivity results obtained by electrical
conductivity measurements of suspensions were compared to those from other well-
established techniques: Fourier transformed infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA). The main advantage of electrical conductivity
measurement is the easy preparation and relatively low cost of the test compared to the two
other techniques for evaluating the pozzolanic potential of a material. In addition, SEM
images were obtained in order to show the pozzolanic reaction products between SCSA and
calcium hydroxide. This study aimed to assess the pozzolanic activity of SCSA and valorize
this biomass waste, as well as to compare the results of a recently proposed and simple

technique to those from other well-established methods.
3.2 MATERIALS AND METHODS
3.2.1 Materials
Sugar cane straw was obtained from a sugar cane plantation near llha Solteira (Sao

Paulo, Brazil). The straw was burned in an autocombustion process with a maximum

temperature of 700 °C. In this process, the sugar cane straw is initially ignited, and the
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combustion heat maintains the process without any fuel added. The temperature was
measured in different points and at several times. After burning, the SCSA was collected
from the bottom of the furnace and passed through sieves in order to remove unburned
particles. Finally, it was milled for 30 min in a planetary ball mill to reduce the particle
diameter. Calcium hydroxide of high purity (>95% purity), supplied by Panreac S.A, was
used for all pozzolanic reactivity tests.

3.2.2 Equipment

Electrical conductivity measurements were carried out using a Crison micro
CM2201 instrument. pH measurements were obtained using a Crison micro PH2001 pH
meter. In order to maintain the test temperature, a Julabo SW22 shaking water bath was used.
Thermogravimetric analysis was performed using a Mettler Toledo TGA850 instrument, in
a temperature range of 35-600 °C at a heating rate of 10 °C-min~! in an N, atmosphere (75
mL-min~! gas flow), where the samples were tested in sealed 100 pL pin-holed aluminum
crucibles. Fourier transformed infrared spectroscopy was performed using a Bruker
TENSOR 27 in the wavenumber range between 400 and 4000 cm™!. SEM images of the
calcium hydroxide/SCSA pastes were obtained using a JEOL JSM-6300 microscope. The
chemical composition of SCSA was obtained through X-ray fluorescence (XRF) by means
of a Philips Magix Pro XRF instrument. Methods. Electrical conductivity measurements
were performed as proposed by Tashima et al. (2014). This followed method differs from
others previously reported (LUXAN et al., 1989; McCARTER; TRAN, 1996; WALKER;
PAVIA, 2011; PAYA et al., 2001): the main difference is related to the presence or not of
solid calcium hydroxide in the tested suspensions. Some techniques (LUXAN et al., 1989;
McCARTER; TRAN, 1996; WALKER; PAVIA, 2011) are based on the preparation of a
saturated solution in Ca(OH)2, and the decrease in electrical conductivity is measured when
pozzolan is added. Another technique (PAYA et al., 2001) is based on the same type of
measurement; however, the initial Ca(OH)2 solution is unsaturated. In the test used in the
actual study, there is an amount of undissolved Ca(OH): in the initial suspension. In this
way, two simultaneous processes take place: the consumption of dissolved Ca(OH). and the
dissolution of solid Ca(OH)2. In tests according to Tashima’s method, 1g of solid (the

mixture of calcium hydroxide (CH) and pozzolan) and 50 mL of deionized water were
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combined in an Erlenmeyer flask. The CH/SCSA suspensions (also named “systems” in the
manuscript) were assessed at 40, 50, and 60 °C for 7 days in six different proportions: 2:8,
2.5:7.5, 3.7, 3.5:6.5, 4:6, and 4.5:5.5 (by mass). In addition, suspensions at 30 °C were also
studied, where the relative amount of calcium hydroxide was decreased compared to the tests
at higher temperature. At this temperature, the following proportions were evaluated:
0.5:9.5, 1:9, 1.5:8.5, 2:8, 2.5:7.5, and 3:7. The results of the loss of electrical conductivity
(Lc) tests are presented as the percentage decrease in electrical conductivity, as reported by
Tashima et al (2014). This parameter clarifies the electrical conductivity results and also
takes into account the influence of the ions released by pozzolan. The pH of the suspensions
was measured before the addition of the SCSA and at the end of the test (7 days). At the end
of the test, the suspensions evaluated at 40 °C were filtered, and the solid part retained on
the filter was analyzed by TG. TG and FTIR studies were carried out for two CH/SCSA
pastes with proportions by mass of 3:7 and 5:5 at a constant water/binder rate of 0.80. The
CH/SCSA pastes were assessed after 1, 3, 7, and 28 days of curing at a temperature of 40 °C
with relative humidity higher than 95%. At each curing time point, the pastes were milled in
an agate mortar and mixed with acetone in order to stop the hydration process. They were
then filtered and dried in a laboratory incubator for 30 min at 60 °C. SEM images of the
fractured surface of the 3:7 paste were obtained after 28 days of curing at 40 °C. After each
curing age, the SEM pastes were prepared by breaking samples and taking regular fracture
images. They were then placed in acetone for 1h and, finally, dried for 30 min in a laboratory
incubator at 60 °C.

3.3 RESULTS AND DISCUSSION
3.3.1 Sugar Cane Straw Ash Characterization

The chemical composition of SCSA obtained from XRF analysis is shown in Table
3.1. SCSA presents a SiO> content of 36.5%, which is lower than published values for sugar
cane bagasse ash (CORDEIRO et al., 2011). Al2O3 and Fe»Os, other oxides that are
important in the pozzolanic reaction (ASTM INTERNATIONAL, 2015), are found in minor
amounts: 2.8% and 3.4%, respectively. The CaO content is 16.4%, a percentage much lower
than that found for blast furnace slag or class C fly ash (HEWLETT, 2008). SCSA does not
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harden when mixed with water, suggesting that its hydraulic behavior could be negligible.
The total alkali content (K20 plus Na2O) was 8.1%, which is considered high. However,
such high values are very common in ashes produced by burning biomass (DEMIS et al.,
2014). The C—S—H gel formed in the Portland cement hydration or in the pozzolanic reaction
has the ability to incorporate alkali ions (Na* or K*) (HONG; GLASSER, 1999). However,
in the presence of reactive aggregates, alkali-silica expansion could take place when alkali-
rich pozzolanic additions are used (THOMAS, 2011). Finally, the amount of LOI is
relatively high (15.5%), due to the presence of organic matter; the combustion was
incomplete and some cellulosic compounds remained. Regarding the phases present in
SCSA, the XRD pattern showed the presence of an amorphous phase and crystalline phases
mainly composed of quartz (SiO2) and calcite (CaCO3), which probably originate from the
soil where the sugar cane straw was collected. It is therefore likely that the SiO2 and CaO
are present as crystals in the SCSA and do not take part in the pozzolanic reaction. Studies
to determine the percentage of insoluble SCSA residue by acid and base treatment presented
a value of 16.5%, which means that the SiO»-crystalline phase in the pozzolan represents
about 45% of the total SiO2. The mean particle diameter (Dmed), median particle diameter
(Dso), and 90% passing particle diameter (Dgo) of the SCSA were 14.7, 7.0, and 38.8 um,
respectively. Specific surface area was 0.595 m?/g, and specific gravity was 2.25.

Table 3.1 — Chemical composition of SCSA by percentage

SiO2 Al03 Fe203 CaO K20 Na2O CI MgO SOs P20s Others LOI
365 28 34 164 79 02 04 73 44 40 12 155

3.3.2 Electrical Conductivity Measurements

The principle of this test is based on the limited solubility of calcium hydroxide
(CH) in water. Calcium hydroxide yields a saturated water solution if the quantity of
dissolved hydroxide is lower than the amount of added hydroxide. Under these conditions,
the concentration of Ca2* and OH™ remains constant at a given temperature. Thus, the
electrical conductivity of the suspension has a high value. If a pozzolan is added to the
suspension, a reaction between Ca?*/OH™ ions and the reactive fraction of the pozzolan takes

place. This reaction decreases the concentration of ions, and consequently, the electrical
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conductivity tends to diminish. However, the dissolution of solid calcium hydroxide present
in the suspension maintains a constant concentration of Ca?* and OH~. While the solution
remains saturated due to the dissolution of calcium hydroxide, the electrical conductivity
remains constant. When the solid calcium hydroxide is exhausted, the solution becomes
unsaturated, and the electrical conductivity starts to decrease. The time taken to achieve an
unsaturated state depends on the CH/pozzolan proportion and the pozzolan reactivity. Highly
reactive pozzolans reach the unsaturated state more quickly. The results of the loss of
electrical conductivity (Lc) tests for suspensions studied at 30, 40, 50, and 60 °C over 7 days
are shown in Figure 3.1. Two types of curves can be seen in the graphics. In one case, CH
remains in the saturated state, and the Lc value is static during the 4—168 h testing period. In
the other, an increase in the Lc value during the testing period is seen. This occurs when
unsaturation is achieved because the pozzolanic reaction fixed the entire solid CH phase.
The Lc value increases, for all systems, in the first 4 h due to the addition of SCSA addition
to the suspension when adsorption of dissolved ions onto SCSA particles takes place. For
the suspensions studied at 60 °C (Figure 3.1a), the 2:8 system presented a Lc value of over
70% after only 24 h, which represents a rapid consumption of the solid CH. For the 2.5:7.5
system, the Lc value is lower than the 2:8 system after 24 h (almost 40%); however, the
suspension is also shown to be unsaturated. The 3:7 suspension presented an increase in the
Lc value after 48 h, whereas the 3.5:6.5 and 4:6 systems only showed a rise in the Lc value
after 96 and 168 h, respectively. The 4.5:5.5 system did not show any increase in Lc at this
temperature, which means that the pozzolan could not consume all of the solid calcium
hydroxide and that the unsaturated state was not achieved. It is well-known that chemical
reactions (e.g., pozzolanic reaction) usually are slower when the temperature decreases.
Thus, as expected, the loss in the conductivity of suspensions studied at 50 °C (Figure 3.1b)
showed a slower unsaturation process than the suspensions tested at 60 °C. The 2:8 system
presented an Lc value of 40% in the first 24 h. The 2.5:7.5 and 3:7 systems presented an
increase in the Lc value after 48 and 72 h, respectively, whereas the final three suspensions
(3.5:6.5, 4:6, 4.5:5.5) did not show any loss of conductivity. For the suspensions tested at 40
°C (Figure 3.1c), only the 2:8 system presented an increase in the Lc value after 48 h, taking
amuch longer time to reach the unsaturated state than at the higher temperatures. The 2.5:7.5
and 3:7 systems also showed an increase in the Lc value, after 72 and 120 h, respectively.

As in the test at 50 °C, 3.5:6.5, 4:6, and 4.5:5.5, suspensions remained saturated until the end
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of the test. According to the criteria proposed by Tashima et al. (2014), SCSA can be
classified as a pozzolan with medium reactivity. This behavior is similar to that found for
low densified silica fume (DSF-H). For testing at 30 °C (Figure 3.1d), considering that
CH/SCSA suspensions of 3.5:6.5 did not reach unsaturation at 40 or 50 °C, lower CH/SCSA
systems were tested (0.5:9.5, 1:9 and 1.5:8.5). For these suspensions tested at 30 °C, an
increase in the Lc value was found for 0.5:9.5 (4 h), 1:9 (4 h), 1.5:8.5 (48 h), 2:8 (72 h), and
2.5:7.5 (144 h). However, the 3:7 suspension did not show any increase in the Lc value,
meaning that SCSA could not consume enough calcium hydroxide to turn the suspension

unsaturated at this temperature.

Figure 3.1 — Loss of electrical conductivity (Lc) of suspensions studied at (a) 60 °C; (b) 50
°C; (c) 40 °C; and (d) 30 °C
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Additionally, pH measurements were carried out in order to assess the change in
the concentration of OH™. Thus, the pH of calcium hydroxide suspensions before the addition

of SCSA and the pH of the suspension at the end of the test were measured. In general terms,
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a significant decrease in pH was observed from the testing time at which unsaturation was
reached, indicating that the OH™ concentration diminished. For samples in the saturated state,
only minor changes in pH were observed, suggesting that the OH— concentration remained
constant. Figure 3.2 shows these variations in pH (ApH). It can be observed that for a given
CH/SCSA proportion, a higher testing temperature results in a higher ApH. A straight line
Is shown for ApH = 0.2 meaning that below this value the suspension remained saturated.
As an exception, the ApH of the 4.6 CH/SCSA sample at 60 °C was below this value: in this
case, the Lc value was at the limit of unsaturation (see Figure 3.1a), and consequently, the

change in pH value was also at the limit.

Figure 3.2 — pH variation (ApH) of the CH/SCSA suspensions at each temperature studied
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Figure 3.3 shows the DTG curves of the solid residue obtained by filtration of the
suspensions after the end of electrical conductivity measurements at 40 °C. The main peak
in the range 125—150 °C is from the dehydration of pozzolanic reaction products (mainly
calcium silicate hydrates, C—S—H). The aim of this test is to assess the peak in the range
500—-600 °C, which results from the dehydroxylation of the calcium hydroxide, according to
the following equation: Ca(OH), — CaO + HO. If this peak appears in the DTG curve, it
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means that there is calcium hydroxide remaining in the solid residue after filtration, meaning
that SCSA could not achieve an unsaturated suspension. From these results, it can be seen
that only the 3.5:6.5 and 4:6 suspensions presented a peak at 500—600 °C, where the SCSA
could not react with enough calcium hydroxide to result in an unsaturated suspension,
confirming the results of the electrical conductivity measurements (Figure 3.1c). The
suspensions 2.5:7.5 and 3:7 did not show calcium hydroxide in their DTG curves, also in

good agreement with the electrical conductivity measurements.

Figure 3.3 — DTG curves of the solid part of the suspensions after electrical conductivity
measurements at 40 °C.
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3.3.3 Fourier Transformed Infrared Spectroscopy

FTIR spectra of the 3:7 and 5:5 ratio CH/SCSA pastes after 1, 3, 7, and 28 days
curing at a temperature of 40 °C are shown in Figure 3.4. The main vibration bands detected
in this test were at 3641 (O—H vibration), 1030, 956, and 443 cm ™! (Si—O vibration). For the
raw materials, the vibration band at 3641 cm—1 is related to calcium hydroxide (CH), and

the peak at 1030 cm™! is from the amorphous phase of the pozzolan (SCSA). For the pastes,
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the four selected vibration bands have important roles in the pozzolanic reaction. With
increasing curing age, the vibration band at 956 and 443 cm™! increases, whereas the other
two peaks, at 3641 and 1030 cm™!, decrease. This results from the consumption of calcium
hydroxide (vibration band at 3641 cm™") by the amorphous phase of SCSA (vibration band
at 1030 cm™!) with curing. Consequently, a new vibration band resulting from the pozzolanic
reaction appears at 956 cm™. In both pastes, from the first day of curing the vibration band
at 1030 cm™! is reduced in intensity, showing dissolution of the amorphous network of the
SCSA (dissolution of SiOa4 units), occurred mainly during the early part of the reaction. For
the 5:5 CH/SCSA paste, the vibration band at 3641 cm™! reduced from the first to the third
day of curing and remained practically constant afterward. This means that the SCSA could
not consume all of the calcium hydroxide after 28 days of curing, and the pozzolanic reaction
occurred mainly in the first 7 days. The vibration band at 956 cm™' was practically
unchanged from days 1 to 28. For the 3:7 CH/SCSA paste, the peak at 3641 cm™! almost
disappeared after 1 day of curing. This suggests that the SCSA consumed almost all of the
calcium hydroxide after this time. The peak at 875 cm™! is related to C—O bond vibration
from the carbonate anion. This peak appeared on the pure SCSA spectrum due to the
presence of calcite (see Figure 3.4). In the CH/SCSA pastes, this peak is related to carbonate
from the ash and from calcium hydroxide, and its intensity was maintained practically
constant for all curing times, showing that the sample did not carbonated. The FTIR studies
show that SCSA presents good reactivity since the pozzolanic reaction at both CH/SCSA

proportions took place at early curing ages.
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Figure 3.4 — FTIR spectra of 3:7 and 5:5 CH/SCSA pastes after 1, 3, 7, and 28 days of
curing at 40 °C
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3.3.4 Thermogravimetric Analysis

The DTG curves of the 5:5 and 3:7 CH/SCSA pastes from 1 to 28 days of curing at
40 °C are shown in Figure 3.5. The main peaks of these analyses are in the range 125—175
°C, which represents the dehydration of products from pozzolanic reaction and at 500—575
°C resulting from the dehydroxylation of calcium hydroxide. In the 5:5 paste, the 500—575
°C peak reduced from days 1 to 3 of curing and remained practically constant until 28 days,
meaning that the pozzolanic reaction occurred in the first 3 days. The peak near 150 °C
increased from days 1 to 3 of curing and did not show any changes after this time. This
behavior is due to the pozzolanic reaction, which consumes the calcium hydroxide and forms
cementing gels (mainly C—S—H). For the 3:7 paste, on the first day of curing there was no
peak at 550 °C, as a result of complete calcium hydroxide consumption by the SCSA. Since
the pozzolanic reaction took place within the first day, the peak related to the gel from this
reaction (near to 150 °C) remained practically constant from 1 to 28 days of curing time.

These results of thermogravimetric analysis are in accordance with those from the FTIR
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studies. Table 3.2 shows the mass loss of pozzolanic reaction products (PP) and calcium
hydroxide (PCH), as well the lime fixation of all pastes in the curing time studied. For the
paste with a CH/ SCSA proportion of 5:5, the lime fixation29 had a high value after 1 day
of curing (81.46%), suggesting the good pozzolanic reactivity from the SCSA. After 3 and
7 days, the lime fixation had similar values (92.76% and 92.29%, respectively), and after 28
days of curing, the lime fixation did not significantly change. Therefore, for the 5:5
CH/SCSA paste, the major pozzolanic reaction took place in the first day of curing. In the
3:7 CH/SCSA paste, the lime fixation was 100% within the first day of curing. At this
proportion, the SCSA was able to consume all of the calcium hydroxide in only 1 day of
curing. These DTG curves and lime fixation values show that the reactivity of the SCSA is
of interest for potential applications. Concerning the mass loss from dehydration of the
pozzolanic reaction products (PP), in both pastes studied, the values did not vary
significantly with the curing time. Since the SCSA presents good reactivity, the major part
of the pozzolanic reaction occurred in the first day of curing, resulting in only minor changes
in the mass loss related to the dehydration of pozzolanic reaction products. These minor
changes can be related to changes in water bonds of the C—S—H gels during the curing time.
In previous studies (MORAES et al., 2015), more important changes in the mass loss related
to formed hydrates at 20 °C were observed after the calcium hydroxide was completely
combined, different from that found at 40 °C.
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Figure 3.5 - DTG curves of 5:5 and 3:7 CH/SCSA pastes from 1 to 28 days of curing at 40

°C
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Table 3.2 — Mass loss related to the dehydration of pozzolanic reaction products (Pp) and

calcium hydroxide (Pcn), and lime fixation of CH:SCSA pastes

Curing time Lime fixation
CH:SCSA Pr (%) Pch (%)

(days) (%)

1 12.58 2.14 81.46

- 3 14.03 0.90 92.76
' 7 13.47 0.89 92.29
28 13.94 0.17 98.50

1 13.50 0 100

3 14.44 0 100

3:7

7 15.05 0 100

28 15.39 0 100
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3.3.5 Comparison of Results from Different Techniques

The results of the three techniques for samples cured at 40 °C were compared. The
three studies showed a high consumption of calcium hydroxide by the 3:7 CH/SCSA paste
in the first days of testing. In electrical conductivity studies, the Lc started to increase after
120 h, whereas FTIR and TG studies showed no presence of calcium hydroxide after 3 days
of curing. For studies with higher amounts of calcium hydroxide (4.5:5.5 for electrical
conductivity studies and 5:5 for FTIR/TG studies), the SCSA did not consume all of the
calcium hydroxide in the first 7 days of curing. For the 4.5:5.5 system, the Lc did not increase
during the test, which means that the solution remained saturated. The DTG curve of the
filtered material presented small amounts calcium hydroxide. FTIR/TG studies showed that
the calcium hydroxide was not totally consumed after 7 days of curing. In general, the results
from the electrical conductivity studies are similar to those found by the FTIR and TG
techniques. The new method proposed by Tashima et al. (2014) has the advantage of being

simpler and cheaper and also gave interesting results on pozzolanic reactivity behavior.
3.3.6 Scanning Electron Microscopy

SEM images of 3:7 pastes after 28 days of curing at 40 °C are shown in Figure 3.6.
These images show a substantial presence of gel formed by the pozzolanic reaction. In
addition, calcium hydroxide particles were not identified, indicating that all of it had been
consumed by the SCSA (Figure 3.6a and Figure 3.6b). In Figure 3.6¢, cementing gel is the
main product. This gel is rich in calcium and silicon (spot A, mass percentage SiO2 = 35.7%;
CaO0 = 35.2%) and showed a Ca/Si atomic ratio of 1.06. In addition, a quartz particle can be
seen surrounded by cementing gel (spot B). In Figure 3.6d, fibrillary C—S—H is highlighted.
This phase is rich in calcium and silicon and also contained aluminum and iron (spot C, SiO2
= 38.3%; CaO = 38.2%), with a Ca/Si atomic ratio of 1.07. This fibrous phase is also shown
in Figure 3.6b.

69



o
u nesp ¥AY UNIVERSIDADE ESTADUAL PAULISTA

‘JULIO DE MESQUITA FILHO”

Figure 3.6 — SEM images of 3:7 CH/SCSA paste after 28 days of curing cured at 40 °C
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3.4 CONCLUSIONS

There is good potential for the valorization of sugar cane straw ash as a pozzolanic
material. An increase in the use of biomass is inevitable because of the need for sustainable
energy sources. The wastes generated from biomass burning show interesting properties as
construction materials, and SCSA seems likely to be used in the same way due to the
promising results concerning its reactivity. In addition, the valorization of the ash in building
construction has a sustainable profile since nonrenewable materials, such as Portland
cement, can be replaced. The three techniques used in this study presented similar results for
SCSA reactivity. The electrical conductivity technique has the advantage of being simpler
and cheaper than TGA and FTIR studies. The evaluation by thermogravimetric analysis
shows high pozzolanic reactivity of SCSA in CH/SCSA mixes, finding values of lime
fixation, for 5:5 proportion, higher than 80% after 1 day of curing at 40 °C and higher than
98% after 28 days. FTIR studies on CH/SCSA pastes yielded important qualitative data:

diminution of vibration bands related to raw materials (3641 cm-; for CH and 1030 cm-; for
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SCSA) and increase of vibration bands related to pozzolanic reaction products (956 cm-1).
Electrical conductivity measurements let us classify the ash as medium reactivity type,
accordingly to Tashima’s method, similar to densified silica fume. Measurements of pH on
these suspensions showed that a decrease in 0.2 units or higher confirms reaching an
unsaturated state of the aqueous suspension. This study showed the potential for valorization
of a biomass waste and assessed its pozzolanic reactivity using an interesting recently

proposed technique.
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4 PRELIMINARIES STUDIES ON SUGAR
CANE STRAW ASH (SCSA) IN MORTARS
OF PORTLAND CEMENT/SCSA AND
BLAST-FURNACE SLAG/SCSA

The article entitled as “Possibilities of reusing sugar cane straw ash in the
production of alternative binders” by J. C. B. Moraes, D. C. A. Queiroz, J. L. Akasaki, J.
L. P. Melges, M. V. Borrachero, J. Paya and M. M. Tashima was published in the journal
Key Engineering Materials, v. 668, p. 304-311, 2016.

Abstract: Sugar cane production is increasing in Brazil due the demand in
manufacturing sugar and alcohol. During production process, several wastes are generated,
such as sugar cane straw. After a burning process of this waste material, sugar cane straw
ash (SCSA\) is obtained, and may be used in the production of alternative binders. The aim
of this paper is to assess the possibility of reuse SCSA as supplementary cementitious
material in blended Portland cement mortars and as raw material in the production of alkali-
activated binders. Blended Portland cement mortars were prepared using 0%, 20% and 30%
of SCSA in replacement of Portland cement. For alkali-activated mortars, the activating
solution is based on sodium hydroxide (NaOH) solution and different Slag/SCSA
proportions in mass were assessed: 100/0, 75/25 and 50/50. Mechanical strength of mortars
cured at room temperature was tested for 7 and 28 curing days. The results confirm that
enhanced mechanical properties can be obtained for both alternative binders using SCSA on

its composition.

Keywords: Sugar cane straw ash, Portland cement, alkaline activation.
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4.1 INTRODUCTION

Portland cement is the one of the most used materials in the world, where the
consumption in Brazil is about 59.4 million tons (SNIC, 2013) and the global consumption
is about 3.7 billion tons (FICEM, 2013). Furthermore, to produce 1 ton of Portland cement
requires about 2.8 ton of raw materials (GUO et al., 2010) and releases about 0.8 ton of CO»,
which represents 5%-8% of total CO> emission in the world (SHARP et al., 2010).

Many authors are researching new alternatives to minimize environmental
problems related to the production of Portland cement. The use of supplementary
cementitious materials are widely researched as alternative to reduce the Portland cement
consumption. Mineral additions such as silica fume, blast furnace slag, fly ash (HEWLETT,
2008), rice husk ash and sugar cane bagasse ash (HEWLETT, 2008; PAYA et al., 2000;
CORDEIRO et al., 2008; CORDEIRO et al., 2009) can be found in bibliography.

Another alternative is the use of alkali-activated binders, which has no Portland
cement in its composition. Alkaline activation is a polymerization reaction, where an
aluminosilicate material activated by an alkaline solution forms an amorphous pre-zeolitic
structure (CASTALDELLI et al., 2013). The first application of alkaline activated binders
was performed by Purdon in 1940, where the author used slag activated with sodium
hydroxide (TORGAL et al., 2008). Nowadays, the use of aluminosilicate materials as fly ash
and metakaolin (LIZCANO et al., 2012; RANJBAR et al., 2014) to produce alkali activated
binders can also be found in bibliography. Binary system is used in order to improve the
mechanical properties of alkali-activated binders, as slag/fly ash and slag/metakaolin
(ONISEl et al., 2012; BERNAL et al., 2011).

This paper presents the use of sugar cane straw ash (SCSA). Sugar cane straw is a
byproduct of the sugar cane production in the harvest process. Ripoli (1991) evaluated the
calorific value of sugar cane straw as 1896 kcal/kg, which are higher than sugar cane
bagasse. In addition, Ripoli, Gamero (2007) studied the best method to recover the sugar
cane straw from field to generate energy. These researches show that the sugar cane straw is
an important material to generate energy. However, in the process of burning to generate
energy, a waste is obtained, the sugar cane straw ash. This paper intend to assess the SCSA

as supplementary cementitious material in blended Portland cement mortars and as raw
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material in the production of alkali-activated binders with slag. The Portland cement
replacement for SCSA studied was 0%, 20% and 30%. The slag/SCSA proportions evaluated
were 100/0, 75/25 and 50/50. The mechanical properties of specimens were assessed after 7

and 28 days of curing at 25°C.
4.2 EXPERIMENTAL
4.2.1 Materials and Equipment

Sugar cane straw ash (SCSA) is the main material in this work. Sugar cane straw
was obtained from an agroindustry that produces alcohol through sugar cane. That material
was burned in a furnace without temperature control to obtain the SCSA. The ash obtained
was passed through sieves for removing large unburned particles and, after that, was milled
for 50 minutes in a ball mill. The chemical characterization of the SCSA (Table 4.1) shows
a reasonable content of SiO2 and low content of Al,Oz and Fe203. X-Ray Diffraction (DRX)
of the SCSA (Figure 4.1) shows a deviation of the basis line between 6 = 15° and 6 = 35°,
characteristic of amorphous material. However, presence of quartz, calcite and diopside is
noticed due the presence of soil among the ash. SEM images (Figure 4.2) reinforce results

of DRX showing an amorphous structure of the SCSA.

Figure 4.1 — X-Ray Diffraction of SCSA
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In the preparation of Portland cement mortars, the Brazilian Portland cement used
was the CPV — ARI Plus®, which has more than 95% of clinker in its composition. This
Portland cement was used because has no pozzolan in its composition, which could interfere
in the SCSA pozzolanic activity.

Blast furnace slag (BFS) was used in the preparation of alkali-activated mortars.
The material was obtained from Ribas do Rio Pardo-MS, and its chemical composition is
shown in Table 4.1.

In both mortars, the aggregate was standard natural sand (ABNT, 2014), obtained
from Castilho-SP with fineness modulus of 2.05. Water was used from supply system of llha
Solteira-SP.
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Table 4.1 — Chemical composition of blast furnace slag (BFS) and sugar cane straw ash
(SCSA)

Oxide SiO2 Al203 Fe03 CaO NaxO KO SOz Others LOI

SCSA 365 28 3.4 164 02 79 44 129 155
BFS 33.0 115 06 435 03 04 189 81 0.1

The specimens were molded in cubes of 5x5x5 c¢m, cured at room temperature
(25°C, RH~100%) and compressive strength of mortars were carried out in a universal test

machine for 7 and 28 curing days.

4.2.2 Experimental Procedures

4.2.2.1 Portland cement mortars

Portland cement mortars were prepared with a water/binder ratio of 0.50 and a
sand/binder ratio of 2.5, both in mass. These proportions ensure a good workability and
mechanical properties of the mortars without superplasticizer, being possible to evaluate
only the influence of SCSA in both characteristics.

The replacements of Portland cement by SCSA were 20% and 30% in mass, called
CP20 and CP30 respectively. A mortar without SCSA called CPO were prepared as a control.
High proportion of SCSA is justified due to good results in literature with pozzolanic
materials replacing considerable content of Portland cement (CORDEIRO et al., 2008;
GUZMAN et al., 2011; TASHIMA, 2012).

The specimens were cured at room temperature (RH~100% and 25°C) during 24
hours and then, they were demolded. After that, they were sealed in plastic containers, and
cured in the same conditions mentioned above until the mechanical strength test. The

compressive strength of mortars was assessed after 7 and 28 days of curing.

4.2.2.2 Alkali-activated mortars

Alkaline activated mortars were prepared with a water/cementitious materials ratio

of 0.45 in mass, which is a lower value than compared to the Portland cement mortars. The
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cementitious content was the sum of BFA and SCSA,; sodium hydroxide was not considered.
The sand/binder ratio was 2.5 in mass, as the Portland cement mortars. Sodium hydroxide
solution was used as activating solution with Na* concentration of 8 mol.kg™.

The proportions of BFS/SCSA assessed were 100/0, 75/25 and 50/50, called AAO,
AA25 and AAS5OQ, respectively. Differently of the Portland cement mortars, maximum slag
replacement in alkali-activated mortars was 50% (CASTALDELLI, 2013).

Mortars specimens were demolded and cured using the same procedures as Portland

cement mortars. The compressive strength was also performed after 7 and 28 days of curing.
4.3 RESULTS AND DISCUSSIONS
4.3.1 Compressive Strength of Portland Cement Mortars

The results of compressive strength of Portland cement mortars are shown in Figure
4.3. After 7 days of curing, both CP20 and CP30 mortars presented lower compressive
strength than CPO (control mortar). The reduction of compressive strength from CP0 to CP20
is about 20% and from CPO to CP30 is about 30%. These percentage values of reduction are
similar to the percentage replacement of Portland cement by SCSA in both cases. Probably,
it is due to SCSA did not start to react with the calcium hydroxide from cement hydration
reaction.

After 28 days of curing, the compressive strength for both CP20 and CP30
increased to 46.36 MPa and 40.57 MPa, respectively. CP20 had about the same compressive
strength than the CPO (46.85 MPa), but the CP30 still is below of the control. For this curing
age, the increase from the compressive strength of both blended mortars is related to the
pozzolanic reaction. There is no significantly reduction from CPO to CP20 and a reduction
of 13.4% from CPO to CP20. Both percentage values are significantly below than the
replacement of Portland cement for SCSA (20% and 30%, respectively). The presence of
amorphous SiO;2 in SCSA (36.5%) is the key for explaining the pozzolanic behavior
(HEWLETT, 2008).
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Figure 4.3 — Compressive strength of Portland cement mortars
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4.3.2 Compressive Strength of Alkaline Activated mortars

The results of compressive strength for alkaline activated mortars are shown in
Figure 4.4. After 7 days of curing, AA25 and AA50 presented compressive strength (24.40
MPa and 20.62 MPa, respectively) higher than the corresponding to AA0 (15.52 MPa). It is
noticed that the binary system with SCSA has higher compressive strength since earlier
curing ages. The increase of compressive strength after 7 days of curing from AAO to AA25
Is 57.3%, and from AAO to AAS0 is 32.8%. This behaviour is attributed to the presence of
reactive silica in SCSA: soluble silica in high alkalinite medium plays a very important role
in the formation of the C(N)-A-S-H gel and consequently in the yielded strength.

After 28 days of curing, AA25 and AA5Q increased their compressive strength
(44.45 MPa and 26.52 MPa, respectively). However, AAO not increased significantly
compressive strength (17.89 MPa). The increase of compressive strength after 28 days of
curing from AAQ to AA25 is 148.5%, and from AAQ to AA50 is 49.1%. Apparently, the
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curing period between 7 and 28 days favored the formation of more C(N)-A-S-H gel and
consequently an increasing in the strength is produced.

Figure 4.4 — Compressive strength of alkaline activated mortars
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4.4 CONCLUSIONS

The use of SCSA in the production of alternative binders showed to be a good
possibility for reusing this waste material.

First, in Portland cement mortars, the SCSA replacement of 20% did not change the
mechanical behavior from the control mortar after 28 days of curing. However, the SCSA
replacement of 30% decreased 13.4% the compressive strength after 28 days of curing.

Finally, in alkali-activated mortars, the results of SCSA were better than compared
to the Portland cement mortars. After 7 and 28 days of curing, both AA25 and AA50
presented higher compressive strength compared to AAO, indicating that blending BFS with

SCSA is very interesting practice for enhancing mechanical properties.
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5 SUGAR CANE STRAW ASH AS SOLID
PRECURSOR IN ALKALI-ACTIVATED
BINDERS BASED ON BLAST FURNACE
SLAG: SOLUTIONS WITH [N*] OF 8
MOL.KG? AND SIO./NA;O RATIOS OF 0-
0.75

The article entitled as “Increasing the sustainability of alkali-activated binders:
The use of sugar cane straw ash (SCSA)” by J. C. B. Moraes, M. M. Tashima, J. L.
Akasaki, J. L. P. Melges, J. Monzd, M. V. Borrachero, L. Soriano and J. Paya and was
published in the journal Construction and Building Materials, v. 124, p. 148-154, 2016.

Abstract: Alkali-activated binders are the new trend in building construction
studies due their good mechanical properties and environmental advantages. These type of
binders are obtained by a mixing of a solid precursor with an activating solution. In this
study, the influence of sugar cane straw ash (SCSA) obtained from an auto-combustion
process on blast-furnace slag (BFS) based alkali-activated binders was assessed as solid
precursor. The studied proportions of BFS/SCSA were 100/0 (control), 85/15, 75/25, 67/33
and 50/50 (by mass). Regarding to the activating solutions, three different mixtures were
used: only NaOH (8 mol.kg™ Na*) and two different combinations of NaOH with sodium
silicate (8 mol.kg™? Na* and SiO2/Na,O molar ratios of 0.50 and 0.75). The water/binder was
maintained constant. To assess the influence of SCSA on BFS-alkali activated binders,
mortars were evaluated in terms of compressive strength (3-90 days curing time at room
temperature and 3 days at 65°C); and pastes were studied to justify these results by means of
thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and
field emission scanning electron microscopy (FESEM). The presence of SCSA in the binder
greatly improved the compressive strength when compared to the control BFS mortars,
reaching values higher than 50 MPa after 90 days. SCSA/BFS samples activated with
sodium hydroxide yielded similar compressive strength values to those obtained for BFS

mortars activated with sodium silicate. In the new binders, the partial replacement of BFS,
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the total replacement of sodium silicate solution and a new way of valorizing sugar cane

straw enhanced sustainability.

Keywords: silicates, mechanical properties, biomass, renewable resources,

microstructural characterization.
5.1 INTRODUCTION

The development of sustainable construction materials is currently a new trend
under investigation (PHAIR, 2006). Alkali-activated (AA) binders are being researched as
an alternative construction material to replace the use of Portland cement (ROSTAMANI;
BRENDLEY, 2003). This type of binder is obtained when a highly alkali concentrated
solution activates, due to the high pH, a raw material, which can be metakaolin, fly ash, or
blast furnace slag, among others (KUENZEL et al.,, 2013; NIKOLIC et al., 2015;
RAKHIMOVA; RAKHIMOV, 2015). The advantages of using AA binders instead of
Portland cement based-mixtures are both technological and environmental. In some cases,
the compressive strength and durability of these binders are higher, and they are more
sustainable since they consume less energy, release less CO2 and the reuse of wastes
(DAVIDOVITS, 2002; McLELLAN et al., 2011; DAVIDOVITS, 2001; MEJiA et al., 2016,
NIMWINYA et al., 2016). Although AA binders present advantages in terms of
sustainability compared to the ordinary Portland cement (OPC), it is possible to increase
even more the benefits from this type of material.

Blast furnace slag (BFS), one of the most commonly used raw materials in the
production of AA binders, as it presents many advantages in terms of its technological
properties (WANG et al., 1995). In recent years, blast furnace slag has been used in new AA
systems with the addition of supplementary cementitious materials (RAKHIMOVA;
RAKHIMOV, 2014; MARTINEZ-LOPEZ; ESCARLATE-GARCIA, 2016). This has
become an interesting method in the cement industry, taking into account that the cost of
blast furnace slag is on the same order as that of Portland cement (MEYER, 2009). Thus,
the design of new binary blast furnace slag-based systems is an interesting topic. In the
preparation of AA binders, the alkaline solution is the most pollutant, expensive reagent and
consumes the most energy. In general, this solution is composed of alkaline hydroxides and

silicates; the latter emit high amounts of CO; and have a high economic cost (MELLADO
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et al., 2014). An alternative route is to reduce the use of alkaline silicates, replacing them
with another more sustainable silicon source. As example, studies carried out on rice rusk
ash (RHA\) in the preparation of alkaline solutions showed similar mechanical properties for
AA systems when compared to a control solution prepared with silicate-based chemical
reagents (BOUZON et al., 2014).

This paper introduces a new raw material to produce an AA binder: sugar cane
straw ash (SCSA). Brazil is the major sugar cane producer in the world with a production of
632 million tons in 2014-2015, which represents an increase of 64% in the last ten years
(UNIAO DA INDUSTRIA DE CANA-DE-ACUCAR — UNICA, 2016). The straw
represents 15-20% of the total mass of sugar cane produced; during harvesting, this straw is
abandoned on the field, producing some environmental and technical problems (LEAL et
al., 2013). This residue could be transformed into ash by burning because it is a valuable
biomass, yielding sugar cane straw ash (SCSA). An interesting destination for SCSA is in
the construction materials sector (MORAES et al., 2015). In this particular study, it will be
assessed as a component in an AA binder system with blast furnace slag. The huge amount
of this waste generated and previous studies on agroindustry residues in AA binders support
this study (PEREIRA et al., 2015; CASTALDELLI et al., 2013). SCSA from this study was
obtained from an auto-combustion process of the straw. The ash was chemically and
physically characterized, then assessed in BFS/SCSA systems (solid precursors) at these
proportions: 100/0 (control), 85/15, 75/25, 67/33 and 50/50. Three alkaline solutions were
designed to activate the precursor: an NaOH solution and two NaOH/sodium silicate
solutions. The Na® concentration in these solutions was held constant, whereas the
Si0O2/Na20 molar ratio (designated as €) of the solution was varied to assess the influence of
sodium silicate in the mixture. The compressive strength of the mortars, thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD)
and field emission scanning electron microscopy (FESEM) of the pastes were performed in
order to assess the influence of SCSA on the BFS-based systems. The objective of this study
was to valorize a waste from the agro-industry and reduce the use of a less sustainable
material in the alkaline solution, i.e. sodium silicate. Additionally, savings in the

consumption of BFS was an indirect goal.

5.2 MATERIALS AND METHODS
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5.2.1 Materials and Equipment

The sugar cane straw was received from a sugar cane plantation near of Ilha Solteira
(Séo Paulo, Brazil). This material was burned by an autocombustion process, in which the
maximum temperature reached was 700°C. The residue from combustion was passed
through sieves to remove the unburned matter, and the resulting ash was milled in a ball mill
for 50 minutes in order to increase its reactivity. Blast furnace slag was obtained from Ribas
do Rio Pardo (Mato Grosso do Sul, Brazil). Regarding the chemical composition, SCSA
presented SiO2, Al,O3, CaO as main components. Table 5.1 summarizes the chemical
composition of the solid precursors (BFS and SCSA). . In their composition, the most
interesting oxides for AA binders are the SiO,, Al203 and CaO. AA binders based on BFS
usually yields a (C,N)-A-S-H gel, whose mechanical properties can be improved by the use
of siliceous source. The SCSA is this source in the present case, and replacing partially the
BFS, can also improve the mechanical properties of the final AA binder (RAKHIMOVA;
RAKHIMOV, 2014). In particle size studies, SCSA presented a mean particle diameter
(Dmed) and median particle diameter (Dso) of 18.1 and 10.6 um respectively; for the BFS,

these values were 27.5 and 21.4 um, respectively.

Table 5.1 — Chemical composition of SCSA and BFS by weight percentage
Solid )
SiO2 AlOs Fe:03 CaO MgO K20 SOs Cl Others LOI
Precursors
SCSA 586 9.0 8.4 46 16 54 19 0.7 33 6.5
BFS 33.0 115 0.6 435 73 04 19 01 16 0.1

Both sodium hydroxide pellets (solid, 98% purity) and sodium silicate (solid, 18
wt% Na.O, 63 wt% SiO,) were supplied by Dindmica Quimica. In the preparation of
solution, NaOH pellets were dissolved in water, producing an increase in the temperature of
the solution. When sodium silicate was used, it was added to the hot NaOH solution in order
to facilitate the dissolution rate. Prepared solutions were used when they reached room

temperature.

87



yo -
u ne sp YA¥ UNIVERSIDADE ESTADUAL PAULISTA

‘JULIO DE MESQUITA FILHO”

Mortars were assessed by compressive strength in an EMIC Universal Machine
with a 2000 kN load limit at a loading rate of 0.5 MPa/s. The compressive strength was an
average of testing values on three cubic mortars of 50 x 50 x 50 mm 3. Regarding to the
pastes studies, the TGA equipment used was a Mettler-Toledo TGA 850, where the specimen
was heated in a 100 pL sealed pin-holed aluminum crucible in the temperature range of 35-
600°C, with a heating rate of 10°C.min"t and N atmosphere (75 mL.min? gas flow). FTIR
was performed by a Bruker Tensor 27 in the range of 400 and 4000 cm™. XRD patterns were
obtained by a Bruker AXS D8 Advance with a voltage of 40 kV, current intensity of 20 mA
and a Bragg’s angle (20) in the range of 5-70°. Finally, FESEM images were taken by a
ZEISS Supra 55.

5.2.2 Alkali activated binder dosage

Five different BFS/SCSA proportions were assessed in this study: 100/0 (control),
85/15, 75/25, 67/33 and 50/50 (by mass). For the alkaline activating solution, the Na*
concentration was held constant at 8 mol.kg™, whereas three SiO2/Na2O molar ratio of the
solution (&) were assessed: 0 (only sodium hydroxide in the solution), 0.50 and 0.75. The
water/binder proportion (being binder the sum of BFS and SCSA) was 0.45 and, for mortars,
the selected sand/binder ratio was 2.5. Some mortars (¢ = 0.75 with 67/33 and 50/50 ratios)
presented rheological problems and they were not cast. Mortar specimens were assessed
after 3 (25°C and 65°C, RH > 95%), 7, 28 and 90 curing days (only 25°C, RH > 95%). Paste
samples were tested after 7, 28 and 90 curing days (25°C, RH > 95%) for TGA and FTIR
studies; for XRD and FESEM analysis, only samples with 28 days of curing time (25°C, RH
> 95%) were analyzed.

The nomenclature for AA binders studied in this paper is X-y/z, where the “x” is
related to the alkaline activating solution design and “y/z” is the BFS/SCSA proportion in
the mixture. The “x” can be N, SS50 and SS75, which are related the € value equals to 0
(only sodium hydroxide in the solution), 0.50 and 0.75, respectively. Finally, the “y/z” values
were 100/0, 85/15, 75/25, 67/33 and 50/50, as the already presented BFS/SCSA proportions.

The specimen’ names are provided in Table 5.2.

5.3 RESULTS AND DISCUSSION
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The compressive strength (Rc) values of the mortars are summarized in Table 5.2.
The mean data were obtained from three 50 x 50 x 50mm? cubic specimens. In order to
highlight the importance of SCSA in the mixture, a factor named vy is proposed (Figure 5.1),
which represents the compressive strength ratio of a specimen with SCSA and its respective
control (Rcscsa / Rceontror) Under the same curing conditions. On one hand, it was observed
that, for specimens with ¢ = 0, SCSA had an important role in the development of
compressive strength. These mixtures presented higher strengths than the control sample
after 3 days of curing, with y factor values above 1.0 (Fig. 5.1a). On the other hand, for the
samples activated with both sodium hydroxide and sodium silicate (¢ = 0.50 and € = 0.75),
the compressive strengths of the SCSA mortars were similar or lower than their respective
controls, with y factor values lower than 1.0 after 3 days of curing (Fig. 5.1a). This behavior
suggests that the presence of SCSA, when silicate anions are available in the prepared
solution, does not provide any advantage, and produces a small delay in the cementing effect.
This was especially marked for € = 0.75. Curiously, at this early age, the strength of SS75-
100/0 (12.8 MPa) was surpassed by some SCSA containing mortars with € = 0 (e.g. 17.2
MPa for N-67/33), suggesting that dissolved silica from SCSA plays a similar role in the
cementing reaction than silicate anions from sodium silicate. Similar trends were observed
after 7 days of curing time (Fig. 5.1b). Interestingly, all SCSA specimens showed better
strength results than the control sample after 28 days of curing, mainly for the specimens
activated with only sodium hydroxide (¢ = 0), which yielded significantly higher
compressive strengths than the control sample. For this curing time, the y factor reached for
N-75/25 was above 2.5 (Fig. 5.1c). In contrast to the behavior observed after 3 and 7 days
of curing, SCSA mortars with € = 0.50 and € = 0.75 gained important strength: after 28 days
of curing, there was a positive effect when silicate anions were incorporated by means of
both the alkaline solution and the ash. Thus, the y factor was in the range of 1.67-1.89 for
15-25% SCSA mortars with € = 0.50, and in the range of 1.13-1.19 for 15-25% SCSA
samples with € = 0.75 (Fig. 5.1c). Control mortars (only BFS) significantly increased in
strength from 28 to 90 days of curing for all three activating solutions. Despite this, all SCSA
containing mortars, after 90 days of curing, yielded similar or higher strength values than
the control samples (y >1, Fig. 5.1d). Thus, for mortars with € = 0, the y factor values were

in the range of 1.39-1.78, confirming the effectivity of the ash in the NaOH-alkali activated
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BFS mortars. The contribution of silicate anions dissolved from the ash let to 90-day strength
values similar to those obtained for BFS mortars with € = 0.50-0.75 (e.g. 48.5 MPa for N-
75/25 versus 51.2 MPa for SS50-100/0).

In order to assess strength development at higher curing temperatures, a set of
mortars was cured at 65°C. For the studied BFS, the increase in curing temperature did not
significantly increase the strength after 3 days of curing; only for the SS75-100/0 specimen
was strength development much higher than for the mortar cured at 25°C (27.0 MPa versus
12.8 MPa). This behavior means that the presence of an important quantity of silicate anions
in the mixture plays a decisive role in enhancing the mechanical properties with a high curing
temperature. In an interesting way, for all SCSA containing mortars, the increase in curing
temperature led to good strength development and, after 3 days, all samples yielded more
than 20 MPa. Particularly, SS50-75/25 and SS50-67/33 reached 40 MPa. This behavior
indicates that, at a high curing temperature, the role of SCSA, in terms of strength
development, is much more effective than sodium silicate added in the activating solution.
Thus, sodium silicate as a chemical reagent could be successfully replaced by SCSA, which
also reduced the amount of BFS consumed.

These presented results confirm that is possible to obtain a more sustainable AA
binder accordingly the following two factors: the reuse of a biomass waste and the
replacement of the sodium silicate solution by an alternative siliceous source. As the biomass
became a trend in energy generation in the last years (CHEN et al., 2015), the reuse of these
wastes is a form of sustainability. Another issue is the CO2 emission of the sodium silicate
production, which is the highest one among the materials used in the AA binders design
(MELLADO et al., 2014). Using a less pollutant siliceous source in the place of this activator
increases the sustainable characteristic of the AA binder. The similarity on compressive
strength of mortars with SCSA (¢ equal to 0) and with only BFS (g equal to 0.50 or 0.75) is
the confirmation of the improvement in the new designed AA binder in terms of
sustainability.
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Table 5.2 — Specimens’ names, compressive strength of mortars (MPa) and their standard

deviations
Specimens’ Curing time
name (Si03/Na:0) BFS/SCSA 25°C 65°C

3 days 7 days 28 days 90days 3days
N-100/0 100/0 10.7£0.8 155+0.2 16.9+2.0 273+08  119+02
N-85/15 85/15 15.1+03 25.1+05 34.4+03 37.9+32  207+03
N-75/25 0 75/25 15903 244+19 44.4+10 44520  257%17
N-67/33 67/33 17.2£02 23.9£23 374137 436+22  300%14
N-50/50 50/50 10603 20601 265+19 479%12  343%25
SS50-100/0 100/0 14.3+0.4 25.6£05 283%21 512414 18608
SS50-85/15 85/15 158+ 0.4 31.2:07 47222 49.8+31  318%11
SS50-75/25 0.50 75/25 15201 256+ 1.1 533129 49.2+07  40.7%20
SS50-67/33 67/33 13.2£0.2 26.6+0.1 38.1%33 49.5+1.2 404+ 1.6
SS50-50/50 50/50 9.4+06 184+17 29.8+29 50.8+28  352%16
SS75-100/0 100/0 128403 26.7+0.6 39.3+11 51.5+41  27.0%05
SS75-85/15 0.75 85/15 6.1£0.2 19.1+05 44.4+29 560+13  27.3%06
SS75-75/25 75/25 48+04 140+05 46.8+3.8 51.4+31  32.6%31

Figure 5.1 — Calculated vy factor for specimens with BFS/SCSA ratios of 85/15, 75/25,
67/33 and 50/50, in the € value range of 0-0.75, after: a) 3 days of curing, b) 7 days of

curing, ¢) 28 days of curing and d) 90 days of curing (at 25°C)
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Figure 5.2 shows the DTG curves for N-100/0, N-75/25, N-50/50, SS50-100/0,
SS50-75/25 and SS50-50/50 pastes cured for 7, 28 and 90 days at 25°C. Table 5.3 shows the
mass losses of these pastes in the temperatures intervals of 35-180°C, 180-250°C and 250-
600°C. In the DTG curves (Fig. 5.2a, Fig. 5.2b and Fig. 5.2c), the peaks in the range 140-
155°C are related to the dehydration of (N,C)-A-S-H gel, whereas the peak at 180-200°C can
be related to C-A-S-H compounds (e.qg. stratlingite, C2ASHg) (PALOU et al., 2005; CHEN;
BROUWERS, 2007). In general terms, the mass loss related to the (N,C)-A-S-H gel
increased with the curing age for all mixtures, indicating that the formation of AA products
was taking place. The presence of peaks at 180-200°C was found after 7 days (small peak or
weak shoulder) and 28 days of curing (well-defined peak), and increased with the amount of
SCSA in the mixture. After 90 days of curing, the peak related to C-A-S-H compounds
disappeared, and the mass loss in the range of 180-250°C decreased (Table 5.3), indicating
that Na* ions cross-linked with this compound and formed a (N,C)-A-S-H gel (PROVIS et
al., 2015).

Figure 5.2 — DTG curves for the N-100/0 (a), SS50-100/0 (b), N-75/25 (c), SS50-75/25 (d),
N-50/50 (e) and SS50-50/50 (f) pastes cured for 7, 28 and 90 days at 25°C
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Table 5.3 — Mass losses for the N-100/0, N-75/25, N-50/50, SS50-100/0, SS50-75/25 and
SS50-50/50) pastes cured for 7, 28 and 90 days at 25°C in defined temperatures ranges of
TGA (35-180°C, 180-250°C and 250-600°C)

Mass loss in a temperature range (%)
35-180°C  180-250°C 250-600°C TOTAL

Curing time Specimens’ name

N-100/0 7.61 2.47 3.52 13.60
N-75/25 7.56 2.44 2.92 12.92
N-50/50 5.67 1.58 3.35 10.60
7 days
SS50-100/0 8.27 2.33 3.29 13.89
SS50-75/25 5.95 2.10 3.89 11.94
SS50-50/50 9.78 2.24 2.72 14.74
N-100/0 11.15 341 3.75 18.31
N-75/25 10.41 3.34 3.83 17.58
N-50/50 7.39 3.35 4.54 15.28
28 days
SS50-100/0 10.75 3.28 3.77 17.80
SS50-75/25 10.22 3.36 3.91 17.49
SS50-50/50 5.75 4.66 6.67 17.08
N-100/0 8.89 2.85 451 16.25
N-75/25 14.22 3.07 4.37 21.66
N-50/50 14.25 2.92 4.15 21.32
90 days
SS50-100/0 11.63 3.19 4.65 19.47
SS50-75/25 8.46 3.18 6.62 18.26
SS50-50/50 12.43 3.24 4.87 20.54

In the FTIR spectra (Figure 5.3), the main vibration bands of the raw materials and
AA pastes are highlighted. First, regarding the raw materials, the main vibration bands of
BFS and SCSA were 964 and 1028 cm™ (Si(Al)-O-Si vibration), respectively. The pastes
showed peaks in the range of 940-980 cm™ (Si-O-T vibration, T = Si or Al) (PEREIRA et
al., 2015). With an increase in the amount of SCSA in the mixture, the main vibration band
shifted to higher wavenumber values. Since the main peak for SCSA has higher wavenumber
vibration than the value for BFS, this justifies the higher wavenumber peaks in the pastes
with the presence of ash. However, with curing age, the main vibration peak shifted to lower
wavenumbers. This behavior is related to the formation of AA products, as shown in the
DTG studies.
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Figure 5.3 — FTIR spectra for the N-100/0 (a), SS50-100/0 (b), N-75/25 (c), SS50-75/25
(d), N-50/50 (e) and SS50-S50 (f) pastes cured for 7, 28 and 90 days at 25°C

) N-100/ ) N-75/25 ) N-50/50
BFS T ) BES " ) B8 -
sesa & SSAL SCSA-
Td - \\Q‘v’“ 7d e @ -
SN - - \“\——-"/f
28d ~ N 28d 28d e &
h \G“L’ \ . T
o0d 0d— wd &
. -3?"”' = T R - -
& _ .
d) SS50-100/0 e) SS50-75/25 f) SS50-50/50
BES T BES T BTS
SCSA & sesan A SCSA.._ o
7d e Td e \@f’ 7d \@u’
Tl T o N N = N -
g 28 e N 28d . N
N N RN
90d - ;g 9d——r_ 48 90d N
L L e
& rd s

1200 1100 1000 900 1200 1100 1000 900 1200 1100 1600 900
Wavenumber (cm’')

The XRD patterns of the raw materials (BFS and SCSA) and the N-100/0 and N-
50/50 pastes cured for 28 days at 25°C are shown in Figure 5.4. Mineralogical analysis
showed that SCSA presented quartz (PDF Card #331161) and calcite (PDF Card #050586)
as the main crystalline phases. The amorphous phase of the ash can be seen in the baseline
deviation between the Bragg’s angles of 17° and 33°. BFS showed the typical pattern of an
amorphous material by presenting a baseline deviation in the range 260 = 20-35°. Regarding
the pastes, a shift in the baseline deviation range was observed when compared to the raw
materials in the 20 range between 23° and 37°. This behavior is typical for the formation of
cementing gels (PEREIRA et al., 2015; PROVIS et al., 2005). Another gel formation can be
seen by the large peaks of C-S-H and C-A-S-H. Additionally, some crystalline phases were
formed: N-100/0 showed peaks of katoite (PDF Card #380368), stratlingite (PDF Card
#290285) and hydrotalcite (PDF Card #140191), produced during the activation process
(PROVIS; BERNAL, 2014; PUERTAS et al., 2004). Termonatrite (PDF Card #080448) was
also observed in the sample, probably due to the carbonation of the sample or transformation
of the calcite into a sodium carbonate phase. A slightly different pattern was found for N-
50/50. In this case, in addition to the previously mentioned phases containing aluminum or
silicon, sodium zeolite phases were identified, i.e. hydrosodalite (PDF Card #311271) and
hydrated nepheline (PDF Card #100460). The replacement of BFS by SCSA reduced the
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Ca/Na atomic ratio and increases the (Si+Al)/Na ratio. Consequently, the formation of

hydrosodalite and hydrated nepheline was favored.

Figure 5.4 — XRD patterns for the raw materials, BFS and SCSA, and for the N-100/0 and
N-50/50 pastes, cured for 28 days at 25°C. (Keys: Q: Quartz; C: Calcite; W: Wollastonite;
N: Termonatrite; T: Hydrotalcite; K: Katoite; S: Stratlingite; H: Hydrosodalite; P:
Hydrated Nepheline)
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Figure 5.5 shows the FESEM images of the N-100/0 (Fig. 5.5a and 5.5b) and N-
50/50 (Fig. 5.5¢ and 5.5d) pastes after 28 days of curing. In Figure 5.5a, a reacting BFS
particle (Point A) and an (N,C)-A-S-H gel (Point B) can be seen; the gel had the following
molar ratios: Al/Si = 0.28 + 0.01, Na/Si = 1.07 + 0.05 and Ca/Si = 0.70 £ 0.05. In Figure
5.5¢, a quartz particle from SCSA is indicated (Point C), surrounded by an (N,C)-A-S-H gel
(Point D): this gel presented a higher amount of Si than that found in the control (molar
ratios: Al/Si = 0.27 £ 0.01, Na/Si = 0.64 + 0.01 and Ca/Si = 0.55 + 0.09). The presence of
SCSA in the mixture favored the formation of gels richer in Si, since the added ash contains
silicon as the main metallic element. In a higher magnification (Fig 5.5b for N-100/0 and
Fig 5.5d for N-50/50), it can be seen that the gel of the AA binder with SCSA is more
compact than that for the control one, which also can justify the best performance in the
compressive strength test. In addition, zeolite crystals formation in the N-50/50 sample can
be observed (Fig. 5.5d).
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Figure 5.5 — FESEM images of N-100/0 (a and b) and N-50/50 (c and d) after 28 days of
curing at 25°C.

5.4 CONCLUSIONS

The reactivity of SCSA in BFS-based alkali activated binders offers huge
advantages. A sustainable material was obtained in this study. First, the replacement of BFS
(15-50% by mass) by SCSA in NaOH activated systems provided excellent mechanical
properties in the mortar, and similar or higher strengths than BFS systems (without SCSA)
activated by NaOH/sodium silicate mixtures were achieved. Secondly, the use of SCSA
reduced the use of the most expensive chemical reagent in these activated systems, i.e.
sodium silicate. Finally, a high degree of valorization for these ashes was achieved by using
them in this type of binder, and offers an interesting solution for managing sugar cane straw
wastes. In summary, more sustainability was achieved by replacing BFS and sodium silicate
in the design of new binders, and by the proposal of a new valorization method for sugar

cane straw waste.
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6 SUGAR CANE STRAW ASH AS SOLID
PRECURSOR IN ALKALI-ACTIVATED
BINDERS BASED ON BLAST FURNACE
SLAG: SOLUTIONS WITH [N+] OF 4
MOL.KG AND SIO2/NA,O RATIOS OF 0-
0.75

The article entitled as “Effect of sugar cane straw ash (SCSA) as solid precursor
and the alkaline activator composition on alkali-activated binders based on blast furnace
slag (BFS)” by J. C. B. Moraes, M. M. Tashima, J. L. Akasaki, J. L. P. Melges, J. Monzo,
M. V. Borrachero, L. Soriano and J. Paya and was published in the journal Construction
and Building Materials, v. 144, p. 214-224, 2017.

Abstract: Alkali-activated materials (AAM) comprise one of the solutions to diminish the
use of Portland cement in building construction and, consequently, a reduction in the
environmental problems related to CO2 emissions and energy consumption may be achieved.
These kinds of binders are obtained when a mineral precursor (calcium silicate or
aluminosilicate material) is mixed with an alkaline solution. In this study, the blast furnace
slag (BFS) combined with a new waste from the sugar cane industry, sugar cane straw ash
(SCSA), is utilised. This new residue was studied replacing partially the blast furnace slag
in BFS/SCSA proportions of 100/0, 85/15, 75/25, 67/33 and 50/50. The alkaline solution
concentration plays an important role in obtaining AAM with good mechanical properties.
Therefore, this paper intends to assess the influence of the activating solution (composed of
sodium hydroxide and sodium silicate) through different H2O/Na>O (called m) and
Si02/Naz0O (called €) molar ratios. For BFS/SCSA proportions of 100/0 and 75/25, the n
values assessed were 22, 28 and 37, whereas the € values selected were 0 and 0.75. In order
to study the effects of SCSA in the mixture, other BFS/SCSA proportions (0-50%
replacement) were assessed by only 1 and € ratios of 28 and 0-0.75, respectively. To reach
these objectives, mortars and pastes were manufactured in order to study their behaviour in
the following tests: compressive strength (3, 7, 28 and 90 days of curing at 25°C), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray
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diffraction (XRD), mercury intrusion porosimetry (MIP) and field emission scanning
electron microscopy (FESEM). The results showed that the alkaline solution influenced the
compressive strength development, and specimens reached more than 60 MPa after 90 days
of curing. In addition, the mortars with SCSA and without sodium silicate presented similar
values of compressive strength to those samples with only BFS and sodium silicate, showing
that the ash can replace the sodium silicate, which is the pollutant and an expensive chemical
reagent, yielding a sustainable binder. Therefore, SCSA presented good results and is a

promising material in alkali-activated binders.

Keywords: environmentally friendly material, biomass waste, compressive

strength, microstructural studies, sustainability
6.1 INTRODUCTION

Alkali-activated materials (AAM) development is one of the newest trends in binder
for building construction. In a previous study can be found more details about AMM
definition, their advantages and the most common raw materials (MORAES et al., 2016a).
Now it will be focus on important support studies for this present research.

In recent decades, assessment of the reuse of biomass ashes in inorganic binders
(mainly Portland cement) has been an important focus of attention (PARIS et al., 2016). In
addition, in the last few years, the use of biomass ashes as supplementary mineral admixtures
in alkali-activated BFS-based binders has notably increased (PAYA et al., 2015). The
combination of BFS and palm oil fuel ashes (POFA) is noticeable (YUSUF et al., 2014;
ISLAM et al., 2014). In these studies, the authors obtained a higher compressive strength
with the 20% replacement of BFS by POFA compared to the control after 28 days of curing
(YUSUF et al., 2014); this percentage was increased to 30% without any important loss of
mixture properties (ISLAM et al., 2014). In the case of residues derived from the sugarcane
industry, some examples have recently been reported regarding sugarcane bagasse ash
(SCBA) (PEREIRA et al., 2015; CASTALDELLI et al., 2013). The presence of SCBA from
an autocombustion process in BFS/SCBA ratio of 75/25 resulted in slightly higher
compressive strength than the control after 90 days of curing. In durability studies, the alkali-

activated binders were compared to Portland cement mixtures in ammonium chloride, acetic
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acid and sodium sulphate attacks, where the new type of binders exhibited better behaviour
than conventional ones (PEREIRA et al., 2015). In another study with the SCBA produced
in an industrial combustion, the ash can be utilised until a 40% replacement of BFS is
reached, and yields an important contribution in the mechanical strength of BFS/SCBA
mixtures.

Another interesting biomass derived from the sugarcane crop is sugarcane straw,
which is produced in large amounts and is usually abandoned in land. This biomass could
be transformed into reactive ash (sugarcane straw ash, SCSA) for reuse in inorganic binders
(MORAES et al., 2016b): interesting sustainability issues have been described in terms of
saving energy and raw materials for cement and concrete. The SCSA is obtained from the
combustion of sugar cane straw, a waste that increased in the last few years for two reasons:
the expansion of sugar cane production in many countries and the trend to use a mechanized
harvesting. Related the first reason, an example can be given: sugar cane production in Brazil
expanded from 385,000 tons in 2005/2006 to 670,000 tons in 2015/2016, which represents
an increase of 74% in only one decade (Unido da Indudstria de Cana-de-Acucar — UNICA).
The main reason for this increase is high demand in the production of ethanol (MORAES et
al., 2015). Following the second reason, several protocols prohibited the open field burning
in crop fields before collecting the sugar cane, due to safety and environmental issues. After
the mechanised harvesting process, sugar cane straw is obtained, which is mostly left on the
field to cover the bare soil; however, some of it can be reused without affecting this
protection (LEAL et al., 2013). This straw presents an interesting calorific value, and there
are some studies about selected ways to collect it in order to produce energy by a burning
procedure; sugar cane bagasse is already being utilised in this way (MORAES et al., 2013;
LEAL et al., 2013, MESA-PEREZ et al., 2013; LEMOS et al., 2014). After the combustion
of the straw, an ash rich in silica is generated: sugar cane straw ash (SCSA).

In an early published paper (MORAES et al., 2016a), SCSA was used to replace
BFS in AAM. The results demonstrated the high reactivity of SCSA, especially for those
mixtures activated with NaOH solution. In this case, the concentration of the solution was 8
mol.kg. In addition, other alkali activators tested contained a mixture of NaOH and
waterglass (studied solutions presented 0.5 and 0.75 SiO2/Na2O molar ratios), maintaining
the concentration of Na* at a constant level. In this case, the goal was to produce the

solubilisation of the silica present in the SCSA by means a high alkaline solution, and
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consequently the required quantities of NaOH and waterglass were high. In these conditions,
compressive strength of 90-days mortars of BFS/SCSA activated mixtures were similar or
higher than those found for only BFS activated system.

Regarding the alkaline activating solution, the reported papers showed that the most
utilised alkali sources are sodium hydroxide and sodium silicate (waterglass) (SHI,;
KRIVENKO, 2006). The concentration of these solutions and the SiO2/Na>O molar ratio are
crucial parameters to reach interesting mechanical properties, since variations on the solution
concentration and relative dosage with respect to the solid precursor can provide different
compressive strengths after a given curing age, as reported in some studies (TASHIMA et
al., 2013; OZER; SOYER-UZUN, 2015; AYDIN; BARADAN, 2014). In this way, the
influence of the solution concentration to a given solid precursor should be studied in order
to achieve the optimum dosage.

Seriously, the use of silicates in the preparation of alkaline solutions is responsible
for the most greenhouse gas emissions related to AAM; however, this chemical compound
becomes very important in the mechanical strength development of the AAM. One
possibility is to prepare sodium carbonate-silicate mixes, for partially reducing the silicate
source (BERNAL et al., 2016). Another possibility is replacing the waterglass with another
siliceous source. Some authors used residues in the preparation of the alkaline solution, such
as rice husk ash and glass waste, and obtained compressive strengths of mortars similar to
the control ones prepared with sodium silicate (BOUZON et al., 2014; PUERTAS et al.,
2014; TCHAKOUTE et al., 2016). Another alternative possibility is to reduce the quantity
of alkali compounds (especially sodium silicate) by blending solid silica-rich wastes with
the precursor. In this paper, binary BFS/SCSA systems have been tested, where one of the
solid precursors (SCSA) is rich in reactive silica.

The research had two objectives: the first was to add value for an ash derived from
a residue in the sugar cane industry, SCSA, as a way to reduce the use of sodium silicate in
AAM; the second one was to study the influence of the alkaline solution concentration on
the mechanical properties of these proposed AAM based on a BFS/SCSA binary system.
SCSA was already studied as a solid precursor in a previous study (MORAES et al., 2016a).
In this former study, only one H.O/Na>,O molar ratio was assessed, with different SiO2/Na,O
molar ratios. Authors observed that the mechanical behaviour from mortars composed by

BFS/SCSA activated with only sodium hydroxide is similar to ones with only BFS mixed
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with NaOH and sodium silicate. This result means that the SCSA is a silica source similar
than the sodium silicate in AAM. Regarding to the present study, the activating solution
varied for both molar ratios: H2O/Na2O (called 1) and SiO2/NazO (called €). The 1 values in
the studied mixtures were 22, 28 and 37 (they were approximately to the corresponding
solutions 5, 4 and 3 mol.kg™? of Na* respectively), whereas the ¢ values were 0 (only sodium
hydroxide) and 0.75. With respect to the solid precursors, the following BFS/SCSA
proportions (by weight) were assessed: 100/0, 85/15, 75/25, 67/33 and 50/50. Compressive
strengths of mortars were assessed until 90 days of curing at 25°C. Microstructural analyses
of pastes were performed by powder X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (derivative DTG curves), mercury

intrusion porosimetry (MIP) and field emission scanning electron microscopy (FESEM).
6.2 MATERIALS AND METHODS
6.2.1 Materials

The main material of this study is the sugar cane straw ash (SCSA). The straw was
collected in a sugar cane plantation close to Ilha Solteira city (S&o Paulo, Brazil). Afterwards,
it was transformed by means of an autocombustion process with a maximum combustion
temperature of 700°C, yielding a residual ash. Since this residue presents a certain amount
of unburned particles, the ash was passed through sieves to remove them. Finally, the passed
powder was milled in a ball mill for 50 minutes to reduce and homogenise the ash particles,
and then the SCSA was ready to be tested. The blast furnace slag (BFS) was acquired from
the Ribas do Rio Pardo (Mato Grosso do Sul, Brazil). The chemical composition of both
SCSA and BFS are shown in Table 6.1. BFS showed the typical chemical composition: CaO,
SiO2 and Al2O3 were the main oxides. SCSA had SiO> as the main component (58.6%), and
Al>03 and Fe>O3 were also significant components. Regarding the particle size of the solid
precursors, SCSA presents a mean particle diameter (Dmed) and median particle diameter
(Dso) of 18.1 um and 10.6 um, respectively; for the BFS, these values are 27.5 and 21.4 um,
respectively. In the alkaline solution preparation, sodium hydroxide (solid, 98% purity) and

sodium silicate (solid, 18 wt% Na20, 63 wt% SiOz) supplied by Dindmica Quimica were
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used. For mortar preparation, natural sand with a fineness modulus of 2.05 and specific
gravity of 2667 kg/m? was obtained from Castilho City (Sdo Paulo, Brazil).

Table 6.1 — Chemical characterisation of the solid precursors utilised in this paper (BFS

and SCSA)
Solid )
SiO2 AlOs Fe203 CaO MgO K20 SOs Cl Others LOI
Precursor
SCSA 586 9.0 8.4 46 16 54 19 0.7 33 6.5
BFS 33.0 115 06 435 73 04 19 01 16 0.1

6.2.2 Alkali activated binders’ dosage and preparation

In this study, six different alkaline solutions were prepared, in order to assess their
influence on the mechanical properties of the designed AAM. The H,O/Na,O molar ratios
assessed (called ) were 22, 28 and 37. For each 1 value, there were two SiO2/Na2O (called
by €) molar ratios evaluated in this study: 0 (only sodium hydroxide in the solution) and
0.75. Regarding the solid precursors, for the intermediary n ratio of 28, the BFS/SCSA
proportions studied (y/z) to evaluate the influence of the ash in AAM systems were 100/0,
85/15, 75/25, 67/33 and 50/50. For the other m values (22 and 37), the BFS/SCSA
proportions assessed were 100/0 and 75/25. Therefore, the total studied mixes in this paper
was eighteen, as summarised in Table 6.2. In all mixes (pastes and mortars), the
water/precursor ratio was maintained at a constant level of 0.45. For mortars, natural sand
was added in the proportion solid precursor/sand of 1/2.5. The dosages nomenclature
proposed in this study is n-e-y/z and specimen names are also shown in Table 6.2.

Regarding the preparation of AAMs, first, the alkaline solution was prepared. Since
the dissolution of sodium hydroxide in water releases heat, the resulting solution was left to
reach room temperature. Afterwards, the solid precursor was mixed with the alkaline
solution, until proper homogenisation was attained. For mortars, sand was finally added and
mechanically stirred for 3 minutes. Pastes and mortars were cured at 25°C and relative

humidity higher than 95% until the tests age.
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Table 6.2 — Mixture dosage and specimen’s names and tests carried out: compressive

strength (Rc), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),

Thermogravimetric analyses (TGA), Mercury intrusion porosimetry (MIP) and Field

emission scanning electron microscopy (FESEM)

HzO/Nazo

SiOleaZO

BFS/

Specimen’s Testing ages (days)
molar molar SCSA
name tio (n) ratio (g) (y/z)
ratio €
1l y Rc XRD FTIR TGA MIP FESEM
22-0-100/0 100/0
0 3-7-28-90
22-0-75/25 - 75125
22-0.75-100/0 100/0
0.75 3-7-28-90
22-0.75-75/25 75125
28-0-100/0 100/0 90 7-28-90 7-28-90 90 90
28-0-85/15 85/15
28-0-75/25 0 75/25 3-7-28-90 90 7-28-90 7-28-90 90 90
28-0-67/33 67/33
28-0-50/50 - 50/50
28-0.75-100/0 100/0 90 7-28-90 7-28-90 90 90
28-0.75-85/15 85/15
28-0.75-75/25 0.75 75/25 3-7-28-90 90 7-28-90 7-28-90 90 90
28-0.75-67/33 67/33
28-0.75-50/50 50/50
37-0-100/0 100/0
0 3-7-28-90
37-0-75/25 - 75/25
37-0.75-100/0 100/0
0.75 3-7-28-90
37-0.75-75/25 75125

6.2.3 Test procedures for pastes and mortars

XRD patterns were accomplished by a Bruker AXS D8 Advance with a voltage of

40 kV, current intensity of 20 mA and a Bragg’s angle (20) in the range of 5-70°. FTIR

spectra were obtained by a Bruker Tensor 27 in the range of 400 and 4000 cm™. The DTG

curves were carried out by a TGA Mettler-Toledo TGA 850, where the specimen was heated

in a 70 puL alumina crucible in the temperature range of 35-1000°C, with a heating rate of

20°C.min? and air atmosphere (75 mL.min? gas flow). Mercury intrusion porosimetry

(MIP) was carried out by a Micrometrics Instrument Corporation AutoPore 1V 9500, using

intrusion pressure from 6.6 kPa to 402.2 MPa, representing measurement diameter pores in
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the range of 222.2 um and 3.6 nm. Finally, field emission scanning electron microscopy
(FESEM) images were taken by a ZEISS Supra 55 in fractured surface sample covered with
carbon in order to evaluate the gel structure and chemical composition. Some micrographs
were taken by using an in-lens system, which virtually eliminates aberrations, resulting in
optimal spatial resolution; clearer and less electrostatically distorted images were recorded.
XRD, FTIR, TGA, MIP and FESEM tests were carried out at different ages, according to
Table 6.2.

Mortars were cast in a cubic mould of 50 x 50 x 50 mm? and tested in an EMIC
Universal Machine with a load limit of 2000 kN. Compressive strengths of mortars were
assessed after 3, 7, 28 and 90 days of curing at 25°C and relative humidity (RH) was higher
than 95% for all dosages studied.

6.3 RESULTS AND DISCUSSION
6.3.1 Compressive strength of mortars

Compressive strength results of mortars are summarised in Table 6.3. BFS mortars
activated with & = 0 (22-0-100/0, 28-0-100/0 and 37-0-100/0) showed the lowest strengths.
At early ages (3 and 7 days), the mortar with the highest concentrated activating solution
(22-0-100/0) yielded lower strengths than the other mortars activated with other NaOH
solutions: this behaviour suggested that high sodium concentration did not have advantages
in terms of early strength development. For longer curing times (28 and 90 days), all BFS
mixes activated with NaOH yielded similar strength (25-33 MPa at 28 days and 34-36 MPa
at 90 days). BFS samples activated with € = 0.75 solution (22-0.75-100/0, 28-0.75-100/0 and
37-0.75-100/0) showed higher strengths when compared to mortars activated with € = 0
solution. Thus, strengths reached after 7 days for € = 0.75 systems were similar to those
obtained for ¢ = O after 90 days of curing. This behaviour revealed the important role of
sodium silicate in the activation of BFS. BFS mortars with ¢ = 0.75 yielded very high
strengths after 28 and 90 days: 53-61 and 64-67 MPa, respectively.

Related to the influence of the partial replacement of BFS by the sugar cane straw
ash (SCSA) in the AAM, specimens for all n values without the sodium silicate (¢ = 0)
showed a significant improvement compared to the corresponding ones with BFS and € = 0.
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Thus, noticeably, strengths reached for samples with BFS/SCSA=75/25 (25% replacement
of BFS) were in the range 50-57 MPa at 28 days and in the 56-59 MPa at 90 days. These
values, compared to those obtained for BFS activated mortars with ¢ = 0, represent
increasing mean values of 86% and 66% at 28 and 90 days, respectively. These values were
slightly lower than those found for BFS activated with € = 0.75 solutions, which means that
the role played by SCSA in the BFS/SCSA mixtures with £ = 0 was comparable to that for
sodium silicate. Curiously, for the earliest curing age (3 days) the effect of the SCSA was
negligible with € = 0.75: for BFS/SCSA samples activated with n =22 and n = 28 solutions;
similar strengths to that found for BFS systems with € = 0 were reached. In contrast,
BFS/SCSA samples activated with ny = 37 yielded only 1.9 MPa (BFS with ¢ = 0 sample
yielded 13.4MPa), which means that the lowest sodium concentration solution was not very
effective in the dissolution of reactive silica from SCSA at this age (SONG; JENNIGS,
1999).

Specifically, for the BFS/SCSA with n = 28 samples, different replacement SCSA
percentages were studied (15, 25, 33 and 50% replacements). The replacement interval of
25-50% mortars did not show a difference in the compressive strength values after 90 days
of curing, being slightly superior to the 15% replacement. Additionally, the compressive
strength development from the BFS/SCSA ratio of 75/25 presented better results than the
67/33 and 50/50 mixtures, since the results of the early curing times of that blend are
significantly higher than these ones.

Regarding the specimens with sodium silicate (¢ = 0.75), the BFS/SCSA 75/25
mixture presented slightly lower 90-day compressive strengths than the control ones for the
three n values tested, which is different to that which occurred for the blends with € = 0.
However, for early curing ages, the strengths for SCSA-containing systems were
significantly lower. This behaviour suggests that, at early ages, the dissolution of silica from
SCSA and the presence of silicate anions in the solution have a negative effect on the strength
development.

Again for the n = 28 mixtures, SCSA percentages in the range 15-33% presented
better compressive strength development until the 90th day of the study, whereas 50%
showed worse results than those. The presence of SCSA in mixtures with € = 0.75 did not
show any difference compared to the control one. From these compressive strength results,

the optimal BFS/SCSA proportions are 75/25 and 67/33. Noticeably, the BFS/SCSA 50/50
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sample did not set before 7 days of curing, which strengthens the proposed idea regarding
the bad compatibility between SCSA and sodium silicate for a good early strength
development (MORAES et al., 2016a). In these cases, a large amount of silicate in solution
is produced because the sodium silicate in the activator and the solubilisation of silica from
SCSA by NaOH. In these conditions, the silicate/BFS ratio was notably increased (especially
for 50% replacement of BFS by SCSA) and the effective NaOH concentration for achieving
BFS was drastically diminished (ESCALANTE-GARCIA et al., 2003).

The use of sodium silicate (¢ = 0.75) only showed beneficial results to the
BFS/SCSA proportion of 100/0: for the all n values, the final compressive strength of this
solid precursor proportion showed higher results when compared to those without sodium
silicate. When BFS was partially replaced by SCSA, the use of sodium silicate did not favour
the mortar strength development. The final compressive strength (90 days) of the mortars
with sodium silicate is similar to those that do not have this reagent, and also negatively
affected the mechanical strength development: the compressive strength of SCSA-mortars
with € = 0 showed higher compressive strength at early ages when compared to the
specimens with the € = 0.75 ones. Making an overview of all of the results, the comparison
between the specimens with SCSA activated with only sodium hydroxide (SCSA
percentages in the interval 15-50% and & = 0) and those without SCSA activated with sodium
hydroxide and silicate (SCSA percentage of 0% and € = 0.75) may be highlighted.
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Table 6.3 — Compressive strength of mortars (MPa) and their standard deviations

Specimen name

Compressive strength (MPa)

25°C, RH > 95%

3days 7 days 28 days 90 days

22-0-100/0 118+0.2 165%05 25011 35705
22-0-75/25 102+02 29.0+138 574+04 58.8+2.3
22-0.75-100/0 152+01 331x15 55.8+4.3 67.2+0.4
22-0.75-75/25 65+01 233%13 56.7+0.7 62.1+2.3
28-0-100/0 16.1+0.7 214+08 32812 34741
28-0-85/15 71+01 181x09 412+22 50.0+1.9
28-0-75/25 11.3+24 269x0.7 54.0+1.0 57.0+25
28-0-67/33 31+01 9.5+0.6 46.0+4.2 57.2+49
28-0-50/50 2801 3207 35.0+0.1 57.3+x2.0
28-0.75-100/0 20311 36.2%20 60.4+4.8 645+15
28-0.75-85/15 35+01 17.1+x04 424+19 65.6 + 3.2
28-0.75-75/25 32+02 136+0.6 48.7+4.0 63.6 +4.3
28-0.75-67/33 54+01 185x05 52.7+0.7 63.1+1.7
28-0.75-50/50 - 21.1+05 504 +1.2
37-0-100/0 13.4+01 19.0+05 29.6+0.7 36.0+14
37-0-75/25 19+0.0 123+05 508+ 1.1 56.6 + 1.6
37-0.75-100/0 153+09 330x15 534+21 64.2+3.0
37-0.75-75/25 1.7+01 10701 53.3+1.3 58.6 +4.5

In order to assess the importance of the SCSA contribution, and the possibility to

compare their mortars with the control ones (BFS/SCSA=100/0) with sodium silicate, an ¢

ratio is proposed in this study. This ¢ parameter is the ratio between the compressive strength

of a mortar with a certain BFS/SCSA proportion different than 100/0 (y/z, being 85/15,

75/25, 67/33 or 50/50), a determined n value and € = 0 (Rcq-0-y12) OVer the control one (only

BFS), with the same H>0O/Na.O ratio and activated with sodium silicate solution (¢ = 0.75)

for the same curing time (Rcy-0.75-10000), as in Equation 6.1:

4

Rc

n—0-y/z

Rc;,0.75-100/0

(6.1)

The ¢ values for 7, 28 and 90 days of curing are presented in Figure 6.1. After 7

days of curing, the specimen with n = 22 presented a compressive strength that was slightly
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lower than the control (22-0.75-100/0), and reached an ¢ value of 0.87. The sample 28-0-
75/25 showed a lower rate of 0.74, whereas the other specimens presented ¢ ratios lower
than 0.50. This behaviour can be explained by taking into account that the commercial
sodium silicate was already dissolved in the aqueous medium, which means that the reaction
process occurs faster than in the mortars with SCSA, leading to a higher compressive
strength at early curing ages. On the other hand, after 28 days, the effect of SCSA in the
development of the strength gained in importance: 22-0-75/25, 28-0-75/25 and 37-0-75/25
specimens showed ¢ values over than 0.80, indicating that the SCSA contribution as a silica
source mainly occurred in the 7-28 days of curing period. For this curing time, it is
highlighted that the 22-0-75/25 reached compressive strength slightly above the control,
since the ¢ value of this mortar was 1.04. The higher amount of Na* was shown to be
beneficial in the first 28 days of curing, because this mortar presented a compressive strength
similar to the control and ¢ values always over 0.80. Regarding the SCSA content, the
mortars with n = 28 showed that the optimum replacement was 25%, due to the highest ¢
value for 28-0-75/25 system (¢=0.89) at this curing age. After 90 days of curing, all mortars
showed ¢ values in the range from 0.80-0.90, confirming that the SCSA can be used as a
silica source in alkali-activated binders based on BFS. Interestingly, for BFS/SCSA = 75/25
systems, the values of ¢ over 0.75 at 90 days confirm that the use of SCSA is interesting
from two points of view: the partial replacement of BFS and the total replacement of sodium
silicate. At this curing time, neither the quantity of Na* nor the percentage of SCSA utilised

in the mortar had a significant affect.
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Figure 6.1 — Values of the ¢ ratio for mortars containing SCSA at 7, 28 and 90 days of

curing
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6.3.2 Microstructural studies

XRD patterns of the raw materials (BFS and SCSA) and the pastes 28-0-100/0, 28-
0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 90 days of curing are shown in Figure 6.2.
Firstly, regarding the raw materials BFS and SCSA, XRD patterns show a baseline deviation
in the Bragg’s Angle range of 17-33° and 20-35°, respectively, which is characteristic of the
presence of amorphous phases. The presence of an important amount of quartz (PDF Card
#331161) in SCSA meant that this baseline deviation was only easily identified by
enlargement of the diffractogram in the 20-35° range. In addition, calcite (PDF Card
#050586) was present in the ash. Regarding XRD patterns of pastes, a baseline deviation in
the 20 range of 22-38° was observed in all cases. This behaviour was observed in other
studies of the alkaline activation of BFS (MORAES et al., 2016a; PEREIRA et al., 2015).
The XRD pattern for 28-0-100/0 showed the strongest broad peak centred at 29.32° and a
broad weaker peak at 32.08°, which can be associated with the presence of C-S-H gel
(probably this gel has sodium and aluminium, (C,N)-A-S-H phase); additionally, the peak
from calcite in the very close 26 value of 29.32° overlapped. The presence of calcite in this

sample was confirmed by the identification of other related peaks: 22.97, 35.93, 43.09,
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47.39, 48.44 and 57.35° This calcite was due to the slight carbonation of the sample,
according to the results from thermogravimetric analysis. A small quantity of quartz was
also identified, which comes from the BFS, suggesting that this crystalline phase did not
react in the process after 90 days of curing. Finally, minor phases were also identified:
hydrotalcite (MgsAl.CO3(OH)16.H20, PDFcard 140191) and katoite (CazAl2(SiO4)(OH)s,
PDFcard 380368). The XRD pattern for 28-0.75-100/0 was similar to the above-described
sample without sodium silicate, suggesting that the nature of the crystalline phases was not
influenced by the nature of the chemical activator. For samples containing SCSA (28-0-
75/25 and 28-0.75-75/25), the main peak belonged to quartz phase, suggesting that this
crystalline phase did not react towards the alkaline medium. Similar peaks to BFS-containing
pastes were identified: calcite and (C,N)-A-S-H. This means that the nature of the crystalline

products did not strongly influence the hydration of BFS by the presence of SCSA.

Figure 6.2 — XRD patterns of the raw materials (BFS and SCSA) and the pastes 28-0-
100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 90 days of curing (Key: Q:
quartz; C: calcite, H: hydrotalcite; K, katoite; C-S-H: calcium silicate hydrate)
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FTIR spectra of the raw materials (BFS, SCSA and a BFS/SCSA mixture by
proportion of 75/25 before combining with the alkaline solution) and the pastes 28-0-100/0,

28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 7, 28 and 90 days of curing are shown in
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Figure 6.3. The broadband in the range from 800-1270 cm™ may be highlighted, as this is
related to the amorphous Si-O-T vibrations of the raw materials and pastes (being T Si or
Al) (MORAES et al., 2016a; ISMAIL et al., 2014). Firstly, regarding the raw materials, the
BFS spectrum presented a broadband centred at 964 cm™; the SCSA spectrum also showed
a broadband, in this case centred at 1032 cm™. A blend of BFS/SCSA was also assessed in
order to visualise the modification on the spectrum when raw materials are combined with
the alkaline solution before the reaction. In this case, the broadness of the band was much
larger than those for raw materials (from 810 to 1270 cm™) as a consequence of the sum of
absorptions from both materials. This more flattened broadband must be taken as the starting
point for monitoring the hydration evolution by FTIR.

Figure 6.3 — FTIR spectra of the raw materials (BFS and SCSA) and the pastes 28-0-100/0,
28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 7, 28 and 90 days of curing
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Regarding the AAM pastes after 7 days of curing (Fig. 6.3a), it can be seen that the
strongest peaks are in the interval of 940-970 cm™, which is the wavenumber region for the
(C,N)-A-S-H gels from the BFS activation (MORAES et al., 2016a; ISMAIL et al., 2014).
The changes observed in the band position for both BFS and BFS/SCSA systems can be
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related to the effect of Al/Si and Ca/Si ratios: the decrease of these values induces an increase
in the wavenumber band (SALIH et al., 2015; RAVIKUMAR; NEITHALATH, 2012). As
the aluminium content for both raw materials is very low, the changes in the wavenumbers
is more related to changes in the Ca/Si ratio. In addition, the dissolution of silica-glassy part
from SCSA (whose band absorption was higher in energy than the one found for gel) that
reacts with BFS particles and forms part of the gel can also shift the broadband position to a
lower wavenumber. In general, for BFS samples, the broadband peak energy increased with
curing time, with this increase being higher for sodium silicate activated paste (28-0.75-
100/0). This suggests that silicate tetrahedral anions are more strongly linked in the (C,N)-
A-S-H gel. On the contrary, BFS/SCSA samples did not show a significant shift to higher
energy in the broadband FTIR peak with curing time. This behaviour can be explained as
follows: despite the formation of a more linked structure with the presence of SCSA (as
suggested by compressive strength behaviour), part of glassy silica from SCSA was reacted
to form cementing gel. In this way, the intensity of the absorption related to SCSA was
diminished, and the resulting peak of the overlapped absorptions from the unreacted SCSA
and the formed gel did not shift to higher energies. In the case of BFS specimens (without
SCSA), the difference between the main peak of raw material (964 cm™) and the peak
associated with the formed gel (945-959 cm™) in the activated pastes was very low; the
influence of the raw BFS consumed through the reaction was negligible in the FTIR
absorption overlap. The absorption band related to the presence of carbonates (875 cm™)
was easily identified in SCSA and in all pastes which contain this ash. This FTIR peak
increased with curing time, suggesting the carbonation of the pastes during the curing
process. This carbonation process also affected the BFS pastes. Thus, after 7 days of curing,
the peak centred at 875 cm™ was not shown for 28-0-100/0 and 28-0.75-100/0 pastes;
however, after 28 curing days, paste activated by sodium silicate showed this peak, and both
pastes showed this absorption peak after 90 curing days.

TGA results (derivative thermogravimetric curve, DTG) on the pastes 28-0-100/0,
28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 7, 28 and 90 days of curing are presented
in Figure 6.4. In this study, the main peaks and most important mass losses were at the
temperatures of 110-165, 200-250 and 580-620°C. Therefore, Table 6.4 is presented with
the mass losses in the following important temperature ranges of 35-250°C (Pg4, mass loss
related to the formed gel), 450-650°C and the total mass loss (Pt) obtained in the test (35-
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1000°C). DTG peaks in the range 110-160°C are related to the dehydration of (C,N)-A-S-H
or C-S-H gels from the activation of the BFS (PEREIRA et al., 2015; ABDALQADER et
al., 2016). The peak placed at 200-250°C is associated with the decomposition C-A-S-H gels
(e.g. stratlingite or C2ASHg) (PEREIRA et al., 2015; EL-DIDAMONY, 2012). Finally, the
peaks observed in the range of 580-600°C are related to the decomposition of calcium
carbonate. This decomposition temperature range is noticeably lower than that observed for
calcite from natural source (700-850°C): this is probably due to the particle size of the CaCO3
crystals produced in the carbonation process, which is a poorly crystallised phase
(ABDALQADER et al., 2015) and to the presence of sodium ions, both influencing the
decrease in temperature decomposition.

In general terms, it can be noticed that the mass losses increased with curing time,
and for a given curing age, they increased with the presence of SCSA and/or sodium silicate:
28-0-100/0 presented the lowest total mass loss, and also presented the lowest mass losses
for the ranges 35-250 and 450-650°C. For early age SCSA-containing samples (7 days), the
peak centred in the range from 450-650°C was very intense, as can be seen in DTG curves
(Figure 6.4). This was probably due, on the one hand, to the initial calcium carbonate present
in the ash, as confirmed by XRD, and on the other hand by the higher carbonation rate of the
sample with the presence of SCSA. For medium curing times (28 days), sample 28-0.75-
100/0 also showed this peak, and the same long curing time (90 days) was seen in the 28-0-
100/0 sample. These results suggest that the formation of the compound that decomposes at
this temperature range is formed in all of the studied systems; however, the rate of formation
changed depending on the mixture.

Linear relationships have been found between the mass loss calculated from the
thermogravimetric analysis and the developed compressive strength of mortar (Figure 6.5).
As a consequence of the alkaline activation reaction progress, more hydrates are formed and
more strength is developed. Thus, mass loss in the range 35-250°C (Pg, related to low
temperature water releasing from cementing gel) increased with compressive strength. A

similar trend was found for total mass loss (Pt, in the range 35-1000°C).
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Figure 6.4 — DTG curves of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-

75/25 after 7, 28 and 90 days of curing

7 days
28-0-100/0]

28-0-75/25)
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0

200 400 600 800
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Table 6.4 — Mass losses (%) for the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-
0.75-75/25 after 7, 28 and 90 days of curing at different temperature ranges (35-250°C,

450-650°C, and total mass loss 35-1000°C)

Mass losses (%)

] 7 days 28 days 90 days
Specimen
35-250 450- Total 35-250 450- Total  35-250 450- Total
°C (Py) 650°C Py °C (Py) 650°C (Py) °C (Py) 650°C (Py)
28-0-100/0 6.70 1.50 10.94 7.74 0.93 10.39 6.92 3.16 13.06
28-0 -75/25 6.20 3.57 12.05 9.96 3.36 16.03 7.69 5.37 15.78
28-0.75-100/0  10.14 1.03 13.33 10.25 2.44 15.30 8.85 4.18 15.95
28-0.75-75/25 6.47 3.99 12.79 8.23 4.72 15.30 8.73 5.45 17.11
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Figure 6.5 — Relationships between thermogravimetric mass losses for pastes (Pg, 35-
250°C; and Py, 35-1000°C) and the compressive strength of mortars.
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MIP results for the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-

75/25 after 90 days of curing are summarised in Table 6.5. The influence of SCSA in total
porosity was insignificant for pastes activated with only sodium hydroxide (28.42 and
28.44% for 28-0-100/0 and 28-0-75/25, respectively); however, for the specimens with € =
0.75, the paste with the ash presented greater porosity than its respective control (24.28 and
27.66% for 28-0.75-100/0 and 28-0.75-75/25, respectively). Taking into account the Hg
retained in the intrusion-extrusion cycle, the presence of SCSA reduced the tortuosity in the
paste from their respective controls (35.15 and 43.52%, respectively for € = 0, and 27.85 and
38.75% for € = 0.75, in that order). Probably, the presence of a fine powder (finer than BFS)
and the production of cementing gel from its solution-precipitation process, yielded a more
homogeneous capillary and gel pore networks, with the lower formation of ink-bottle pores.
Regarding the volume pore distribution of the pastes, differential and accumulated
distribution MIP curves are depicted in Figure 6.6. Differential distribution curves (Figure
6.6a) showed two main types of pores for all tested pastes: capillary pores in the 100 to 5000
nm range (similar to large capillary pore network defined by Mindness et al. (2002) for OPC
pastes, and small capillary and gel pores in the range 3 to 30 nm. Interestingly, SCSA
containing pastes showed a low volume of Hg intruding into the highest size pores, being
lower than 0.02 mL/g of paste (see Table 6.5). Contrarily, for samples without SCSA, this
118



A#I#AV
u ne sp YA¥ UNIVERSIDADE ESTADUAL PAULISTA

‘JULIO DE MESQUITA FILHO”

value was higher than 0.04 mL/g of paste. This means that SCSA reacted in the alkaline
medium and produced a refined pore size in this range. This pore refinement produced
smaller pores, and the intruded Hg volume was significantly higher for these smaller pores:
in this way, the median pore diameter for SCSA containing AAMs was very low (9.14 and
7.04 nm for e =0 and € = 0.75 respectively). Interestingly, the presence of the sodium silicate
in the activated BFS sample (28-0.75-100/0) produced a beneficial effect on the reduction
of porosity, and gel pore volume was very low compared to the other pastes. Probably, the
presence of dissolved silicate in the activating solution favoured the formation of a denser
gel with a gel pore size lower than 3 nm. This is the reason for the high mean diameter in
volume (diameter of the pore size for which 50% of Hg volume was intruded): the value of
272 nm was due to the low gel pore volume. Thus, for silicate-activated BFS mortar, good

mechanical properties were achieved.

Figure 6.6 — MIP curves of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-
75/25 after 90 days of curing: a) differential, and b) accumulated distribution
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Table 6.5 — MIP results of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and n8-0.75-
75/25 after 90 days of curing

Volume (mL of Hg/g of paste) and percentage

Median pore diameter

i Total Total pore area volume Hg retained
Specimen i
porosity (%) (m?/g) Volume Area 5000 - 100 (%)
> 5000 nm <100 nm
(nm) (nm) nm
0.0139 0.064 0.1013
28-0-100/0 28.42 43.06 27.04 7.62 43.52
(7.74%) (35.67%) (56.54%)
0.0126 0.0355 0.1463
28-0-75/25 28.44 91.44 9.14 5.12 35.16
(6.39%) (17.98%) (74.06%)
0.0118 0.0801 0.0633
28-0.75-100/0 24.28 42.99 545.80 5.02 27.85
(7.63%) (51.55%) (40.82%)
0.0072 0.0254 0.1578
28-0.75-75/25 27.66 102.15 7.04 5.06 38.75
(3.77%) (13.33%) (82.9%)
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FESEM images of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-
75/25 after 90 days of curing are presented in the Figures 6.7-10. Regarding the paste with
NaOH-activated BFS (28-0-100/0, Fig. 6.7), a particle of the solid precursor can be observed
(BFS, spot A in Fig 6.7a) with some binding gel products (spot B, Fig 6.7a) around it. EDS
analysis on the unreacted BFS particle gave the following atomic ratios: Ca/Si=0.76,
Al/Si=0.33 and Na/Si=0.02. Most of the sample was occupied by the porous gel shown in
the Fig 6.7b: it was formed by an imbricated set of irregular gel particles with sizes in the
200-50nm range. This gel was analysed by EDS, resulting in the following atomic ratios:
Ca/Si = 0.83 £ 0.05, Al/Si = 0.34 £ 0.02, and Na/Si = 0.39 £ 0.06. The Si:Al:Ca proportion
was 0.46:0.14:0.38, which corresponds to a C-A-S-H gel according to Abdalgader et al.
(2016). FESEM micrographs taken by using an in-lens system (Fig 6.7c) showed a very
homogeneous binding gel, and some small areas are covered by a denser gel (spot C, Fig
6.7d).

Figure 6.7 — FESEM micrographs of BFS activated paste with NaOH (28-0-100/0): a)
general view of the paste with an unreacted BFS particle (spot A) and gel (spot B); b)
detailed view of the gel; c) in-lens micrograph showing BFS unreacted particle (spot A)

and main gel (spot B); d) enlarged zone from c), in which a denser gel is shown (spot C).
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In Figure 6.8, some FESEM micrographs for 28-0-75/25 paste are depicted. In
Figure 6.8a, a general view of the gel is presented. In figures 6.8b and 6.8c, the presence of
two different types of formed gels is noteworthy (see spots D and E). In spot D, the gel
appears to be made of small particles (size under 50 nm), which are smaller than those
obtained in the 28-0-100/0 specimen. In addition, its composition shows similar values to
that obtained for porous gel in the 28-0-100/0 paste: Ca/Si = 0.84 + 0.03, Al/Si = 0.28
0.02, and Na/Si = 0.37 £ 0.04. In this case, the Si:Al:Ca proportion was 0.47:0.13:0.40,
which also corresponds to a C-A-S-H gel. The Na/Si atomic ratio was similar to 28-0-100/0
paste (0.37 vs 0.39) despite the higher quantity of Si in the 28-0-75/25 paste due to the
presence of SCSA. In contrast, the other gel (see spot E) showed a different morphology:
more compacted, denser particles larger than 200 nm and irregularly hollowed (holes smaller
than 50 nm size). This gel resulted in the following atomic ratios: Ca/Si = 0.65 + 0.08, Al/Si
=0.28 £ 0.02, and Na/Si = 0.30 = 0.05. The Si:Al:Ca proportion was 0.52:0.14:0.34, which
corresponds to a C(N)-A-S-H gel according to Abdalgader et al. (2016). The presence of
SCSA in the mix favoured the formation of gels with a lower percentage of Ca and higher
percentage of Na. Additionally, if the Na/Ca and (Na+K)/Ca ratios are compared, the
influence on the composition of the gel can be noticed due to the K contained in the ash.
Thus, the Na/Ca and (Na+K)/Ca ratios for 28-0-100/0 were very similar: 0.47 £ 0.06 and
0.52 + 0.06 respectively. In contrast, gels in 28-0-75/25 paste showed much higher values
for (Na+K)/Ca than for Na/Ca (for porous gel, 0.59 £ 0.01 vs. 0.44 + 0.03; for compacted
gel, 0.69 £ 0.12 vs. 0.47 £ 0.13). Figure 6.8d shows the distribution of both gels, porous and
compacted, taken by using an in-lens system: darker zones belong to compacted gels and
lighter ones to porous gels.
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Figure 6.8 — FESEM micrographs of BFS/SCSA activated paste with NaOH (28-0-75/25):
a) general view of the paste; b) general view of formed gels (spot D shows a porous gel,
and spot E, a compacted gel); c) detailed view of both gels; d) in-lens view (lighter area for
porous gel, and darker are for compacted gel).

a) 28-0-75/25.. by Y. g

Regarding the specimen of BFS activated with both sodium hydroxide and silicate,
Fig. 6.9a shows a general view of the microstructure, in which a large zone is covered by a
compacted gel (spot G) with a smaller area covered by a more porous gel (spot F). Both
types of formed gel can also be seen in the enlarged zone (Fig 6.9b). The porous gel (see
spot F, Fig 6.9b) is similar to porous gel found in the microstructure of the 28-0-75/25 paste;
the denser gel (see spot G, Fig 6.9b) is a continuous gel similar in composition to the one
found in 28-0-75/25 paste (spot D). Also, some crystalline formations have been found: in
Fig 6.9c, sheet-like crystals which were surrounded by a porous gel with the following
composition (atomic ratios): Ca/Si = 0.85 £ 0.03, Al/Si = 0.29 = 0.01, and Na/Si = 0.09 +
0.03. This chemical composition suggested that this phase is a C-A-S-H gel, and probably
the crystals are stratlingite, Ca2Al2(SiO2)(OH)102.5H20. In Fig 6.9d, some well-formed
crystals, with a size of around 500 nm, were found. It was very difficult to perform chemical
analysis because of the influence of the surrounding matrix, but interestingly the Na/Ca
atomic ratio was very high (1.20 £ 0.02). This atomic ratio and the carbonation
(ZAHARAKI; KOMNITSAS, 2009) of the sample (accordingly to TGA studies) allowed us
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to conclude that they are pirssonite, Na>Ca(COz3)22H.0O. They can be formed due to

carbonation of the sample.

Figure 6.9 — FESEM micrographs of BFS activated paste with NaOH and sodium silicate
(28-0.75-100/0): a) general view of the paste with some gel formation (spot F shows a
porous gel, and spot G, a compacted gel); b) detailed view of formed gels; c) detailed view

of sheet-like crystals (spot H, stratlingite); d) pirssonite crystals surrounded by gels.

In Fig. 6.10, some micrographs of the 28-0.75-75/25 paste are depicted. Fig 6.10a
show a general view of the microstructure, in which much of the shown area is covered by
a compacted gel (spot J). In the bottom-right corner of this micrograph, a particle of quartz
was identified (probably from the SCSA, spot K). Figures 6.10b and 6.10c showed a detailed
arrangement of the compacted gel (spot J): this gel was very similar to the compacted gel
found for 28-0 -75/25 paste (see Fig 6.8c, spot D), in this case with a less hollowed pattern.
Finally, in Fig 6.10d, pirssonite crystals (2-3 pm size) are shown, produced by the

carbonation process.
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Figure 6.10 — FESEM micrographs of BFS/SCSA activated paste with NaOH and sodium
silicate (28-0.75-75/25): a) general view of the paste with some gel formation (spot J) and

a quartz particle (spot K); b) detailed view of compacted gel; c) detailed view of gel; d)

pirssonite crystals surrounded by gels.

6.4 CONCLUSIONS

BFS alkali activated materials (AAM) activated by alkaline solutions in the
H20/Na;0 (n)) range of 22 to 37 (equivalent to a Na* molality of 5 to 3 mol.kg™) and the
corresponding systems with the replacement of BFS by sugarcane straw ash (SCSA) were
studied. NaOH and a mixture of NaOH+sodium silicate solutions, SiO2/Na2O ratios (¢) of 0
and 0.75 respectively, were assessed as activating solutions. In terms of mortar compressive
strength behaviour, the replacement of BFS by SCSA did not negatively affect the
mechanical performance produced. Interestingly, this replacement enabled the strength
behaviour respect to the NaOH activated BFS-AAM: increases in the strength were 86% and
66% at 28 and 90 days, respectively. Moreover, these strength values were slightly lower
than those obtained for sodium silicate BFS-AAMs (at 90 days of curing, reached 80-90%
of the strength for BFS-mortar). Also, the strength behaviour due to the influence of SCSA
content (assessed on the interval of 15-50% replacement of BFS) did not show differences
at 90 days of curing, which represents an interesting advantage in terms of the design and
dosage of the AAMs. The optimum BFS/SCSA proportion was 75/25 due to its better
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compressive strength developed in the early curing time with respect to other tested
replacements. Regarding the effect of the alkaline solution, the n ratio also did not influence
the compressive strength at 90 days of curing; however, the strength evolution was
significantly affected by the replacement: very early aged (3 days) mortars containing SCSA
yielded low strength values. From microstructural studies, the significant role of SCSA in
the development of the gel formed due to the alkali activation process was investigated.
From XRD, TG and FTIR analyses, no differences in the nature of the cementing gel were
found Dbetween the tested pastes. However, mercury intrusion porosimetry (MIP)
measurements highlighted the critical reduction in the capillary pore volume for SCSA-
containing pastes compared to the NaOH-BFS activated system. The high gel pore volume
from MIP and the presence of compacted gel identified by FESEM in the SCSA systems
agreed with the good mechanical behaviour of SCAS-activated mortars. A high proportion
of a C(N)-A-S-H compacted gel was observed in these SCSA-systems, in a similar way to
the observations for BFS activated with sodium silicate. From a general point of view,
despite the low alkali concentration in the activation solutions, the SCSA plays an important
role in the development of the binding ability of the alkali-activated paste. For these systems,
a replacement of sodium silicate in the activating solution by the dosage of SCSA in the
precursor can be proposed as a way to yield highly sustainable binders. Thus, interesting
mixtures containing SCSA can be designed, which yield a similar performance to BFS
systems, meaning that good valorisation of this biomass waste can be carried out for low

alkalinity-activated materials.
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7 SUGAR CANE STRAW ASH AS SOLID
PRECURSOR IN ALKALI-ACTIVATED
BINDERS BASED ON BLAST FURNACE
SLAG: SOLUTIONS WITH [N+] OF 6-10
MOL.KG™

The article entitled as “Optimum use of sugar cane straw ash (SCSA) in alkali-
activated binders based on blast furnace slag (BFS)” by J. C. B. Moraes, M. M. Tashima,
J. L. P. Melges, J. L. Akasaki, J. Monzd, M. V. Borrachero, L. Soriano and J. Paya was
accepted in the Journal of Materials in Civil Engineering.

Abstract: Alkali-activated binders (AAB) are a material obtained from the combination of
asolid precursor and an alkaline activating solution. In this study, one solid precursor utilised
was blast furnace slag (BFS) and the other was an agro waste: sugar cane straw ash (SCSA).
Sodium hydroxide was used for preparing activating solutions. In order to reach the potential
reactivity of the SCSA, a study varying the BFS/SCSA mass ratio and H,O/Na.O molar ratio
was carried out. The BFS/SCSA ratio varied from 100/0 to 70/30, and H2O/Na,O was
studied in the range of 11.1-18.5. To fulfil this objective, specimens were assessed by their
compressive strength of mortars and microstructural studies of pastes (XRD, TGA, FTIR,
FESEM) in the curing time range of 3-90 days at 25 °C. Results from these tests showed
that the best BFS/SCSA and H2O/NazO ratios were 70/30 and 18.5, respectively. This study
revealed an interesting valorisation of the SCSA as a complementary precursor in BFS-based
alkali-activated binders due to the improvement of mechanical properties and the reduction
in the consumption of BFS in AAB.

KEYWORDS: Agro Waste, Optimum Replacement, Microstructural Studies, Compressive
Strength.
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7.1 INTRODUCTION

The recent concerns in the last decades about the reduction of three worldwide
problems, which are high CO> (greenhouse gas) emissions, the use of non-renewable raw
materials and energy consumption, have increased the investigation of new sustainable and
environmentally friendly materials (SHI et al., 2011; MADLOOL et al., 2013; TURNER et
al., 2013; USON et al., 2013; ZHANG et al., 2014). In building construction, these concerns
are related to the current widespread use of Portland cement, which is one of the most used
materials in the world (SHEN et al., 2014). In this binder production process, a total energy
of 3000 MJ is spent per ton of clinker, and the raw materials (mainly limestone and clay)
involved in this manufacturing procedure are from non-renewable sources (USON et al.,
2013). As concerns the greenhouse gas emissions from cement production, it is responsible
for emitting 5-7% of the total world emissions (TURNER et al., 2014). Therefore, in order
to reduce the consumption of Portland cement, a new type of environmentally friendly
material that are being widely studied is presented as an interesting option: alkali-activated
binders (AAB) (PROVIS et al., 2015). These binders are obtained when a highly
concentrated alkaline solution is mixed with a solid precursor (usually an amorphous
aluminosilicate), and this combination generates binding gels with mechanical properties
and durability similar to or even better than Portland cement mixtures (PROVIS et al., 2014;
PACHECO-TORGAL et al., 2015). The environmentally friendly characteristics of AAB
come from the reduced CO> emissions and energy consumption (DUXSON et al., 2007; van
DEVENTER et al., 2010; TURNER et al., 2013), as well as the use of by-products from
important industries as solid precursors in their mixtures, such as blast-furnace slag (BFS)
and fly ash (FA) (PROVIS 2014; PACHECO-TORGAL 2015). One of the most studied
precursors in AAB is blast-furnace slag (SHI et al., 2006). This precursor can be easily
activated by the addition of an alkali hydroxide solution. Regarding the activating solution,
it has an important role in the development of the mechanical properties of the AAB (WANG
et al., 1995; TASHIMA et al., 2013; AYDIN et al., 2014; OZER et al., 2015). The most
utilised reagent is sodium hydroxide (NaOH) (PROVIS et al., 2014; PACHECO-TORGAL
et al., 2015). In the activation of BFS with NaOH, the main reaction compound is C(N)-A-

S-H gel. The Na*™ sourced from the hydroxide is important to balance the extra negative
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charge from the AlO4> when it replaces the SiO4* in the tetrahedrally coordinated form, and
it helps to form a more polymerised gel (PROVIS et al., 2014; PACHECO-TORGAL et al.,
2015). Therefore, the Na* concentration has an important role in the final gel structure.
Another important issue is the OH™ concentration sourced from the hydroxide: previous
studies showed that the use of sodium hydroxide is beneficial to accelerate the reaction
process of BFS (SONG et al., 1999; SONG et al., 2000). However, at very high values of
pH (> 13.0), which are obtained by using more than 1M of NaOH, the anions (silica and
alumina) take an important role in the gel structure development (FERNANDEZ-JIMENEZ
et al., 2003).

BFS presents an important environmental impact advantage when compared to
Portland cement: the CO, emissions are up to 85% less than the conventional one (OZBAY
et al., 2016). However, the increased use of BFS in the cement industries has resulted in the
monetary cost of this binder increasing in the same way (MEYER, 2009). Thus, an option
that investigators are researching to reduce the use of BFS is through the employment of
binary systems. These systems consist in partially replacing the BFS with another mineral
admixture in order to maintain or even increase the properties of the newly designed alkali-
activated binder. In the recent bibliography, some examples can be found of binders utilised
in binary systems with BFS, such as fly ash (CHI et al., 2013), red clay brick waste
(RAKHIMOVA et al., 2015) and metakaolin (BORGES et al., 2016). An alternative to
reduce the cost of the final alkali-activated binders and also to increase even more their
environmentally friendly and sustainable characteristics is the use of ashes from biomass
wastes as solid precursors. One example of agro waste is sugar cane bagasse ash (SCBA).
Previous studies on binary BFS/SCBA systems have shown that is possible to utilise them
together with some improvement in the mechanical properties of alkali-activated binders
(CASTALDELLI et al., 2013; PEREIRA et al., 2015).

In this scenario of using biomass wastes, another residue has been increasing in
Brazil in recent years: sugar cane straw. Two main factors explain this increase: the
expansion of sugarcane production and the trend to use mechanized harvesting. As concerns
the first reason, sugar cane production grew by 166% since the beginning of this century
until 2016, mainly due to the production of ethanol to be used as a car fuel (MORAES et al.,
2015a; UNIAO DA INDUSTRIA DE CANA-DE-ACUCAR, 2016). Regarding the

mechanized harvesting factor, it has increased because a protocol signed in Brazil prohibited
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pre-burning the sugar cane plant in the field — a process that makes it easier to harvest the
sugar cane — due to environmental and safety issues (LEAL et al., 2013). Therefore,
mechanized harvesting has been shown to be a suitable method to pick sugar cane. However,
after this procedure, a waste is generated that contains mainly the leaves from the crop: the
sugar cane straw. Like sugar cane bagasse, this waste has an interesting calorific value as
shown by some authors (LEAL et al., 2013; UZUN et al., 2017), and can be used as a
biomass to produce energy. Hence, researchers are studying methods to optimise the
collection process, and the best burning method for this material to obtain the maximum
energy recovery (LEMOS et al., 2014; ALVES et al., 2015). There is a high probability that
this waste will become a trend to obtain energy from the burning process. However, after
obtaining energy from the biomass through this procedure, a residue is generated that needs
to be valorised: sugar cane straw ash (SCSA). This ash is basically formed by amorphous
silica with good pozzolanic reactivity, as shown in a previous study (MORAES et al.,
2016a). When the SCSA was assessed as a partial replacement for Portland cement, it could
be used up to a 30% replacement percentage without significant changes in the mechanical
properties (MORAES et al., 2015b). The new goal of employing SCSA is to utilise it in
combined systems with blast-furnace slag in alkali-activated binders. SCSA is an important
source of amorphous SiO> to the mixture, which means that its presence causes changes in
the gel composition of BFS-based AAB. Hence, there are optimum amounts of both sodium
hydroxide and SCSA that can be incorporated into the mixture to achieve the best
mechanical properties. A previous study of a BFS/SCSA system activated by 8 molar NaOH
solution showed that the ash improved the compressive strength from early ages when
compared to the BFS mortars (MORAES et al., 2016b). In this study, the best replacements
of BFS by SCSA found for 7 and 28 days curing times were 15 and 25%.

This present paper assesses the effect of the NaOH concentration of the alkaline
solution on the activation of a binary BFS/SCSA system in order to achieve the best
compressive strength development and calculate the cementing efficiency of SCSA in BFS-
based AAB. For this purpose, a set of dosages were prepared in this investigation: the
BFS/SCSA proportions assessed were 100/0, 90/10, 80/20 and 70/30, while the H,O/Na,O
molar ratios studied were 11.1, 12.3, 13.9, 15.9 and 18.5. This study was carried out on
mortars and pastes: the former were assessed by their compressive strength, and the latter

were analysed by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
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thermogravimetric analysis (TGA), and field emission scanning electron microscopy
(FESEM).

7.2 MATERIALS AND METHODS
7.2.1 Materials

The solid precursors utilised in this study were blast-furnace slag (BFS) and sugar
cane straw ash (SCSA). BFS was obtained from Ribas do Rio Pardo (Mato Grosso do Sul,
Brazil). SCSA was prepared in three steps: straw calcination, following by sieving and,
finally, milling the passing ash. Firstly, the burning process of the sugar cane straw was
carried out by an autocombustion process (MORAES et al., 2016b). The remaining ash was
sieved (0.297 mm, MESH #50) to remove some unburned particles and impurities. The final
step was milling the passing material for 50 minutes. The chemical composition obtained
from X-ray fluorescence (XRF) of both materials is given in Table 7.1. It can be seen that
the SCSA presents SiOz as the main compound. Regarding the BFS, the main oxides are
SiO2, Al203 and CaO. The particle sizes of BFS and SCSA are shown through mean (Dmeq)
and median (Dso) diameters: the former material presents values of 21.0 and 13.4 um,
respectively; whereas these values for the ash are 18.1 and 10.6 pum. Regarding the activating
solution, only sodium hydroxide pellets were utilised (NaOH, solid, purity higher than 99%),
provided by Dinamica Quimica. For mortars manufacturing, natural sand was utilised with
a specific gravity of 2667 kg/m? and fineness modulus of 2.05 and was supplied from
Castilho city (Sao Paulo, Brazil).

Table 7.1 — Chemical composition of the raw materials sugar cane straw ash (SCSA) and

blast furnace slag (BFS) in weight percentages

Solid

SiO2 AlO3 Fe20O3 CaO MgO K20 SO3 Cl Others LOI
Precursors
SCSA 586 9.0 8.4 4.6 1.6 54 19 0.7 3.3 6.5
BFS 421 11.0 1.7 336 8.2 16 01 01 1.6 0.1
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7.2.2 Design of alkali-activated binders

The optimum use of SCSA on BFS-based AAB was determined by varying the Na*
concentration in the alkaline solution (represented by the H2O/Na,O molar ratio) and the
proportion of solid precursors (BFS/SCSA mass ratio). The designed AAB presented
H.O/Na>,O molar ratio values of 11.1, 12.3, 13.9, 15.9 and 18.5, corresponding to Na*
concentrations of 10, 9, 8, 7 and 6 mol.kg™, respectively (five ratios). For each of these ratio
values, the BFS/SCSA proportions assessed were 100/0 (control), 90/10, 80/20 and 70/30
(four proportions). Therefore, the total number of dosages studied was twenty. The
nomenclature proposed for these dosages is x-y/z, where the “x” is related to the H2O/Na2O
molar ratios presented previously (for simplicity, “x” values were 11, 12, 14, 16 and 19),
while “y/z” is associated with the BFS/SCSA proportions assessed in this study. With respect
to the water/binder (w/b, the binder being the sum of BFS and SCSA) and aggregate/binder
(a/b) ratios, they were maintained as constants: the former ratio was 0.45 for both pastes and

mortars, while the latter proportion was 2.5 for mortars (both ratios by mass).
7.2.3 Tests carried out for pastes and mortars

For the macrostructural studies, the compressive strength of mortars was measured
by an EMIC Universal Machine with a 2000 kN load limit at a loading rate of 0.5 MPa/s. In
this test, three cubic mortars of 50 x 50 x 50 mm3 were tested to obtain an average of the
compressive strength and the standard deviation. In the following microstructural studies,
the pastes were evaluated by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), field emission scanning electron
microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDS). XRD was
performed by a Bruker AXS D8 Advance, with a voltage of 40 kV and current intensity of
20 mA, where the Bragg’s angle (20) assessed was in the range of 5—70° with a step of 0.02°
and step time of 2 s/step. The FTIR equipment utilised was a Bruker Tensor 27 in the
wavenumber range of 400 and 4000 cm™?, the scan frequency was 0.25 s and the resolution
was 4 cm®. TGA studies were carried out by a Mettler-Toledo TGA 850 thermobalance,
where the specimen was heated in a 70 pL alumina crucible in the temperature range of 35—

1000 °C, with a heating rate of 20 °C.mint in an air atmosphere (75 mL.min? gas flow).
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Finally, FESEM images and EDS results were taken by a ZEISS Supra 55 in fractured
specimens covered with carbon. Micrographs were taken with an extra high tension (EHT)
of 2 kV, whereas for EDS analysis was 20 kV. The working distance (WD) for both cases
was 5-8 mm. EDS analysis was obtained by an average of at least five points in different
regions of the sample.

Regarding the testing ages and curing conditions, all the designed mortars were
evaluated by their compressive strength after 3, 7, 28 and 90 days of curing at 25 °C and
relative humidity (RH) higher than 95%. Related to the pastes samples, selected mixes were
assessed after 7, 28 and 90 days of curing in the same conditions of the mortars (curing
temperature and RH) as for the FTIR and TGA tests. For XRD, FESEM and EDS tests,
samples were analysed only after 90 days of curing in the same conditions. The information

on these tests and the dosages utilised for each experiment are summarized in Table 7.2.
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performed: compressive strength (Rc), X-ray diffraction (XRD), Fourier transform infrared

spectroscopy (FTIR), thermogravimetric analysis (TGA) and field emission scanning

electron microscopy (FESEM)

Specimen Tests ages (days)
H,O/Na;O BFS/SCSA
name Rc XRD FTIR TG FESEM
19-100/0 100/0 90 7-28-90 7-28-90 90
19-90/10 90/10 - 7-28-90 7-28-90 -
185 3-7-28-90
19-80/20 80/20 90 7-28-90 7-28-90 90
19-70/30 70/30 - 7-28-90 7-28-90 -
16-100/0 100/0 - - - -
16-90/10 90/10 - - - .
15.9 3-7-28-90
16-80/20 80/20 - - - .
16-70/30 70/30 - - - .
14-100/0 100/0 - - - -
14-90/10 90/10 - - - .
13.9 3-7-28-90
14-80/20 80/20 90 7-28-90 7-28-90 90
14-70/30 70/30 - - - .
12-100/0 100/0 - - - -
12-90/10 90/10 - - - .
12.3 3-7-28-90
12-80/20 80/20 - - - .
12-70/30 70/30 - - - .
11-100/0 100/0 - - - -
11-90/10 90/10 - - - -
11.1 3-7-28-90
11-80/20 80/20 90 7-28-90 7-28-90 20
11-70/30 70/30 - - - .
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7.3 RESULTS AND DISCUSSION
7.3.1 Compressive strength of mortars
a) Influence of the H20/Na20 molar ratio

The influence of the H,O/Na.,O molar ratio on the compressive strength of mortars
is illustrated in Figure 7.1. The assessed BFS/SCSA proportions were 100/0 (Fig. 7.1a),
90/10 (Fig. 7.1b), 80/20 (Fig. 7.1c) and 70/30 (Fig. 7.1d) after 3, 7, 28 and 90 days of curing.
It is first observed that the highest H.O/Na>O molar ratio yielded the greatest compressive
strength in the analysed curing ages for all proportions of solid precursors. Additionally, for
a given BFS/SCSA proportion and curing time, it is noticed that there is a linear relationship
between the values of compressive strength and the H.O/Na2O ratio. Therefore, a fitting
straight line is proposed for each curing time of a given BFS/SCSA relation. The slope values
of the proposed straight line were also obtained. Therefore, the straight lines generated will
be discussed by their slope values (Table 7.3). The slope value indicates the impact on the
compressive strength development of the H>O/Na>O molar ratios: a high slope value means
that the compressive strength is more affected by variation of H.O/Na2O relations.

On one hand, the presence of SCSA up to 20% in the mixture did not cause
significant changes: the slope values of BFS/SCSA proportions of 90/10 and 80/20 are
similar to the control. In other words, the effect of the sodium content on the compressive
strength of mixtures with SCSA percentages of 0-20% was similar. On the other hand, the
proportion of 70/30 showed the highest slope values, which means that there is more
influence of the activator concentration for this proportion of SCSA in the mixture. It was
observed in previous studies with sodium silicate that the Na* concentration influenced more
significantly the compressive strength development than for a system without sodium
silicate (WANG et al., 1995; AYDIN et al., 2012; AYDIN et al., 2014). This behaviour was
also observed when the SCSA was utilised, which was suggested by a higher slope values
for BFS/SCSA proportion of 70/30. From these results, it can be concluded that the best
H20/Na>O molar ratio was 18.5, independently of the BFS/SCSA proportion assessed.
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Figure 7.1 — Influence of the H2O/NaO ratio by line adjustment on BFS/SCSA proportions
of 100/0 (a), 90/10 (b), 80/20 (c) and 70/30 (d) after 3, 7, 28 and 90 days of curing at 25 °C
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Table 7.3 — Slope values from the graphic compressive strength versus H.O/Na.O ratio for
the four BFS/SCSA proportions

BFS/SCSA Slope value

proportion 3 days 7 days 28 days 90 days
100/0 0.6 1.3 3.2 3.3
90/10 0.4 14 3.2 3.2
80/20 0.6 1.7 3.1 2.6
70/30 0.7 2.8 3.7 4.5

b) Influence of the SCSA replacement percentage

The relative influence of the SCSA replacement in the mixtures was described by a
oscsa factor. This factor represents the relative contribution of the SCSA to the compressive
strength of AAB mortars. The calculated factor is obtained by the compressive strength of a
SCSA-mortar with a given H>O/Na;O molar ratio (Rxyz) from which the compressive

strength of its respective control (Rx-100i0) is subtracted, corrected by the relative percentage
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of BFS in the mixture, which is the ratio of BFS mass (mgrs) over the total binder mass

(mers + Mscsa). The oscsa factor is calculated from Equation 7.1 as follows:

Mprs )

Ry_y/z — Rx—100/0 (mBFS + Mscsa * 100 (7.1)

R

Oscsa(%) = /
x-y/z

The results of the oscsa factor are shown in Figure 7.2 for the following curing
times: 3 (Fig. 7.2a), 7 (Fig. 7.2b), 28 (Fig. 7.2c) and 90 (Fig. 7.2d) days. The oscsa values
of all mixtures presented positive values (except for 11-70/30 after 3 days of curing),
showing that the SCSA contributed positively in all mixture proportions and all curing ages.

It is also observed that with the increase of SCSA in the mixture, the contribution
of the ash in the compressive strength increases also: the SCSA percentage of 30% reached
the highest values. In addition, a high contribution at the curing times of 7-90 days was
noticed, where SCSA is responsible for 30—65% of the developed compressive strength. The
highest SCSA contribution was observed for the HoO/Na>O molar ratio of 13.9: this Na*
concentration probably activates the SiO4* anions from the ash better (the best SiO2/Na,O
ratio). This H2O/Na2O molar ratio does not mean that this is the best compressive strength
in terms of absolute values, but the ratio of 13.9 is the one that most favours the use of SCSA
in this case. In general terms, these values show that SCSA makes an important contribution

to the development of the compressive strength of the mortars for all H.O/Na>O molar ratios.
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Figure 7.2 — oscsa factor for SCSA percentage replacements of 10, 20 and 30% after: a) 3;
b) 7; c) 28; and d) 90 days of curing at 25 °C.
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c) Optimum BFS/SCSA proportion

Studies to determine the optimum BFS/SCSA proportion through compressive
strength results are illustrated in Figure 7.3. This figure shows plots of compressive strength
versus the SCSA percentage in the mixture (% SCSA) for H2O/Na,O molar ratios of 11.1
(Fig. 7.3a), 13.9 (Fig. 7.3b) and 18.5 (Fig. 7.3c) after 3, 7, 28 and 90 days of curing. A fitting
cubic function is proposed in order to obtain mathematically the optimum percentage of
SCSA (highest compressive strength value) for each curing time. The best BFS/SCSA
proportion was represented by points in the fitting curve with the respective optimum
percentage of SCSA written below.

The proposed fitting cubic function showed that, after 3 days of curing, it is already
interesting to use SCSA in alkali-activated binders, since the best SCSA percentage was in
the range of 7-9%. The SiOs* groups from SCSA work as a silica source from sodium
silicate (MORAES et al., 2016), explaining the higher strength of SCSA mortars with respect
to the control. Additionally, the filler effect of SCSA particles in the matrix may be also
taken into account in the first curing days. Over the curing time, the optimum BFS/SCSA
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proportion moved to a higher SCSA percentage. This can be seen through 7, 28 and 90 days
of curing, where the optimum percentage of SCSA was in the intervals of 10-30%, 15-30%
and 19-30%, respectively. Another fact noted was that, with the increase of Na* molarity
(decrease in the H2O/Na,O molar ratio), the optimum percentage of SCSA moves to lower
values: H2O/Na2O ratios of 18.5, 13.9 and 11.1 had the optimum percentage at 30, 23 and
19%, respectively, after 90 days of curing. For low H20/NazO ratios, increasing the amount
of SCSA over the optimum value reduces the compressive strength due to problems in
products formation. Previous studies concluded that a high presence of sodium combined
with a great amount of amorphous silica (in this case, sourced from the high percentages of
SCSA) favours crystalline structures or soft gels that reduce the compressive strength
(SCHILLING et al., 1994; JAMBUNATHAN et al., 2013; YUSUF et al., 2014; RASHAD
etal., 2016). This problem is not observed for lower amounts of sodium, since the H,O/Na,O
molar ratio of 18.5 with 30% of SCSA presented the highest compressive strength. However,
percentages of SCSA over 30% with low Na* molarity present hardening problems
(MORAES et al., 2017). It can be concluded that it is more interesting to use percentages of
SCSA in the range of 20-30% until the curing time assessed (90 days).

Figure 7.3 — Best BFS/SCSA proportion for the H2O/Na.O ratios of: a) 11.1; b) 13.9; and
c) 18.5 after 3, 7, 28 and 90 days of curing at 25 °C.
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d) Optimum use of SCSA in BFS-based alkali-activated binders

Figure 7.4 shows a non-linear fitting surface of compressive strength in a graph of
the SCSA percentage in the mixture (% SCSA) versus the H2O/Na>O molar ratio considering
the results after 90 days of curing. The optimum percentage of SCSA for each H,O/Na2O
molar ratio was calculated by the fitting cubic function in the last item, and it is represented
in this figure by points connected by a solid curve. It is observed that the highest compressive
strength is obtained with increase of the SCSA and H2O/Na>O molar ratio. Therefore, the
optimum use of SCSA in BFS-based alkali-activated binders is obtained with a BFS/SCSA
proportion of 70/30 and H20/Na2O molar ratio of 18.5.

Figure 7.4 — Non-linear fitting surface of compressive strength values considering all the
results after 90 days of curing. Points linked by a solid curve represent the optimum
percentage of SCSA in the mixture.
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7.3.2 Microstructural studies
7.3.2.1 X-ray diffraction (XRD)

X-ray diffractions of both raw materials (BFS and SCSA) and the alkali-activated
pastes are shown in Figure 7.5 for pastes with 90 days of curing. Fig. 7.5a presents the
patterns of the pastes 19-100/0 (control) and 19-80/20 in order to investigate the influence
of the SCSA on the BFS-based alkali-activated binders. Firstly, as concerns the raw
materials, the BFS pattern showed a baseline deviation in the Bragg’s angle range of 19-37°
related to the amorphous phase of this precursor. On the other hand, the only crystalline
phase determined was quartz (PDF Card #331161). Turning to the SCSA pattern, it presented
a baseline deviation from the amorphous phase in the Bragg’s angle range of 20—35° shown
in the amplification of the diffractogram. Crystalline phases detected in the SCSA were
quartz and calcite (PDF Card #050586). Regarding the diffractogram of the pastes, the
addition of SCSA to the mixture did not alter the formation of crystalline phases in this case.
The crystalline phases determined in both pastes were hydrotalcite (PDF Card #140191),
which is common in the alkaline activation of BFS (Pereira 2015; Moraes 2016b;
Abdalgader 2016), katoite (PDF Card #380368) and faujasite (PDF Card #391380). The only
difference observed was the presence of quartz, but this comes from the SCSA composition
and it was not formed during the reaction process of the alkali-activated binders. The
amorphous phase behaviour of the pastes also did not show any difference: their
diffractograms presented the same baseline deviation in the interval of 26 = 20-40°. This
shift in the baseline deviation interval from the raw materials (20 in the range of 19-37° and
20-35° for BFS and SCSA, respectively) in the paste (20 in the range of 20—40°) was also
observed in previous studies (PEREIRA et al., 2015; MORAES et al., 2016b; SHEARER et
al., 2016). The authors attributed this behaviour to the formation of cementing gels. Another
indication on the formation of reaction products is the broad peak centred at 29.17° from the
semi-crystalline C-S-H, which was present in both pastes.

Fig. 7.5b illustrates the patterns of the 20% SCSA-containing pastes 19-80/20, 14-
80/20 and 11-80/20 in order to assess the influence of the activator concentration on the
pastes. The results showed that the alkaline solution concentration influenced the formation

of some crystalline phases in the specimens. As can be observed, the higher the presence of
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Na*, the stronger the crystalline peaks are in the diffractogram. The stronger peak from the
semi-crystalline C-S-H (placed at 20 equal to 29.17°) can be related to the generation of a
more crystalline gel structure, i.e., it possibly means the formation of a less polymerised
structure that can explain the lower compressive strength with increase of the Na*
concentration (SCHILLING et al., 1994; JAMBUNATHAN et al., 2013; YUSUF et al.,
2014; RASHAD et al., 2016). In addition, the paste with the lowest HoO/Na,O molar ratio
presented the formation of a zeolite type: hydrosodalite (PDF Card #100401). Previous
studies also concluded that a higher concentration of the activator induces the formation of
this zeolite (HANJITSUWAN et al., 2014).

Figure 7.5 — X-ray diffraction patterns of the raw material and pastes after 90 days of
curing: a) BFS and SCSA (raw materials), 19-100/00 and 19-80/20 (pastes); b) BFS and
SCSA (raw materials), 19-80/20, 14-80/20 and 11-80/20 (pastes). Key: Q: quartz; C-S-H:
semi-crystalline C-S-H; H: hydrotalcite; K: katoite; F: faujasite; C: calcite; S:
hydrosodalite
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7.3.2.2 Fourier transform infrared spectroscopy (FTIR)

Figure 7.6 shows the FTIR spectra of the raw materials (BFS, SCSA and
BFS/SCSA before mixing with the alkaline solution) and pastes cured after 7, 28 and 90
days. In these spectra, the main band was detected within the wavenumber interval of 850 to
1200 cm* among the range of 400—4000 cm™ that was obtained in the test. That wavenumber
range is related to bond vibrations of amorphous Si-O-T (T being Si or Al). The position of
the band within that interval is associated with the chemical composition of the raw material

and, in the case of pastes, it is related to the structure and composition of the formed products
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(ISMAIL et al., 2014). Therefore, the FTIR discussion will be focused on variations or
differences observed in band positions among the studied spectra. On one hand, the first
difference in band positions was observed between both raw materials. The SCSA spectrum
presented more absorption at higher wavenumber values than the BFS one (around 1050 and
900 cm?, respectively). This behaviour is caused by the content of calcium as one of the
most abundant elements in the chemical composition of BFS. In the case of the BFS/SCSA
blend spectrum, it was observed that the broadness of the main band is the sum of the infrared
absorptions of both BFS and SCSA. On the other hand, variation between the raw materials
and pastes was also observed: the band position of the pastes shifted when compared to those
from the raw materials. The strong absorption of SCSA and BFS was in the wavenumbers
of 1050 and 900 cm™, respectively, whereas for the pastes it was around 950 cm™. In
addition, it was noticed that the BFS/SCSA blend presented a broader band than the pastes.
This is explained by the dissolution of the Si-O-T links from the raw materials, followed by
the formation of alkali-activated gels (SHEARER et al., 2016; ISMAIL et al., 2014; SALIH
etal., 2015; RAVIKUMAR et al., 2012).

Fig. 7.6a, Fig. 7.6b and Fig. 7.6¢ illustrate the FTIR spectra of the 19-100/0, 19-
90/10, 19-80/20 and 19-70/30 pastes (same H>.O/Na2O ratio and four different BFS/SCSA
proportions). The aim is to study the SCSA’s influence on the alkali-activated binders based
on BFS. In these spectra of pastes, the absence of the strongest energy absorption from SCSA
(around 1050 cm™) shows that the ash reacted with the BFS and formed binding gels. In
general terms, the presence of SCSA up to 30% of percentage replacement did not
significantly alter the spectra with respect to the control. It is observed that the SCSA-pastes
presented a slightly higher wavenumber value of the strongest peak than the control. This
can be attributed to the formation of a gel with higher Si content and a more polymerised
structure (SHEARER et al., 2016; RAVIKUMAR et al., 2015; ZHANG et al., 2012; LI et
al., 2017). This can be explained by the fact that gels with more Si can incorporate more
alkalis in their structure, forming a more linked network (RAVIKUMAR et al., 2015). This
gel development is related to the better mechanical response from the SCSA-mortars in
compressive strength tests.

Regarding the study of the influence of the alkaline activator, Fig. 7.6d, Fig. 7.6e
and Fig. 7.6f represent the FTIR spectra of 19-80/20, 14-80/20 and 11-80/20 pastes (three
different H.O/Na2O ratios and the same BFS/SCSA proportion). Once again, minor changes
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are observed among the three spectra, showing that this technique does not offer, in this case,
enough information in terms of changes in the nature of the gel. It is only observed that the
increase in the H.O/Na,O molar ratio of pastes resulted in shifting the wavenumber of the
centred peak to higher values. This means that the lowering Na* concentration in the mixture
formed a denser structure, explaining the highest compressive strength obtained from the
mortars with a low concentration of sodium: in a previous study, it was observed that the
increase in the Na/Ca ratio in the mixture caused a poor densification of the gel
(BAKHAREYV et al., 1999).

Figure 7.6 — FTIR spectra of the raw materials (BFS and SCSA) and pastes cured for: a
and d) 7 days; b and e) 28 days; and ¢ and f) 90 days at 25 °C. Study on the effect of SCSA
content (see a, b and c graphs). Study on the effect of the sodium hydroxide concentration

(see d, e and f graphs)
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7.3.2.3 Thermogravimetric analysis (TGA)

The TGA results are described by both mass losses in Table 7.4 and DTG curves in
Figure 7.7 of the pastes after 7, 28 and 90 days of curing. Table 7.4 is divided into two
sections: the SCSA influence and activator concentration effect. The peaks determined in
these curves were in the range of 130-160, 200-210, 380—420 and 750-800 °C. The first
peak (130-160 °C) is related to the dehydration of the C-S-H or C(N)-A-S-H gels from the
alkaline activation of BFS, while the second peak (200-220 °C) is related to C-A-S-H
products (PEREIRA et al., 2015; MORAES et al., 2016b; MYERS et al., 2013). The third
peak, placed at 380420 °C, is due to the dehydration of the hydrotalcite that was detected
in the XRD analysis (JIN et al., 2015). Finally, the last peak detected is attributed to the
decomposition of CaCOs (BERNAL et al., 2013). The most important information about
mass loss in these results comes from the analysis in the decomposition range of 100-250
°C and the total mass loss.

Fig. 7.7a, Fig. 7.7b and Fig. 7.7c show the DTG curves of the study of the influence
of the SCSA for the following pastes 19-100/0, 19-90/10, 19-80/20 and 19-70/30 after 7
(Fig. 7.7a), 28 (Fig. 7.7b) and 90 (Fig. 7.7¢) days of curing. After 7 days of curing, the mass
losses from the SCSA pastes were slightly higher than the control one, as observed in Table
7.4. This means that, at an early age, the role of SCSA is important in the formation of gel.
Another fact observed was that the centred peak of the decomposition of C-S-H/C(N)-A-S-
H gels (in the range of 130-160 °C) of the SCSA-pastes 19-80/20 and 19-70/30 are
positioned at higher values than the 19-100/0 and 19-90/10 ones. This possibly reveals the
formation of products with strongly bonded water for those pastes, explaining the improved
compressive strength at this age (ISMAIL et al., 2014). In the 28-day curing time, the SCSA-
pastes had their mass loss increased compared to the control one, suggesting a continuity in
the hydration process. Related to the DTG curves, it can be noticed that the peak from the
C-A-S-H hydration (in the range of 200-220 °C) disappeared in the SCSA-containing pastes.
This can be explained by the formation of C(N)-A-S-H gels by the cross-linking among the
tobermorite chains of the gel structure (more polymerised gel) (MYERS et al., 2013).
Probably, the dissolved silica from SCSA contributed to 3D polymerisation and a higher
compressive strength was achieved. Another fact observed is that the centred peak from the

C-S-H/C(N)-A-S-H dehydration shifted to higher temperatures for all analysed pastes.
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Finally, after 90 days of curing, the control paste showed an increase in the mass loss, while
the loss values of the SCSA-pastes were reduced. This result is in contrast with the increase
in the compressive strength values in the curing interval of 28-90 days. It can be explained
by the improvement in the densification and polymerisation of the gel, where the
condensation of OH groups releases H.O molecules (HAHA et al., 2011). This process
means that the dehydration mass loss from the gels is lowered, explaining the increase in the
compressive strength of the mortars.

Fig. 7.7d, Fig. 7.7e and Fig. 7.7f illustrate the DTG curves to assess the activator
concentration effect after 7 (Fig. 7.7d), 28 (Fig. 7.7e) and 90 (Fig. 7.7f) days of curing for
the following pastes: 19-80/10, 14-80/20 and 11-80/20. In the first curing time analysed (7
days), the increase in the Na* concentration caused an increase in the mass loss of the pastes.
However, this fact did not follow the compressive strength behaviour (Table 7.3), since the
mortars with higher H.O/Na>O molar ratio presented the best strength values. This behaviour
can be attributed to zeolite formation in the mixtures with the highest sodium content from
early ages, because the dehydration of this crystalline structure occurs in the same
temperature range as the gels (PUERTAS et al., 2003; BERNAL et al., 2011; GENCEL et
al., 2013). After 28 days of curing, the three pastes presented similar mass loss values.
However, the pastes with lower concentrations of Na* showed a greater increase in the mass
loss in the interval of 7—28 days of curing: 19-80/20 had a mass loss of 9.83% at 7 days that
rose to 15.83% (6% of absolute increase) at 28 days, while the 11-80/20 presented 14.60%
and 15.24% (0.64% of increase), respectively. This behaviour is similar to those found in
compressive strength results, where the 19-80/20 showed more strength development than
the 11-80/20 one in the 7-28 days curing time interval. This means that this increase in the
mass loss can be related to new gel formation. In the last curing time studied (90 days), both
14-80/20 and 11-80/20 pastes showed no difference from 28 days of curing. On the contrary,
the 19-80/20 paste presented a reduction in the total mass loss: this behaviour may be related
to the gel polymerisation (HAHA et al., 2011).
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Figure 7.7 — DTG curves of the pastes: 19-100/0, 19-90/10, 19-80/20 and 19-70/30 cured
after a) 7 days, b) 28 days and c) 90 days; and 19-80/20, 14-80/20 and 11-80/20 cured after
d) 7 days, €) 28 days and f) 90 days.
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Table 7.4 — Mass losses from TGA curves in the 35-250 °C range (Pss-200ec) and the totall
mass loss in 35-1000 °C range (Pt) in pastes cured for 7, 28 and 90 days at 25 °C

) ) P3s.250c Pr
Data analysis Specimen
7days 28days 90days 7days 28days 90 days
19-100/0 9.26 10.94 13.31 18.21 18.59 20.84
SCSA 19-90/10 9.46 16.01 12.42 20.25 23.70 21.30
influence 19-80/20 9.83 15.83 11.75 19.58 23.45 20.94
19-70/30 10.94 13.84 12.11 19.89 23.29 23.82
Activator
19-80/20 9.83 15.83 11.75 19.58 23.45 20.94
concentration
effect
14-80/20 11.52 15.05 15.00 22.22 23.89 23.66
(H20/Na,O
molar ratio
. 11-80/20 14.60 15.24 15.94 25.04 23.76 24.57
variation)
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7.3.2.4 Field emission scanning electron microscopy (FESEM) and Energy-
dispersive X-ray spectroscopy (EDS)

FESEM micrographs of the pastes are shown in Figure 7.8 for the samples 19-100/0
(Fig. 7.8a) and 19-80/20 (Fig. 7.8b) cured after 90 days to study the influence of SCSA. In
Fig. 7.8a, the formation can be observed of a homogeneous gel (gel 1) by activating only the
BFS (spot A). At a higher magnification, this observed gel presented a dense surface with
some roughness. The composition of gel 1 can be represented by means of the following
molar ratios: Ca/Si = 0.8 £ 0.1, Na/Si = 0.3 £ 0.1, Mg/Si = 0.3 £ 0.1 and Al/Si = 0.3 £ 0.1.
At spot B, a reacting BFS particle with some superficial gels formation can be seen. In this
case, the molar ratios are Ca/Si = 1.3, Na/Si = 0.1, Mg/Si = 0.2 and Al/Si = 0.2: it can be
seen that the relative content of sodium was significantly lower than that observed for gel 1,
suggesting that most of the BFS particles are unreacted. In the case of the paste with SCSA
(Fig. 7.9b), the formation can be seen of two different products at spot C (gel 2) and D (gel
3). Related to the first spot, gel 2 presents a compact and smooth surface with molar ratios
of Ca/Si=0.9+0.1, Na/Si=0.3+£0.1, Mg/Si=0.1 + 0.1 and Al/Si = 0.2 £ 0.1. Gel 3 from
the second spot shows the formation of some stacked products with molar ratios of Ca/Si =
0.9+£0.1, Na/Si =1.0+ 0.2, Mg/Si < 0.1 and Al/Si = 0.2 + 0.1. Besides the difference in the
form of both gels, gel 3 presents a higher content of Na in its composition than gel 2 and the
absence of magnesium. Probably, the magnesium was not detected because this gel 3 was
developed mainly from the reaction of SCSA (the BFS had 8.2% of MgO, a significantly
higher value than that for SCSA, 1.6% according to Table 7.1). Comparing both pastes, 19-
100/0 and 19-80/20, gel 2 from the sample with SCSA presented a denser structure than gel
1 from the control sample. Probably, this gel formation explains the higher compressive
strength of the SCSA mortars. In addition, gel 3 (with composition of C,N-S(A)-H)
presumably also contributes to enhancing the mechanical development.
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Figure 7.8 — FESEM micrographs of the pastes: a) 19-100/0; and b) 19-80/20 cured after
90 days.

2) 19-100/0

Fig. 7.9 illustrates the micrographs of the pastes 19-80/20 (Fig. 7.9a), 14-80/20 (Fig.
7.9b) and 11-80/20 (Fig. 7.9c) after 90 days of curing in order to study the influence of the
activator on the microstructure of the samples. The 19-80/20 sample was described in the
previous paragraph. In the case of the 4-80/20 paste (Fig. 7.9b), the formation can be seen
of several products, gel 4 (spot E) being the most common product observed in the paste. At
higher magnification, this product formation is seen to be a group of small particles with low
porosity, although it is less compacted than gel 2 in the 19-80/20 paste. Finally, the overview
of the paste 11-80/20 is shown in Fig. 7.9c. In general terms, it is noticed that there is the
presence of only one gel formation (gel 5). At higher magnification (spot F), this gel shows
a very porous and rough surface compared to gels 2 and 4. The chemical composition of gel
5 is represented by molar ratios of Ca/Si = 0.9 £ 0.1, Na/Si = 0.3 £ 0.1, Mg/Si = 0.3+ 0.1
and Al/Si = 0.2 + 0.1. Comparing the gel formation from the pastes, when the Na*
concentration increases, a more porous structure is observed. This behaviour may explain
why the mortars with the lowest Na* concentration presented the highest compressive
strength.
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Figure 7.9 — FESEM micrographs of the pastes: a) 19-80/20; b) 14-80/20; and c) 11-80/20
cured after 90 days.

7.4 CONCLUSIONS

The SCSA was assessed in alkali-activated binders when partially replacing the
BFS in the range percentages of 0—30%, where the increase of ash content in the mixture
was in intervals of 10%. The alkaline solutions were designed with only NaOH, varying the
H2>0O/Na,O molar ratio in the interval of 11.1-18.5. In 3-90 curing days, the activating
solution was found to have an important role in the mechanical development of the AAB.
The compressive strength data showed better results for the highest Ho.O/Na>O molar ratio
(18.5) of activating solution in all BFS/SCSA proportions. The relative influence of SCSA
replacement was calculated by means of the oscsa factor: BFS/SCSA equal to 70/30 reached
the highest mechanical development for activating solutions with a H>O/Na>,O molar ratio
higher than 13.9. In general, the compressive strength development of the BFS-based system
was enhanced by the presence of SCSA. XRD studies on BFS/SCSA pastes showed that
most of the reaction products are amorphous. With the increase of the sodium concentration
in the activator, more crystalline phases (faujasite and hydrosodalite) were produced. FTIR
spectroscopy studies showed the consumption of amorphous phase from SCSA and

confirmed the best development for systems with the highest H>O/Na,O molar ratio.
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Thermogravimetric studies showed the effect of SCSA on the hydration process: in the first
28 days of reaction, the combined water in the gels was higher than that found in the BFS
control pastes, although at the longer curing time of 90 days, a polymerisation process was
observed, which has been related to the strength gain at this curing age. FESEM studies
revealed the changes in the nature of the gels formed in the reactions: the gels in SCSA/BFS
mixtures contained less magnesium and aluminium and more sodium and calcium than was
found for BFS control paste. Additionally, the increase of sodium in activating solution
yielded more porous gel, which agrees with the mechanical behaviour. This study revealed
an interesting valorisation of the SCSA as an additional precursor in BFS-based alkali-
activated binders, in view of the improvement of mechanical properties and the reduction in
the consumption of BFS in AAB.
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8 SUGAR CANE STRAW ASH AS SILICA
SOURCE TO PRODUCE THE ACTIVATING
SOLUTION IN  ALKALI-ACTIVATED
BINDERS BASED ON BLAST FURNACE
SLAG

The article entitled as “New use of sugar cane straw ash (SCSA) in alkali-activated
materials: a silica source in the preparation of the alkaline activator ” by J. C. B. Moraes,
A. Font, L. Soriano, J. L. Akasaki, M. M. Tashima, J. Monzd, M. V. Borrachero and J. Paya

IS going to be sent to journal Cement and Concrete Research.

Abstract: In order to obtain alkali-activated materials (AAM) with good performance, it is
necessary to utilise silicates to produce the activating solution, which is an expensive and
highly pollutant chemical reagent. In this way, this paper presented a new silica source to
produce the activating reagent: the sugar cane straw ash (SCSA). This new reagent (an
aqueous suspension) was prepared with SCSA and NaOH by means of a thermal bottle. The
ash reacting time inside the thermal bottle (t) was assessed from 0-48 hours, and SCSA
amount in the suspension (represented by SiO2/NazO ratio, €) was analysed from 0-1.82.
Compressive strengths obtained after 3 curing days at 65 °C from mortars based on blast-
furnace slag (BFS) showed the best T was equal to 24 hours and the € was 1.46. Comparing
these systems with another two silica sources, sodium silicate and rice husk ash, the SCSA

showed lower results than the former and similar results than the latter.

KEYWORDS: Thermal Treatment, Microstructure, Compressive Strength, Alkali

Activated Cement, Granulated Blast-Furnace Slag.
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8.1 INTRODUCTION

Alkali-activated materials (AAM) are alternative binders to the use of Portland
cement. Their advantages over the most common binder are lower energy consumption and
lesser CO2 emission (PACHECO-TORGAL et al., 2015; PROVIS; van DEVENTER, 2015).
AAM are obtained by mixing an amorphous aluminosilicate (solid precursor) with an
alkaline solution (or activating solution), where the product from this chemical reaction
hardens and forms a material with interesting mechanical properties (PACHECO-TORGAL
etal., 2015; PROVIS; van DEVENTER, 2015). Examples of usual solid precursors are blast
furnace slag, metakaolin and fly ash. Regarding to the alkaline solution, the most common
reagents are alkali hydroxides and silicates (PACHECO-TORGAL et al., 2015; PROVIS;
van DEVENTER, 2015).

The use of wastes in AAM have become a trend in the last years (KOURTI et al.,
2010; BERNAL et al., 2016; TORNIOLO; BOCCACCINI, 2017). In this way, this paper
described the utilisation of a waste from the agroindustry: the sugar cane straw ash (SCSA),
an ash rich in amorphous silica (SiO2). The management of this waste is an interesting issue
due the increase of sugar cane production in Brazil in the last years: in 2014, 736.11 million
tonnes of sugarcane were collected in this country, that is approximately 40% of the
worldwide production (FOOD AND AGRICULTURE ORGANIZATION OF THE
UNITED NATIONS — FAOSTAT, 2017). In previous works, this ash was successfully
assessed as construction material in cementitious systems (FRIAS et al., 2007;
MARTIRENA; MONZO, 2017). Specifically in alkali-activated materials, SCSA was
evaluated as solid precursor in combined systems with blast furnace slag (BFS) (MORAES
et al., 2016). Now, this paper presents another use of SCSA in AAM: become a source of
silica in the production of alkaline solution. The SiO4* anion is a key to produce AAM with
good performance because it favours the formation of a denser and stronger structure
(PACHECO-TORGAL et al., 2015; PROVIS; van DEVENTER, 2015). Currently, an
important reactive part of the silicon is provided by sodium silicate, which is widely used in
combination with sodium hydroxide to produce the activating solution (PACHECO-
TORGAL et al., 2015; PROVIS; van DEVENTER, 2015). However, the main disadvantage
of sodium silicate is regarding in its production, since it is the most expensive and the highest
emitter of greenhouse gases among the AAM raw materials (NAZARI; SANJAYAN, 2016).
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In this way, one of the main trends in the next years would be to study new sources of silica
to produce the alkaline solution (PROVIS et al., 2015a, 2016; PROVIS et al., 2017).
Examples of these sources that were recently investigated are rice husk ash (RHA)
(BOUZON etal., 2014; MEJIA et al., 2013), spent diatomaceous earth (MEJIA et al., 2016),
glass waste (PUERTAS;TORRES-CARRASCO, 2014; TORRES-CARRASCO;
PUERTAS, 2015) and sugar cane bagasse ash (TCHAKOUTE et al., 2017).

The main objective of this paper is to assess the potential of SCSA as silica source
to prepare the alkaline solution. SCSA was utilised in combination with sodium hydroxide
to produce an aqueous NaOH/SCSA suspension. The study was divided in three parts: 1)
optimum time for dissolving the ash to prepare the activating reagent, 2) influence of SCSA
amount in the activating reagent, and 3) comparison of SCSA to commercial and alternative
silica sources. NaOH/SCSA activating suspension was prepared by means of a thermal
bottle, so the first part of the study was to assess the optimum time on leaving the ash
dissolving in the bottle. Following to the second part, different SiO2/Na.O molar ratios were
evaluated in order to obtain the most effective amount of SCSA in the activating reagent.
Finally, in the third part, NH/SCSA activating reagent was compared to other two systems:
NaOH/SS and NaOH/RHA.. The solid precursor selected for this study was the blast furnace
slag (BFS). In order to assess the effectiveness of SCSA to produce alkaline activator
reagents, mortars were evaluated by their compressive strength. In addition, microstructural
properties of the corresponding pastes were tested by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and field

emission scanning electron microscopy (FESEM).

8.2 EXPERIMENTAL
8.2.1 Materials and equipment

Blast-furnace slag was supplied by Cementval S.A (Puerto de Sagunto, Spain) in
form of large grains and it was milled in a ball mill for 30 minutes in order to obtain a fine
material that can be used as solid precursor in AAM. Chemical composition of BFS is
shown in Table 8.1. BFS is mostly composed by CaO (40.2%), SiO2 (29.9%), Al.O3
(10.6%) and MgO (7.4%). Its mean particle diameter (Dmean) was 25.6 pum. Sodium
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hydroxide (NaOH, which was called by NH when is regarding to solution composition and
specimens’ nomenclature) is the chemical reagent utilised to prepare the alkaline solutions.
This material was used in form of pellets, and it was supplied by Panreac S.A. (purity of
98%). In mortars’ preparation, natural sand from Caolines Lapiedra (Lliria, Valencia,
Spain) with fineness modulus of 4.30 was utilised.

Sugar cane straw ash (SCSA) was utilised as silica source to produce the
activating solution. In order to prepare the ash, firstly, straw was collected from sugar cane
plantations near to Ilha Solteira city (Sdo Paulo, Brazil). Then, the collected straw was
transformed in the ash by means of an autocombustion process. This procedure had a
duration time of 6 hours, and the maximum temperature reached in this combustion was
700 °C. This ash contained some unburned particles, it was sieved (MESH #50, opening of
300 um) to remove them. Finally, the passing ash was milled in a ball mill for 50 minutes
in order to reduce liquid absorption ability and to enhance rheological properties of the
fresh AAM. Table 8.1 shows the chemical composition of SCSA, where the major
compound was SiO; (58.6 wt%), and also significant percentage of Al2O3 (9.0 wt%) and
Fe203 (8.4 wt%) as main compounds. Dmean 0Ff SCSA after the milling process was 18.1
pm. Insoluble residue determination was also carried out for SCSA (34 wt%).

Rice husk ash (RHA) was another silica source utilised to produce the activating
solution. This ash served as a comparison material to SCSA. RHA was supplied by
DACSA S.A (Tabernes Blaques, Spain) and it was utilised as received. Its chemical
composition is summarized in the Table 8.1: the main oxide was SiO2 (85.6 wt%). The ash
had a Dmean Of 62.3 um. RHA was utilised without milling because a previous study
concluded that the particle diameter of this ash did not influence on mechanical properties
of AAM (BOUZON et al., 2014). Unlike RHA, the use of unground SCSA presented
rheological problems during the AAM preparation (important water adsorption), this was
the reason because SCSA was milled for reaching appropriate workability of the samples.

Commercial sodium silicate (SS) was also utilised in this study as a silica source.
This chemical reagent was acquired from Merck, and its chemical composition was 8 wt%
Na20, 28% wt% SiO2 and 64% wt% H-O.
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Table 8.1 — Chemical composition of BFS, SCSA and RHA in wt%

mal:\':::‘/;lals SiO2 AlOs Fe203 CaO MgO K20 SOs Cl Others LOI
BFS 29.9 10.6 13 402 74 06 19 - 2.6 55
SCSA 586 9.0 84 46 16 54 19 07 33 6.5
RHA 856 0.3 0.2 1.8 05 34 03 03 06 7.0

8.2.2 Alkali-activated materials preparation

Alkali-activated materials designed for this study had three parameters that were
maintained as constants along the study: the water/BFS ratio, the sand/BFS ratio (for
mortars) and the Na* molality were held as 0.45, 3.0 and 4 mol.kg™, respectively. The
preparation of alkaline solution has an important role in this study. Four different systems
were performed: NH/SCSA, NH/RHA, only NH (NH/-) and NH/SS. The amount of SCSA,
RHA and SS used to produce the alkaline solution is represented in terms of the SiO2/Na2O
molar ratio in the solution (called by ¢). In the case of this study, the € value can only be
varied by the amount of the silica source that is added to the activating solution, since the
Na" molarity was maintained constant. The & values analysed for SCSA containing
suspensions were 0.73, 1.09, 1.46 and 1.82. For sodium silicate and RHA, only SiO2/Na,O
molar ratio of 1.46 was assessed. In the case of the solution with only NaOH, obviously the
SiO2/Na20O molar ratio was equal to 0.

Regarding to the preparation of activating solutions composed by NH/SCSA and
NH/RHA, they were produced by means of a thermal bottle. As the NaOH dissolution in
water releases heat, using a thermal bottle would beneficiate from this heat for extended time
in order to improve the dissolution rate of ash particles. Regarding to preparation steps of
these both systems, firstly the ash (SCSA or RHA) was dry mixed with NaOH in the thermal
bottle. Then, water was added over the solids, and the solution was stirred for 1 minute.
Finally, the thermal bottle was sealed by a cap, and the suspension was maintained covered
until a determined time (called by 7) to dissolve the ash. Part of the ash was not dissolved,
then activating suspensions were obtained rather activating solutions (“activating solution”
will be used as general term along the paper). In this study, the t times assessed for SCSA

were 0 (in this case, the ash was added as solid precursor together with BFS), 6, 24 and 48
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hours, whereas, for RHA, the only thermal bottle-treating time was 24 hours. A monitoring
of the temperature of the sodium hydroxide solution (4 mol.kg™?) inside the thermal bottle
was carried out. The Figure 8.1 shows the temperature in function of the time from 0 until
48 hours. The water before to mix with sodium hydroxide (0 hours) was in the temperature
of 32 °C. The system reached 58 °C after 5 minutes and started to decrease until 6 hours,
time that the temperature of the solution reached a constant temperature (around of 35 °C).
After the thermal bottle treatment, the solution (suspension) was left until reach room
temperature. Prepared suspensions were not filtered, and they were used as obtained. In the
case of preparing solutions composed by NaOH or NaOH/sodium silicate, chemical reagents
were mixed with water in a common beaker. The beaker was sealed with plastic film, and

solution was left to reach room temperature.

Figure 8.1 — Temperature evolution with time in the dissolution of sodium hydroxide (32.4
g) in water (202.5 g) inside the thermal bottle
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For mortars manufacturing, BFS was mixed with the prepared solution until attain
proper homogenisation (60 seconds). The prepared paste was stirred with natural sand (150

seconds). The resulting mortar was vibrated in a prismatic mould (40x40x160 mm3), and
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then stored under controlled temperature (20 or 65 °C) and relative humidity (100%)
conditions until compressive strength tests. The pastes produced for microstructural analyses

were kept in the same conditions as the mortars.
8.2.3 Tests procedures

Compressive strength tests were carried out on mortars by means of a universal test
machine according to the UNE-EN 196-1 standard. Pastes were assessed by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA) and field emission scanning electron microscopy (FESEM). XRD patterns
were obtained by a Bruker AXS D8 Advance with a voltage of 40 kV, current intensity of
20 mA and a Bragg’s angle (20) in the range of 5-70°, with a step of 0.02° and 2 s/step. FTIR
spectra were accomplished by a Bruker Tensor 27 in the range of 400 and 4000 cm™. TGA
were performed by a TGA Mettler-Toledo TGA 850, where the specimen was heated in a
70 uL alumina crucible in the temperature range of 35-1000 °C, with a heating rate of 20
°C.mint and dry air atmosphere (75 mL.min* gas flow). In this test, mass losses and
derivative curves (DTG curve) were extracted from the TG curve. Finally, FESEM images
were taken by a ZEISS Supra 55 in fractured surface sample covered with carbon. In EDS
studies, the extra high tension (EHT) was 20 kV and the working distance (WD) was 6-8
mm.

Mortars and pastes were assessed after 3 days of curing at 65 °C and relative
humidity of 100%. Only for compressive strength test in the Section 3 of the study
(comparison of SCSA to others silica source) that were carried out a curing time of 28 days
at 20 °C and relative humidity of 100%. Table 8.2 summarizes the tests performed and the

selected mixtures assessed for each test.
8.2.4 Alkali-activated materials studies

The aim of the paper was to assess the potential of SCSA as silica source in the
preparation of activating solution. In this way, the study on mortars was divided in three
sections: 1) To obtain the optimum treatment time on leaving the ash in the thermal bottle;

2) To determine the optimum SCSA amount in the activating solution; and 3) To compare
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the NH/SCSA suspension to some different silica sources: NH/SS (solution) and NH/RHA
(suspension) systems. The both optimum thermal bottle time and SCSA amount in the
solution were selected by compressive strength reached at 3 days curing time at 65 °C. In the
first section of the study, four different periods of leaving the ash dissolving in the thermal
bottle with the NaOH (also called as thermal bottle time, ) were assessed in order to obtain
the optimum time. The assessed t values were 0, 6, 24 and 48 hours. In this part, the € ratio
was maintained as a constant of 1.46. Following to the second section of the study, the
influence of SCSA amount were assessed by varying the ¢ ratio. Then, the assessed ¢ ratios
were 0 (this solution contains only NaOH), 0.73, 1.09, 1.46 and 1.82 (they are common
values in the alkaline activation of blast furnace slag (SHI et al., 2006). In this case, the t
was held as a constant time selected from the previous section (24 hours). Finally, in the
third section of the study, NH/SCSA solutions with € of 1.46 and thermal bottle time of 24
hours was compared to the following systems with the same €: NH/SS and NH/RHA with t
of 24 hours. Four selected mixtures to study their microstructure in pastes were
manufactured: two produced by the activating solution with NH/SCSA (¢ equal to 1.46, t
times of 0 and 24 hours), one prepared by means of a NaOH solution (¢ = 0), and the last
one produced by a solution of NH/SS (g =1.46).

The nomenclature adopted for these dosages are X-ge-t, where: X is the alkaline
solution system (NH, SCSA, RHA or SS); ¢ is the Si02/Na;O molar ratio; and t is only
defined for the solutions with SCSA and RHA. Table 8.2 summarizes the three study

sections, dosages assessed and their respective nomenclatures.
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Table 8.2 — Mixtures and tests carried out

Testing ages

o SiO2/Na;O  Thermal Microstructural
Study  Activating
. . molar bottle  Nomenclature ~Compressive tests (XRD,
Section Solution )
ratio () time () strength tests FTIR, TG and
FESEM)
0 SCSA-1.46-0 3 days
6 SCSA-1.46-6 -
1 NH/SCSA 1.46 3 days (65 °C)
24 SCSA-1.46-24 3 days

48 SCSA-1.46-48 -

NH/- 0 - NH-0 3 days
0.73 SCSA-0.73-24 -
2 1.09 SCSA-1.09-24 3 days (65 °C) -
NH/SCSA 24
1.46 SCSA-1.46-24 3 days
1.82 SCSA-1.82-24 -
NH/SS - SS-1.46 3 days (65 °C) 3 days
3 NH/SCSA 1.46 24 SCSA-1.46-24  and 28 days 3 days
NH/RHA 24 RHA-1.46-24 (20 °C) -

8.3 RESULTS AND DISCUSSION

8.3.1 Effect of the thermal bottle time (t) for SCSA/NaOH suspensions
(Section 1)

Different activating reagents based on SCSA were obtained by mixing, in a thermal
bottle, with NaOH and water (variable t at a constant €). The dissolution heat of NaOH in
water benefited the dissolution of SCSA. Prepared suspensions were not filtered, and they
were used as obtained. Compressive strengths of SCSA-1.46-0, SCSA-1.46-6, SCSA-1.46-
24 and SCSA-1.46-48 after 3 days of curing at 65 °C are shown in the Figure 8.2. It is
observed that the thermal bottle time (t) had crucial effect on the compressive strength
development and showed to be beneficial until a t of 24 hours: SCSA-1.46-24 mortar showed
the highest compressive strength (45.0 MPa). On one hand, these results suggest that the use
of thermal bottle accelerated the silica dissolution from SCSA in the activating solution. The
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more presence of SiO4* anions in the alkaline solution probably favoured the formation of
more cementing gel when reacted to BFS. The suspension temperature at high temperature
(maximum of 58 °C) observed from 0 to 6 hours (Figure 8.1) favoured the SCSA dissolution,
as can be noticed comparing the compressive strength development for SCSA-1.46-0 and
SCSA-1.46-6. However, even the solution reached a constant temperature after 6 hours,
some SCSA dissolution must be carried out due the high alkaline condition: the compressive
strength for SCSA-1.46-24 was higher than the SCSA-1.46-6 one. On the other hand, it is
not advantageous to utilise the thermal bottle beyond the t of 24 hours: SCSA-1.46-48 (41.8
MPa) reached slightly lower compressive strength than the SCSA-1.46-24. It was observed
that the sodium silicate produced from the silica in SCSA suffered a gelification (BOUZON
et al., 2014). Probably, this formed gel did not take part in the formation of alkali-activated
materials products, which contributes to the decrease in the compressive strength. Therefore,

it can be concluded that the optimum thermal bottle time (t) was 24 hours for SCSA.

Figure 8.2 — Compressive strength values of mortars (cured at 65 °C for 3 days) with

activator prepared by thermal bottle treatment in different reaction time (1) of 0, 6, 24 and

48 hours
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XRD patterns for raw materials (BFS and SCSA), and SCSA-1.46-24 and SCSA-
1.46-0 pastes cured after 3 days at 65 ° are depicted in the Figure 8.3. The baseline deviation
observed in the diffractograms of raw materials and pastes is due the presence of amorphous
phase in their composition. In the BFS and SCSA diffractograms, the baseline deviation was
observed in the Bragg’s Angle range of 22-37° and 17-35°, respectively. In the case of the
ash, this baseline deviation was only detected by the enlargement of the diffractogram,
because the large quantity of quartz. There were no differences among the baseline
deviations of the prepared pastes, suggesting that they formed similar gel of (N,C)-A-S-H
(ISMAIL et al., 2014). In addition to some amorphous phase, crystalline compounds were
also observed in the diffractograms. In XRD patterns of the raw materials, some crystalline
phases detected were calcite (CaCO3, PDF Card #050586) for both BFS and SCSA, and
quartz (SiO2, PDF Card #331161) for SCSA. In the case of pastes, it was identified a
formation of faujasite (Na2Al2Sis012.8H.0, PDF Card #391380) and hydrotalcite
(MgsAl2CO3(0OH)16.H20, PDF Card #140191). Also C-S-H phase was observed (probably a
(C,N)-A-S-H phase by the presence of sodium and aluminum in the reaction). The broad
XRD peak associated to this gel overlapped to the main calcite XRD peak. However, other
peaks related to the presence of calcite were observed, which indicates that some slight
carbonation of the samples took place during the curing process or in the sample handling.
Regarding to thermal bottle time (t) influence, SCSA-1.46-24 and SCSA-1.46-0 presented
similar diffractogram patterns. Some differences may be highlighted: larger XRD peaks
related to faujasite and hydrotalcite were observed when 1 is increased. Additionally the
main band for the C-S-H gel in the range of 28.3-30.3° was different in size: the paste
prepared by means of a thermal bottle showed stronger intensity than the sample produced
by the SCSA without the bottle treatment. Areas under main XRD peaks for quartz (Ag) and
C-S-H (Agel) were measured utilising the Graphing Software Origin Pro 8 in the range of the
analysed peak and not taking in account the baseline deviation. The area ratio ¢ = Agel/Ag
were calculated for both pastes. The ¢ value for SCSA-1.46-24 was 5.58 while for SCSA-
1.46-0 was 2.87. Assuming that quartz fraction in SCSA was not dissolved in the preparation
of the suspension and did not react with BFS, these ¢ values suggest a formation of more

reaction products when t = 24h.
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Figure 8.3 — XRD patterns of raw materials (SCSA and BFS) and pastes (SCSA-1.46-24,
SCSA-1.46-0, NH-0 and SS-1.46) cured after 3 days at 65 °C. Keys: Q: quartz; C: calcite;
H: hydrotalcite; F: faujasite; C-S-H: calcium silicate hydrate; K: katoite.

BFS

Bragg's Angle (28)

FTIR spectra of raw materials, BFS and SCSA, and pastes SCSA-1.46-24 and
SCSA-1.46-0 cured after 3 days at 65 °C, are represented in the Figure 8.4. The main bands
detected in the spectra for raw materials and pastes were in the wavenumber ranges of 800-
1250 cm™* (stretching mode of Si-O) and 1400-1550 cm (stretching mode of O-C-O bonds).
The band in the range of 1400-1550 cm™ was due to de presence of calcite in raw materials
and also to hardly carbonation of the samples, as observed in XRD analysis. In this case, the
most important wavenumber interval is within of 800-1250 cm™ because in this wavenumber
range are observed the main differences among spectra. BFS and SCSA presented broad
bands in the wavenumber ranges of 800-1050 and 900-1250 cm™, respectively, while the
pastes showed narrower bands in the interval of 900-1050 cm™ with a centred peak near to
950 cm™. This behaviour is justified by the dissolution of the raw materials particles, and

following by the formation of alkali-activated materials products (FERNANDEZ-
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JIMENEZ; PUERTAS, 2003). In the case of both pastes produced with SCSA, they did not
present significant differences between them, indicating that their gel nature is similar.

Figure 8.4 — FTIR spectra of raw materials (SCSA and BFS) and pastes (SCSA-1.46-24,
SCSA-1.46-0, NH-0 and SS-1.46) cured after 3 days at 65 °C
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TGA results are represented in Figure 8.5 (DTG curves) and Table 8.3 (mass losses)
for the pastes SCSA-1.46-24 and SCSA-1.46-0 after 3 days of curing at 65 °C. In the DTG
curves for these pastes, four peaks were observed in the following temperatures: 140, 400,
550 and 800 °C. The first peak, centred at 140 °C, is related to the decomposition of (C,N)-
A-S-H or N-A-S-H products. Peak at 400 °C was identified as the decomposition of
hydrotalcite, and the peaks at 550 and 800 °C were related to the decomposition of carbonates
(BERNAL et al., 2017). Normally, carbonates decompound in the temperature range of 700-
850 °C. However, the formation of a poorly crystallised phase and the presence of sodium
ions caused a decrease in the temperature decomposition of carbonates to 550 °C (BERNAL
et al., 2017). Table 8.3 shows de mass losses in two different temperature intervals in order
to emphasize the study on formation of the reaction products: 35-300 °C (P3s-300) and 300-
1000 °C (P300-1000). Similar mass losses in the range of 35-300 °C (12.67 and 11.68%,
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respectively) were observed suggesting that the amount of hydration products formation was
in the same order of magnitude. This fact means that differences in compressive strengths
are not directly related to the percentage of combined water, and it may be analysed from

the point of view in the distribution of products into the cementing matrix.

Figure 8.5 — DTG curves of pastes (SCSA-1.46-24, SCSA-1.46-0, NH-0 and SS-1.46)

cured after 3 days at 65 °C (humbers close to main peaks are in °C)
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Table 8.3 — Mass losses (%) of the pastes SCSA-1.46-24, SCSA-1.46-0, NaOH and SS-
1.46 cured after 3 days at 65 °C in the test temperature intervals of 35-300 °C (P3s-300) and
300-1000 °C (P300-1000)

Mass Losses (%)

Specimen
P3s-300 P300-1000 TOTAL
SCSA-1.46-24 11.68 5.57 17.25
SCSA-1.46-0 12.67 5.06 17.73
NaOH 12.40 5.76 18.16
SS-1.46 14.50 5.19 19.69
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Figure 8.6 shows FESEM micrographs for the SCSA-1.46-24 paste after 3 days of
curing at 65 °C. In a general view of the fractured surface paste (Fig. 6a), it is observed a
dense and amorphous structure (as the previous tests suggested). A compacted gel was
observed and scarce unreacted particles of blast furnace slag (Spot A) were also identified.
There were not found unreacted SCSA particles. The formed gels (Spot B) can be seen at a
higher magnification at Fig. 6b and Fig. 6c: they present a form of very small and irregular
in shape particles (less than 0.2 um in diameter) that are piled each other in a homogeneous
pattern, yielding a low porosity matrix. EDS analysis from this gel (eight points) give the
following molar ratios of Ca/Si = 0.95 £ 0.07, Al/Si = 0.32 + 0.03, Na/Al = 1.34 £ 0.05 and
Mg/Si =0.13 £ 0.05. This gel is considered as the (C,N)-A-S-H product. In the Fig. 6d, some

microcrystals (Spot C) are distributed into gel matrix (probably faujasite crystals).

Figure 8.6 — FESEM micrographs of the paste SCSA-1.46-24

FESEM images of the paste SCSA-1.46-0 cured after 3 days at 65 °C are shown in
the Figure 8.7. In the Figure 8.7a, it can be observed a dense structure similar to the SCSA-
1.46-24 paste at Spot D. Fig. 7b shows a quartz particle from SCSA in the Spot E surrounded
by gel. Magnifications of the Fig. 7a are shown in Fig. 7c and Fig. 7d. The formed gel is also
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composed by small hydration products as those found for the SCSA-1.46-24 paste.
Regarding to chemical composition of gel in SCSA-1.46-0, the molar ratios were: Ca/Si =
0.92 + 0.06, Al/Si =0.33 £ 0.01, Na/Al = 1.86 £ 0.12 and Mg/Si = 0.18 + 0.05. The Ca/Si,
Al/Si and Mg/Si ratios in SCSA-1.46-0 paste were similar to that found in the SCSA-1.46-
24. The larger difference was found for Na/Al ratio in the formed gel, despite both pastes
were produced with the same composition.

It has been reported (GAO et al., 2015) that the strength development of AAM
depends on the ¢ value of the activating solution, and, for BFS systems, ¢ values lower than
1.0 yields low compressive strength. In both SCSA pastes, the theoretical ¢ value was 1.46,
however for SCSA-1.46-0 there is less solubilized silica and, consequently, the real ¢ is
lower than that for SCSA-1.46-24. In these conditions, more Na* is incorporated to the
formed gel, and then the strength contribution is significantly lower (34.2% lower strength
was obtained for mortars, see Figure 8.2). Thus, the chemical composition of the gel formed

has a decisive contribution on the strength of the matrix.

Figure 8.7 — FESEM micrographs of the paste SCSA-1.46-0
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8.3.2 Effect of the SiO2/Na20 molar ratio (€) for SCSA/NaOH suspensions
(Section 2)

Compressive strength of the mixtures NH-0, SCSA-0.73-24, SCSA-1.09-24,
SCSA-1.46-24 and SCSA-1.82-24 were represented in the Figure 8.8 after 3 days of curing
at 65 °C. It is observed that the SCSA amount (represented by ¢, the SiO2/Na,O molar ratio
of the solution) influenced the compressive strength of the mortars for a constant T value (24
h). The increase of the SCSA quantity in the solution also generates an increase in the
compressive strength of mortars. A noticeable result was that all the samples with the ash
(compressive strength results in the range of 26.9-47.8 MPa) presented significantly better
results than the mortar with only NaOH (14.1 MPa). As expected, the dissolved SiOs* from
SCSA influenced positively the formation of a stronger structure. The dosage selected for
the sequence of the study (Section 3) was the SCSA-1.46-24. Although the SCSA-1.82-24
(47.8 MPa) presented slightly higher compressive strength than SCSA-1.46-24 (45.0 MPa),

this later mortar presented better rheological properties than the former one.

Figure 8.8 — Compressive strength values of mortars (cured at 65 °C for 3 days) with
activator prepared by thermal bottle treatment in different SiO2/Na>O molar ratio (g) of 0
(only NaOH), 0.73, 1.09, 1.46 and 1.82
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XRD results showed important differences between NaOH and SCSA-1.46-24
pastes (Figure 8.3). In the case of former paste, it was presented more intense peaks of
crystalline phases (faujasite and hydrotalcite) than SCSA sample. In addition, katoite was
also formed in this paste. The high formation of crystalline compounds were already noticed
in a previous study, where the use of only NaOH solution causes a production of more
ordered phases than a sample produced by solution with a combination of sodium hydroxide
and a silica source (as sodium silicate) (ESCALANTE-GARCIA et al., 2003; BUCHWALD
et al., 2007). The more formation of ordered structures can justify the lowest compressive
strength results for this mixture.

In the FTIR studies (Figure 8.4), the SCSA paste presented its main Si-O peak
located in higher wavenumber than the paste produced with only NaOH. Probably the
increase of silica content for SCSA system in the mixture caused a stronger gel, justifying
the higher compressive strength of mortars produced with SCSA.

Regarding to TGA studies (Figure 8.5 and Table 8.3), NaOH sample presented
similar mass loss to the other pastes besides the low compressive strength. As noticed in the
XRD analysis, NaOH sample had strong formation of crystalline compounds, as faujasite
and katoite (CasAlx(SiO4)(OH)g, PDF Card #380368), that decompose at approximately
temperatures of 140 °C and 200 °C, respectively. In these temperatures are also observed the
decomposition of alkali-activated materials gels. Probably, great part of the mass loss of NH-
0 sample in the range of 35-300 °C is related to those crystalline phases decomposition and
not to cementing gels dehydration. This observation explains the mass loss of NH-0
specimen to be comparable to other pastes, even the compressive strength was very low.

Figure 8.9 presents the FESEM micrographs of NH-0 sample after 3 days of curing
at 65 °C. Differently to observed in the previously described SCSA pastes, the structure of
NH-0 paste is more crystalline and porous. This kind of structure was already expected due
the results from the above described results. Regarding to the chemical composition of the
paste, Ca/Si, Al/Si, Na/Al and Mg/Si molar ratios of the formed product are 1.18 + 0.02,
0.38+£0.02,1.89 £0.15and 0.07 £ 0.01. The Ca/Si ratio in this case is higher than for SCSA
pastes (1.18 vs. 0.95-0.92). It is clearly noticed that the NH-0 paste presents less silicon than
SCSA samples, which probably the lack of it caused a formation of a more crystalline,

porous and softer structure with lower compressive strength.
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8.3.3 Comparison of SCSA to others silica sources (Section 3)

Compressive strength of SCSA-1.46-24 was compared to SS-1.46 and RHA-1.46-
24 samples after 3 days at 65 °C and after 28 days at 20 °C (Figure 8.10). The highest
compressive strength was reached by the SS-1.46 system with 62.9 MPa and 78.8 MPa for
3 (at 65 °C) and 28 (at 20 °C) curing time respectively. In the case of both systems with
ashes, SCSA and RHA, they presented similar results on the compressive strength of
mortars: SCSA mortar presented a compressive strength of 45 and 54.9 MPa for 3 and 28
days, respectively, whereas RHA blend reached 49.7 and 59.7 MPa for the same curing ages.
In all cases, developed strength at 20°C was better. Although the calculated SiO2/Na2O ratio
was equal for the three mixtures, reliably the presence of non-dissolved silica from the ashes
caused the lower compressive strength. It was difficult to determine the amount of
solubilized silica after the treatment in the thermal bottle: the gelification of the suspension
(which impeded the filtration of it). It is obvious that quartz present in SCSA was not
dissolved, which generated less solubilized silica. This is the reason that strength for RHA
samples was slightly higher.
Despite the SCSA did not present the same result as the commercial sodium silicate
(reached a value between 75-80% of the compressive strength obtained for SS-1.46), the ash
has the potential to be utilised as silica source to produce the activating solution. In a
previous study, spent diatomaceous earth was assessed in the production of alternative
solutions in a fly ash/metakaolin system (MEJIA et al., 2016). However, in this case, the
compressive strength of pastes obtained from this solution was approximately 50% of the
results for control with sodium silicate. In the same study, the spent diatomaceous earth
presented similar results than the rice husk ash. Waste glass was also utilised as silica source
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to produce the activating solution (PUERTAS; TORRES-CARRASCO, 2014). In a system
based on BFS, the pastes produced by the solution with the waste presented approximately
75-80% of the compressive strength of the control, which is similar than SCSA results in the
present paper. More recently, sugar cane bagasse ash was evaluated as silica source in the
production of activating solution (TCHAKOUTE et al., 2017). This new solution presented
similar results in compressive strength tests than the waste glass and rice husk ash in
metakaolin-based AAM.

Figure 8.10 — Comparison of compressive strength values of mortars (cured at 65 °C for 3
days and 20 °C for 28 days) obtained from SCSA, SS and RHA

90 | SCSA-1.46-24
I SS-1.46
80 | RHA-1.46-24

3 days (65 °C) 28 days (20 °C)

Curing time (temperature)

XRD patterns of SCSA-1.46-24 and SS-1.46 presented differences (Figure 8.3): the
main one is the obvious absence of quartz in SS-1.46. SCSA-1.46-24 diffractogram
presented, additionally, faujasite that was not observed in the SS-1.46 sample. Hydrotalcite
and calcite were identified in SS-1.46, showing peaks of low intensity. Probably, this fact
and the higher content of soluble silica let to explain the highest compressive strength

obtained for this mixture.
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FTIR studies (Figure 8.4) did not let to differentiate SCSA-1.46-24 and SS-1.46,
only just a small difference in the energy of the main Si-O band. This result suggests that the
chemical nature of the formed hydrates is similar.

In TGA results (Figure 8.5 and Table 8.3), mass loss of SS-1.46 was higher than
the SCSA-1.46-24. It can be related to the more formation of cementing gels, which justifies
the highest compressive strength. In addition, the shape of the DTG curve of both SCSA
pastes are more similar to the specimen produced with sodium silicate than the NaOH: deep
peak related to the mass loss of the dehydration of (C,N)-A-S-H products and no peaks
related to decomposition of C-A-S-H compounds. This behaviour suggests that SCSA pastes
presented similar products formation to the sodium silicate paste.

FESEM micrographs of SS-1.46 paste after 3 days of curing at 65 °C are depicted
in the Figure 8.11. It can be noticed that this paste presented an amorphous and dense
structure, principally in the magnification at Spot F (Fig. 11c). Comparing Fig. 11c to Fig.
6c (SCSA-1.46-24), it can be noted that the compactness of the former was slightly lower
than that found for SCSA paste. In addition, the formed gel was similar to the ones observed
in the SCSA pastes. Regarding to gel composition, Ca/Si, Al/Si, Na/Al and Mg/Si molar
ratios are 0.90 + 0.04, 0.23 +0.02, 2.40 £ 0.16 and 0.09 + 0.03. Ca/Si ratio was slightly lower
than to the SCSA paste ones, probably due more silica is chemically combined from the
sodium silicate solution. In the Fig. 11d, a BFS particle covered by reaction products was
observed at Spot G. The chemical composition for this spot was Ca/Si = 1.09 £ 0.13, Al/Si
=0.45+0.11, Na/Al = 1.19 £ 0.26 and Mg/Si = 0.64 + 0.26. Comparing the Spot G to Spot
F, the former presented higher ratios of Ca/Si, Al/Si and Mg/Si than the latter. The more
relative presence of Ca, Al and Mg respect to Si suggests that the BFS particle was partially

reacted.
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Figure 8.11 — FESEM micrographs of the paste SS-1.46

8.4 CONCLUSIONS

SCSA was successfully utilised as silica source to produce the alkaline activating
reagent for producing BFS-based AAM materials, by means of its partial dissolution in a
thermal bottle. The dissolution heat in water of NaOH facilitates the dissolution of silica
from the SCSA and it was not necessary to filter the obtained suspensions for yielding good
behaviour as activating reagent, which facilitates its implementation in AAMs. Compressive
strength tests of mortars showed that the optimum time on leaving the ash dissolving in the
thermal bottle in the NaOH solution was 24 hours. The optimum amount of SCSA,
represented by the SiO2/Na>O molar ratio of the solution (g), was 1.46. Besides the SCSA
samples presented lower mechanical properties compared to specimens produced with a the
commonly used NH/SS solution, the ash-based systems showed significantly better results
than the samples prepared with the solution with only NaOH: the alkaline treatment of SCSA
in the thermal bottle with NaOH produced a very reactive alkaline activator for BFS-based

AAMs. From the microstructural studies, it can be concluded that SCSA pastes presented
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similar characteristics than matrices obtained with sodium silicate-based reagent: dense and
amorphous gels with comparable Ca/Si, Al/Si and Na/Al molar ratios were identified.
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9 GENERAL CONCLUSIONS

Sugar cane straw ash (SCSA) was successfully assessed as both solid precursor and
silica source for the activating solution in alkali-activated binders based on blast furnace slag
(BFS) with NaOH solutions.

SCSA obtained from an autocombustion process showed high reactivity since early
curing times (see Chapters 3 and 4). Studies of thermogravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FTIR) on pastes of SCSA and calcium hydroxide
(CH) showed that the ash consumed all the CH in the first 3 days of curing at 40 °C. In the
electrical conductivity tests, the SCSA was classified as medium reactivity (Chapter 3).
Regarding to the use of the SCSA in mortars of Portland cement (as pozzolan) and blast-
furnace slag (alkali-activated binders), the ash high reactivity was observed after 3 days of
curing, where the SCSA-mortars presented similar or higher compressive strength.

As solid precursor in alkali-activated binders, SCSA partially replacing the BFS
improved the alkali-activated mortars activated with NaOH for Na* concentration of 4-10
mol.kg™ (see Chapters 5, 6 and 7). Compressive strength of SCSA-mortars activated with
only NaOH reached higher values than the control with only blast-furnace slag/NaOH. In
addition, the role of SCSA in the mixture was similar to the sodium silicate: SCSA mortars
activated with only NaOH reached comparable compressive strength to a mortar with only
BFS activated by both, sodium silicate and sodium hydroxide (see Chapters 5 and 6).
Microstructural studies showed that the SCSA-containing mixtures presented a denser gel
than one with only BFS and favoured the formation of zeolites. Therefore, the optimum use
of SCSA in alkali-activated binders was replacing the BFS until 30% and using a Na*
concentration between 4-6 M

In the last part of the thesis, SCSA was successfully utilised as silica source in
sodium solutions to produce a BFS-based alkali-activated binders (see Chapter 8). A certain
amount of SCSA was mixed with NaOH in a thermal bottle during a determined time to
produce the activating solution. The optimum dissolution time was 24 hours, and the
optimum amount of SCSA, represented by the SiO2/Na>O molar ratio of the solution, was
1.46. Comparing the solution produced with SCSA/NaOH to other solutions, it presented

similar better results in compressive strength tests to a solution prepared with only NaOH.
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Related to other silica sources, SCSA/NaOH samples presented similar results to
RHA/NaOH ones, and lower values when it was compared to the commercial sodium silicate
and NaOH specimens. Microstructural analysis showed that the specimens produced from
the SCSA-activating solution presented more similar results to the samples obtained from
the sodium silicate/NaOH than the specimens produced by the activating solution with only
NaOH.
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10 PROPOSALS FOR FUTURE STUDIES

A proposal for continuing this work is to test the produced alkali-activated binders
in durability tests, as chemical and temperature attacks. These tests can indicate the
appropriate application for these new binders.

Another proposal is to utilise the SCSA with others solid precursors (metakaolin,
fly ash, etc.). These studies can increase the possibilities of using the ash in alkali-activated
binders.

Finally, it is proposed the application of SCSA in alkali-activated binders in

different ways: structure repairs, masonry, structural elements, etc.
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