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Abstract

This paper explored reported-the effect of sewage sludge ash (SSA) on the mechanical
and microstructural properties of geopolymers based on metakaolin (MK)_involving two
different SiO,/Na,O 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

tests-were characterized perfermed-using different techniques:_as X-ray diffraction
(XRD), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR) Scanning EIectron Mlcroscopy (SEM) and compresswe strength of mortars

S@gﬁN&g@—Hﬂ@l&(—F&H@S—(—Q—g—%ﬂd—]r@)—The compressnve strength tests showed that the
replacement of MK by SSA in 10 wt.% when cured at 25 °C with the highest SiO2/Na,O

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.

Keywords: Geopolymer, Alkali-activated cement, Ash-Sewage-sludge-Sewage sludge
ash,-Urban-waste; Waste management
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1. Introduction

greener—cementitious—materials—In recent years, an alternative class of —elass—of

alternative—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 [1-3]. Geopolymers,

also called alkali-activated binders, have a tri-dimensional structure formed by a poly-
condensation of aluminosilicate precursors reacting with alkaline activating solution [4,5].,

Several aluminosilicate-based materials can be used as precursors for geopolymer
production, including natural (volcanic ashes, diatomaceous earth), synthetic
(metakaolin) and waste materials (fly ash, blast furnace slag, ceramic, mining wastes,
glasses, sludge ashes) [6-8].

A

Sewage sludge ash (SSA) is an ash generated from the combustion of sewage sludge

from wastewater treatment plants [9,10]. 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 [11] and the
main components of the SSA are SiO,, Al,03, Fe;03, CaO, MgO and P,0s.

Several papers focusing on the application of SSA on Portland cement mortars, bricks,

ceramics and glass production can be found on the literature [12-17]. PreblablyProbably,

the main studies about SSA are related to its use as pozzolanic material in _blended

mortars due to the presence of amorphous SiO, and/or Al,O3 on its chemical composition
[18-21].

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 [22] studied

the preparation of geopolymeric _materials from sewage sludge slag. At room
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temperature, samples containing both only SSA or samples containing 75% of coal fly

ash 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 blast furnace slag/SSA, 31 MPa

in compression was reached for samples with 20 wt.% of SSA activated with 6 mol.kg™*

NaOH and cured during 90 days [23]. Chakraborty et al. [24] assessed ternary systems

of SSA, quicklime and blast furnace slag 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 blast furnace slag and
70% of SSA.

Studies related to MK-based geopolymeric mortars containing SSA are scarce [25]. 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 [25].
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As can be observed, scientific knowledge related to the use of SSA as a precursor in the

production of alkali-activated binders is very 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 SiO/Na,O 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,,

2. Experimental
2.1. Materials

Metakaolin (MK) supplied by Metacaulim do Brasil™ was the main aluminosilicate
source used in this study. The SSA used as non-conventional-aluminosilicate precursor
was produced by an auto-combustion process of sewage sludge from a sewage
treatment plant (Servico Municipal Auténomo de Agua e Esgoto — SEMAE, in S&o0 José
do Rio Preto city — S&o Paulo, Brazil). The chemical compositions of both MK and SSA,

determined by X-ray fluorescence (XRF), are given in Table 1. Both materials, MK and
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SSA, presented a significant content of SiO, and Al.Os as—main-exides, which are
elementary oxides to the development of the geopolymer structure.with-58-39-wt-%and
3272 wt-% of -SiO.—and—35:47-wt% and—20.72 -wt-% of -Al.Osfor MK—and-SSA;
respectively: 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
18.16um, d(90) of 53.96 um and a mean particle diameter of 23.90 um. On the other
hand, SSA was ground in a ball mill for 50 minutes before its use obtaining d(50) of 11.17

um, d(90) of 52.45 um and a mean particle diameter of 20.28 um.
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A siliceous sand from Castilho city (Sdo Paulo — 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 um was used for comparison.
Sodium hydroxide (98% purity) and sodium silicate solution (8.9% NayO, 29.7% SiO;

and 61.46% H»O) were used in the preparation of the alkaline activating solution.

Table 1 - Chemical Compositions (%, in mass) of metakaolin (MK) and sewage sludge

ash (SSA).
Oxides . .
(%) SiOz2 AlOs Fe:03 P203P20s CaO SOs TiO2 MgO K20 Na20 Others LOI
SSA 38.28 20.72 11.27 7.28 5,51 4.18 3.73 1.91 0.73 0.70 197 3.72
MK 58.39 3547 2.71 - 0.01 - 151 03 144 - 0.07 0.10

2.2. Geopolymeric mortar preparation

Jable 2 shows the mix proportions for all assessed samples. For all cases the — con formato: Fuente: (Predeterminada) Arial
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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/Na,O molar ratio (0.8

and 1.6) were assessed for the MK/SSA system. Both parameters are considered key

factors in the geopolymerization process [26—-28], : [ Con formato: Fuente: (Predeterminada) Arial
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The nomenclature of geopolymeric samples is as follows: xSSA 8-z W, where x
represents the percentage of SSA (0 or 10), “8” represents the sodium molality (8 mol.kg
1), zis the SiO,/NaO, 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 mm?®) 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 MPals.

Table 2. Mix proportions for assessed samples.

MK SSA SiO,/Na,0  water/binder sand/binder Na*
Geopolymeric mortar ——— Curing condition
% mass (molar ratio) (mass ratio) (mol.kg?)
0SSA 8-0.8R 100 0 Room temperature 0.8 0.6 25 8
0SSA 8-0.8B 100 O Thermal bath 0.8 0.6 25 8
10SSA 8-1.6 R 90 10 Room temperature 1.6 0.6 25 8
10SSA 8-1.6 B 90 10 Thermal bath 1.6 0.6 25 8

2.3. Geopolymeric paste preparation

Pastes with the same mix proportions and curing conditions as geopolymeric mortars
were produced to assess the geopolymerization 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-Ka radiation and
a Ni filter in 26 range 5-60°.

A Mettler Toledo TGA850 thermobalance was used to analyze pastes by
thermogravimetry (TGA). The parameters employed in TGA were: temperature range of
35-600 °C with a heating rate of 10°C.min* and a N, atmosphere (75 mL.min* flow). The
samples were tested in sealed aluminum 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,
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3. Results and Discussion
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

Si0O2/Na,O molar ratios cured at 25 °C are depicted in Fig. 1. For both cases, an increase

[ Cédigo de campo cambiado

in compressive strength over time was observed. However, the samples with the highest
SiO2/Na,O molar ratio (1.6) displayed, in general, higher compressive strength for all
ages. —rooioreomnroocen crnnedn sesnelncl e e 000 Lele Copnolee oo L 00

o-pointed-outby-Chengetal{2015)who-studied-theinfluence-of the- Si0./Na.O

—The increasing of the SiO»/Na,O

molar ratio increases the dissolution rate of the aluminosilicates meleculesnetwork 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 [26,29-31],

\
\\\ [Con formato: Fuente: (Predeterminada) Arial

N\
{Con formato: Fuente: (Predeterminada) Arial

[ Con formato: Fuente: (Predeterminada) Arial

[ Codigo de campo cambiado

In addition, the samples of 0SSA and 10SSA with the highest SiO»/Na>,O 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)
Si0O2/Na,O molar ratio, respectively. The sample containing SSA (10SSA) with the lowest
SiO2/Na>,O 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 SiO,/Na.O molar ratio reached a very
similar compressive strength after 14 days of curing compared to the sample 0SSA with
the same SiO,/Na>O 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/Na>,O molar ratios. The geopolymerization reaction and the compressive strength
development in the first curing days at 25 °C were retarded. For the lowest SiO./Na,O
molar ratio, the sample 0SSA showed at least 90% of the final compressive 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 enly-14

days of curing. For this curing temperature (25°C), SSA reactivity did not compensate for
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the reduction of 10% of MK content. For the highest SiO2/Na.O 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

geopolymerization process. Although, an similar delaying effect was reported to fly ash

due to an Al-rich gel transformation into Si-rich aluminosilicate gel, such reason is not

clear to explain the delaying effect of SSA [32]. [ Cédigo de campo cambiado

To verify the influence of the SSA in the hardening of the MK based-geopolymer with the

highest SiO,/Na,O 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 lewerthanunder 53 um. The replacement of MK by an

inert filler provided a parameter to compare the result displayed by the sample 1OSSA.L,,,,,,,,,,x——f[ Con formato: Fuente: (Predeterminada) Arial

The mix dosage was maintained in the same conditions as the sample 10SSA presented
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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)., [ Con formato: Fuente: (Predeterminada) Arial

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 P,Os or SOz are generating this delaying effect. Although a delay was Con formato: Subindice
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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
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thermodynamic issue: the gel-type products from the metakaolin geopolymerization
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) [33]. Furthermore, the elevated [cadigodecampocambiado

temperature increases the early compressive strength, on the other hand, the

accelerated consolidation of the structure likely does not result in good quality gels [34]. (Con formato: Fuente: (Predeterminada) Arial
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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 SiO,/Na,O 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 SiO,/Na,O

molar ratio. , (Con formato: Fuente: (Predeterminada) Arial

The loss of compressive strength, in percentage, to the samples with the lowest
SiO2/Na>O 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/Na.O 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
the samples with only MK (0SSA) presented a loss of compressive strength of 51%, both
of them 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 [2325], ( Con formato: Fuente: (Predeterminada) Arial
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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 SiO./Na,O
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 SiO./Na,O 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.
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Fig. 1. Compressive strength development of metakaolin-based geopolymers with [Na*]
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8 mol.kg™ and for both SiO»/Na,O molar ratios (0.8 and 1.6). Reference (0SSA)
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360 samples and samples with 10 wt.% replacement of MK by SSA (10SSA) were cured at

361 room temperature (R, 25°C).
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Fig. 2. Compressive strength development metakaolin-based geopolymer with [Na*]
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8 mol.kg™ and for both SiO,/Na.O molar ratios (0.8 and 1.6). Reference (0SSA)
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samples and samples with 10 wt.% of SSA (10SSA) were cured in a thermal bath at

65°C (B).

3.2 X-rays RbBdiffraction analyses

XRD analyses were carried out on all mix proportions cured for 7 days in a—thermala
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/Na.O ratio

equal to 0.8 and 1.6;1.6, respectively are shown in Fig.ures 3 and 4.,

A

A baseline deviation can be noted in the range 16-32° and 18-32°, respectively, in the

XRD pattern for both raw materials, MK and SSA, which is characteristic of the presence

of an amorphous phase [35,36]. 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) [31,37,38]. 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 —which-is-attributed-to-a-the crystallization process of the
amorphous phases. } }

FThe transitionfermation 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

I39]. Then, as can be seen in the Fig. 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 6Als 6Sii2.4.14H,0, PDFcard#401464) crystalline phase was observed.

The elevated temperature curing triggers an acceleration of the geopolymerization
reaction; however, it also activates the crystallization of the gel for a longer time. Such
behaviour can-be-seen-was observed, primarily, in the compressive strength of the

sample 0SSA with the highest SiO2/Na>,O 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/Na>O molar ratio cured at 65 °C, exclusively, presented, in addition to Na P-types
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zeolites, FAU-type zeolite (Na2Al>Sis01..8H,0, PDFcard#391380) as a new crystalline
phase. According-to-Palet-al.(2013),-Tthe formation of FAU-type zeolite is favored in
the alkaline activation reaction mainly for alkaline solutions with a low SiO2/Na2O ratio
J40]. Crystalline phases such as muscovite ({KAl3Si3010(OH),, PDFcard#210993), quartz

(SiO2, PDFcard#331161), and anhydrite (CaSQO4, PDFcard#371496) present in SSA/MK
geopolymer are from the MK and SSA mineralogy composition. Kaolinite (Al2Si>Os(OH)a,
PDFcard#140164) and hematite (Fe.Os, 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
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Fig. 3. XRD patterns of SSA/MK geopolymers with a SiO2/Na>O molar ratio of 0.8 (Key:
F - FAU-type zeolite; K — kaolinite; M - Muscovite; P — Na P-type zeolite; Q — Quartz; A

— Anhydrite; H — Hematite)
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Fig. 4. XRD patterns of SSA/MK geopolymers with a SiO./Na,O molar ratio of 1.6 (Key:
K — Kaolinite; M - Muscovite; P — Na P-type zeolite; Q — Quartz; A — Anhydrite; H —
Hematite)

3.3. Fourier-transform infrared spectroscopy FR-analyses

The infrared spectra of precursors MK and SSA, as well as, the infrared spectra of

geopolymeric pastes with the highest SiO,/Na,O molar ratio are given in Fig. 5., Inthe

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) [28,41]. 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

[42], 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™ [38]. Bands in the regions of

frequency 534 cm™ and 663 cm™ are linked with Si-O and Al-O vibrations [38,43].
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For SSA spectrum, the asymmetric stretching vibration of the Si-O-T group appeared at

1100, 1040, 671, 665, 611 and 594 cm “Y(Tashima et al.- 2017 [243]. The Si-O double

[ Codigo de campo cambiado

band at 796 — 778 indicated the presence of quartz , [{44]Redriguez et al 2010} which
was confirmed by the XRD analysis of the SSA,
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region attributed to an asymmetric stretching vibration of the Si-O-T group (T= Si or Al) \\{ Con formato: Sin Resaltar
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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™ and 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 [445-476]. Such [ Con formato: Fuente: (Predeterminada) Arial

shifts is due to random substitutions of tetrahedral Si (SiO.) by Al (AlO.) in the

tridimensional geopolymer structure, which leads to a local change of the Si-O bond

environment [48](Erdogan, 2015). | Comentado [DI1]: S.T. Erdogan, Properties of Ground

Perlite Geopolymer Mortars, J. Mater. Civ. Eng. 27 (2015)
Comparing the effect of SSA and the curing condition on the infrared spectra_of 04014210. doi:10.1061/(ASCE)MT.1943-5533.0001172
geopolymeric_samples, no clear distinction was observed. For all cases, the bands Con formato: Fuente: (Predeterminada) Arial
observed in _the region of 700-400 cm* are attributed to the unreacted phases of [CO,, formato: Superindice

precursors (MK and/or SSA).

In_Fig. 6 are depicted the infrared spectra of geopolymeric pastes with different

Si0»/Na,O 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

centered between 991 and 974 cm:!. Comparing these values to the bands observed for [ Con formato: Superindice

precursors (1032-1014 cm:*), a displacement for lower values are observed indicating [ Con formato: Superindice

the formation of N-A-S-H gel [454-476].
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489 Fig. 5. FTIR analysis for geopolymer samples with the highest SiO2/Na,O ratio (1.6)
490  cured at room temperature (R) condition or in a thermal bath (B) condition during 3 and
491 90 days.
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Fig. 6. FTIR comparison between samples with different SiO,/Na,O molar ratios (0.8

and 1.,6) cured during 90 days at room temperature (R) or in thermal bath (B) condition
with 10 wt.% of SSA (10SSA) and 0 wt.% of SSA (0SSA).

3.4. Thermogravimetric G-analyses

TG analyses were carried out on the samples with the highest (1.6) SiO2/Na,O molar
ratio cured for 3 and 90 days at room temperature and in a thermal bath, and they are

shown as DTG curves in Fig. 7. The TG analyses were exclusively carried out on the

samples with the highest SiO»/Na,O 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 Fig. 7, two mass losses were remarkable in the geopolymeric samples

(Ly and Ly).,

The L4, 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 [26.43,48,49] from the activation of the precursors

(MK and SSA). The L, 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

N
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hydroxyl groups) and, on the other hand, the mass loss of the decomposition and
removal of hydroxyl group from Na P- zeolite type [40,5048,5149]. 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 Fig. 7, L;).

In Table 3, the amount of the mass loss related to each range of temperature (L1, L),
the mass loss associated with the zeolite decomposition_(L,) 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 L, zone of DTG curves could be
observed (Fig. 7). This peak is associated with the decomposition of Na P- zeolite type

[40,5048]. The area of the peak was calculated (L;). Such behaviour was expected due

to the crystallization process, which usually takes place for long-term curing periods at

high curing temperature_[39]. The zeolite formation was also observed on the XRD

analyses presented in Fig. 4. Comparing the mass loss associated with the

decomposition of zeolites (L) 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 3. Mass loss from TG analyses of the geopolymers prepared with the highest
SiO2/Na20 ratio (1.60). Lr, L1, L2 and L; 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.

Mass loss (%)

Geopolymer Samples 3 days of curing 90 days of curing
L1 L2 Lt L1 L2 L, Lt
0SSA 8-16 R 82 41 13.7 8.9 4.5 - 14.7
10SSA 8-1.6 R 86 42 14.3 8.5 4.7 - 14.5
0SSA 8-1.6B 83 45 14.2 4.3 7.6 3.7 13.7
10SSA 8-1.6 B 8.4 4.4 14.3 4.5 7.2 3.2 135
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Fig. 7. DTG curves of the geopolymer samples with the highest SiO./Na>O molar ratio

(2.6) with 3 (3d) and 90 (90d) days of curing at 25 °C (R) or 65 °C (B)-.

3.5. Scanning electron microscopyEM 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/Na,O 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 the Fig. 8, the microstructures of the geopolymers with 90 days [ Con formato: Fuente: (Predeterminada) Arial

AN
of curing at 65 °C are shown. Both microstructures of the 0SSA paste (Fig. 8a) and the [Con formato: Fuente: (Predeterminada) Arial
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Fig. 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 —
pinecone-like shape of the zeolite Na P; BW — ball-wool shape of the zeolite Na P; A

and B: Transforming process of the geopolymeric gels into crystals).
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571 Fig. 9. SEM micrographs of geopolymeric pastes cured at 25°C for 90 days with
572 fractured surface: a) and b) 0SSA 8-1.6 R and c) and d) 10SSA 8-1.6 R.
573

574 4. Conclusion

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

580 - Samples with SiO»/Na,O molar ratio 1.6 yielded about 50 MPa after 14 curing days at /{c.,n formato: Inglés (Reino Unido)

581  room temperature for both 0SSA and 10SSA.

582 - Geopolymeric binders based on MK presented a loss of compressive strength for long-

583  curing time when cured at 65°C due the zeolitic phases formation., /{c(,n formato: Inglés (Reino Unido)

584
585
586
587
588
589
590




591
592

593
594
595

596
597
598
599
600
601
602
603
604
605

606
607
608
609
610

611
612
613
614
615
616
617
618

619
620

621
622
623
624
625
626
627

628
629
630
631

632
633
634

635
636

- The addition of SSA causes a delaying effect on the hardening process of geopolymeric
binders at 1 curing day.

- SSA provided a retarding effect on the crystallization of geopolymeric gels into zeolite

phases (Fau-type and Na P-type zeolites), indicating higher stability for geopolymeric
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