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REsumMO
_

O manejo sustentavel e inteligente de residuos urbanos € uma questéo primordial
para garantir que futuras geracdes tenham as condi¢Ges de viver em equilibrio com a
natureza e o meio urbano. Da mesma maneira, garantir que no futuro existam materiais
alternativos e sustentaveis para a construcao civil também € necesséario para tal
equilibrio. Neste sentido, os materiais ativados alcalinamente sdo interessantes por
abranger sistemas que incorporam residuos de origem urbana, industrial e agro-industrial
como matéria-prima. Por definicdo, os materiais ativados alcalinamente sdo produtos
resultantes de reacdes quimicas que se iniciam em decorréncia de um ataque alcalino a
precursores ricos em calcio e/ou silica e alumina. Com base em estudos recentes que
apontam estes sistemas como uma alternativa para a imobilizacdo de cinza de lodo de
esgoto (SSA), este trabalho avaliou os efeitos da incorporagédo de SSA como precursor
em substituicdo ao metacaulim (MK) e & escoéria de alto-forno (BFS) para a producao de
argamassas ativadas alcalinamente, assim como a otimizacdo desses sistemas em
termos de resisténcia a compressao. Inicialmente, a SSA, obtida por meio de uma auto-
combustédo do lodo de esgoto, foi caracterizada fisico-quimicamente, assim como sua
reatividade quimica foi avaliada. O desempenho mecéanico de argamassas a base de MK
e SSA foi avaliado por meio de ensaios de resisténcia a compressao, e pastas foram
guimicamente avaliadas através de andlises de difracao de raio-X (XRD), espectroscopia
de infra-vermelho por transformada de Fourier (FTIR), termogravimetria (TG/DTG) e
microscopia eletrénica de varredura (SEM). Por fim, uma otimiza¢c&o do ativador alcalino
foi realizada por meio da pré-ativagdo de cinza de casca de arroz (RHA) para producao
de sistemas binarios de SSA e BFS, sendo estes sistemas mecanicamente avaliados por
resisténcia a compressédo. Para a caracterizacdo destes sistemas binarios (pastas),
analises de XRD, TG/DTG, SEM, e porosimetria por intrusdo de mercurio foram
realizadas. De acordo com os resultados, apesar de apresentar um moderado
comportamento pozolanico em misturas com cimento Portland, a SSA desmonstrou um
baixa reatividade em materiais ativados alcalinamente. Em geral, a substituicdo de MK

ou BFS por SSA diminui a resisténcia a compressdo das argamassas. Porém, em



determinadas condi¢cdes, como para argamassas a base de MK e SSA em cura térmica
(banho térmico, 65°C), a SSA ofereceu um retardo da perda de resisténcia a compressao,
que ocorre devido a cristalizacdo da matriz geopolimérica. A performance mecéanica dos
sistemas binarios compostos por BFS e SSA foi melhorada em funcédo da pré-ativacao
da RHA, empregada na forma de ativador alcalino, o que permitiu produzir argamassas
com até 40% de SSA em sua constituicado, alcancando uma resisténcia a compressao de
até 30 MPa.



ABSTRACT
_

The sustainable and smart management of urban wastes is a key issue to ensure
that future generations can live in balance with nature and the urban environment.
Similarly, sustainable materials for building construction are also necessary to guarantee
such a balance. Therefore, alkali-activated materials are an interesting option by
incorporate by-products and urban wastes from the agro-industry as raw material. The
alkali-activated materials (AAMs) result from chemical reactions that start due to an
alkaline attack on precursor materials that contain calcium and/or silica and alumina in
their composition. Recently, these systems have been recognized as an alternative for
the immobilization of sewage sludge ash (SSA). Accordingly, in this work, the effect of
SSA incorporation in AAMs by means of replacing metakaolin (MK) and blast furnace slag
(BFS) was evaluated, as well as the optimization of these systems in function of the
compressive strength performance. Firstly, SSA, generated by means of uncontrolled
combustion of sewage sludge, was physiochemically characterised and its chemical
reactivity was evaluated. The mechanical performance of mortars based on MK and SSA
were evaluated by means of compressive strength tests, as well as pastes were
chemically evaluated by means of X-ray diffraction (XRD), Fourier transform infra-red
fluorescence (FTIR), thermogravimetry (TG/DTG), and scanning electron microscopy
(SEM). The optimization of the alkaline activator, by the pre-activation of rice husk ash
(RHA), to produce binary alkali-activated mortars composed of SSA and BFS as the
binder, was also carried out. These binary mortars were mechanically evaluated by
compressive strength tests, as well as pastes were characterised by means of XRD,
TG/DTG, SEM, and mercury intrusion porosimetry (MIP) analyses. According to the
results, despite the SSA presenting a moderate reactive behaviour, characterised as
pozzolanic, in AAMs showed a low reactivity. Generally, as the replacement of MK or BFS
with SSA increases, the compression strength of mortars decreases. However, in
geopolymeric mortars based on MK and SSA thermally cured (thermal bath, 65 ° C), SSA
offers a delay in the compressive strength loss, which commonly occurs due to

crystallization of the geopolymeric matrix. The mechanical performance of the binary



systems composed of BFS and SSA was improved using RHA in the activator, which
guarantees to produce mortars with up to 40 wt.% SSA in their composition, reaching a

compressive strength of up to 30 MPa.
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CHAPTER 1

1. INTRODUCTION

1.1. GENERAL ISSUES

New waste management policies are genuinely supported by the circular
economy, which promotes a sustainable development worldwide. Related to such a
subject, the current and future sewage sludge management, facing the growing sewage
sludge generation, are seriously debated in the scientific journals (KACPRZAK et al.,
2017). Due to the accelerated urbanization and population growth, which is expected the
worldwide population exceeding nine billion people by 2050 (CORCORAN et al., 2010), a
great sanitary infrastructure improvement is urgent, mainly in low and middle-income
countries. Hence, jointly with the sanitary infrastructure enhancement, a growing sewage
sludge generation is also expected, as it is an inevitable by-product from the conventional

wastewater treatment plants (WTPs).

In countries where the processed sewage sludge is suitably managed, its three
main disposal routes are landfill, agricultural use, and minimization through thermal
processing (CHRISTODOULOU; STAMATELATOU, 2016; SALIHOGLU; MARDANI-
AGHABAGLOU, 2020). A decade early, 53% of the sewage sludge generated by EU-15
was disposed for agricultural use and 21% was incinerated, while for EU-12 (new Member
States that joined EU after 2004), the landfilling disposal was the most common sewage
sludge management choice yet (KELESSIDIS; STASINAKIS, 2012). Since then, due to
more restrictive laws about soil and environmental protections, sewage sludge
incineration is getting more notable in some countries, like in Germany that 70% of the
sewage sludge generated is incinerated (SCHNELL; HORST; QUICKER, 2020).

What concerning about the sewage sludge thermal treatment (incineration and
pyrolysis), although offers a significant waste volume reduction, it is not the final disposal

due to the sewage sludge ash (SSA). Until 2013, the global production of SSA was



estimated at 1.7 million tons yearly (DONATELLO; CHEESEMAN, 2013), and its
generation is expected to increase in the future as more sewage sludge is generated as
well as incinerated (KELESSIDIS; STASINAKIS, 2012).

Such an issue warns of the need to increase the SSA valorisation, leading
researchers to search for different alternatives for its application. One of the alternatives
evaluated is the SSA application in the production of construction building materials. Such
application is achievable due to its chemical composition, that depending on SiO2z, Al203
and Fe203 contents could display a moderated pozzolanic behaviour, though also can
display a role as fine aggregate or filling material (DE AZEVEDO BASTO; SAVASTANO
JUNIOR; DE MELO NETO, 2019; CHANG et al., 2020). A great number of studies can be
found in the literature where is evaluated the SSA use to produce materials as blended
Portland cement, pastes, mortars, bricks, tiles, ceramics, or glass (MONZO et al., 2003;
LIN; LUO; ZHANG, 2007; DYER; HALLIDAY; DHIR, 2011; PEREZ CARRION et al., 2013;
BAEZA-BROTONS et al., 2014; SMOL et al., 2015; CHEN; POON, 2017; TARRAGO et
al., 2017; CHANG et al., 2020). In addition, in the last years, the literature has also pointed
out SSA as a raw material (PAYA et al., 2019) to produce alkali-activated materials
(AAMSs), a new kind of binders (PACHECO-TORGAL, 2015), that depending on the Ca-
content in their chemical composition precursors should be called fgeopolymersoi a
subcategory for low Ca-content AMMs as seen in Figure 1.1 (PACHECO-TORGAL;
CASTRO-GOMES; JALALI, 2008; PROVIS; VAN DEVENTER, 2014).

A series of advantages are attributed to the production of AAMs: the lower carbon
footprint; similar or superior mechanical properties compared to Portland Cement-based
binders; and a large waste incorporation potential (PACHECO-TORGAL, 2015). In
addition, depending on the type, concentration and dose of alkaline activators used to
prepare the AAMSs, the reduction in the carbon footprint can fall within the range of 30.01
76.0% in relation to Portland cement materials (PACHECO-TORGAL et al., 2017; YANG;
SONG; SONG, 2017), or even around 90% when the whole system is entirely composed
of wastes (FONT et al., 2020).



Figure 1.1 - Classification of AAMs, comparing to other cementitious binder
chemistry, in terms of calcium (Ca), aluminium (Al) and alkali (M*)
content in their composition.
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1.2. GAP IN THE KNOWLEDGE

The design of AMMSs is an interesting alternative to mitigate the increasing SSA
generation and its environmental impacts. The studies on this subject are recent, being
firstly reported in 2016 (ISTUQUE et al., 2016). Most of them are focused on high-calcium
alkali-activated systems like BFS-based alkali-activated materials (CHAKRABORTY et
al., 2017; TASHIMA et al., 2017; CHEN et al., 2018; SITARZ et al., 2020), and a few of
them are related to low-calcium alkali-activated materials (geopolymers), like fly ash-
based geopolymers (PAULNATH et al., 2019; SITARZ et al., 2020), rice husk ash-based
geopolymers (ZAIDAHTULAKMAL; KARTINI; HAMIDAH, 2019) and metakaolin-based
geopolymer (ISTUQUE et al., 2016; SUN et al., 2018).

As mentioned beforehand, there are only two studies focused on the incorporation
of SSA into MK-based geopolymer. On one hand, SUN et al (2018) formulated a MK-



based geopolymer with SSA coming from controlled calcination (800°C, 1 h), which could
be implied that for such findings, it is necessary a controlled SSA calcination method,
demanding higher energy for its production. On the other hand, Istuque et al. (2016) report
a short study on geopolymers with MK and SSA, in which such SSA was coming from an
uncontrolled-combustion method, which is interesting due to a low energy demand during
its incineration. Nevertheless, an optimisation regarding the activator parameters as
NaOH concentration and SiO2/Na20O molar ratio in the activator of this SSA-MK
geopolymer system proposed by Istuque et al. (2016), to better mechanical strength, is
needed, as well as should be carried out mechanical evaluations for curing time superior
to 7 days, which is important for understanding the long-term mechanical performance of

this material.

What concerning the SSA-BFS alkali-activated materials, although can be found
a higher number of studies in the literature, none of these works was focused on replacing
the commercial sodium silicate with less carbon footprint silica source as RHA yet, which
is an interesting way to increase the sustainability of such systems. Therefore, although
the SSA-BFS alkali-activated materials production has been largely evaluated, more
sustainability could be achieved to these systems if RHA is used in the activator to replace

the commercial sodium silicate.

Therefore, in the work herein, such optimisation of the SSA-MK geopolymer
system proposed by Istuque et al. (2016) and the RHA use to obtaining a non-
conventional sodium silicate alkaline activator to produce more sustainable SSA-BFS

alkali-activated materials are evaluated.

1.3. AIM AND OBJECTIVES

This study aimed evaluate the SSA application as a raw material in AAMs
production, focusing in to achieve optimized systems in terms of compressive strength

performance, SSA incorporation content and sustainability. Thus, the objectives were:

() To characterise SSA resulting from uncontrolled combustion by means of

physicochemical analyses, as well as to evaluate its pozzolanic activity.



(I To optimize the activator dosage in terms of SiO2/Na2O molar ratio and
NaOH concentration to achieve higher compressive strength performance
in SSA/MK T based geopolymeric mortars.

()  To evaluate the Ilong-term mechanical performance of SSA-MK
geopolymeric mortars cured at room temperature.

(IV) To enhance the sustainability of SSA-BFS alkali-activated mortars by
replacing commercial sodium silicate with non-conventional sodium silicate

suspensions synthesised with RHA and NaOH.

1.4. THESIS STRUCTURE

This thesis presents 9 chapters, including the introduction, in which the
motivations and goals were described (Chapter 1). Chapter 2 is a literature survey about
sewage sludge and SSA generation issues, as well as the knowledge concerning AAMs.
From chapter 3 to chapter 7 are presented published articles that materialise such an
investigation. In chapter 3, apart from the uncontrolled-combusted SSA physicochemical
characterization, the pozzolanic reactivity of this waste was evaluated. In chapter 4 is
described how the compressive strength and microstructure is affected by the partial
replacement of MK with SSA to prepare geopolymeric mortars cured at room temperature
(25°C) and in thermal bath (65°C) for different SiO2/Na2O molar ratios. Chapter 5
highlights the influence of the alkaline concentration of activator on SSA-MK based
geopolymeric mortars, as well as the long-term compressive strength performance of
geopolymeric mortars containing MK and different contents of SSA. An evaluation of the
compressive strength performance and microstructure of binary alkali-activated mortars
based on BFS-SSA, in which rice husk ash (RHA) was used as a source of silica replacing
commercial sodium silicate is presented in chapter 6. Finally, the general conclusion,
scientific and social impact and proposal for futures studies are presented in chapter 7,

chapter 8, and chapter 9, respectively.
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CHAPTER 2

2. LITERATURE SURVEY

2.1. SEWAGE SLUDGE MANAGEMENT

All countries worldwide need to carry on suitable management of their effluents,
which should be collected and treated in WTPs. However, there a lot of them, mainly low
and middle-income ones, with precarious basic sanitation systems yet. In Brazil and India,
for example, even as developing countries, only 46% and 21% of their municipal
wastewaters generated are treated, respectively (BRASIL, 2019; SINGH et al., 2020).
Then, jointly with the economy increasing of these countries, enhancement of their basic
sanitation systems is expected, as well as the increase of the quantity of sewage sludge
generated, which is an inevitable by-product generated in the WTPs. For instance, over
the past 40 years, China significantly improved their sanitation system, reaching around
90% of its generated wastewater being treated (QU et al., 2019). Associated with such a
sanitation infrastructure improvement, between 2010 and 2017, the sewage sludge
generation in China was marked by an annual growth rate of 4.6%, as represented in
Figure 2.1 (ZHOU, G. et al., 2020). The quantity of sewage sludge generated (water
content of 80%) in China reached 39.04 million tons in 2019 (WEI et al., 2020). Besides,
in a worldwide context, the sewage sludge generation could be represented by an average
amount of 10-15 kg (dry matter) by the inhabitant yearly (KWARCIAK-K OZ GOWS K A,
2019). Only the sum of the dry sewage sludge generated by Europe, North America and
Japan reach about 30 million tons/year (KRUGER; ADAM, 2015).
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Figure 2.1 - Wastewater treatment plants (MWWTP) number, wastewater
treatment capacity and sludge production (80% water
content) in China during the period of 19781 2019.
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sludge management in China: Based on exploratory data and CO2-
equivaient emissions analysis. Environmental International, v. 144, p.
106093, 2020.

Dry sewage sludge is composed of a significant organic matter content (60-80%),
and other components as minerals, organic and inorganic contaminants (heavy metals),
and pathogenic organisms (CHANG et al., 2020). The main disposal routes worldwide for
sewage sludge are agriculture use, thermal treatment processes as pyrolysis and
incineration, and landfilling (KELESSIDIS; STASINAKIS, 2012). The sewage sludge
disposal for landfilling, which is practised by some countries yet, is decreasing over time
facing environmental issues (KELESSIDIS; STASINAKIS, 2012). In EU-27 (27 European
Union countries), 45% of the sewage sludge generated is disposed of in agriculture due
to its significant concentration of nitrogen and phosphorus, elements that are applied as
fertilizer for plants (CHRISTODOULOU; STAMATELATOU, 2016) (KACPRZAK et al.,
2017). However, due to even more restrictive laws regarding environmental protection
and soil contamination, depending on the content of contaminants in the sewage sludge
composition, its disposal in agriculture is limited (CAMPBELL, 2000; KWARCIAK-
KOZGOWSKA, 2019).
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The thermal treatment processes for sewage sludge are gaining more attention
over the decades, considering that such processes lead to a waste volume reduction, and
could even generate renewable energy (ZHANG et al., 2020). The calorific value of dry
sewage sludge reaches a range of 8 to 20 MJ/kg, with an average value of 12 MJ/kg,
being comparable to lignite one (11.77 15.8 MJ/kg) (NUAMAH et al., 2012; ZHANG et al.,
2020). Nowadays, many countries in EU-27 make a choice for the thermal treatments of
sewage sludge, being 30% of the sewage sludge generated in EU-27 thermal treated
(CHRISTODOULOU; STAMATELATOU, 2016). There is a notable increasing tendency
regarding the sewage sludge incineration into the EU-27, as observed in countries as
Austria, Portugal, Slovakia, Hungary, Belgium, and others (KELESSIDIS; STASINAKIS,
2012). These countries follow a similar behaviour to Germany, which presented a
considerable increase in sewage sludge incineration over the past years, reaching a mark

of around 70% of the sewage sludge generated being incinerated in 2017 (Figure 2.2).

Figure 2.2 - Development of disposal routes for sewage sludge in Germany.
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Since the 1990s, in Japan, sewage sludge disposal in landfilling has been kept
under control. Thus, nowadays, a significant amount of sewage sludge generated have
been thermally treated (around 77%), being only 13% of the sewage sludge disposed of
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in landfilling and 12% for agricultural use (CHRISTODOULOU; STAMATELATOU, 2016).
Moreover, Japan established a goal to reach
zero sewage sludge disposal and its maximum renewable energy exploitation
(CHRISTODOULOU; STAMATELATOU, 2016). Therefore, on the assumption that there
are some limitations in the agricultural use of the sewage sludge, as well as in its
landfilling, the thermal sewage sludge conversion appears as an approach forward

renewable energy generation and its volume reduction (CAMPBELL, 2000).

However, the thermal treatment of the sewage sludge is not final disposal while
generates ash. Then, facing such an increasing tendency of thermal treatments of the
sewage sludge, the disposal of SSA is another important issue to considering. The SSA
generation is estimated at around 1.7 million tons yearly, considering only its generation
by USA, Europe, and Japan (DONATELLO; CHEESEMAN, 2013). Nevertheless, apart
from other options, a series of studies have pointed to the SSA potential to be used in the
production of construction building materials, a significant alternative for its valorisation
and immobilization, avoiding its inappropriate disposal in the environment. Such
application is mainly related to its pozzolanic reaction, which usually is classified as low
or moderated (MONZO et al., 1996).

2.2. SSA AS A RAW MATERIAL TO BUILDING MATERIALS.

As can be seen in Figure 2.3, the major oxides in SSA chemical composition are
SiO2, CaO, Al20s3, Fe203, P20s and SOs, which the average values are 34.0%, 15.8%,
12.8%, 11.4%, 10.8% and 5.2%, respectively (SMOL et al., 2015; VOUK et al., 2017).
Components as SiO2, Al203 and Fe203 could contribute to SSA pozzolanic behaviour
when are presented as amorphous phases (CYR; COUTAND; CLASTRES, 2007). Other
components in SSA composition could also display significant effects on cementitious
materials: CaO could accelerate mortar setting, SO3 could affect both the setting time and
compressive strength, and P20s could affect the end of setting time (VOUK et al., 2017).
The average Loss on Ignition (LOI) of SSA found in literature is 3.5%, being found LOI
values up to 13% (LYNN et al., 2015). The SSA mineralogy is meanly composed of quartz
(SiO2), calcium phosphate (Cas(POas)2), calcite (CaCOs) and hematite (Fe203) (CYR;
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COUTAND; CLASTRES, 2007; VOUK et al., 2017), apart from an amorphous content,
that present a large range variation (35-75%) (LYNN et al., 2015), which clearly affects its
pozzolanic behaviour. The SSA chemical composition depending on the wastewater
treatment methods, apart from the effluent sources. The components as Al203, Fe2Oz and
CaO typically come from alum and ferric salts, and lime used in the wastewater treatment
(TANTAWY et al., 2012), as well as SOs are also related to the chemical reagents used
during the treatment (VOUK et al., 2017). The quartz content might come from the soil
particles carried in the wastewater system. Furthermore, part of the quartz content could
also be from the use of quartz sand, as nucleation sites for secondary iron minerals, during
the wastewater treatment (MA et al., 2018).

Figure 2.3 - The mean values of the major components in SSA
chemical composition.
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cementitious materials. Reviews on Advanced Materials
Science, v. 49, n. 2, p. 1581 170, 2017.

The SSA present an irregular morphology and porous particles (LYNN et al.,
2015), which could affect the workability of the mortars and concretes. However, the
mechanical grinding of SSA leads to more regular particle shapes, which could increase

the workability of the mortar due to a lubricant effect (MONZO et al., 1997; PAN et al.,

2003). The enhancement of the pozzolanic activity is another effect attributed to the SSA
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grinding (PAN et al., 2003). The specific gravity, BET specific surface area and Blaine
fineness of SSA could vary in arange of 1.8i 2.9, 25001 23100 m?/kg and 5001 3900 m?/kg,
and with an average bulk density of 805 kg/m?, being characterized by such low value due
to its porous particles (LYNN et al., 2015).

Although SSA usually displays a lower pozzolanic activity than other well-known
agroindustrial/industrial wastes such as RHA and fly ash (FA) (MASSAZZA, 2003;
WANSOM; JANJATURAPHAN; SINTHUPINYO, 2010), a great number of studies on SSA
application in construction building materials production can be found in the literature.
These works are commonly focused on the use of SSA as raw material for cement, bricks,
ceramics and lightweight materials productions; as inert material (fine aggregate and
filler), or even as active addition in some cases, for concrete and mortar production; and,
finally, as cement or sand replacement for pavements in road construction (SMOL et al.,
2015). According to extensive review studies found in literature, the properties of these
materials are not seriously affected or at least are manageable with an SSA content in up
to a range 15-20% in the mix design (LYNN et al., 2015; VOUK et al., 2017). For example,
as raw material for Portland cement clinker production, at low content displays similar
performance to control Portland cement clinker, though, for great content, a phosphorous
extraction treatment is required in order hindering effects on strength and setting (VOUK
et al.,, 2017). Besides, although SSA displays a pozzolanic behaviour when used as
Portland cement replacement in mortar and concrete production, great SSA incorporation
contents could lead to lower strength and workability. However, at low SSA incorporation
contents, the strength of the mortar and concrete is comparable to the control samples,
and the workability can be adjusted using a superplasticizer (LYNN et al., 2015).

Such studies encourage researchers to further developing new products for
construction building materials using SSA as raw materials, contributing even more to the
circular economy goals. In this forward, the materials produced by alkaline activation
technology appearing as an interesting alternative to enhance the valorisation of SSA, but
only a few studies on the application of SSA in such materials production can be found in

the literature.
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2.3. ALKALI-ACTIVATED MATERIALS

2.3.1. History Background

Although some authors assigned that the first synthesis of cementing material
using alkalis was achieved by Kuhl in 1908, that studied the setting behaviour of mixtures
with slag and KOH, it was Purdon in 1940 that conducted the first extensive study on such
subject (SHI; JIMENEZ; PALOMO, 2011; PACHECO-TORGAL, 2015). Purdon produced
and evaluated the chemistry of clinkerless cements using blast furnace slag (BFS)
activated with NaOH. He published that such alkaline activation process was developed
in two steps: firstly, dissolution of silica aluminium, and calcium hydroxide; afterwards,
formation of silica and alumina hydrates and regeneration of the alkaline solution may
possibly occur, pointing out that alkali hydroxides display a catalytic role (PACHECO-
TORGAL; CASTRO-GOMES; JALALI, 2008b). However, the most significant knowledge
contributions came later, in 1985, credited to a Soviet Union scientist Victor Glukhovsky,
who developed the theoretical bases of alkaline activation after investigating the binders
employed in prehistoric Roman and Egyptian structures. With such expertise, he
devel oped a new class of bindei )] swh @lmaealiva s
cements were divided, according to their composition, into two groups: alkaline (Mez20i
Al2031 SiO2i H20) and alkali-alkaline earth (Me201 MOi Al203i SiO21 H20), where Me =
Na, Ké and M = Ca, Mgé (SHI ; JI MENEZ; PALONMN
French scientist Joseph Davidovits, after producing a binder using a calcinated mixture of
kaolinite, | i mestone, and dolyomr De ,f oc o itnheed
products, which displayed a similar structure to a polymer. Although Davidovits coined
such a term to denote a new material, such a binder could be designated into the alkaline
system group proposed by Glukhovsky (PACHECO-TORGAL, 2015). In the next decades
appeared many other relevant studies on this field (LI; SUN; LI, 2010), though it was later
the 1990s that a massive number of studies have come deeply investigating the
microstructural properties and characterization of these new materials, as well as
searching for new raw materials and alkaline activators sources for their production
(PACHECO-TORGAL, 2015).
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Figure 2.4 - Mineralogical composition of alkali-activation hydration
products according to the type of starting aluminosilicate

constituent.
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Source: Krivenko, P. Why alkaline activation - 60 years of the theory and
practice of alkali-activated materials. Journal of Ceramic Science and
Technology, v. 8, n. 3, p. 3231 333, 2017.

Nowadays, these materials resulted from the alkali activation could be set,
considering the composition of their cementitious component(s), into five categories:
alkali-activated slag-based cements; alkali-activated pozzolan cements; alkali-activated
lime-pozzolan/slag cements; alkali-activated calcium aluminate blended cements; and
alkali-activated Portland blended cements (hybrid cements) (SHI; JIMENEZ; PALOMO,
2011). Nonetheless, these systems classification can be simplified into three groups: low-
calcium alkali-activated materials (geopolymers), high-calcium alkali-activated materials
(AAM) and hybrid alkali-activated cements (KRIVENKO, 2017). Moreover, the hydration
products (Me20-Al203-SiO2-H20 and MO-Al203-Si02-H20) of the alkaline activation is

determined by the composition of the precursor (Figure 2.4).

Currently, these materials are well-known due to their potential to reduce the
carbon footprint (OUELLET-PLAMONDON; HABERT, 2015) to promote the circular
economy, considering their waste incorporation (MEHTA; SIDDIQUE, 2016), apart from
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their good properties as high-early compressive strength, low permeability, good chemical

resistance, and excellent fire resistance performances (SINGH et al., 2015).

2.3.2. Reaction Mechanisms

The reaction mechanism of alkaline activation is distinguished in two models,
which are mainly drawn based on the calcium content into the system (Figure 2.5). The
first one could be accurately represented by the alkali-activation of BFS (mean constituent
elements: Si + Ca, Table 2.1), a high-calcium system with a reaction process represented
in the left-hand (blue) pathway in Figure 2.5. Such reaction process occurs in low or mild
alkalinity, having C-A-S-H gel as the main reaction product. The other is well described
based on the alkali-activation of MK (mean constituent elements: Si + AL, Table 2.1), a
low-calcium system reacting according to the right-hand (green) pathway in Figure
2.5.This system requires high alkalinity to starting, having (Na,K)-A-S-H gel as the main
product (PALOMO; GRUTZECK; BLANCO, 1999).

Table 2.1 - Mean chemical composition of BFS and MK.

Mean chemical composition

(WL%) BFS MK
SiO> 31- 38 48 - 52
CaO 38-44 -
Al,03 9-13 40 - 43
MgO 7-12

Source: LI, C.; SUN, H.; LI, L. A review: The comparison between
alkali-activated slag (Si+Ca) and metakaolin (Si+Al) cements.
Cement and Concrete Research, v. 40, n. 9, p. 13411 1349, 2010.



Figure 2.5 - Process and reaction products of alkaline activation of a solid aluminosilicate precursor,
considering the calcium content.
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2.3.2.1. High-calcium Alkali-activated Materials

The mean reaction product from high-calcium alkali-activated materials, as for
alkali-activation of BFS, is an aluminium-substituted C-A-S-H type gel, which the
composition strongly dependent on the nature of the activator employed, having a
disordered tobermorite-like type structure as represented in Figure 2.6 (SHI; JIMENEZ;
PALOMO, 2011; BERNAL et al., 2014). The gel process formation is similar to the C-S-H
gel from the Portland cement hydration although, in alkaline activation, vary in terms of
composition and structure, having a lower Ca/Si ratio (0.9-1.2) (GARCIA-LODEIRO;
FERNANDEZ-JIMENEZ, 2015) in comparison with such a gel from Portland cement
hydration (1.5-2.0) (PROVIS; BERNAL, 2014). As secondary products, according to the
widest consensus, can be found hydrotalcite (MgeAl2CO3(OH)16-4H20), AFm type phases
and zeolites (BERNAL et al., 2014).

Figure 2.6 - Tobermorite-like C-A-S-H gel structure.
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The blue triangles denote tetrahedral Si sites, the red triangle denotes Al substitution into one bridging
site, the green rectangles denote CaO layers, and the circles denote various interlayer species.

Source: Provis, J. L.; Bernal, S. A. Geopolymers and related alkali-activated materials. Annual Review of
Materials Research, v. 44, n. 1, p. 2991 327, 2014.

The development of the BFS alkali-activation is governed by the following
mechanisms (Figure 2.7a): dissolution of the glassy particles; nucleation and growth of
the initial solid phases; interactions and mechanical binding at the boundaries of the
formed products, and continuing reaction via dynamic chemical equilibria and diffusion of
reactive species through the reaction products formed at older curing times (BERNAL et
al., 2014). The reaction mechanism model, proposed by Glukhovsky and Krivenko,
describes the alkaline activation of BFS as the outcome of serious and complex reactions,

as can be seen in Figure 2.7b. The alkaline cation (R*, usually Na* or K*) acts as a
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catalyser, by means of cationic exchange with the Ca?* ions, at the beginning of the phase
hydration process (Figure 2.7a), and later it can be taken up into the gel structure. Some
studies have suggested that the chemically bound Ca?*in C-A-S-H gel could be replaced
by alkaline metal (Na*), leading to the formation of a C-(N)-A-S-H (BERNAL et al., 2014).
However, how the alkaline metal is incorporated into the gel structure (structurally
incorporated or sorbed onto C-A-S-H gel surface) is not a fully understand issue yet
(PROVIS; PALOMO; SHI, 2015).
Figure 2.7 - Proposed model for the high-calcium alkali-activation:

(a) the reaction mechanism in alkali-activated BFS and
(b) catalytic effect of the alkaline metal (R*).

a)
Alkaline solution  C-S-H formation  oyter C-S-H
/ B0 ‘/»
® —
Blast fdrnace slag infier C-8.H
b)

=Si-O” + R* ==Si-0O-R
=5i-O-R + OH™ ==S§i-O-R-OH
=8i-0-R-OH" + Ca** ==8i-0-Ca-OH + R*

Source: Garcia-Lodeiro, |.; Fernandez-Jiménez, A. An overview of
the chemistry of alkali-activated cement-based binders. Handbook
of Alkali-Activated Cements, Mortars and Concretes, p. 19147,
2015.

2.3.2.2. Geopolymers (low-calcium alkali-activated materials)

The mean reaction product from the aluminosilicate alkali-activation is a three-
dimensional gel type (geopolymer), with a highly disordered and crosslinked structure
(Figure 2.8). The empirical formula that denotes the geopolymer structure is Men[i (SiO2)zi

(AlO2)]n.wH20, where Me is an alkaline metal (commonly Na or K), zis 1, 2, or 3, w is the
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water content, and n is the degree of polycondensation, generating distinct types of
poly(sialates): poly(sialate), poly(sialate-siloxo) and poly(sialate-disiloxo) as can be seen
in Figure 2.9. The reaction mechanism of the geopolymer vyielding is called
geopolymerisation and can be graphical represented as in Figure 2.10.

Figure 2.8 - Three-dimensional structure of a N-A-S-H gel,
geopolymer (cluster ~ 800 atoms, Si: Al = 2.81).

Si, Al, O, Na and H atoms are depicted in blue, silver,
red, yellow, and beige, respectively.

Source: Asim, N. et al. Emerging sustainable solutions for
depollution: Geopolymers. Construction and Building
Materials, v. 199, p. 5401 548, 2019.
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Figure 2.9 - Poly(sialates) structures according to Davidovits.
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Figure 2.10 - Proposed model for the microstructural development of N-A-S-H gel (geopolymerisation).
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In the 1950s, Glukhovsky proposed a general mechanism for the activation of
aluminosilicate materials, which was characterized by conjoined reactions of destructioni
coagulationi condensationi crystallization (LI; SUN; LI, 2010), that can be accurately
described into three steps: first step T destruction/coagulation; second step 1
coagulation/condensation; and third step i condensation/crystallization (SHI; JIMENEZ;
PALOMO, 2011).
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In the first step, due to the changing in the ionic strength of the medium, induced
by the alkaline metal (Na*, K*¢ ) , t h lereak® lthe Sii O1 Si, Ali OT Al and Ali Oi Si
covalent bonds, releasing silanol (-Si-OH) and sialate (-Si-O-) species, that in the
presence of the alkaline metal form Sii Oi Na* bonds, displaying the alkaline metal a
hindering effect regarding the reversibility of the reaction forming siloxane species (Sii Oi
Si) (Figure 2.11a). For pH superior to 7, the Sii O1 Si covalent bond gives rise to Si(OH)4
species. Similarly to the Si-O-Si bonds, the OH" also breaks the Ali Oi Si bonds, forming
complex structures such as Al(OH)s (Figure 2.11b), or AI(OH)s 3" (SHI; JIMENEZ;
PALOMO, 2011). In general, the alkaline attack on the MK result in silicate and aluminate
monomers releasing, being the 5- and 6-coordinated Al converted to 4-coordination. In
this stage of geopolymerisation, the alkaline metal ion displays a catalytic role. Moreover,
the Al releasing is faster than Si releasing species, which push a formation of a first N-A-
S-H gel type with Si/Al ~ 1, and then, later ordering to a second N-A-S-H gel with Si/Al ~
2 (Figure 2.10).

Figure 2.11 - Disaggregation of the Si-O-Si (a) and Al-O-Si (b) covalent bonds
induced by the alkaline attack.
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Source: Garcia-Lodeiro, |.; Fernandez-Jiménez, A. An overview of the

chemistry of alkali-activated cement-based binders. Handbook of Alkali-
Activated Cements, Mortars and Concretes, p. 191 47, 2015.
In the second step, the accumulation of the monomers (disaggregated structures)
increases their interaction, yielding dimers (Si-O-Si bonds) which react with other
monomers to building a polymeric structure, leading to coagulation and polymerization. In

such a case, the OH" ions display a catalytic role in the reaction (Figure 2.12). The
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aluminates also participate in the polymerization, isomorphically replacing the SiOa4

tetrahedra, which requires a charging balancing, provided by the alkaline metal ion.

Figure 2.12 - The catalytic effect of the OH- ions in the second stage of the

geopolymerisation.
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Source: Garcia-Lodeiro, I.; Ferndndez-Jiménez, A. An overview of the chemistry of
alkali-activated cement-based binders. Handbook of Alkali-Activated Cements,
Mortars and Concretes, p. 191 47, 2015.

Finally, in the third step, further product precipitation and growing is favoured by
both the presence of particles from the primitive solid phase and the particles resulted

from the condensation.

Geopolymers are also called zeolite precursor because the MK geopolymerisation
leads to forming zeolite crystalsas secondary products (ROt EK;
2019). In the MK-geopolymerisation model, inspired from Faimon (LI; SUN; LI, 2010), itis
pointed out the schematic outline of the reaction processes involved in geopolymerisation,
having zeolites phases (crystalline structures) forming in simultaneously to the
geopolymer (amorphous gel), as can be seen in Figure 2.13. Furthermore, under
hydrothermal condition, the N-A-S-H gel-type could be converted to zeolite crystals to
some extent (KHALID et al., 2019).



Figure 2.13 - Schematic outline of the reaction processes involved in the

geopolymerisation according to Faimon.
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2.3.2.3. Hybrid Cements

According to Palomo et al. (2014), hybrid cement is the result of an alkali-
activation of material with significant CaO, SiO2 and Al203 contents, all of them more than
20%. These systems might be divided into two groups: one having around 30% of Portland
cement clinker and major content of mineral additions; another having no Portland
cement, being formed by a blend of BFS + FA, phosphorous slag + BFS + FA, for instance.

An amorphous matrix comprising of a mix of C-A-S-H (containing sodium) and (N,C)-A-S-



27

H (high calcium content N-A-S-H gels) gels is formed as the result of the hybrid cement
hydration (SHI; JIMENEZ; PALOMO, 2011; PALOMO et al., 2014). Although the
precipitation of these gels could occur as a separate process, it was revealed in a study
that the co-precipitation of both gel-types develops as an interacted process, undergoing
a structural and compositional change in the reactions (PALOMO et al., 2014). As hybrids
cements are not in focus in this thesis, their reaction mechanisms will not be further

explored.

2.3.3. Alkaline Activators.

As seen in the reaction mechanism of these AAMs, the alkaline metal displays a
significant role in the process of alkali-activation, the reason why such systems are mainly
governed by the type and concentration of the alkaline activator. The high pH
environment, given by the alkaline activator, accelerates the hydration reaction of the
aluminosilicate precursor. The most conventional activators used for alkali-activation of
traditional precursors (BFS, FA and MK) are hydroxides (NaOH and KOH), silicates
(NazSiOs and K:SiO3), and carbonates (Na2COs3 and K2CO3) (MANGAT; LAMBERT,
2016; PAYA et al., 2019). In terms of compressive strength development of geopolymers,
the activation potential of these activators could be in the following order: Na2SiOs > NaOH
> NaOH + Na2COs > KOH (for the equal concentrations) (SINGH; MIDDENDORF, 2020).

The concentration of the alkaline metal hydroxide can directly affect the
dissolution of the components. While the dissolution of aluminosilicates phases is
enhanced as the pH increases (SHI; JIMENEZ; PALOMO, 2011; BERNAL et al., 2014),
the dissolution of the Ca-rich phases could be inhibited by excessive OH" ions, which
leads to a deficient Ca amount to C-S-H gel-type formation, or even a dissolution of the
C-S-H gel formed (PACHECO-TORGAL; CASTRO-GOMES; JALALI, 2008a; LI; SUN; LI,
2010). Many researchers have reported that the use of alkaline silicates (mainly sodium
silicates) improved the compressive strength of high and low-calcium alkali-activated
systems (PACHECO-TORGAL; CASTRO-GOMES; JALALI, 2008a).
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Figure 2.14 - Total COzemissions for Grade 40 concrete mixtures with ordinary Portland cement
(OPC) and FA-based geopolymer binders.
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Source: Turner, L. K.; Collins, F. G. Carbon dioxide equivalent (CO2-e) emissions: A
comparison between geopolymer and OPC cement concrete. Construction and Building
Materials, v. 43, p. 125i 130, 2013.

Although the AAMs are well-known as more environmental-friendly than those
ones manufactured with Portland cement, in terms of carbon footprint, the use of activating
solution, mainly those based on high concentrated-sodium or -potassium silicates (Figure
2.14), could lead to as high carbon footprint as for Portland cement-based materials
(TURNER; COLLINS, 2013). For such a reason, in the last years, the replacement of
activators based on synthetic chemical reagents by waste-derived activators have been
the challenge (PAYA et al., 2019). As the alkali silicates-based activators exhibit a higher
carbon footprint than the alkali hydroxides-based ones, various studies were developed
aiming to replace the synthetic silica source with silica from the dissolution of the rich-
silica wastes (by means of natural or thermally NaOH-KOH aqueous solution methods),
as RHA, glass waste, nano-silica from olivine, silica fume, diatomites, sugar cane bagasse
ash (SCBA), and others (PAYA et al., 2019). Moreover, some authors have made efforts
to achieve a total replacement of the synthetic reagents that, apart from the alternative

use of a silica-source waste, also used wastes containing sodium or potassium
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compounds in their chemical compositions (PAYA et al., 2019), which appears as a new

trend for new alkali-activated systems 100% based on wastes (Figure 2.15).

Figure 2.15 - Traditional and new activators and precursors for AAMs.
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2.3.4. Precursors.

As can be seen in Figure 2.15, the most traditional precursors used for AAMs are
BFS and FA, which are from wastes, and MK as a synthetic material. These materials are
suitable for such application due to their aluminosilicate composition and their mineralogy,

which is characterized by a great glassy or amorphous content.

BFS is a non-metallic by-product that comes from pig iron production, that after
the impurities removal process to reducing iron ore to iron, a floating molten slag is
separated from the liquid metal and cooled. For each one ton of hot iron produced, 200-
400 kg of liquid slag is generated (YUKSEL, 2018). Then, when the molten slag is quickly
guenched by water is formed ground granulated furnace slag. Its chemical composition

consists mainly of CaOi SiO2i MgOi Al2Os, as formerly highlighted in Table 2.1. The
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mineralogy of the BFS presents crystalline phases with compositions resembling
gehlenite (2Ca0-Al203:SiO2) and akermanite (2CaO-Mg0O-2SiO2), with calcium-
aluminosilicate glassy content, approximately (95%) (PARIS et al., 2015). As seen
beforehand, BFS has been employed as a precursor for AAMs production for a long time,
and due to its Ca-rich composition, the mean product from the alkali-activation is C-A-S-
H and C-(N)-A-S-H gel-types.

FA is a by-product from the coal combustion in thermal-energy plants, that during
the combustion process, particles exiting within the flue gas, are captured by air pollution
control devices (cyclones and electrostatic precipitators) (GHASSEMI et al., 2004). The
FA generation is estimated at 780 million tons yearly (TONIOLO; BOCCACCINI, 2017).
FA could be classified into two categories, considering its mean chemical composition:
Class FA-F and Class FA-C. The first one is primarily composed of silica and alumina,
while the last present a significant amount of Ca in its chemical composition (DUXSON,
2009). Moreover, FA-C is less used for geopolymer production due to the setting that is
affected by its high-Ca content (DUXSON, 2009). The typical range contents of major
oxides - SiO2, Al203, Fe203 and CaO - for FA-F are 45-64.4, 19.6-30.1, 3.8-23.9 and 0.7-
7.5, respectively, as well as for FA-C are 23.1-50.1, 13.3-21.3, 3.7-22.5, and 11.6-29.0,
respectively (PARIS et al., 2015).

MK comes from the kaolin calcination, which usually occurs in a temperature
range of 600°C-800°C (KHATIB; BAALBAKI; ELKORDI, 2018). Kaolin is composed of
kaolinite (Al203.2Si02.2H20, 46,54% de SiO2, 39,5% de Al203 e 13,96 de H20) in range
of 40%-70% and other minerals in a less content like quartz and muscovite (RASHAD,
2013). The arrangement of atoms in the kaolinite structure is shown in Figure 2.16, which
is forming of alumina octahedral sheets and silica tetrahedral sheets stacked alternately
(RASHAD, 2013). During the thermal treatment, water is driven off from the kaolinite
structure, collapsing such a structure and vyielding an amorphous aluminosilicate
(Al203.2Si02) called fimetakaol i ndB; RBAALBAKMELKORDL, 0| i ni
2018). Such a process is called kaolinite dehydroxylation, which leads to highly reactive
pozzolanic material production. The typical content of SiO2 and Al2O3 in MK composition,
in a percentage, is in a range of 50%-55% and 40%-45%, respectively (RASHAD, 2013).
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Figure 2.16 - Arrangement of atoms in the kaolinite structure.
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As reported by PAYA et al. (2019), the new AAMs have been constituted by other
precursors, generally wastes from: urban (calcined water treatment sludge and municipal
solid waste incinerated); petrochemical (spent fluid catalytic cracking catalyst);
metallurgical (ferronickel slags and red mud); ceramic (powdered glass cullet and red clay
brick waste); construction and demolition (construction and demolition wastes: inorganic
materials, old concrete, rejected mortar and concrete, ceramics, etc); and agro-industry
(RHA, palm oil ash, sugarcane bagasse and straw ash, etc.) activities. These materials
have at least a significant content of one or more of the following oxides: SiO2, Al203, CaO
and MgO. Due to unsuitable SiO2/Al203 molar ratios, or MgO and CaO reactive contents
of some of these materials, usually they are not separately used for AMMSs production but
could contribute positively for some properties when used as a partial replacement for
BFS, FA and MK. In this respect, although SSA commonly displays a low reactivity, its
use as a partial replacement for high reactive precursors has been recently pointed in the
literature for production of geopolymers (ISTUQUE et al.,, 2016; SUN et al.,, 2018;
PAULNATH et al., 2019; ZAIDAHTULAKMAL; KARTINI; HAMIDAH, 2019; SITARZ et al.,
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2020) and AMMs (CHAKRABORTY et al., 2017; TASHIMA et al., 2017; CHEN et al.,
2018; SITARZ et al., 2020).

Istuque et al. (2016) evaluated the compressive strength of mortars, for 7 curing
days (at 25°C or 65°C), varying the SSA content in a range of 0-20 wt.%. In general, for
both curing conditions, the compressive strength decreased when increased the SSA
content. However, with 28 curing days at 25°C, the mortar with 10% SSA displayed a
similar compressive strength (27.9 MPa) to the one with 100% MK (28.8 MPa). In respect
of mortars cured at 65°C, all of them lost compressive strength until 7 curing days due to
geopolymer crystallization. Nonetheless, those mortars containing SSA showed a slower
compressive strength loss. In other study, Sun et al. (2018) evaluated the compressive
strength and the leaching of heavy metals of geopolymers with MK and SSA. The authors
reported that the SSA content had a significant influence on compressive strength,
decreasing the strength when increased the SSA content. The results showed that for 10
wt.% SSA, maintaining the sodium silicate moduli of 1.3 and the sodium silicate/MK ratio
of 0.86, the compressive strength of geopolymer achieved 95.6 MPa. Moreover, the
stabilizing efficiency of leaching potential toxic elements, as Zn and Cu, was higher than
96%.

Some authors evaluated the behaviour of geopolymer mixtures with FA and SSA.
Paulnath et al. (2019) performed a short study on geopolymer concrete with FA partial
replaced by SSA. However, the mixes proposed by the authors lead to an exceptionally
low compressive strength. Besides, the results also showed that increasing SSA content
decreased the compressive strength, and the higher compressive strength was 6 MPa for
the sample with 5% SSA. Sitarz et al. (2020) evaluated the flexural tensile and
compressive strength of geopolymeric mortars containing 50% SSA and 50% FA, and the
results showed that such a mixture leads exceptionally low strengths, being both under 5
MPa.

Zaidahtulakmal, Kartini and Hamidah (2019) carried out a compressive strength
evaluation of RHA based geopolymer mortar incorporating SSA. Such a kind of
geopolymer (100% RHA) displayed compressive strengths close to 12 MPa due to a low

alumina content. However, replacing 15% RHA by SSA lead to a slight enhancement of
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the compressive strength due to the alumina content supplied by SSA, reaching a strength
of 15 MPa.

Tashima et al. (2017) evaluated the compressive strength of alkali-activated
mortars containing BFS and SSA cured at room temperature. According to the authors,
the best result was achieved for a mortar mixture with 20% SSA and 80% BFS, activated
with 6 mol.kg* NaOH, achieving 31 MPa at 28 curing days. Chakraborty et al. (2017)
evaluated a blend of SSA, quick-lime (QL) and BFS, alkali-activated with NaOH, and the
optimum mixture of 70% SSA, 20% QL and 10% BFS, in mass, leads to a compressive
strength of 31.3 MPa after 28 days at room temperature. Chen et al (2018) reported that
a mixture of 50% SSA and 50% BFS prepared with the optimal Na2O content of 4.0%,
silicate modulus of 0.95, and with a low water/solid ratio of 0.2, achieved a compressive
strength of 32.8 MPa (samples compacted with compression force of 60 kN, applied for
30 sec). Finally, Sitarz et al (2020) evaluated the flexural tensile and compressive
strengths of mortars containing 50% SSA and 50% BFS, prepared with a silicate modulus
of 1.7, and the highest compressive strength reached was 45.5 MPa for 28 curing days at

room temperature.

All these studies showed that SSA could be used for geopolymer and AAMs
production although the performance of the materials containing such a waste generally
is lower than ones prepared with only traditional precursor, as MK and BFS. Additionally,
such a kind of materials production containing SSA is not exclusively an issue about
improving their mechanical performances, but about SSA valorisation and guarantee
alternative management for such waste that implies serious health problems for the
human being. Therefore, based on the highlights reported in these previous studies, more
studies applying the SSA in geopolymers and AMMs should be carried to promote its
valorisation, avoiding waste disposed of in the environment, and enhancing such AMMs
with SSA in term of standard performances required for building construction, and

reducing, even more, their carbon footprint.
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CHAPTER 3

3. PHYSICOCHEMICAL CHARACTERIZATION OF SSA

The article entitled as MAEval uat i o-combudted
sewage sludge ash by ISTUQUE, D. B. et al. was published in Journal of Materials in
Civil Engineering, v. 33, n. 6, p. (ASCE)MT.1943-5533.0003765, 30 jun. 2021.

ABSTRACT

Waste management is a crucial issue that should be solved by modern society. The
generation of sewage sludge is increasing annually due to the urbanization and
improvement of the sanitation system of cities. The construction sector emerges as a
solution for the elimination of waste due to the enormous volume of materials that this
sector can absorb. This work evaluated the pozzolanic activity of SSA obtained following
an uncontrolled-combustion process, a simple and economic procedure. Compressive
strength of Portland cement/SSA mortars with 57 25wt.% SSA were evaluated. Calcium
hydroxide/SSA and Portland cement/SSA pastes were chemically and physically
characterised through TG/DTG, FTIR, XRD and SEM analyses. The increase in the
replacement of Portland cement by SSA is associated with an increase in the compressive
strength of mortars. These values for SSA containing mortars cured for 90 days were in
the range of 49.6-55.4 MPa, higher than the one reached by the reference mortar.
According to the microstructural analysis, the increment in compressive strength can be
attributed to the formation of hydrated products (C-S-H, C-A-S-H, C-A-H) by the

pozzolanic reaction of SSA.
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3.1. INTRODUCTION

Increasing amounts of sewage sludge, a waste generated in wastewater
treatment plants, are yearly generated, which is mainly attributed to the urbanisation and
improved sanitation systems of the cities. According to Kriger and Adam (2015), 30
million tons/year of sewage sludge are generated by Europe, North America, and Japan
(the sum of all of them). Kelessidis and Stasinakis (2012) also pointed out that it is
expected that by 2020 the production of dry sewage sludge in the European Union will
exceed 13 million tons. The large volume of sewage sludge generated prompted the
development of technological plants to incinerate this waste while generating energy
( DONATELLO; CHEESEMAN, 2013; ABUKOJignificastly a |
reduces the volume of waste, the ash resulting from the process must also be adequately
managed (WANG et al ., 2012; LI'U et al
According to Donatello and Cheeseman (2013), the estimated global production of SSA

, 201

is 1.7 million tons/year, being mainly produced in the USA, the European Union, and
Japan. The global production of SSA is expected to increase in the future since countries
such as Belgium, Portugal, Ireland, or Spain support the incineration of sewage sludge
(KELESSIDIS; STASINAKIS, 2012). Thus, the reuse and valorisation of SSA is of great
interest and contributes to a circular economy since, in agreement with Smol et al. (2015),

it diminishes the amount of waste generated, while adding new value to it.

In this sense, previous studies successfully recovered phosphorous from SSA
(KRUGER; ADAM, 2015), while other research used SSA as a raw material to produce
different construction products, such as blended Portland cement, pastes, mortars, bricks,
tiles, ceramics or glass (MONZO et al., 2003; LIN; LUO; ZHANG, 2007; DYER;
HALLIDAY; DHIR, 2011; CHEN; LI; POON, 2012; PEREZ CARRION et al., 2013; BAEZA-
BROTONS et al., 2014; SMOL et al., 2015; CHEN; POON, 2017; TARRAGO et al., 2017,
TASHIMA et al., 2017; ZHOU et al., 2019). Reusing SSA in these applications was
possible due to its pozzolanic behaviour, which is affected by the amorphous content of
SiO2 and Al203 (CYR; COUTAND; CLASTRES, 2007; GARCES et al., 2008; LYNN et al.,
2015) apart from the temperature and time of the sewage sludge incineration (NAAMANE;
RAIS; TALEB, 2016; OLIVA; VARGAS; LOPEZ, 2019).
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All the studies performed until now had in common that the temperature and time
used to incinerate the sewage sludge were controlled (MONZO et al., 2003; CYR;
COUTAND; CLASTRES, 2007; GARCES et al., 2008; CHEN; LI; POON, 2012; CHEN et
al., 2013; NAAMANE; RAIS; TALEB, 2016; HE; POON; TSANG, 2017; LI et al., 2017,
2019). However, controlled incineration processes usually require large and technological
plants, which are initially expensive (XIN-GANG et al., 2016). As explained by Kelessidis
and Stasinakis (2012), when the sewage sludge cannot be incinerated, the most common
alternative is disposing of it in landfills. Therefore, using simple and economic methods of
incineration would allow reusing this waste anywhere, regardless of the existence of
incineration plants. The research reported here aimed to develop a simple route to
incinerate sewage sludge, and to evaluate the reactivity of the resulting ash, which was
called uncontrolled-combusted SSA. This material (SSA) was characterised (XRF, XRD,
PSD, FTIR, and SEM analyses), and its pozzolanic behaviour was assessed using
calcium hydroxide/SSA pastes (CH/SSA; TG/DTG analyses), Portland cement/SSA
pastes (PC/SSA; TG/DTG, XRD, FTIR and SEM analyses), and PC/SSA mortars
(compressive strength development).

3.2. MATERIALS AND METHODS

3.2.1. Materials

Dewatered sewage sludge with relative humidity of 77%, approximately, was
collected in the Sédo José do Rio Preto wastewater treatment plant (Sado Paulo, Brazil).
Brazil. High purity calcium hydroxide (> 95% of Ca(OH)2i iCH0O) was wused to
CH/SSA pastes. The Brazilian Portland Cement CP V ARI used to prepare pastes and
mortars presented a clinker content greater than 95% and did not contain pozzolanic
additions. Siliceous sand from Castilho city (Sao Paulo i Brazil), with a particle diameter
lower than 2.36 mm, a fineness modulus of 2.12, and a specific gravity of 2.64 g/cm?3 was

used to prepare the PC/SSA mortars.
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3.2.2. Methods

3.2.2.1. Incineration of sewage sludge

The process followed to produce SSA is shown in Figure 3.1. Firstly, around 3 cm
layers of dewatered sewage sludge were dried by exposing them to solar radiation for four
days. Secondly, the dried-granular sewage sludge was incinerated in an uncontrolled-
combustion cylindrical chamber (200-litre volume). About 20 kg of dried-granular sewage
sludge were put in the chamber, and free air circulation was initiated. To allow the
combustion to initiate, gas was supplied in the bottom of this chamber during the first
minute. The complete combustion of the dried-granular sewage sludge occurred by the
propagation of the heat from the bottom to the top. This process was repeated several
times until the amount of ash required to perform the study was produced. The
temperature of the uncontrolled-combustion of the sewage sludge was monitored with a
thermocouple installed inside the oven. As shown in Figure 3.2, after 3 hours of
combustion, a maximum average temperature of approximately 774°C was reached. The
incineration of sewage sludge with a temperature above 500°C is important to loss of
volatile components and decomposition of the organic matter, that in high content affects
the mechanical properties of cementing materials (CHANG et al., 2020). Furthermore,
according to Naamane et al. (2016), as nearer to 800°C occurs the calcination of the
sewage sludge, higher is the pozzolanic activity of generated ash. Finally, granular SSA
was milled in a ball mill (SSA/ball weight ratio of 0.10) during 50 minutes to increase its
pozzolanic reactivity (PAN; LIN; TSENG, 2003; DONATELLO et al.,, 2010). This
incineration process provided approximately 43 wt.% SSA regarding the sewage sludge

mass incinerated.
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Figure 3.1 - Process followed to obtain the uncontrolled-combusted SSA.
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3.2.2.2. SSA characterisation

The SSA was characterised by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Scanning electron microscopy (SEM), X-ray fluorescence (XRF),
laser diffraction granulometry, insoluble residue according to UNE-EN 196-2:2014, BET
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surface area according to ISO 9277:2010, density measured with pycnometer, and pH of
1g SSA to 10 ml deionized water, measured with pHmeter after 24 h. The XRD tests were
run to 2di6pausiggeCu-kfl BHadi ati on and a Ni f
current intensity of 40 mA, an angle step of 0.02°, and a step time of 1.20 s/step. FTIR
analyses were performed in the wavenumber range of 400 to 4000 cm™t. SEM images
using secondary electrons signal were obtained from the gold-covered surface of

fractured pastes.
3.2.2.3. Compressive strength of PC/SSA mortars.

Table 3.1 summarises the mix proportion and curing condition of the PC/SSA
mortars developed. Percentages between 0-25 wt.% of Portland cement were replaced
by SSA, and the specimen which contained only Portland cement (0 wt.% SSA) was
prepared as a reference mortar. To all specimens, a constant water to cementitious
materials ratio (w/cm) of 0.5, as well as a sand to cementitious materials (s/cm) ratio of 2
was used, considering the sum of Portland cement and SSA as cementitious materials.
The mixing procedure of the mortars was produced according to ABNT NBR 7215:2019,
being the cementitious materials (Portland cement and SSA) previously dry-mixed. The
mortars were poured into cylindrical metallic moulds with 5 cm diameter and 10 cm height,
as recommended by ABNT NBR 7125:2019, and they were compacted using a vibratory
table for 1 minute. They were demoulded after 1 curing day, being maintained in high
humi di ty (495 %) -cantralled thambere(258Q) wntilethe compressive
strength test. The compressive strength test was performed after 7, 28 and 90 curing
days, using a universal testing machine with loading speed of 0,25 + 0,05 MPa/s, in
accordance with ABNT NBR 7215:2019.

| t er
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Table 3.1 - Mix proportion of the PC/SSA mortars.

Portland cement SSA w/cm s/cm

Mortar samples - Curing Environment
% mass (mass ratio)

0-SSA 100 0
5-SSA 95 5
10-SSA 90 10 Moisture room

0.5 2 ; .
15-SSA 85 15 (rel ative humi
20-SSA 80 20
25-SSA 75 25

3.2.2.4. Preparation and characterisation of the lime/SSA pastes (CH/SSA) and

Portland cement/SSA pastes (PC/SSA).

CH/SSA pastes were prepared using a CH:SSA mass ratio of 3:7 (w/cm = 0.8)
and 1:1 (w/cm = 1), where CH and SSA was taken into account as cementitious materials
(cm). All these pastes were cured at 20 °C and 40 °C under high relative humidity
conditions (RH > 95%). TG/DTG analyses were carried out at 1, 3, 7, and 28 curing days
in the specimens cured at 40 °C, and at 3, 7, and 28 curing days in those cured at 20 °C.
The early TG/DTG test (1 day) for the pastes cured at 40 °C was performed to evaluate
the acceleration of the pozzolanic reaction generated by temperature (GASTALDINI et al.,
2015).

PC/SSA pastes were prepared according to the mix proportions and curing
conditions previously described in Table 3.1. TG/DTG and FTIR analyses were carried
out in all the specimens, after 7, 28, and 90 curing days, to assess the microstructural
development. The XRD tests were performed in the control paste and those containing
25 wt.% SSA, after being cured for 7, 28, and 90 days. SEM analyses were carried out
only for the 0-SSA and 25-SSA pastes cured for 90 days.

The XRD, FTIR, and SEM analysis procedures were the same as those described
in the SSA characterisation. A thermo-balance was used to analyse the pastes by
thermogravimetry (TGA). The parameters employed for the TGA tests were as follows:
temperature range, 35-600°C; heating rate, 10 °C.min'; and an atmosphere of N2 (75

mL.min? flow). The samples were tested in sealed aluminium crucibles (100 pL) with a



48

pinhole in the lid. Before those analyses, the pastes were grounded in an agate mortar,

being the hydration process stopped with acetone as described by Moraes et al. (2016).

3.3. RESULTS AND DISCUSSION

3.3.1. SSA characterisation

The physical characteristic and pH of SSA are summarized in Table 3.2. The SSA
particle diameter size was significantly reduced after the milling process as can be seen
in Figure 3.3. The mean particle diameter of unmilled SSA was 199.41 um, being
composed of 50% (d(0.5)) of particles with a diameter under 95.19 um (Table 3.2), likely
due to an agglomerated particles aspect generated by the combustion of the dried-
granular sewage sludge (Figure 3.1). A large mean particle diameter for unmilled SSA
was also reported by some authors (DONATELLO et al., 2010). The mean particle
diameter of milled SSA was 20.28 um, with d(0.1), d(0.5) and d(0.9) being 1.58 um, 11.17
um and 52.45 um, respectively, as well as the volume of particles above 45 ym was
10.47%. The BET specific surface area of milled SSA was 14800 m?/kg, which is a value
close to the mean one found in the literature (15100 m?/kg) (Cyr et al. 2007). This
significant fineness could be the outcome of the particle size reduction during the milling
process, which enhances the reactivity of the pozzolanic materials (CORDEIRO; KURTIS,
2017). Furthermore, the density of milled SSA was 2.05 g/cm?, which agrees with the
range (1.8 1 2.9 g/cm?) reported in the literature to SSA (LYNN et al., 2015). The pH of
milled SSA did not presented significant variation after 1 h and 24 h in deionized water
(20°C), being the average value of 4.3. Such acid aspect could be the outcome of sewage
sludge from anaerobic wastewater treatment which present a pH range of 3.57-6.43
(HANUM et al., 2019). As shown in Figure 3.4, the milled SSA presented irregular shape,
porous and rough particles, being similar to the morphologies reported by other authors
(GARCES et al., 2008; NAAMANE; RAIS; TALEB, 2016; CHEN; POON, 2017). These
physical characteristics of milled SSA lead to a hydroscopic behaviour, and a reduction of
the mortar workability, consequently, when it is used as a replacement for cementitious

materials (CHANG et al., 2020). The chemical composition of milled SSA is summarised
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in Table 3.3. As can be seen, the ash was mainly composed of 32.72 wt.% SiO2, 20.72
wt.% Al203, and 11.27 wt.% Fe203. These values are similar to those previously reported
by Chen and Poon (2017). As reported in the literature, these components of SSA
chemical composition are the outcome of the type of wastewater treatment apart from the
effluent sources. Al203 and Fe203 usually come from alum and ferric salts used during the
wastewater treatment (TANTAWY et al., 2012; UNESCO WORLD WATER
ASSESSMENT PROGRAMME, 2017). The quartz content (SiOz2), in case of the SSA
herein studied, likely came from the soil particles carried by the rain evacuation in the
urban drainage system, which is jointly treated with the wastewater in the wastewater
treatment plant. Furthermore, the presence of quartz in the SSA chemical composition, in
some cases, could be the outcome of the quartz sand application during the wastewater
treatment as nucleation sites for secondary iron minerals (MA et al., 2018). As plotted in

Figure 3.5, the crystalline phases identified in SSA were quartz (SiOz,
PDFcard#331161), anhydrite (CaSO4, PDFcard#371496) and hematite (Fe20s,
PDFcard#130534). It is well-known that the reactivity of a pozzolanic material highly
depends on its amorphous content, which is denoted in the XRD pattern of SSA by a slight
deviation of the baseline inthe 18°i32 A 2d range ( MORAES et
sample, the intensity of the peaks attributed to quartz masks the deviation from the
baseline. The milled SSA presented 27.20% of insoluble residues, which implied that a
great amount of Al203 was amorphous, as well as a significant part of SiO2, considering
the low solubility of crystalline phases during to the insoluble residue test. The FTIR
analyses performed on milled SSA are shown in Figure 3.6. In agreement with the XRD
results, the bands located at 1100, 1040, 671, 665, 611, and 455 cm are attributed to Si-
O-(Si, Al) vibrations (CRIADO; FERNANDEZ-JIMENEZ; PALOMO, 2007; TASHIMA et
al., 2017), and the Si-O double band at 796 i 778 cm confirmed the presence of quartz
(CRIADO; FERNANDEZ-JIMENEZ; PALOMO, 2007).

a l
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Figure 3.3 - Granulometric distribution of milled SSA and unmilled SSA.
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Table 3.2 - Particle size, BET specific surface area, specific
gravity, and pH of SSA.

Milled SSA  Unmilled SSA

Mean diameter 20.28 pm 199.41 pm
d(0.1) 1.58 uym 4.43 ym

d(0.5) 11.17 pm 95.19 pm

d(0.9) 52.45 pm 539.70 um
Particle above 45 pm 10.47 % -
BET specific surface area 14800 m?/kg -
Specific gravity 2.05 g/cm? -
pH 4.13 -

Table 3.3 - Chemical composition of milled SSA (%, in mass).

Major Oxides SiOz AlOs Fe20s P20s CaO SOz TiOz MgO K20 Naz20 Others LOI

SSA 38.28 20.72 11.27 728 551 418 373 191 073 070 197 3.72
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Figure 3.4 - SEM micrographs of milled SSA: a) magnification of 1000x; b) magnification of 20000x.

Figure 3.5 - XRD pattern of milled SSA.
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Figure 3.6 - FTIR of milled SSA.
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3.3.2. Compressive strength development of the PC/SSA mortars

The compressive strength results of the mortars containing 0 to 25 wt.% SSA,
cured at 25 °C for 7, 28, and 90 days, are reported in Figure 3.7. As observed, increasing
the SSA content generally improved the compressive strength, whatever the curing age.
Similarly, for a given SSA content, the compressive strength was increased over time.
Commonly, the literature has usually reported that the compressive strength of Portland
cement-based mortar is decreased as the Portland cement replacement level by SSA is
increased (CYR; COUTAND; CLASTRES, 2007; CHEN et al., 2013; BAEZA-BROTONS
et al.,, 2014; LYNN et al., 2015). However, some authors reported compressive strength
of mortars made with a 10-20 wt.% SSA range in replacement of Portland cement similar
to one reached by a control mortar made with only Portland cement (CHEN; POON, 2017,
KAPPEL; OTTOSEN; KIRKELUND, 2017). Chen and Poon (2017) observed that
replacing up to 10 wt.% Portland cement by SSA in mortars made with cementitious
materials (Portland cement + SSA), sand, water at a ratio of 1:2.75:0.484 did not reduce

their compressive strength. Similarly, Kappel et al. (2017) reported comparable



53

compressive strength values between mortars made with cementitious materials (Portland
cement + SSA), sand, water at a ratio of 1:3.0:0.5 replacing 20% Portland cement by SSA
and the reference mortar (only Portland cement). Different compressive strength
performance of the PC/SSA-based mortars reported in the literature are mainly due to the
chemical composition of the SSA which could significantly vary depending on the sludge
production and combustion method (VOUK et al., 2017) apart from the fineness that also
affects its pozzolanic activity (PAN et al., 2003) In the current study, the percentage of
Al203 (20.72%) in SSA was superior to the average one (14.4%) reported in the literature
(LYNN et al., 2015), that could explain the reasonable reactivity of the ash. The
compressive strength values of the mortars containing SSA cured for 90 days were in the
range of 49.6-55.4 MPa, reaching values up to 11.5% higher than the one reached by the
reference mortar (49.7 MPa after the same curing time).

The relative compressive strength gain (CSGr) was calculated according to
Equation 3.1, previously described by Monzo et al. (1999). This value was used to
measure the compressive strength (in %) supplied by SSA to the mortars when compared
with the hypothetical compressive strength given by an inert material (MONZO et al.,
1999).

0 "YOi P WP T TT Equation 3.1

Where Y is the compressive strength of the SSA-containing mortar, Y is the

compressive strength of a reference mortar at the same curing age, 0 is the weight of

cement,and 0 is the weight of SSA.

The obtained CSGr results are plotted in Figure 3.8. As observed, the CSGr
increased as the SSA content increased, whatever the curing age (7, 28, and 90 days),
reaching a higher value (69.8% for 25 wt.% SSA) at short curing time (7 days). Positive
CSGr values were always obtained, which denotes that SSA clearly contributed to the
development of mortar compressive strength. Results agree with those previously
reported by Monzé et al. (1999), who also observed an improvement of CSGr with

increasing SSA content.



Figure 3.7 - Compressive Strength of the PC/SSA mortar samples cured

from 7 to 90 days.

60

Compressive strength (MPa)
8 & & & 8 &
| | | | | |

[\
[4)]
|

554 +1.4
53.1 = 2.1

—_— o —

S Fﬁ? = 0.7

+ 50.3 + 2.0
- 492 + 2.1

f_ 47.5 = 0.8
46.2 + 1.5 43.4 - 0.9

bt "

49.7 £ 1.4 49.6 + 1.2

—

s S 413109
=l 39.7 = 0.5
" | 380=+23
/

34113  340+07

—m— 7 days
®— 28 days

—&— 90 days

20

0-SSA 5.5SA 10-SSA 15-SSA 20-SSA 25-SSA

Figure 3.8 - Relative compressive strength gain (CSGr) registered by the

90

PC/SSA mortars containing 5 wt.% to 25 wt.% SSA, cured for
7, 28, and 90 days.

80—-
70-
60—_
50;

40

CSGr (%)

30
20

10

—=— 7 days
—e— 28 days
—4A— 90 days

| \ T | \
5-SSA 10-SSA 15-SSA 20-SSA 25-SSA

54



55

3.3.3. TG/DTG analyses of CH/SSA pastes

TG and DTG analyses were carried out on CH/SSA (3:7 and 1:1 mass ratio)
pastes cured at 20 °C and 40 °C. Two distinct CH/SSA mass ratio and curing temperature
conditions were evaluated to measure the extension of the pozzolanic reaction of SSA.
Given that the consumption of the Ca(OH)2 determines the pozzolanic potential of SSA
(TIRONI et al., 2013), the Ca(OH): fixed (0 'O ) by the ash was evaluated. To do so,
the Equation 3.2, previously proposed by Paya et al. (2002), was used:

00 b ——ZpTTM Equation 3.2

where 0 'Oand 6 'O  are the initial and final amounts of Ca(OH)z2, respectively,
in the CH/SSA pastes.

The total mass loss and 0 'O  values registered after the thermogravimetric
analyses are reported in Table 3.4. The lowest amounts of fixed Ca(OH)z were registered
at the shortest curing time (3 days, 42.5 % + 0.5) with the 1:1 CH/SSA proportion. On the
contrary, Ca(OH)2 was totally consumed in the 3:7 CH/SSA system cured for 28 days
(100% 6 'O  8Besides, in the system with a CH/SSA mass ratio of 1:1, the maximum
contentof 6 'O  at 20 °C and 40 °C was 61.4 % and 86.1 %, respectively. The obtained
results confirmed the expected pozzolanic behaviour of SSA, given its fineness and

chemical composition, previously described in the SSA characterisation section.

Three different regions were identified in the DTG curves of the CH/SSA pastes,
which are plotted in Figure 3.9. The first region R1, from 100°C to 180°C, was associated
with the mass loss due to the dehydration of calcium silicate hydrates (C-S-H) and
ettringite (C3A.3CaS04.32H20 i Aft) (PAYA et al., 2002). The second region Rz, from
180°C to 300°C, was attributed to the mass loss originated by the dehydration of calcium
silicate aluminate hydrates (C-A-S-H) and calcium aluminate hydrates (C-A-H) (PAYA et
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al., 2002; SHATAT, 2016). Finally, the third region Rs, from 520°C to 600°C, was assigned
to dehydration of the Ca(OH)2 (SORIANO et al., 2013).

Table 3.4 - Mass loss registered after the TG/DTG analyses of the CH/SSA pastes (R1, C-S-H and Aft; R2,
C-A-S-H and C-A-H; R3, Ca(OH)2 dehydration) and the calculated percentage of fixed Ca(OH):

(CH Fixed).
CHI/SSA, T Curing Mass loss (%) Total mass loss
mass .~ age, = R, Rs (%) CHrixed (%)
ratio c days  (100-180°C) (180-300°C) (520-600°C) (35-600°C)
3 1.5 54 2.0 11.3 70.6
20 7 1.9 5.9 1.5 11.7 78.7
28 3.0 8.4 - 14.4 100
3.7 1 1.7 4.5 2.2 11.0 68.1
40 2.2 55 0.1 114 98.4
7 2.8 6.5 _ 12.4 100
28 3.4 6.3 B 13.3 100
3 1.5 4.6 6.6 14.7 42.5
20 7 1.9 4.9 6.4 155 44.4
28 2.3 7.0 4.4 17.2 61.4
11 1 1.5 4.8 6.5 14.8 43.5
40 3 2.2 55 4.9 15.2 57.6
7 2.8 59 3.6 15.8 68.7
28 2.5 5.9 1.6 145 86.1

As Figure 3.9 shows, the band arising from 520°C to 600°C disappeared in the
CH/SSA 3:7 pastes after 28 curing days at 20°C or 3 curing days at 40°C. This behaviour
was explained by the consumption of Ca(OH)2 due to the pozzolanic reaction (PAYA et
al., 2002; SORIANO et al., 2013; MORAES et al., 2015). The peak in the R3 region
disappeared earlier in the specimen cured at 40°C than in that under 20°C which, as
pointed out by Mirzahosseini and Riding (2014), occurred because higher temperatures
accelerate the pozzolanic reaction. The Ca(OH)2 dehydration band appeared in all of the
CH/SSA 1:1 specimens. Although its intensity reduced with higher temperatures or longer
curing times, its presence indicated that higher amounts of SSA were required to consume
all the Ca(OH)2 in the CH/SSA 1:1 pastes.

As previously reported in Table 3.3, SSA contained a high percentage of Al203
(20.72%), most probably due to the presence of different types of phyllosilicates in the
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sewage sludge. During the combustion process, these phyllosilicates decompose
providing amorphous alumina that may react with Ca(OH)2 and reactive silica (also
present in SSA) to produce aluminium hydrates. This would explain the broad band in the
R2 region of the DTG curves, originated by the dehydration of C-A-H and C-A-S-H.

Figure 3.9 - DTG curves for the CH/SSA pastes prepared with a mass ratio of 3:7 and 1:1, cured at 20
and 40°C for 1, 3, 7, and 28 days.
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3.3.4. TG/DTG analyses of PC/SSA pastes

TG/DTG analyses were performed on PC/SSA pastes containing up to 25 wt.%
SSA, and the results are summarised in Table 3.5 and Figure 3.10. To assess the
pozzolanic reaction of these pastes, the 6 'O  was also calculated, according to the
Equation 3.3 proposed by Soriano et al. (2013).

00 b Zp T Equation 3.3

Where 6 "Owas the amount of Ca(OH)zin the reference paste (0-SSA), 6 'O was
the amount of Ca(OH)2 in the PC/SSA pastes and 0P was the proportion of Portland

cement in the mix.
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As reported in Table 3.5, the 5-SSA (5 wt.% SSA) paste cured for 7 days
presented a negative 6 'O value. This is explained by the further hydration of the
Portland cement due to the significant amount of fine particles (d(0.5)=11.17 um, Figure
3.3) of SSA, that displayed nucleation site role, then yielding higher amount of available
Ca(OH)2 (JATURAPITAKKUL et al., 2011; SORIANO et al., 2016; KHAN et al., 2017).
Besides, the content of amorphous aluminosilicate phases provided by SSA in the 5-SSA
specimen could be insufficient to consume a significant percentage of Ca(OH)2 produced
in the Portland cement hydration. However, in the pastes prepared with the highest
amount of SSA (25-SSA, 25 wt.% SSA), the content of amorphous aluminosilicate phases
supplied by SSA was noteworthy and, therefore, the pozzolanic effect was probably
superior to the particle effect. This hypothesis was corroborated by the 6 'O values,
since they reached a maximum of approximately 80 % in the paste prepared with 25 wt.%
SSA cured for both 7 and 90 days (25-SSA). Similar results were previously reported by
Baeza-Brotons et al. (2014), who also observed a progressive increase of the fixed
Ca(OH)2 with increasing SSA contents, and reported a value of 33.28 % when replacing
20 wt.% of Portland cement by SSA.

For a given SSA content, the 6 'O  value oscillated with the curing time. The
hypothesis for such a phenomenon is the combination of the pozzolanic effect, which
consumes Ca(OH)2, with the particle effect, which accelerates the Portland cement
hydration and thus, generates more Ca(OH)2. After 90 curing days, when the hydration of
the Portland cement seems to be stable, the specimens with the highest SSA content

consumed the highest amounts of Ca(OH)z2.

The DTG curves of the PC/SSA pastes were also divided into three main regions,
depending on the registered dehydration bands (R1, Rz and Rs). The mass loss in region
R1 was linked to the formation of the C-S-H gel and ettringite, while the bands appearing
in the R2 area denoted the dehydration of C-A-S-H and C-A-H. These products typically
form after the hydration of Portland cement and pozzolanic reactions (EL-DIADAMONY
et al., 2018; JEON et al., 2018; MASTALI et al., 2018). According to the DTG results, the
mass loss in region Rz increased with the curing time and Portland cement substitution,

which is attributed to the reactivity of the alumina contained in SSA. The slight signal
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arising at 417 °C could originate from the dehydration of brucite (Mg(OH)2), from the
reactive magnesia (MgO) present in SSA or Portland cement (Imbabi et al. 2012; Zhang
et al. 2015). In agreement with the fixed Ca(OH):2 results, the mass loss in the region R3
decreased with increasing SSA contents, which confirms that the Ca(OH)2 produced in
the hydration of Portland cement was consumed during the pozzolanic reactions of SSA.
The TG/DTG results are in line with the compressive strength evolution of the PC/SSA
mortars shown in Figure 3.7 since the mechanical properties also improved with
increasing ash contents or longer curing times.

Figure 3.10 - DTG curves of PC/SSA pastes prepared with 100 wt.% PC (0-SSA) and 5-25 wt.% SSA
(5-SSA, 15-SSA, 25-SSA), cured at 25 °C for 7, 28, and 90 days.
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Table 3.5 - Mass loss and percentage of fixed Ca(OH)2 (CHrixed) registered during the TG/DTG
tests of PC/SSA pastes.

Mass loss (%)

. Specimen R; R> R3 Total loss CHprixed
Curing days s (100-180 (180-300  (520-600 (%) o (%)
Q) Q) Q) (35-600 °C)
0-SSA 6.8 3.6 1.7 16.0 -
. 5-SSA 8.1 3.9 1.7 18.1 -9.2
15-SSA 8.6 4.4 0.8 18.1 44.2
25-SSA 8.7 4.2 0.2 17.7 80.2
0-SSA 6.3 35 1.2 14.7 -
- 5-SSA 8.1 3.8 1.0 16.9 9.0
15-SSA 75 4.0 0.4 15.9 60.8
25-SSA 10.6 4.9 0.4 21.1 58.9
0-SSA 5.2 4.0 1.9 15.7 -
%0 5-SSA 5.8 4.9 1.7 17.5 5.8
15-SSA 5.1 5.9 1.0 18.0 38.9
25-SSA 6.1 6.1 0.3 17.7 79.8

3.3.5. FTIR analyses of PC/SSA pastes

All PC/SSA pastes presented similar FTIR spectra, and the results are shown in
Figure 3.11. The band at 3639 cm™ was assigned to the stretching vibrations of the
structural O-H group in Ca(OH)2 (MORAES et al., 2015). In consonance with the TG/DTG
results, this band tended to disappear with higher amounts of SSA or longer curing times,
which corroborates the occurrence of the pozzolanic reaction. The bands at 3392 cm?
and 1641 cm were assigned to the stretching and bending vibration, respectively, of the
O-H group in the calcium aluminosilicate hydrate (C-A-S-H), generated by the hydration
of Portland cement and the pozzolanic reaction (BIRICIK; SARIER, 2014; KAPELUSZNA
etal., 2017; KUMAR et al., 2018). The asymmetric stretching vibration of the Si-O-T (T=Si,
Al) from the C-S-H and C-A-S-H gels appeared at 958 cm (KAPELUSZNA et al., 2017).
All of the spectra presented transmittance bands located at 1412 cm and 874 cm1, which
were attributed to the asymmetric and stretching vibrations of the C-O bonds in CaCOs
(TANTAWY, 2017). The signal at 1091 cm was linked to the stretching vibration of the
S-O bonds (TANTAWY, 2017; KUMAR et al., 2018). This band also arose in all the
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specimens, mainly at early curing ages, and corroborated the presence of gypsum and

the formation of ettringite during the Portland cement hydration.

Figure 3.11 - FTIR spectra of the PC/SSA pastes prepared with 0 wt.% SSA (a) 5 wt.% SSA (b), 10 wt.%
SSA (c) and 25 wt.% SSA (d); all of them cured at 25 °C for 7, 28, and 90 days.
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3.3.6. XRD analyses of PC/SSA pastes

The XRD analyses were run on the reference paste (0-SSA) and for that
containing 25 wt.% SSA (25-SSA), which presented the highest compressive strength
(Figure 3.7) and fixed Ca(OH)z values (Table 3.5). The XRD patterns are presented in
Figure 3.12. As observed, signals due to the formation of ettringite
(CasAl2(S04)3(0OH)12.26H20, PDFCard#00411451) arose in both spectra (0-SSA and 25-
SSA), mainly at short curing ages. Peaks associated with the presence of monosulfate
(CasAl2S010.12H20, PDFCard#180275) were also distinguished after 90 curing days.
These could have resulted from the transformation of ettringite or have directly formed
from the reaction of CasAlz20s (C3A) in the presence of small amounts of gypsum
(CHRISTENSEN; JENSEN; HANSON, 2004). The peaks attributed to calcite (CaCOs,
PDFCard#050586), which arose in both samples, were associated with its presence in

Portland cement or slight carbonation of the pastes.
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The brucite (Mg(OH)2, PDFCard#16747) and gypsum (CaSOa4, PDFcard#371496)
peaks identified in the 25-SSA XRD pattern might be due to the presence of MgO and
SOs in the original SSA (Table 3.3). Signals originated by carboaluminate phases
(CasAl206C0O3.11H20, PDFCard#410219) also arose in both specimens, 0-SSA and 25-
SSA, most probably resulting from the reaction between anhydrous calcium aluminate
and CaCOs (SEGUI et al, 2012). The main portlandite peaks (Ca(OH),
PDFCard#040733) in the XRD pattern of the 25-SSA paste decreased over time,
confirming the consumption of Ca(OH)2 due to the SSA pozzolanic reactions.
Furthermore, a broader diffusive halo was observed in the XRD pattern of the 25-SSA
paste over time, which means a larger amount of amorphous hydrated phases over time,
endorsing the occurrence of the pozzolanic reaction. The broad diffusive halo observed
in the XRD patterns, for a given curing age, was more noteworthy in the 25-SSA paste
than in the reference sample, which confirmed the presence of a higher quantity of
amorphous phases after partially replacing Portland cement by SSA, and thus a greater
compressive strength of the sample 25-SSA, in line with the compressive strength results.

Figure 3.12 - XRD spectra of the reference paste (0 SSA - black line) and the PC/SSA paste

prepared with 25 wt.% SSA (25 SSA - red line); samples were cured at room
temperature for (a) 7 days, (b) 28 days, and (c) 90 days.
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3.3.7. SEM analyses

The SEM analyses were conducted on 0 SSA and 25 SSA pastes cured for 28
and 90 days. As shown in Figure 3.13, all samples exhibited a dense microstructure with
similar reactions products, such as hydrated gehlenite, C-A-S-H, C-S-H or ettringite. All
these products were previously identified by TG/DTG, FTIR or XRD analyses and typically

formed during the cement hydration or pozzolanic reaction.

Figure 3.13 - SEM micrographs of the 0-SSA paste cured for 28 (a) and 90 days (b), and the 25-SSA
paste cured for 28 (c) and 90 days (d). Ettringite (ET), hydrated gehlenite (GEH), and
C-S-H gels (C-S-H).
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3.4. CONCLUSION

A simple and economic uncontrolled-combustion process was used to produce

SSA. The reactivity of this ash was investigated, with the following results:

- The chemical composition of SSA was similar to that reported in the
literature for the SSA obtained from controlled-combustion processes.

- The SSA exhibited a high Al2O3 content (20.72 wt.%), which was attributed
to the presence of phyllosilicates in the sewage sludge, that yielded
amorphous alumina after their thermal decomposition.

- The pozzolanic reaction of SSA with Ca(OH): liberated during the hydration
of Portland cement originated hydrated compounds (C-S-H, C-A-S-H and
C-A-H). The formation of these hydrated products enhanced the
mechanical strength development of the mortars.

- The compressive strength values of the mortars containing SSA cured for
90 days were in the range of 49.6-55.4 MPa, higher than the one reached
by the reference mortar. Mortars containing 25% of SSA Yyielded
increments of 27%, 16% and 7% after 7, 28 and 90 curing days,
respectively.

- A maximum relative compressive strength gain of 69.8 % was registered,
which was provided by the mortar prepared with 25 wt.% SSA, cured at 25
°C for 7 days.

This research adds knowledge to the existing studies, which generally used SSA
produced under temperature and time-controlled processes, in technological incineration
plants. The novelty is based on a) the uncontrolled-combustion of the sewage sludge can
generate ash with a low loss on ignition; and b) the obtained ash presents good pozzolanic
activity, significantly improving the mechanical development of Portland cement-based
mortar when used as supplementary cementing material. This study may encourage
further investigations, aiming to promote new solutions to manage the waste generated in
wastewater treatment plants which, due to economic and technological issues, is currently

being deposited mainly in landfills.
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CHAPTER4

4. EFFECT OF SSA ON MK-BASED GEOPOLYMERS
PROPERTIES

The article entitled fEffect of sewage sludge ash on mechanical and microstructural
properties of geopolymers based on metakaolinoby ISTUQUE, D. B. et al. was published
in Construction and Building Materials, v. 203, p. 951 103, 10 abr. 2019.

ABSTRACT

This paper explored the effect of SSA on the mechanical and microstructural properties
of geopolymers based on metakaolin (MK) involving two different SiO2/Na20O molar ratios
(0.8 and 1.6), two temperature curing conditions (25°C and 65°C) and various ages of
curing (1, 3, 7, 14, 28, 90 or 180 days). The geopolymers were characterized using
different techniques as X-ray diffraction (XRD), thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and
compressive strength of mortars. The compressive strength tests showed that the
replacement of MK by SSA in 10 wt.% when cured at 25 °C with the highest SiO2/Na20
molar ratio reaches similar compressive strengths after 14 days of curing compared to the
samples with only MK, which reached a maximum compressive strength of 50.8 MPa at
180 days. The FTIR analyses carried out in the geopolymer pastes with SSA (10 wt.% of
SSA and 90 wt.% of MK) showed a formation of N-A-S-H gels in the samples cured at 25
°C. The microstructural studies by XRD, TGA and SEM pointed out the formation of a
crystalline phase as Na P-type zeolite in MK/SSA based-geopolymer pastes cured at 65
°C, which explained the loss of compressive strength of the samples cured at high
temperature. However, the SSA retarded the crystallization process in the MK based-

geopolymer.
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4.1. INTRODUCTION

In recent years, an alternative class of inorganic binding material, geopolymers,
has drawn a lot of attention in materials science due to their mechanical properties,
durability and, principally, due to the reduced environmental impact associated with their
production (HABERT; DOESPI NOSE DE LACAI LLERI
al., 2015; SINGH et al., 2015). Geopolymers, also called alkali-activated binders, have a
tri-dimensional structure formed by a poly-condensation of aluminosilicate precursors
reacting with alkaline activating solution
t YCHOWI CZ, 2018) . S e wasedanhterials cambe usedsas precucsars e
for geopolymer production, including natural (volcanic ashes, diatomaceous earth),
synthetic (MK) and waste materials (FA, BFS, ceramic, mining wastes, glasses, sludge
ashes) (YAN; SAGOE-CRENTSIL, 2012; NIMWINYA et al., 2015; PAYA et al., 2015).

SSAis an ash generated from the combustion of sewage sludge from wastewater
treatment plants (DRECHSEL; QADIR; WICHELNS, 2015; UNESCO WORLD WATER
ASSESSMENT PROGRAMME, 2017). Its production is estimated from 0.1 kg up to 30.8
kg per population equivalent per year (kg/p.e/year) in European Union (KELESSIDIS;
STASINAKIS, 2012) and the main components of the SSA are SiOz, Al203, Fe203, CaO,
MgO and P20s.

Several papers focusing on the application of SSA on Portland cement mortars,
bricks, ceramics, and glass production can be found on the literature (MONZO et al., 2003;
YUSUF et al., 2012; PEREZ CARRION et al., 2013; BAEZA et al., 2014; SMOL et al.,
2015; TARRAGO et al., 2017). Probably, the main studies about SSA are related to its
use as pozzolanic material in blended mortars due to the presence of amorphous SiO:2
and/or Al203 on its chemical composition (PAN et al.,, 2003; CYR; COUTAND;
CLASTRES, 2007; GARCES et al., 2008; LYNN et al., 2015).

Although SSA may exhibit a potential application as a precursor in geopolymeric
systems, its use for this purpose is recent. In 2010, Yamaguchi and Ikeda (YAMAGUCHI;
IKEDA, 2010) studied the preparation of geopolymeric materials from sewage sludge slag.

At room temperature, samples containing both only SSA or samples containing 75% of
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FA and 25% of sewage sludge slag presented slow setting time. For samples cured at 80

°C, a rapid solidification was observed.

For alkali-activated binders based on binary systems of BFS-SSA, 31 MPa in
compression was reached for samples with 20 wt.% of SSA activated with 6 mol.kg*
NaOH and cured for 90 days (TASHIMA et al., 2017). Chakraborty et al. (CHAKRABORTY
et al., 2017) assessed ternary systems of SSA, quicklime and BFS activated with sodium
hydroxide solution obtaining the maximum compressive strength (31.3 MPa) after 28
curing days for mortar activated with 50% of NaOH solution, 20% of quicklime, 10% of
BFS and 70% of SSA.

Studies related to MK-based geopolymeric mortars containing SSA are scarce
(ISTUQUE et al., 2016). After 7 curing days at room temperature, MK-based mortar
containing 10 wt.% of SSA presented similar compressive strength to mortar without SSA
(about 28MPa). In the same study, the loss of compressive strength for MK-based mortar
containing 20 wt.% of SSA is reduced when compared to MK-based geopolymer
(ISTUQUE et al., 2016).

As can be observed, scientific knowledge related to the use of SSA as a precursor
in the production of alkali-activated binders is limited and, systematic studies on this topic
should be performed. Hence, this study aims to assess the long-term influence of SSA in
MK-based geopolymer, as well as the influence of the SiO2/Na20 molar ratio and curing
conditions for SSA/MK-based geopolymers. Thereby, X-ray diffraction (XRD),
thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM) analyses on pastes and compressive strength tests

on geopolymeric mortars were carried out.
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4.2. MATERIALS AND METHODS

4.2.1. Materials

MK supplied by MetacaulimdoBr asi | E was the main al
in this study. The SSA used as aluminosilicate precursor was produced by an auto-
combustion process of sewage sludge from a sewage treatment plant (Servico Municipal
Auténomo de Agua e Esgoto i SEMAE, in S&o José do Rio Preto city i S&o Paulo, Brazil).
The chemical compositions of both MK and SSA, determined by X-ray fluorescence
(XRF), are given in Table 4.1. Both materials, MK and SSA, presented a significant
content of SiO2 and Al20s3, which are elementary oxides to the development of the
geopolymer structure. As-received MK was used in this study and according to the particle
size analyser (Mastersize 2000 from Malvern Instruments), this material present d(50) of
18.16mm, d(90) of 53.96 mm and a mean particle diameter of 23.90 nm. On the other hand,
SSA was ground in a ball mill for 50 minutes before its use obtaining d(50) of 11.17 mm,

d(90) of 52.45 mm and a mean particle diameter of 20.28 mm.

A siliceous sand from Castilho city (Sdo Paulo i Brazil) with a fineness modulus
of 2.05 and specific gravity of 2.67 g/cm3 was used in the geopolymeric mortars. An inert
filler (siliceous material) with particle diameter lower than 53 pm was used for comparison.
Sodium hydroxide (98% purity) and sodium silicate solution (8.9% Na20, 29.7% SiO2 and

61.4% H20) were used in the preparation of the alkaline activating solution.

Table 4.1 - Chemical Compositions (%, in mass) of MK and SSA.

Oxides
(%)
SSA 38.28 20.72 11.27 7.28 551 4.18 3.73 191 0.73 0.70 1.97 3.72
MK 58.39 3547 271 - 0.01 - 151 03 1.44 - 0.07 0.10

SiO2 AlOs Fex0s3 P20s CaO SOs TiO2 MgO K:O Na:O Others LOI

4.2.2. Geopolymeric mortar preparation

Table 4.2 shows the mix proportions for all assessed samples. For all cases, the

water/binder ratio, sand/binder ratio and concentration of Na* (mol of Na* per kg of water,

umi

n



78

mol.kgt were fixed at 0.6, 2.5 and 8.0, respectively. The binder was the sum of MK and
SSA and the water content was the sum of water in sodium silicate solution and the added
tap water to get the 0.6 water/binder ratio. The concentration of Na* was fixed at 8.0
mol.kg? due preliminary studies performed by authors where the compressive strength of
SSA/MK-based geopolymeric mortars was assessed for different concentration of Na* (8,
10 and 12 mol.kg?). According to the preliminary results, the increment on the Na*
concentration reduces the compressive strength of mortars in 36% for 10 mol.kg* and
60% for 12 mol.kg™.

The influence of curing conditions (room temperature curing at 25 °C with
RH~95% and thermal curing at 65 °C with RH~95%) and the influence of SiO2/Na20 molar
ratio (0.8 and 1.6) were assessed for the MK/SSA system. Both parameters are
considered key factors in the geopolymerisation process (MO et al., 2014; AREDES et al.,
2015; CHENG et al., 2015).

The nomenclature of geopolymeric samples is as follows: XSSA 8-z W, where x
represents the percentage of SSA (0 or 10),
1), zis the SiO2/NaO2 molar ratio (0.8 or 1.6), and W is associated with the curing condition

(R for room temperature and B for thermal bath curing).

The samples were cast in cubic moulds (50x50x50 mm3) and demoulded after the
first 24 hours. Specimens were maintained in the respective curing conditions until the
compressive strength test age (1, 3, 7, 14, 28, 90 and 180 days). The compressive
strength tests on the geopolymeric mortars were performed in an EMIC Universal machine
with a 200-ton load limit and during the test was maintained a loading rate of 0.25 + 0.05
MPa/s.
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Table 4.2 - Mix proportions for assessed samples.

Geopolymeric MK SSA Curing SiO2/Na2O  water/binder sand/binder ~ NaOH
mortar % mass condition  (molar ratio) (mass ratio) (mol.kg?)
0SSA8-0.8R 100 Room
temperature
0SSA8-0.8B 100 0 Thermal
bath 0.8
10SSA 8-0.8 R 90 10 Room
temperature
10SSA8-08B 90 1o Thermal
Room 0.6 25 8
0SSA8-16R 100 0
temperature
0SSA8-1.6B 100 0 Thermal
bath 16
10SSA8-1.6 R 90 10 Room
temperature
Thermal
10SSA 8-1.6 B 90 10 it

4.2.3. Geopolymeric paste preparation

Pastes with the same mix proportions and curing conditions as geopolymeric
mortars were produced to assess the geopolymerisation reaction. X-ray diffraction (XRD)
patterns for both raw materials and geopolymeric pastes were obtained using a Shimadzu
XRD-6000 system. The tests were performed using a current intensity of 40 mA at 30 kV,
a step angle of 0.02°, a step time of 1.20 s/step, with Cu-Kar adi ati on and

range 5-60°.

A Mettler Toledo TGA850 thermobalance was used to analyse pastes by
thermogravimetry (TGA). The parameters employed in TGA were temperature range of
35-600 °C with a heating rate of 10°C.min"t and a N2 atmosphere (75 mL.mint flow). The
samples were tested in sealed aluminium crucibles (100 pL) with a pinhole in the lid. FTIR
analysis was performed using a BRUKER TENSOR 27 in the wavenumber range of 400
to 4000 cm. Scanning electron microscopy (SEM) images of fractured surface pastes
were obtained using a ZEISS model EVO LS15.

a

N i
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4.3. RESULTS AND DISCUSSION

4.3.1. Compressive strength test

The compressive strength test was performed to assess the influence of SSA on
long-term mechanical development of SSA/MK-based geopolymers. The results for both
SiO2/Na20 molar ratios cured at 25 °C are depicted in Figure 4.1. For both cases, an
increase in compressive strength over time was observed. However, the samples with the
highest SiO2/Na20 molar ratio (1.6) displayed, in general, higher compressive strength for
all curing ages. The increasing of the SiO2/Na2O molar ratio increases the dissolution rate
of the aluminosilicate network into monomer species, which interact with others yielding
large tridimensional molecules, which precipitates in the form of amorphous sodium
aluminosilicate hydrate (N-A-S-H) gels, then, composing a harder and compacted
structure (SHI; JIMENEZ; PALOMO, 2011; GAO et al., 2014; CHENG et al., 2015;
FERNANDEZ-JIMENEZ et al., 2017).

In addition, the samples of 0SSA and 10SSA with the highest SiO2/Na2O molar
ratio reached their maximum levels at about 48-50 MPa at 7 and 14 days of curing,
respectively. The reference sample (0SSA) reached a maximum compressive strength of
31.2 and 50.3 MPa at 180 days of curing to the lowest (0.8) and the highest (1.6)
SiO2/Na20 molar ratio, respectively. The sample containing SSA (10SSA) with the lowest
SiO2/Na20 molar ratio (0.8) reached a maximum compressive strength of 26.4 MPa at
180 days, which was slightly lower than the reference sample value (31.2 MPa) at 180
days of curing. However, the sample 10SSA with the highest SiO2/Na2O molar ratio
reached a similar compressive strength after 14 days of curing compared to the sample
O0SSA with the same SiO2/Na20 molar ratio and time of curing; the value reached was
50.8 MPa at 180 days of curing.

As can be observed, SSA affects, mainly, the hardening process of samples with
both SiO2/Na20 molar ratios. The geopolymerisation reaction and the compressive
strength development in the first curing days at 25 °C were retarded. For the lowest

SiO2/Na20 molar ratio, the sample 0SSA showed at least 90% of the final compressive
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strength after only 7 days of curing that it reached after 180 days of curing, while the
sample 10SSA exhibited at least 90% of its final compressive strength at 180 days after
14 days of curing. For this curing temperature (25°C), SSA reactivity did not compensate
for the reduction of 10% of MK content. For the highest SiO2/Na2O molar ratio, the 0SSA
sample reached 90% of its final strength at 180 days of curing after only 1 day of curing.
In addition, when 10% replacement (10SSA) was carried out, this condition was only
achieved after 14 days, indicating that SSA strongly affects the first stage of the
geopolymerisation process. Although, a similar delaying effect was reported to FA due to
an Al-rich gel transformation into Si-rich aluminosilicate gel, such reason is not clear to
explain the delaying effect of SSA (JANG; LEE, 2016).

To verify the influence of the SSA in the hardening of the MK based-geopolymer
with the highest SiO2/Na2O molar ratio, a compressive strength test was carried out in the
MK based-geopolymer mortar with 10 wt.% of the MK replaced by an inert filler (siliceous
material) with particle diameter under 53 um. The replacement of MK by an inert filler
provided a parameter to compare the result displayed by the sample 10SSA. The mix
dosage was maintained in the same conditions as the sample 10SSA presented in Table
4.2. A compressive strength test was performed with 1 day of curing at both temperatures
(25 °C and 65 °C). The mortars cured at 25 °C and 65 °C displayed compressive strengths
of 46.7+1.3 MPa and 43.5£1.6 MPa, respectively. The results showed that replacement
of the MK in 10 wt.% by inert filler did not result in a delay in the hardening of the sample,
confirming the delay effect of SSA (10SSA mortars cured during 1 day at 25 °C and 65 °C
displayed compressive strengths of 25.7+2.1 MPa and 20.8+2.3 MPa, respectively).

Therefore, it was clear that the chemical composition of the SSA was the main
factor in explaining the delay in the geopolymer reaction shown by the 10SSA system.
Probably, the presence of P20Os or SOs are generating this delaying effect. Although a
delay was reported in the first days of curing of the samples with the highest SiO2/Na20O
molar ratio, the compressive strength of the sample 10SSA displayed behaviour similar to
that of the sample 0SSA after 14 days of curing, when both were cured at 25 °C. This

behaviour was not observed in the samples with the lowest SiO2/Na20 ratio.
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Figure 4.2 shows the compressive strength of samples activated by means of both
SiO2/Na20 molar ratios and cured at 65 °C. As reported for the samples cured at 25 °C,
the samples with the highest SiO2/Na20 molar ratio cured at 65 °C also developed greater
compressive strength at all curing times. However, the compressive strength of the
samples cured at 65 °C decreased over time, at least after 14 days, in contrast to the
samples cured at 25 °C, which presented increasing compressive strength at least until
180 days of curing. The compressive strength loss in samples cured at high temperature
is pointed out as a thermodynamic issue: the gel-type products from the MK
geopolymerisation reaction are meta-stable and the environment with an elevated
humidity and high temperature can produce the transformation of these amorphous
products into more crystal-ordered structures (zeolite structures) (ZHANG et al., 2015).
Furthermore, the elevated temperature increases the early compressive strength, on the
other hand, the accelerated consolidation of the structure likely does not result in good
quality gels (ROVNANIK, 2010).

The samples of 0SSA and 10SSA with the lowest SiO2/Na20 molar ratio cured at
65 °C reached a maximum compressive strength of 29.2 MPa at 3 days of curing and 22.6
MPa at 14 days of curing, respectively. In that case, the replacement of MK by SSA in 10
wt.% decreased the maximum compressive strength reached by the 0SSA geopolymer
by 23%. However, the maximum compressive strengths reached by samples with the
highest SiO2/Na2O molar ratio cured at 65°C were 50.6 MPa at 1 day of curing and 41.0
MPa at 7 days of curing, respectively for 0SSA and 10SSA mixtures, which resulted in
slightly lower compressive strength reduction (19%) when compared to 0.8 SiO2/Na20

molar ratio.

The loss of compressive strength, in percentage, to the samples with the lowest
SiO2/Na20 molar ratio until 180 days of curing, in relation to the maximum compressive
strength reached, was 38% and 29% for the samples of 10SSA and 0SSA, respectively.
The loss of compressive strength was greater in the presence of SSA. However, this
behaviour was different from the samples with the highest SiO2/Na2O molar ratio. The
presence of SSA in the geopolymer decreased the loss of compressive strength. The
sample containing SSA (10SSA) presented a loss of compressive strength of 44% while
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the samples with only MK (0SSA) presented a loss of compressive strength of 51%, both
after 180 days of curing. This behaviour of loss of compressive strength over time shown
by the SSA in MK based-geopolymer with curing at 65 °C was also pointed out in a
previous study of short-term curing of the SSA/MK based-geopolymer (ISTUQUE et al.,
2016).

The same retarding behaviour in geopolymer reaction pointed out for the samples
cured at 25 °C occurred in the samples cured at 65 °C. With respect to the lowest
SiO2/Na20 molar ratio, the compressive strength of the mortar 10SSA was approximately
24% less than the compressive strength of mortar 0SSA at both temperatures at 1 day of
curing. However, when the SiO2/Na20 molar ratio was increased to 1.6, the compressive
strengths of the mortars 10SSA cured at both temperatures, when compared to mortars
0SSA values, were approximately 43% and 59% lower on the first day of curing at 25 °C

and 65 °C, respectively.



Figure 4.1 - Compressive strength development of MK-based geopolymers mortars
with [NaOH] = 8 mol.kg! and for both SiO2/Na2O molar ratios (0.8 and

1.6).
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Reference (0SSA) samples and samples with 10 wt.% replacement of MK by
SSA (10SSA) were cured at room temperature (R, 25°C).
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Figure 4.2 - Compressive strength development MK-based geopolymer mortars with
[NaOH] = 8 mol.kg and for both SiO2/Na20O molar ratios (0.8 and 1.6).
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Reference (0SSA) samples and samples with 10 wt.% of SSA (10SSA) were
cured in a thermal bath at 65°C (B).

4.3.2. X-ray diffraction analyses

XRD analyses were carried out on all mix proportions cured for 7 days in a thermal
bath and at 90 days for both curing conditions (room temperature and thermal bath). The
diffraction patterns of the SSA/MK geopolymers pastes with SiO2/Na20 ratio equal to 0.8
and 1.6, respectively are shown in Figure 4.3 and Figure 4.4.

A baseline deviation can be noted in the range 161 32° and 181 32°, respectively,
in the XRD pattern for both raw materials, MK and SSA, which is characteristic of the
presence of an amorphous phase (AUTEF et al.,, 2013; ABOULAYT et al.,, 2018).
However, the XRD patterns of pastes also showed a baseline deviation in most of the
SSA/MK based-geopolymer systems (16°- 38°), which can be attributed to the occurrence
of the geopolymeric reaction and, consequently, the formation of geopolymeric gel (N-A-
S-H gel) (OZER; SOYER-UZUN, 2015; TIMAKUL; RATTANAPRASIT;
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AUNGKAVATTANA, 2016; FERNANDEZ-JIMENEZ et al., 2017). The exceptions are the
samples with 90 days of curing at 65 °C that presented a slight deviation of the baseline
due to a minor content of amorphous phases. A less content of amorphous phases in this
sample could be associated with the crystallization process of the amorphous phases.
The transition of the amorphous gel into the ordered structure (crystalline phases) explains
the loss of compressive strength of the sample cured at sealed high temperature
environmental, which cause microstructure changes and internal stress (MA; ZHANG,;
WANG, 2016). Then, as can be seen in Figure 4.2, such transition might had occurred
mostly after the first 14 days of curing. For these samples, the formation of Na P-type
zeolite (Nas.6Al3.6Si12.4.14H20, PDFcard#401464) crystalline phase was observed.

The elevated temperature curing triggers an acceleration of the
geopolymerisation reaction; however, it also activates the crystallization of the gel for a
longer time. Such behaviour was observed, primarily, in the compressive strength of the
sample 0SSA with the highest SiO2/Na20 molar ratio, which reached a maximum in 1 day
of curing. Due to the meta-stability of amorphous phases, a loss in compressive strength
over time occurred. At 90 days of curing, the sample 10SSA with the lowest SiO2/Na20
molar ratio cured at 65 °C, exclusively, presented, in addition to Na P-types zeolites, FAU-
type zeolite (Na2Al2Sia012.8H20, PDFcard#391380) as a new crystalline phase. The
formation of FAU-type zeolite is favored in the alkaline activation reaction mainly for
alkaline solutions with a low SiO2/Na20 ratio (PAL et al., 2013). Crystalline phases such
as muscovite (KAI3SizO10(OH)2, PDFcard#210993), quartz (SiO2, PDFcard#331161), and
anhydrite (CaSOas, PDFcard#371496) present in SSA/MK geopolymer are from the MK
and SSA mineralogy composition. Kaolinite (Al2Si2Os(OH)s4, PDFcard#140164) and
hematite (Fe2Os, PDFcard#130534) appear only in the diffraction of the MK and SSA,
respectively. Neither of the samples with 90 days of curing at 25 °C, 0SSA and 10SSA,
presented a formation of new crystalline phases. That behaviour is consistent with the
compressive strength development of the samples cured at room temperature showed in

Figure 4.1, which did not present any loss of compressive strength.



Figure 4.3 - XRD patterns of SSA/MK geopolymers with a SiO2/Na2O molar
ratio of 0.8.
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Figure 4.4 - XRD patterns of SSA/MK geopolymers with a SiO2/Na2O molar ratio of 1.6.
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4.3.3. Fourier-transform infrared spectroscopy analyses

The infrared spectra of precursors MK and SSA, as well as the infrared spectra of
geopolymeric pastes with the highest SiO2/Na2O molar ratio are given in Figure 4.5. In the
infrared spectra of the MK, the bands at 1032 cm%, 1010 cm™, 534 cm™ and 424 cm™ are
associated with the tetra-coordinated Si or Al asymmetric stretching vibration of the Si-O-
T group (T= Si or Al) (AREDES et al., 2015; LEMOUGNA et al., 2016). The peaks at 912
cm? and 794 cm %, presented in the spectra of the MK, correspond to the stretching
vibration Al-OH with coordination VI (KENNE DIFFO et al., 2015), which indicated the
presence of the kaolinite structure that was confirmed by the XRD analyses. The bending
or stretching of T-O-T (T= Si or Al) bridges of aluminosilicates is assigned to the band at
464 cm (OZER; SOYER-UZUN, 2015). Bands in the regions of frequency 534 cm! and
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663 cm? are linked with Si-O and Al-O vibrations (OZER; SOYER-UZUN, 2015;
TCHAKOUTE et al., 2016).

For SSA spectrum, the asymmetric stretching vibration of the Si-O-T group
appeared at 1100, 1040, 671, 665, 611 and 594 cm 1 (TASHIMA et al., 2017). The Si-O
double band at 796 i 778 indicated the presence of quartz (RODRIGUEZ et al., 2010),
which was confirmed by the XRD analysis of the SSA.

According to the literature, the main absorbance band of the geopolymer is in the
region attributed to an asymmetric stretching vibration of the Si-O-T group (T= Si or Al) in
the range of 1300-900 cm'* (ROVNANIK, 2010; OZER; SOYER-UZUN, 2015). In Figure
4.5 is shown the infrared spectra of geopolymeric pastes with the highest SiO2/Na20 molar
ratio (1.6) after 3 and 90 curing days for both room temperature and thermal bath, where
can be observed the asymmetric stretching vibration of the Si-O-T group between 991 cm-
Tand 977 cm.

Furthermore, when these bands are compared to the same band in the infrared
spectra of the precursors, MK and SSA, there is a shift of this band to a lower frequency,
which is attributed to the formation of an amorphous phase as N-A-S-H gel (SUN et al.,
2013; VASQUEZ et al., 2015; ZHANG et al., 2017). Such shifts are due to random
substitutions of tetrahedral Si (SiO4) by Al (AlOs) in the tridimensional geopolymer

structure, which leads to a local change of the Si-O bond environment (HUO et al., 2012).

Comparing the effect of SSA and the curing condition on the infrared spectra of
geopolymeric samples, no clear distinction was observed. For all cases, the bands
observed in the region of 700-400 cm™ are attributed to the unreacted phases of
precursors (MK and/or SSA).

In Figure 4.6 is depicted the infrared spectra of geopolymeric pastes with different
SiO2/Na20 molar ratio after 90 curing days at both room temperature and thermal bath
condition. For all samples, the asymmetric stretching vibration of Si-O-T group are centred
between 991 and 974 cm™t. Comparing these values to the bands observed for precursors
(10321 1014 cm™), a displacement for lower values is observed indicating the formation of
N-A-S-H gel (SUN et al., 2013; VASQUEZ et al., 2016; ZHANG et al., 2017).



Figure 4.5 - FTIR analysis for geopolymer samples with the highest
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4.3.4. Thermogravimetric analyses

TG analyses were carried out on the samples with the highest (1.6) SiO2/Na20O
molar ratio cured for 3 and 90 days at room temperature and in a thermal bath, and they
are shown as DTG curves in Figure 4.7. The TG analyses were exclusively carried out on
the samples with the highest SiO2/Na2O molar ratio to assess the influence of the SSA in
the mortars that presented superior performance regarding the compressive strength. As
can be seen in Figure 4.7, two mass losses were remarkable in the geopolymeric samples
(L1 and Lz).

The L1, related to the decomposition in the range 50-200°C, is attributed to the
mass loss of the dehydration of N-A-S-H gels (HUO et al., 2012; CHENG et al., 2015;
TCHAKOUTE et al., 2016; MORAES et al., 2017) from the activation of the precursors
(MK and SSA). The L2, associated with the range 200-400 °C, is attributed to two main
events: on one hand, the decomposition at high temperature of N-A-S-H gel (loss of
hydroxyl groups) and, on the other hand, the mass loss of the decomposition and removal
of hydroxyl group from Na P- zeolite type (HUO et al., 2012, 2013; PAL et al., 2013). In
order to distinguish these two events, a mass loss associated only to the zeolite
decomposition, which means the mass loss of the peak, was calculated (See Figure 4.7,
Lz).

In Table 4.3, the amount of the mass loss related to each range of temperature
(L1, L2), the mass loss associated with the zeolite decomposition (Lz) and the total mass

loss (Lt) of the geopolymeric samples are shown.

For pastes cured for 3 days, the sample 10SSA cured at both temperatures, 25
°C and 65 °C, presented greater mass loss (8.6% and 8.4%, respectively) associated with
the first dehydration of N-A-S-H gels (L1) when compared to the sample 0SSA (8.2% and
8.3%, respectively).

For samples cured for 90 days at 65 °C, a peak on the L2 zone of DTG curves
could be observed (Figure 4.7). This peak is associated with the decomposition of Na P-
zeolite type (HUO et al., 2012; PAL et al., 2013). The area of the peak was calculated (Lz).

Such behaviour was expected due to the crystallization process, which usually takes place
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for long-term curing periods at high curing temperature (MA; ZHANG; WANG, 2016). The
zeolite formation was also observed on the XRD analyses presented in Figure 4.4.
Comparing the mass loss associated with the decomposition of zeolites (Lz) of the sample
10SSA to the control sample, the retarding effect of SSA on the crystallization of MK
based-geopolymers for samples cured at 65 °C (3.7% for 0SSA and 3.2% for 10SSA) can
be observed. This phenomenon can also be observed on the compressive strength tests.

Table 4.3 - Mass loss from TG analyses of the geopolymers prepared
with the highest SiO2/Na2O ratio (1.6).

Mass loss (%)

Geopolymer : -
Samples 3 days of curing 90 days of curing
L1 L2 Lt L1 L2 Lz Lt
0SSA 8-16 R 82 41 137 89 45 - 14.7
10SSA8-1.6 R 86 42 143 85 47 - 14.5

0SSA 8-1.6B 83 45 142 43 76 3.7 137
10SSA 8-1.6 B 84 44 143 45 72 32 135

LT, L1, L2 and Lz are total mass loss, mass loss in the range 35-200
°C, in the range 200-400 °C and mass loss associated to zeolite
decomposition, respectively.
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Figure 4.7 - DTG curves of the geopolymer samples with the highest
SiO2/Na20 molar ratio (1.6) with 3 (3d) and 90 (90d) days
of curing at 25 °C (R) or 65 °C (B).
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4.3.5. Scanning electron microscopy analyses

The microstructures of the geopolymeric pastes were studied by scanning
electron microscopy analyses, which were carried out on the samples with the highest
(1.6) SiO2/Na20 molar ratios due to the aim to assess the influence of the SSA on
microstructure in the mortars that presented superior performance in relation to the
compressive strength. In Figure 4.8, the microstructures of the geopolymers with 90 days
of curing at 65 °C are shown. Both microstructures of the 0SSA paste (Figure 4.8a) and
the 10SSA paste (Figure 4.8c) presented a significant porosity, that could be due to the
crystallization of the geopolymeric gels and, subsequently, to the formation of Na P-types
zeolites (MA; ZHANG; WANG, 2016; GEVAUDAN et al., 2017). Na P-types zeolites are
identi fi adwloe IB&y ( ¢ib ah pliken(BlLg onecr yst al shapes,
previous research (HUO et al., 2012; PAL et al., 2013; TANG et al., 2015; LEE; KHALID;

LEE, 2016). However, Na P-type zeolite with pinecone-like crystal shapes was only
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identified in the sample 10SSA. In both samples, 0SSA and 10SSA, there were regions
represented by the letter A (Figure 4.8b) and B (Figure 4.8d) that indicated how the
crystallization process occurs. The dense geopolymeric gels transitioned into crystalline
phases. Figure 4.9a-b and Figure 4.9c-d show the microstructure of the samples of 0SSA
and 10SSA cured for 90 days at 25 °C. Both geopolymeric samples, 0SSA and 10SSA,
presented massive geopolymeric gels (TCHAKOUTE et al., 2016; WAN et al., 2017) and
no ordered structure was detected after the first 90 days of curing.

Figure 4.8 - SEM micrographs of geopolymeric pastes cured at 65°C for 90 days with
fractured surface: a) and b) 0SSA 8-1.6 B and c¢) and d) 10SSA 8-1.6 B.

(Key: PL 1 pinecone-like shape of the zeolite Na P; BW 1 ball-wool shape of the zeolite
Na P; A and B: Transforming process of the geopolymeric gels into crystals).
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Figure 4.9 - SEM micrographs of geopolymeric pastes cured at 25°C for 90 days with
fractured surface: a) and b) 0SSA 8-1.6 R and c¢) and d) 10SSA 8-1.6 R.

4.4, CONCLUSION

This paper studied the effect of SSA on the mechanical and microstructural
properties as well as the influence of the SiO2/Na2O molar ratio on the MK based-
geopolymers resulting from long-curing time at room temperature and in a thermal bath at
65 °C. From the findings that had been presented earlier, the following conclusions were

drawn:

- Samples with SiO2/Na2O molar ratio 1.6 yielded about 50 MPa after 14
curing days at room temperature for both 0SSA and 10SSA.

- Geopolymeric binders based on MK presented a loss of compressive
strength for long-curing time when cured at 65°C due the zeolitic phases
formation.

- The addition of SSA causes a delaying effect on the hardening process of
geopolymeric binders at 1 curing day.
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- SSA provided a retarding effect on the crystallization of geopolymeric gels
into zeolite phases (Faujasite-type and Na P-type zeolites), indicating

higher stability for geopolymeric gel.

ACKNOWLEDGMENTS

This research has been supported by funding agency Coordenacgédo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES) and Conselho Nacional de

Desenvolvimento Cientifico e Tecnolégico (CNPq) (processo n° 309015/2015-4).



97

REFERENCES

ABOULAYT, A. et al. Stability of a new geopolymer grout: Rheological and mechanical
performances of metakaolin-fly ash binary mixtures. Construction and Building
Materials, v. 181, p. 4201436, 30 ago. 2018. Available from
<https://www.sciencedirect.com/science/article/pii/S0950061818314156>. Access on 24
set. 2018.

AREDES, F. G. M. et al. Effect of cure temperature on the formation of metakaolinite-
based geopolymer. Ceramics International, v. 41, n. 6, p. 73021 7311, jul. 2015.
Available from <http://www.sciencedirect.com/science/article/pii/S0272884215002412>.
Access on 13 nov. 2015.

AUTEF, A. et al. Role of metakaolin dehydroxylation in geopolymer synthesis. Powder
Technology, V. 250, p. 33i 39, dez. 2013. Available from
<http://www.sciencedirect.com/science/article/pii/S0032591013006025>. Access on 6
jan. 2016.

BAEZA, F. et al. Blending of industrial waste from different sources as partial substitution
of Portland cement in pastes and mortars. Construction and Building Materials, v. 66,
p. 6451 653, set. 2014. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061814005911>. Access on 22
ago. 2014.

CHAKRABORTY, S. et al. Effectiveness of sewage sludge ash combined with waste
pozzolanic minerals in developing sustainable construction material: An alternative
approach for waste management. Journal of Cleaner Production, v. 153, p. 253i 263,
2017. Available from <http://dx.doi.org/10.1016/j.jclepro.2017.03.059>. Access on 13 abr.
2017.

CHENG, H. et al. The effects of SiO2/Na20 molar ratio on the characteristics of alkali-
activated waste catalysti metakaolin based geopolymers. Construction and Building
Materials, V. 95, p. 7101 720, out. 2015. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061815300544>. Access on 21
ago. 2015.

CRIADO, M.; FERNANDEZ-JIMENEZ, A.; PALOMO, A. Alkali activation of fly ash: Effect
of the SiO2/Na20 ratio: Part I: FTIR study. Microporous and Mesoporous Materials, v.
106, n. 11 3, p. 1801 191, 1 nov. 2007. Available from
<https://www.sciencedirect.com/science/article/pii/S138718110700128X>. Access on 7
out. 2018.

CYR, M.; COUTAND, M.; CLASTRES, P. Technological and environmental behavior of
sewage sludge ash (SSA) in cement-based materials. Cement and Concrete Research,
V. 37, n. 8, p. 12781 1289, ago. 2007. Available from
<http://www.sciencedirect.com/science/article/pii/S0008884607000956>. Access on 6
fev. 2014.



98

FERNANDEZ-JIMENEZ, A. et al. Sustainable alkali activated materials: Precursor and
activator derived from industrial wastes. Journal of Cleaner Production, v. 162, p. 120071
1209, 20 set. 2017. Available from
<http://www.sciencedirect.com/science/article/pii/S0959652617313197>. Access on 28
set. 2017.

GAO, K. et al. Effects SiO2/Na20 molar ratio on mechanical properties and the
microstructure of nano-SiO2 metakaolin-based geopolymers. Construction and
Building  Materials, v. 53, p. 5031510, fev. 2014. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061813011586>. Access on 6
jan. 2016.

GARCES, P. et al. Mechanical and physical properties of cement blended with sewage
sludge ash. Waste management (New York, N.Y.), v. 28, n. 12, p. 2495i 502, dez. 2008.
Available from <http://www.sciencedirect.com/science/article/pii/S0956053X08000779>.
Access on 12 fev. 2014.

GEVAUDAN, J. P. et al. Mineralization dynamics of metakaolin-based alkali-activated
cements. Cement and Concrete Research, v. 94, p. 1i 12, 1 abr. 2017. Available from
<https://linkinghub.elsevier.com/retrieve/pii/S0008884616307153>. Access on 12 nov.
2020.

HABERT, G. ; DOESPI NOSE DE LACAILLERIE, J.
evaluation of geopolymer based concrete production: Reviewing current research trends.
Journal of Cleaner Production, v. 19, n. 11, p. 122911238, 2011. Available from
<http://dx.doi.org/10.1016/].jclepro.2011.03.012>.

HOSSAIN, M. M. et al. Durability of mortar and concrete containing alkali-activated binder
with pozzolans: A review. Construction and Building Materials, v. 93, p. 951 109, set.
2015. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061815006078>. Access on 30
jul. 2015.

HUO, Z. et al. Synthesis of zeolite NaP with controllable morphologies. Microporous and
Mesoporous Materials, v. 158, p. 13771140, 1 ago. 2012. Available from
<http://www.sciencedirect.com/science/article/pii/S1387181112001758>. Access on 26
dez. 2017.

HUO, Z. et al. Thermal study of NaP zeolite with different morphologies. Journal of
Thermal Analysis and Calorimetry, v. 111, n. 1, p. 3651 369, 18 jan. 2013. Available
from <http://link.springer.com/10.1007/s10973-012-2301-y>. Access on 26 dez. 2017.

ISTUQUE, D. B. et al. Behaviour of metakaolin-based geopolymers incorporating sewage
sludge ash (SSA). Materials Letters, v. 180, p. 1927 195, may 2016. Available from
<http://www.sciencedirect.com/science/article/pii/S0167577X16309028>. Access on 3
jun. 2016.



99

JANG, J. G.; LEE, H. K. Effect of fly ash characteristics on delayed high-strength
development of geopolymers. Construction and Building Materials, v. 102, p. 2607 269,
15 jan. 2016. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061815305936>. Access on 12
dez. 2017.

KELESSIDIS, A.; STASINAKIS, A. S. Comparative study of the methods used for
treatment and final disposal of sewage sludge in European countries. Waste
Management, v. 32, n. 6, p. 118611195 1 jun. 2012. Available from
<https://www.sciencedirect.com/science/article/pii/S0956053X12000268>. Access on 25
abr. 2018.

KENNE DIFFO, B. B. B. et al. Effect of the rate of calcination of kaolin on the properties
of metakaolin-based geopolymers. Journal of Asian Ceramic Societies, v. 3, n. 1, p.
1307 138, matr. 2015. Available from
<http://www.sciencedirect.com/science/article/pii/S2187076414001225>. Access on 6
jan. 2016.

KOLEt Y6 SKI , A. KRCL, M. ; t YCHOWI CZ, iM. T h
Theoretical studies. Journal of Molecular Structure, v. 1163, p. 4651471, 5 jul. 2018.

Available from <https://www.sciencedirect.com/science/article/pii/S0022286018303223>.

Access on 9 may. 2018.

LEE, N. K.; KHALID, H. R.; LEE, H. K. Synthesis of mesoporous geopolymers containing
zeolite phases by a hydrothermal treatment. Microporous and Mesoporous Materials,
V. 229, p. 221 30, jul. 2016. Available from
<http://www.sciencedirect.com/science/article/pii/S1387181116301081>. Access on 18
may. 2016.

LEMOUGNA, P. N. et al. Recent developments on inorganic polymers synthesis and
applications. Ceramics International, v. 42, n. 14, p. 151421 15159, 2016. Available from
<http://linkinghub.elsevier.com/retrieve/pii/S0272884216310793>.

LIEW, Y.-M. et al. Structure and properties of clay-based geopolymer cements: A review.
Progress in Materials Science, v. 83, p. 5951629, out. 2016. Available from
<https://linkinghub.elsevier.com/retrieve/pii/S0079642516300470>. Access on 6 set.
2016.

LYNN, C. J. et al. Sewage sludge ash characteristics and potential for use in concrete.
Construction and Building Materials, v. 98, p. 7671 779, nov. 2015. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061815303408>. Access on 6
set. 2015.

MA, X.; ZHANG, Z.; WANG, A. The transition of fly ash-based geopolymer gels into
ordered structures and the effect on the compressive strength. Construction and
Building Materials, v. 104, p. 25133, 1 fev. 2016. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061815307224>. Access on 22
dez. 2015.



100

MATEO-SAGASTA, J.; RASCHID-SALLY, L.; THEBO, A. Global Wastewater and Sludge
Production, Treatment and Use. In: DRECHSEL, P.; QADIR, M.; WICHELNS, D. (Ed.).
Wastewater. Dordrecht: Springer Netherlands, 2015. 44p. 157 38.

MO, B. et al. Effect of curing temperature on geopolymerization of metakaolin-based
geopolymers. Applied Clay Science, v. 99, p. 144i 148, set. 2014. Available from
<http://www.sciencedirect.com/science/article/pii/S0169131714002312>. Access on 19
set. 2015.

MONZO, J. et al. Reuse of sewage sludge ashes (SSA) in cement mixtures: the effect of
SSA on the workability of cement mortars. Waste management (New York, N.Y.), v. 23,
n. 4, p. 3731 81, jan. 2003. Available from
<http://www.sciencedirect.com/science/article/pii/S0956053X03000345>. Access on 16
mar. 2014.

MORAES, J. C. B. et al. 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). Construction and Building Materials, v. 144, p. 214i 224, 30 jul. 2017. Available
from
<http://www.sciencedirect.com/science/article/pii/S0950061817305548?via%3Dihub#f00
20>. Access on 4 jan. 2018.

NIMWINYA, E. et al. A sustainable calcined water treatment sludge and rice husk ash
geopolymer. Journal of Cleaner Production, v. 119, p. 128i 134, abr. 2016. Available
from <https://linkinghub.elsevier.com/retrieve/pii/S0959652616000950>. Access on 29
jun. 2016.

OZER, 1.; SOYER-UZUN, S. Relations between the structural characteristics and
compressive strength in metakaolin based geopolymers with different molar Si/Al ratios.
Ceramics International, v. 41, n. 8, p. 10192110198, set. 2015. Available from
<http://www.sciencedirect.com/science/article/pii/S0272884215008810>. Access on 21
ago. 2015.

PAL, P. et al. Synthesis of NaP zeolite at room temperature and short crystallization time
by sonochemical method. Ultrasonics Sonochemistry, v. 20, n. 1, p. 3141321, 1 jan.
2013. Available from <http://dx.doi.org/10.1016/j.ultsonch.2012.07.012>. Access on 26
dez. 2017.

PAN, S.-C. et al. Influence of the fineness of sewage sludge ash on the mortar properties.
Cement and Concrete Research, v. 33, n. 11, p. 17491 1754, nov. 2003. Available from
<http://www.sciencedirect.com/science/article/pii/S0008884603001650>. Access on 6
fev. 2014.

PAYA, J. et al. Reuse of aluminosilicate industrial waste materials in the production of
alkali-activated concrete binders. In: Handbook of Alkali-Activated Cements, Mortars
and Concretes. [s.l.] Elsevier, 2015. p. 4871 518.



101

PEREZ CARRION, M. T. et al. Potencial use of Sewage Sludge Ash as a Fine Aggregate
Replacement in Precast Concrete Blocks. Dynarev.fac.nac.minas, v. 80, n. 179, p. 142i
150, 2013. Available from
<http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0012-
73532013000300016&Ing=en&nrm=iso>.

RODRIGUEZ, N. H. et al. Re-use of drinking water treatment plant (DWTP) sludge:
Characterization and technological behaviour of cement mortars with atomized sludge
additions. Cement and Concrete Research, v. 40, n. 5, p. 778i 786, may 2010. Available
from <http://www.sciencedirect.com/science/article/pii/S0008884609003445>. Access on
16 jan. 2015.

ROVNANIK, P. Effect of curing temperature on the development of hard structure of
metakaolin-based geopolymer. Construction and Building Materials, v. 24, n. 7, p.
11767 1183, jul. 2010. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061809004346>. Access on 16
jun. 2015.

SHI, C.; JIMENEZ, A. F.; PALOMO, A. New cements for the 21st century: The pursuit of
an alternative to Portland cement. Cement and Concrete Research, v. 41, n. 7, p. 7501
763, jul. 2011. Available from
<http://www.sciencedirect.com/science/article/pii/S0008884611000925>. Access on 9 jul.
2015.

SINGH, B. et al. Geopolymer concrete: A review of some recent developments.
Construction and Building Materials, v. 85, p. 78i 90, jun. 2015. Available from
<http://www.sciencedirect.com/science/article/pii/S0950061815002834>. Access on 31
dez. 2015.

SMOL, M. et al. The possible use of sewage sludge ash (SSA) in the construction industry
as a way towards a circular economy. Journal of Cleaner Production, v. 95, p. 45i 54,
fev. 2015. Available from
<http://www.sciencedirect.com/science/article/pii/S095965261500164X>. Access on 10
mar. 2015.

SUN, Z. et al. Synthesis and thermal behavior of geopolymer-type material from waste
ceramic. Construction and Building Materials, v. 49, p. 281i 287, dez. 2013. Available
from <https://linkinghub.elsevier.com/retrieve/pii/S0950061813007939>. Access on 29
jun. 2016.

TANG, Q. et al. Preparation of porous P-type zeolite spheres with suspension solidification
method. Materials Letters, v. 161, p. 558560, dez. 2015. Available from
<http://dx.doi.org/10.1016/j].matlet.2015.09.062>.

TARRAGO, M. et al. Valorization of sludge from a wastewater treatment plant by glass-
ceramic production. Ceramics International, v. 43, n. 1, p. 9301 937, jan. 2017. Available
from <http://dx.doi.org/10.1016/j.ceramint.2016.10.083>.



102

TASHIMA, M. M. et al. Compressive Strength and Microstructure of Alkali-Activated Blast
Furnace Slag/Sewage Sludge Ash (GGBS/SSA) Blends Cured at Room Temperature.
Waste and Biomass Valorization, v. 8, n. 5, p. 144171 1451, 22 jul. 2017. Available from
<http://link.springer.com/10.1007/s12649-016-9659-1>. Access on 14 jan. 2018.

TCHAKOUTE, H. K. et al. Geopolymer binders from metakaolin using sodium waterglass
from waste glass and rice husk ash as alternative activators: A comparative study.
Construction and Building Materials, v. 114, p. 2761 289, 1 jul. 2016. Available from
<https://www.sciencedirect.com/science/article/pii/S0950061816304883>. Access on 29
jun. 2016.

TIMAKUL, P.; RATTANAPRASIT, W.; AUNGKAVATTANA, P. Improving compressive
strength of fly ash-based geopolymer composites by basalt fibers addition. Ceramics
International, v. 42, n. 5, p. 628816295 abr. 2016. Available from
<http://www.sciencedirect.com/science/article/pii/S0272884216000420>. Access on 20
fev. 2016.

VASQUEZ, A. et al. Geopolymer based on concrete demolition waste. Advanced Powder
Technology, v. 27, n. 4, p. 117311179, jul. 2016. Available from
<https://linkinghub.elsevier.com/retrieve/pii/S0921883116300462>. Access on 29 jun.
2016.

WAN, Q. et al. Geopolymerization reaction, microstructure and simulation of metakaolin-
based geopolymers at extended Si/Al ratios. Cement and Concrete Composites, v. 79,
p. 457 52, 1 may 2017. Available from
<https://www.sciencedirect.com/science/article/pii/S0958946517301002>. Access on 16
mar. 2017.

WWAP (UNITED NATIONS WORLD WATER ASSESSMENT PROGRAMME). The
United Nations World Water Development Report 2017. Wastewater: The Untapped
ResourceUNESCO. [s.l: s.n.]. Available from
<http://unesdoc.unesco.org/images/0024/002471/247153e.pdf>.

YAMAGUCHI, N.; IKEDA, K. Preparation of geopolymeric materials from sewage sludge
slag with special emphasis to the matrix compositions. Journal of the Ceramic Society
of Japan, v. 118, n. 1374, p. 1077112, 2010. Available from
<http://joi.jlc.jst.go.jp/IST.JSTAGE/|cersj2/118.107?from=CrossRef>. Access on 27 jun.
2016.

YAN, S.; SAGOE-CRENTSIL, K. Properties of wastepaper sludge in geopolymer mortars
for masonry applications. Journal of Environmental Management, v. 112, p. 271 32, 15
dez. 2012. Available from
<http://www.sciencedirect.com/science/article/pii/S0301479712003696>. Access on 3
jun. 2014.

YUSUF, R. O. et al. Use of sewage sludge ash (SSA) in the production of cement and
concrete - a review. International Journal of Global Environmental Issues, v. 12, n.
2/3/4, p. 214, 2012. Available from <http://www.inderscience.com/link.php?id=49382>.



103

ZHANG, H. Y. et al. Characterizing the bond strength of geopolymers at ambient and
elevated temperatures. Cement and Concrete Composites, v. 58, p. 401 49, abr. 2015.
Available from <http://www.sciencedirect.com/science/article/pii/S095894651500013X>.
Access on 4 dez. 2015.

ZHANG, M. et al. A multiscale investigation of reaction kinetics, phase formation, and
mechanical properties of metakaolin geopolymers. Cement and Concrete Composites,
V. 78, p. 211 32, 1 abr. 2017. Available from
<http://linkinghub.elsevier.com/retrieve/pii/S0958946516308897>. Access on 16 mar.
2017.



104

CHAPTERDS

5. EVALUATION OF THE LONG-TERM COMPRESSIVE
STRENGTH OF GEOPOLYMER WITH MK AND SSA

The ar ti cEvaluatondftheldngtdrm dompressive strength development of the
sewage sludge ash/metakaolini based geopolymerd  BISYUQUE, D.B. et al. has been

accepted for publication in Materiales de Construccion.

ABSTRACT

This paper aimed to evaluate the long-term compressive strength development of the
sewage sludge ash/metakaolin (SSA/MK) 1based geopolymer. SSA/MKi based
geopolymeric mortars and pastes were produced at 25°C with different SSA contents (O -
30 wt.%). Compressive strength tests were run within the 3-720 curing days range. A
physicochemical characterisation, XRD and SEM were performed in geopolymeric pastes.
All the geopolymeric mortars presented a compressive strength gain with curing time. The
mortars with all the SSA evaluated contents (10, 20, 30 wt.%) developed a compressive
strength over 40 MPa after 720 days cured at 25°C. The maximum compressive strength
of the mortars with SSA was approximately 61 MPa (10 wt.% of SSA), similarly to the
reference mortar (100% MK-based geopolymer). The microstructure analyses showed
that the SSA/MKi based geopolymer presented a dense microstructure with N-A-S-H gel

formation.
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5.1. INTRODUCTION

Il n a gl obal scenario, the building const
has been seriously tracked. In fact, Portland cement is the most widely used material
worldwide after water (GAGG, 2014), and is composed primarily of non-renewable raw
materials |ike |imestone and clay (MIKULLIL
means that cement industries are r esemssionsi bl e
(GAGG, 2014; RAHMAN et al., 2014). Therefore, more sustainable cementitious materials
than Portland cement are required to minimize this environmental issue. This is the reason
why several researchers have studied alkali-activated and geopolymeric binders (ZHANG
et al., 2015; MEJIA-ARCILA; VALENCIA-SAAVEDRA; MEJIA DE GUTIERREZ, 2020).

Geopolymers are aluminosilicate binders with a low calcium content that yield a
tridimensional-molecular structure in a high alkaline environment (PALOMO et al., 2014;
PROVIS; PALOMO; SHI, 2015). One of the most widely used manufactured precursors
to produce geopolymer is MK (SHI; JIMENEZ; PALOMO, 2011), although several
agricultural and industry waste types have been used, i.e. FA, RHA, sugar cane bagasse
ash, catalytic cracking catalyst residue, etc. (RODRIGUEZ et al., 2013; NOOR-UL-AMIN
et al, 2015; PART; RAMLI; CHEAH, 2015; VASQUEZ et al., 2015; XIE;
OZBAKKALOGLU, 2015; CASTALDELLI et al., 2016). The inclusion of these residues in
geopolymeric matrices is an essential advantage for geopolymer production because they
emit less CO2 (MELLADO et al., 2014).

The composition of these residues is siliceous or aluminosiliceous, which is
fundamental for the geopolymeric reaction (MA; AWANG; OMAR, 2018). The literature
has specifically pointed out the incorporation of SSA into the geopolymer based in its
physicochemical characteristics (PAYA et al., 2019), apart from its environmental-friendly
immobilization needed. Such residue, SSA, comes from incinerating sewage sludge
generated during wastewater treatment. Its global generation is estimated at 1.7 million
tonnes annually, with an increasing trend (VOUK et al., 2017). This residue is mainly
composed of SiO2, CaO, Al203, Fe203, P203 and SOs, with an average content of 34.0%,
15.8%, 12.8%, 11.4%, 10.8% and 5.2%, respectively (SMOL et al., 2015; VOUK et al.,
2017). Mineral phases as quartz (SiO2), calcium phosphate (Ca(POa4)2), calcite (CaCOs3),
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and hematite (Fe203) are the most common ones found in the SSA composition (CYR;
COUTAND; CLASTRES, 2007; VOUK et al., 2017). According to the reports found in the
literature, the amorphous content of SSA is largely varied, being found values in a range
of 35%-75% (LYNN et al., 2015). The specific gravity, BET specific surface area, and
Blaine fineness of SSA vary in a range of 1.8-2.9, 2500-23100 m?/kg, 500-3900 m?/kg,
respectively (LYNN et al., 2015). The average bulk density of SSA is 805 kg/m3, which is
a low value due to its porous particles (LYNN et al., 2015). Given these physicochemical
characteristics, SSA has been evaluated as raw material to produce blended Portland
cement, mortars, bricks, ceramics, and glass (MONZO et al., 2003; YUSUF et al., 2012;
PEREZ CARRION etal., 2013; BAEZA-BROTONS et al., 2014; SMOL et al., 2015; CHEN,;
POON, 2017; TARRAGO et al.,, 2017). Geopolymer systems seem to be another
sustainable alternative for immobilization of SSA. However, such an SSA application has
not yet been properly explored, being found a few studies focused on this field
(YAMAGUCHI; IKEDA, 2010; ISTUQUE et al., 2016, 2019).

Yamaguchi and lkeda (2010) reported a binary geopolymer produced by FA and
SSA. At room temperature, this system had setting problems, and its compressive
strength was inadequate at high temperatures (80°C). However, the work by Istuque et
al. (2016) on another binary system reported promising results for a geopolymer produced
by SSA and MK (SSA/MKi based geopolymer), with 10 wt.% SSA and 90 wt.% MK cured
at room temperature (25°C) for 7 days. According to these authors, the SSA/MKi based

geopol ymer presented a similar compr essi

reference, which composed only MK as a precursor.

In another study, Istuque et al. (2019) demonstrated how the SSA/MKI based
geopolymer (10 wt.% SSA and 90 wt.% MK) was activated by an activating solution with
a NaOH concentration of 8 mol.kg* and an SiO2/Na20 molar ratio of 1.6, which reached
compressive strength to about 50 MPa after 14 curing days at 25°C. Nevertheless, their
study reported research only into the mechanical development of the SSA/MKi based
geopolymer for up to 180 curing days with low SSA content in the geopolymer composition
(10 wt.%). It would be interesting to increase the SSA content by replacing MK because

this last component is a synthetic material that requires the use of non-renewable raw

\

e
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material and a considerable power supply (KHATIB; BAALBAKI; ELKORDI, 2018);
moreover, it is desirable to increase the content of SSA in the mixtures because

immobilization will be a key issue in the SSA sustainable management.

Therefore, this work aimed to evaluate the compressive strength development of
the SSA/MKi based geopolymer with different SSA contents (0, 10, 20 and 30 wt.%) cured
at room temperature (25°C) from 3 to 720 curing days. The mineralogy of geopolymeric
pastes was investigated by X-ray diffraction (XRD), as well as the microstructure by

scanning electron microscopy (SEM).

5.2. EXPERIMENTAL PROCEDURES

5.2.1. Materials

5.2.1.1. SSA production

Dried-granular sewage sludge, collected at a wastewater treatment plant (Servigo
Municipal Auténomo de Agua e Esgoto i SEMAE) in S&o José do Rio Preto city, SP,
Brazil, was incinerated by a process called uncontrolled-combustion in a cylindrical oven
(200-liter volume). About 20 kg of dry sewage sludge were placed inside the oven. Only
1 minute of gas fire was necessary to start the combustion process. A thermocouple was
placed in the centre of the oven to record combustion temperature. After 15 h, the
combustion process ended and about 8.6 kg of SSA was obtained (43% of the dry sewage
sludge mass). Figure 5.1 shows the maximum average temperature of 774°C, which was
generally reached after 3 h of combustion. The ash (SSA) from the uncontrolled
combustion was ground for 50 minutes at an SSA/ball weight ratio of 0.10. The milled SSA
had a mean particle diameter of 20.28 um, with d(0.1), d(0.5) and d(0.9) being 1.58 um,
11.17 pm and 52.45 pm, respectively. As can be seen in Table 5.1, SSA was mainly
composed of SiO2 (38.28%) and Al203 (35.47%). In accordance with the XRD pattern of
SSA, which was showed in Figure 5.5, quartz (SiO2), anhydrite (CaS0O4) and hematite
(Fe203) were the main secondary phases. The insoluble residue content of SSA was
27.20%, that since the sum of SiO2 (38.28%), Al203 (20.72%) and Fe203 (11.27%)
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percentages from the SSA chemical composition was 70.17%, and considering that the
crystalline phase dissolution during the insoluble residue test is very low, could be inferred
that at least significant percentage of the SiO2 was amorphous, as well as a considerable

amount of Al20s. The presence of amorphous phases in the SSA was pointed out by the
in the XRD pattern

slight deviation of the baseline between 18-3 2 A 2 d

5.3.2.2).
Figure 5.1 - Temperature profile during the uncontrolled-combustion of the
dried-granular sewage sludge.
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MK was supplied
mortars, whose chemical composition is presented in Table 5.1. NaOH pellets (98% of

purity) and sodium silicate solution (waterglass, 61.4% H20, 29.7% SiO2 e 8.9% Na20)
were used to prepare the activating solution. Water was employed to adjust the
water/binder ratio (binder = MK+SSA) of the geopolymeric pastes and mortars. Siliceous
sand from Castilho city T SP, Brazil, was obtained to produce the geopolymeric mortars
with a fineness modulus of 2.05 and a specific gravity of 2.67 g/cm3.

Table 5.1 - Chemical composition of MK and SSA (wt.%).

Oxides (%) SiO2 AOs Fex03 P03 CaO SOs TiO2 MgO K20 NaO Others LOI
MK 58.39 35.47 2.71 - 0.01 - 151 03 144 - 0.07 0.10
728 551 418 373 191 0.73 0.70 1.97 3.72

SSA  38.28 20.72 11.27
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5.2.2. Producing geopolymeric pastes and mortars.

This study was divided into two steps (Figure 5.2). In Step 1, the optimum NaOH
concentration was achieved for the mortars with 10 wt.% of SSA and 90 wt.% of MK cured

at 3 and 7 days at room temperature (25°C). Activating solutions with different NaOH

concentrations and SiO2/Na2O mo | ar rati oo( 0E)L. 69, 8Qhomok )y kan

12molkgt (U=1.0) were prepared. The activati
0.78 for all the mortars assessed in Step 1, being the activating solution as the sum of
water, sodium silicate and sodium hydroxide. A previous study (ISTUQUE et al., 2019),
which evaluated the influence of the SiO2/Na2O molar ratio for the mortars containing 8
mol.kg? of NaOH, established that a SiO2/Na20 ratio of 1.6 offered the best compressive

strength results.

With the optimum NaOH concentration, the influence of SSA content (10, 20, 30
wt.% replacing MK) on the long-term compressive strength of the MK-based geopolymeric
mortars was assessed in Step 2. Compressive strength tests were carried out at 3, 7, 28,
90 and 720 curing days at 25°C (climatic chamber, relative humidity of 95%). X-ray
diffraction (XRD) and scanning electron microscopy (SEM) analyses were conducted to

corroborate the mechanical results.

Figure 5.2 - Methodology carried out in this study.

_— Mortar - (wt.% SSA) = 10%

Step 1 | — NaOH concentration | Waterglass/binder = 0.78
N » [NaOH] = ? (8, 10 and 12 mol.kg™")

» Comp. strength - 3 and 7 curing days (25°C)

Y /}»%Mortar - (wt. % SSA) = ? (0, 10, 20 and 30%)
~_—» Waterglass/binder = 0.78
Step 2 | — Effect of % of SSA [ [NaOH] = ? (selected from step 1)
\.\~~f\f;f—-- Comp. strength - 3 to 720 curing days (25°C)

» Pastes - XRD and SEM analyses

The dosage of each geopolymeric mortar in Steps 1 and 2 are shown in Table

5.2. The nomenclature for the mortars from Step 1 was adopted: MKx vy, (héde x

ng

[
R
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represents the percentage of SSA, y r epresent s t he NaOH conc
represents the SiO2/Na20O molar ratio. The nomenclature for the mortars from Step 2 was
simplified to MKX, considering that all of them present the same values of NaOH
concentration and U according to the given r
the geopolymeric mortars were prepared by maintaining the water/binder and sand/binder

mass ratios at 0.6 and 2.5, respectively (ISTUQUE et al., 2019). Precursors (MK and SSA)

were homogeneously mixed before adding the activating solution, which was cooled to

room temperature (25°C). After obtaining a homogeneous geopolymeric paste, sand was
gradually added. The whole mechanical mixing process took 5 minutes. The geopolymeric

mortars were moulded in prismatic moulds (4x4x16 cm?3) and left for 1 minute on the
vibration table (35 Hz) to release any incorporated air. The geopolymeric mortars were
demoulded after 24 h and stored in the climatic chamber until testing ages were reached.

Table 5.2 - Dosage of the geopolymeric mortars for step 1 and step 2.

binder activating solution ac_tlvatmg water/binder
solution/binder

Step MK10 8 8 mol.kg? 1.6

MK10 10 90 wt.% 10 wt.% 10 mol.kg? 1.3

MK10 12 12 mol.kg*? 1.0

MKO 100 wt.% - 0.6
Ste MK10 90 wt.% 10 wt.% o
20 MK 80wt 20wi% [NaOH-U T rom St ep

MK30 70 wt.% 30 wt.%

5.2.3. Compressive strength tests

Compressive strengths were measured by an EMIC Universal machine according
to UNE-EN 196-1:2018. A device to apply the load in a 4x4 cm? area on two opposite
sample faces was used in these tests. Compressive strength was calculated as the

average of at least five values.

5.2.4. Characterization of geopolymeric pastes

The characterization of the geopolymeric pastes (MK + SSA + activating solution)

based on the XRD and SEM analyses were carried out for the selected geopolymeric
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pastes assessed in Step 2 (Figure 5.2). The mix proportion was the same as that used to
prepare mortars without adding sand. A Shimadzu XRD-6000 system was employed to
obtain the XRD patterns withina 2 d r a n §66° incah an§le step of 0.02° and a step
time of 1.20 s/step. Cu-K U r adi ati on and an Ni filter wer e
a current intensity of 40 mA. The SEM images were taken by a ZEISS microscopic (model

EVO LS15) from the fractured surface pastes covered with gold.

5.3. RESULTS AND DISCUSSION

5.3.1. The results obtained from Step 1: selection of the optimum NaOH

concentration.

In Step 1, three different NaOH concentrations (8 mol.kg? (U=1. 6) , 110 mc
(U=1.3), 1a8=mo00) xXgin the activating smériati on
mortars with 10 wt.% SSA and 90 wt.% MK. The compressive strengths of those
geopolymeric mortars cured for 3 and 7 days at room temperature are depicted in Figure
5.3.
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Figure 5.3 - Compressive strength of the geopolymeric mortars with 10 wt.%
SSA and 90 wt.% MK cured for 3 and 7 days at room temperature
and different NaOH concentrations.
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The increasing NaOH concentration lowered the compressive strength of the
SSA/MKI based geopolymeric mortars for both curing times (3 and 7 days). The mortars
prepared using the 8 molkgt Na OH and U=1.6 (MK10 8(1.6)) ac
the highest compressive strengths (30.9 and 31.9 MPa at 3 and 7 days, respectively)
compared to the other geopolymeric mortars. The literature reports that a NaOH
concentration of approximately 8 M is often used to produce MKIi based geopolymers
(OZER; SOYER-UZUN, 2015; FERNANDEZ-JIMENEZ et al., 2017). Kuenzel et al. (2013)
assumed that the NaOH concentration around 8 M is enough to a proper dissolution of
the reactive phases of metakaolinite. Moreover, it is well-known that as higher the NaOH
concentration, faster is the MK geopolymerisation, though a higher geopolymerisation rate
could lead to a lower polycondensation degree of the geopolymer, affecting the
compressive strength development (SINGH; MIDDENDORF, 2020). The findings herein
agree with a such understanding. Hence, the dissolution of the amorphous phase of the
system SSA/MK at 8 mol.kgt NaOH lead to a proper geopolymerisation ratio, that results

in higher compressive strength development. At the highest NaOH concentration (12
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mol.kgt), the compressive strength loss (3.8 MPa), after 7 curing days, could be related
to somewhat zeolite formation from the geopolymer matrix, that can occur for MK-based
geopolymer systems even in room temperature (GRANIZO; PALOMO; FERNANDEZ-
JIMENEZ, 2014). The following evaluations proposed in Step 2 were made with the

geopolymeric mortars and pastes using the activating solution of 8mol.kgtNa OH ( U=1. 6

5.3.2. The results obtained from Step 2: influence on SSA percentage.

All the evaluations in Step 2 were carried out with the geopolymeric pastes and
mortars using an activating solution of 8 molkgt Na OH ( U=1. 6) , varying
SSA in 10 wt.% (MK10), 20 wt.% (MK20), and 30 wt.% (MK30).

5.3.2.1. Compressive strength

The compressive strength of geopolymer mortars MKO, MK10, MK20 and MK30
at 3, 7, 28, 90 and 720 days were measured and are depicted in Figure 5.4. The
geopolymeric mortar containing no SSA (MKO) content was set as a reference.

The reference geopolymeric mortar (MKO) presented a higher compressive
strength for all the curing times (3 to 720 days), except for sample MK10, whose
compressive strength was similar at 720 days. The compressive strength of the MKO
mortar was 66.9 + 2.9 MPa, while that recorded for the MK10 mortar was 60.7 + 4.3 MPa,
both recorded at 720 days. According to the Tukey test, the difference between the
average compressive strength of these mortars (MKO and MK10) was not significant at
the 0.05 level.

Furthermore, the increasing SSA content in the geopolymeric mortars decreased
the compressive strength for the first and last curing ages. Although SSA had displayed a
reactive and a synergic behaviour in Portland cement systems in accordance with
previous works (BAEZA-BROTONS et al., 2014; PEREZ-CARRION et al., 2014), it
showed different behaviour in the alkali-activation system. According to Cheng et al.
(2015), an MKi based geopolymer develops high compressive strength, mainly because
of the large surface area and high reactivity of MK, which lead to greater

geopolymerisation due to increasing dissolved aluminosilicate phases. Zhu et al. (2019)
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evaluated the replacement of MK by other material as reactive as MK, in thermal-treated
geopolymer production, that was RHA. According to the authors, a replacement content
of MK by RHA in 20% offered a significant compressive strength enhancement around
62.5% and 21.7% at 7 and 28 curing days at 50°C, respectively. In such a study, the
compressive strength enhancements were attributed to the enrichment of the content and
nature of the gel due to the dissolution of the silica from RHA. In this current work,
increasing MK replacement with SSA, that presented a lower content of amorphous
phases containing alumina and, mainly, silica compared to MK, reduces compressive
strength likely due to a sum of a dilution effect and a changing of the nature of the gel
formed, which could occur when the SiO2/Al203 and Na20O/Al2Os ratios of the system are
changed (SARKAR; DANA, 2021). Such effects could explain the decrease of the
compressive strength higher than the MK replacement percentage in the mortars.
However, at intermediate curing times, the increasing SSA content had no significant

effect on compressive strength.

Although a partial MK replacement with SSA lowered the geopolymerisation rate,
the reaction progressed for an extended duration. The geopolymerisation progress was
clearly identified by an increasing compressive strength gain by rising the SSA content
between 3 and 720 days. The compressive strength gain was 96.4%, 96.7% and 143.6%
for geopolymeric mortars MK10, MK20 and MK30, respectively, but was only 43.9% for
MKO for the same time frame. This behaviour means that the SSA reaction rate was
slower than for MK, and the geopolymerisation process for SSA/MK systems required a
longer curing time. Zhang et al. (2014) studied the influence of MK replacement by FA on
the reaction process in the MK-based geopolymers. According to the authors, the MK
replacement of 10% by FA increased the reaction extent due to the lower dissolution of
FA compared to the MK. The results obtained in the study herein are endorsed by such

report.
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Figure 5.4 - Compressive strength of the SSA/MKi based geopolymeric
mortars with different SSA contents (0 wt.% - MKO; 10 wt.% -
MK10; 20 wt.% - MK20; 30 wt.% - MK30) cured at 25°C from 3
to 720 days.

5.3.2.2. XRD analyses

The XRD patterns of the geopolymeric pastes with an equivalent mix proportion
of mortars MKO, MK10 and MK30 were determined at both 90 curing days and 25°C.
According to the XRD patterns in Figure 5.5, the crystalline phases of SSA were quartz
(SiO2, PDFcard#331161), hematite (Fe20s3, PDFcard#130534) and anhydrite (CaSOa4,
PDFcard#371496), as mentioned previously in item 2.1.1, while those of MK were quartz
(SiO2, PDFcard#331161), kaolinite (Al2Si2Os5(OH)4, PDFcard#140164) and muscovite
(KAI3SizO10(OH)2, PDFcard#210993). Regarding the XRD patterns of the geopolymeric
pastes, all the pastes presented the same crystalline phases identified in the XRD pattern
of the precursors because of the non-reacted phases of MK and SSA. As reported by
Belmokhtar et al. (2017), the structures of muscovite and quartz are not affected during
geopolymeric, which means that those phases do not react and, consequently, do not
offer any contribution to developing cementing gel. This result was corroborated by the

compressive strength results: the samples containing SSA had lower compressive




























































































































































