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ABSTRACT: This paper aimed to evaluate the long-term compressive strength development of the sewage sludge ash/metakaolin
(SSA/MK)-based geopolymer. SSA/MK-based geopolymeric mortars and pastes were produced at 25°C with different SSA contents
(0 - 30 wt.%). Compressive strength tests were run within the 3-720 curing days range. A physicochemical characterisation (X-ray
diffraction and scanning electron microscopy) was 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 curing days 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/MK-based geopolymer presented a dense microstructure with N-A-S-H gel formation.
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RESUMEN: Evaluacion de la resistencia a compresion a largo plazo de geopolimeros producidos con metacaolin y ceniza de
lodo de depuradora. En este estudio se evaluo la resistencia a compresion a largo plazo de geopolimeros con metacaolin (MK) y
ceniza de lodo de depuradora (SSA). Se estudiaron morteros y pastas de geopolimeros SSA/MK con distintas proporciones de SSA
(0-30%) curados a 25°C. Se determinaron resistencias a compresion en el intervalo de 3 a 720 dias. La caracterizacion de pastas
se realizé por medio de difraccion de rayos X y microscopia electronica de barrido. Todos los morteros desarrollaron ganancia de
resistencia a compresion a lo largo del tiempo. Después de 720 dias de curado, todos los morteros con SSA (10, 20 y 30% en peso)
presentaron resistencias superiores a 40 MPa. El mortero con 10% de SSA mostré el mayor valor de resistencia a compresion (~61
MPa), alcanzando un valor similar al reportado para el mortero con 100% MK. El andlisis de pastas mostré una microestuctura
densa, con formacion de gel N-A-S-H.

PALABRAS CLAVE: Cementos de activacion alcalina; Metacaolin; Resistencia a compresion; Mortero; Microscopia electronica
de barrido.
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1. INTRODUCTION

In a global scenario, the building construction
sector’s sustainable development has been seriously
tracked. In fact, Portland cement (PC) is the most
widely used material worldwide after water (1), and
is composed primarily of non-renewable raw materi-
als like limestone and clay (2). The production of this
material means that cement industries are responsi-
ble for almost 8% of the world’s CO, emissions (2,
3). Therefore, more sustainable cementitious mate-
rials than PC cement are required to minimize this
environmental issue. This is the reason why several
researchers have studied alkali-activated and geo-
polymeric binders (4, 5).

Geopolymers are aluminosilicate binders with a
low calcium content that yield a tridimensional-mo-
lecular structure in a high alkaline environment
(6, 7). One of the most widely used manufactured
precursors to produce geopolymer is metakaolin
(MK) (8), although several agricultural and indus-
trial waste types have been used; i.e. fly ash, rice
husk ash, sugar cane bagasse ash, catalytic cracking
catalyst residue, etc. (9—14). The inclusion of these
residues in geopolymeric matrices is an essential
advantage for geopolymer production because they
emit less CO, (15).

Generally speaking, the composition of these
residues is siliceous or aluminosiliceous, which is
fundamental for the geopolymeric reaction (16). The
literature has specifically pointed out the incorpora-
tion of sewage sludge ash (SSA) into the geopoly-
mer based on its physicochemical characteristics
(17), apart from its environmental-friendly immo-
bilization needed. Such residue, SSA, comes from
incinerating sewage sludge generated during waste-
water treatment. Its global generation is estimated
at 1.7 million tonnes annually, with an increasing
trend (18). This residue is mainly composed of SiO,,
Ca0, Al Q,, Fe,0,, P,O, and SO,, with an average
content of 34.0%, 15.8%, 12.8%, 11.4%, 10.8%
and 5.2%, respectively (18, 19). Mineral phases as
quartz (Si0,), calcium phosphate (Ca(PO,),), calcite
(CaCO0,), and hematite (Fe,O,) are the most common
ones found in the SSA composition (18, 20). Accord-
ing to the reports found in the literature, the amor-
phous content of SSA is largely varied, being found
values in a range of 35%-75% (21). The specific
gravity, BET specific surface area, and Blaine fine-
ness of SSA vary in a range of 1.8-2.9, 2500-23100
m?/kg, 500-3900 m?/kg, respectively (21). The av-
erage bulk density of SSA is 805 kg/m?, which is
a low value due to its porous particles (21). Given
these physicochemical characteristics, SSA has been
evaluated as raw material to produce blended PC,
mortars, bricks, ceramics and glass (19, 22-28).
Geopolymer systems seem to be another sustainable
alternative for the immobilization of SSA. However,
such an SSA application has not yet been properly

explored, being found a few studies focused on this
field (29-31).

Yamaguchi and Ikeda (29) reported a binary geo-
polymer produced by fly ash and SSA. At room tem-
perature, this system had setting problems, and its
compressive strength was inadequate at high tem-
peratures (80°C). However, the work by Istuque
et al. (30) on another binary system reported prom-
ising results for a geopolymer produced by SSA and
MK (SSA/MK-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/MK-based geopolymer presented a similar
compressive strength (=28 MPa) to the geopolymer
reference, which composed only MK as a precursor.
In another study, Istuque et al. (31) demonstrated
how the SSA/MK-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 SiO,/Na,O molar ratio of 1.6, which reached
compressive strength to about 50 MPa after 14 cur-
ing days at 25°C. Nevertheless, their study reported
research only into the mechanical development of
the SSA/MK—based geopolymer for up to 180 cur-
ing 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 re-
quires the use of non-renewable raw material and a
considerable power supply (32); moreover, it is de-
sirable 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 com-
pressive strength development of the SSA/MK-
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).

2. EXPERIMENTAL PROCEDURES

2.1. Materials
2.1.1. Sewage sludge ash production

Dried-granular sewage sludge, collected at a
wastewater treatment plant (Servigo Municipal
Autonomo de Agua e Esgoto — SEMAE) in Sao
José do Rio Preto city, SP, Brazil, was incinerated
by a process called uncontrolled autocombustion 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
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the center of the oven to record combustion tempera-
ture. After 15 h, the combustion process ended and
about 8.6 kg of SSA was obtained (43% of the dry
sewage sludge mass). Figure 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 min-
utes 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 pm, 11.17 pm
and 52.45 pum, respectively. As can be seen in Table
1, SSA was mainly composed of SiO, (38.28%) and
ALO, (35.47%). In accordance with the XRD pat-
tern of SSA, which was showed in Figure 5, quartz
(S10,), anhydrite (CaSO,) and hematite (Fe,O,) were
the main secondary phases. The insoluble residue
content of SSA was 27.20%, that since the sum of
Si0, (38.28%), AL, O, (20.72%) and Fe O, (11.27%)
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 signifi-
cant percentage of the SiO, was amorphous, as well
as a considerable amount of Al,O,. The presence of
amorphous phases in the SSA was pointed out by the
slight deviation of the baseline between 18-32° 20 in
the XRD pattern of SSA (See section 3.2.2.).

2.1.2. Other materials

MK was supplied by Metacaulim do Brasil™ to
produce geopolymeric pastes and mortars, whose
chemical composition is presented in Table 1. NaOH
pellets (98% of purity) and sodium silicate solution
(waterglass, 61.4% H,0, 29.7% SiO, e 8.9% Na,O)
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FiGure 1. Temperature profile during the uncontrolled autocom-
bustion of the dried-granular sewage sludge.

were used to prepare the activating solution. Water
was employed to adjust the water/binder ratio (bind-
er = MK+SSA) of the geopolymeric pastes and mor-
tars. Siliceous sand from Castilho city — SP, Brazil,
was obtained to produce the geopolymeric mortars
with a fineness modulus of 2.05 and a specific grav-
ity of 2.67 g/ecm®.

2.2. Producing geopolymeric pastes and mortars

This study was divided into two steps (see Figure
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 tem-
perature (25°C). Activating solutions with different
NaOH concentrations and SiO,/Na,0 molar ratio
() of 8 molkg! (e=1.6), 10 mol.kg"! (¢=1.3) and
12 mol.kg'! (¢=1.0) were prepared. The waterglass/
binder mass ratio was set at 0.78 for all the mor-
tars assessed in Step 1. A previous study (31), which
evaluated the influence of the SiO,/Na,O molar ratio
for the mortars containing 8 mol.kg! of NaOH, es-
tablished that a SiO,/Na,O ratio of 1.6 offered the
best compressive strength results.

With the optimum NaOH concentration, the in-
fluence 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 (climat-
ic chamber, relative humidity of 95%). X-ray dif-
fraction (XRD) and scanning electron microscopy
(SEM) analyses were conducted to corroborate the
mechanical results.

The dosage of each geopolymeric mortar in Steps
1 and 2 are shown in Table 2. The nomenclature for
the mortars from Step 1 was adopted: MKx y(¢),
where x represents the percentage of SSA, y rep-
resents the NaOH concentration, and & represents
the SiO,/Na,O molar ratio. The nomenclature for the
mortars from Step 2 was simplified to MKx, con-
sidering that all of them present the same values of
NaOH concentration and ¢ according to the given
results from Step 1. In both Steps 1 and 2, all the
geopolymeric mortars were prepared by maintain-
ing the water/binder and sand/binder mass ratios at
0.6 and 2.5, respectively (31). Precursors (MK and
SSA) were homogeneously mixed before adding
the activating solution, which was cooled to room
temperature (25°C). After obtaining a homogeneous

TaBLE 1. Chemical composition of MK and SSA (wt.%).

Oxides (%)  SiO,  ALO, Fe0, PO, CaO SO, TiO, MgO KO NaO Others LOI
MK 5839 3547 2.71 - 0.01 - 151 03 144 - 007 0.10
SSA 3828 2072 1127 728 551 418 373 191 073 070 197 372
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geopolymeric paste, sand was gradually added. The
whole mechanical mixing process took 5 minutes.
The geopolymeric mortars were molded in prismatic
molds (4x4x16 cm?) and left for 1 minute on the vi-
bration table (35 Hz) to release any incorporated air.
The geopolymeric mortars were demolded after 24 h
and stored in the climatic chamber until testing ages
were reached.

2.3 Compressive strength tests

Compressive strengths were measured by an
EMIC Universal machine according to UNE 196-
1:2018 (33). 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 av-
erage of at least five values.

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 pastes assessed in Step 2 (see Figure
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 within a 260 range of 5-60° in an angle step of
0.02° and a step time of 1.20 s/step. Cu-Koa radiation
and an Ni filter were used at a voltage of 30 kV and
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.

3. RESULTS AND DISCUSSION

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

3.1.1. Compressive strength

In Step 1, three different NaOH concentrations
(8 mol.kg! (e=1.6), 10 mol.kg! (e=1.3), 12 mol.kg!
(e=1.0)) in the activating solution were evaluated
in the geopolymeric 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 3.

The increasing NaOH concentration lowered the
compressive strength of the SSA/MK-based geo-
polymeric mortars for both curing times (3 and 7
days). The mortars prepared using the 8 mol.kg!

Mortar - (wt.% SSA) = 10%
. _—~ —» Waterglass/binder = 0.78
M — NaOH concentration \\¥> [NaOH] = ? (8, 10 and 12 mol.kg™")
Comp. strength - 3 and 7 curing days (25°C)
—»Mortar - (wt. % SSA) = ? (0, 10, 20 and 30%)
_—» Waterglass/binder = 0.78
Step 2 | — Effectof % of SSA [ # [NaOH] = ? (selected from step 1)
~_—» Comp. strength - 3 to 720 curing days (25°C)
—» Pastes - XRD and SEM analyses
Ficure 2. Methodology carried out in this study.
TasLE 2. Dosage of the geopolymeric mortars for step 1 and step 2.
Binder Activating solution .
water/binder
MK (wt.%)  SSA (wt.%) [NaOH] €
MKI10 8 8 mol.kg 1.6
Step 1 MK10 10 90 10 10 mol.kg™! 1.3
MKI10 12 12 mol.kg"! 1.0
MKO 100 - 0.6
Step 2 MR10 %0 10 [NaOH]-¢ from Step 1
MK20 80 20
MK30 70 30
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NaOH and e=1.6 (MK10 8(1.6)) activating solution
yielded the highest compressive strengths (30.9 and
31.9 MPa at 3 and 7 days, respectively) compared
to the other geopolymeric mortars. The literature re-
ports that a NaOH concentration of approximately
8 M is often used to produce MK-based geopoly-
mers (34, 35). Kuenzel et al. (36) assumed that the
NaOH concentration around 8 M is enough for a
proper dissolution of the reactive phases of metaka-
olinite. Moreover, it is well-known that as higher
the NaOH concentration, faster is the MK geopoly-
merization, though a higher geopolymerization rate
could lead to a lower polycondensation degree of
the geopolymer, affecting the compressive strength
development (37). The findings herein agree with
such understanding. Hence, the dissolution of the
amorphous phase of the system SSA/MK at 8§ mol.
kg! NaOH lead to a proper geopolymerization ra-
tio, which results in higher compressive strength de-
velopment. At the highest NaOH concentration (12
mol.kg'), the compressive strength loss (3.8MPa),
after 7 curing days, could be related to somewhat ze-
olite formation from the geopolymer matrix, which
can occur for MK-based geopolymer systems even
at room temperature (38). The following evaluations
proposed in Step 2 were made with the geopolymer-
ic mortars and pastes using the activating solution of
8 mol.kg! NaOH (e=1.6).

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 acti-
vating solution of 8 mol.kg! NaOH (g=1.6), varying
the content of SSA in 10 wt.% (MK10), 20 wt.%
(MK20), and 30 wt.% (MK30).

60
F227Z1MK 10 8(1.6)
BB MK 10 10(1.3)
[ IMKI012(1.0)
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FiGure 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.

3.2.1. Compressive strength

The compressive strength of geopolymer mortars
MKO0, MK10, MK20 and MK30 at 3, 7, 28, 90 and
720 days were measured and are depicted in Fig-
ure 4. The geopolymeric mortar containing no SSA
(MKO) content was set as a reference.

The reference geopolymeric mortar (MKO) pre-
sented a higher compressive strength for all the cur-
ing times (3 to 720 days), except for sample MK 10,
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 MK 10) 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 synergic behaviour
in Portland cement systems in accordance with pre-
vious works (22, 28), it showed different behaviour
in the alkali-activation system. According to Cheng
et al. (39), MK-based geopolymer develops high
compressive strength, mainly because of the large
surface area and high reactivity of MK, which lead
to greater geopolymerization due to increasing dis-
solved aluminosilicate phases. Zhu et al. (40) eval-
uated the replacement of MK by other material as
reactive as MK, in thermal-treated geopolymer pro-
duction, 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
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Ficure 4. Compressive strength of the SSA/MK-based geo-
polymeric 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.
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FiGure 5. XRD patterns of precursors MK and SSA and the
SSA/MK geopolymeric pastes with 0 wt.% of SSA (MKO), 10
wt.% of SSA (MK10) and 30 wt.% of SSA (MK30) cured at
25°C for 90 days.

strength enhancements were attributed to the enrich-
ment 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 con-
taining 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 SiO,/AlO,
and Na,O/Al O, ratios of the system are changed
(41). Such eftects could explain the decrease of the
compressive strength higher than the MK replace-
ment percentage in the mortars. However, at inter-
mediate curing times, the increasing SSA content
had no significant effect on compressive strength.
Although a partial MK replacement with SSA
lowered the geopolymerization rate, the reaction
progressed for an extended duration. The geopo-
lymerization progress was clearly identified by an
increasing compressive strength gain by rising the
SSA content between 3 and 720 days. The compres-
sive strength gain was 96.4%, 96.7% and 143.6%

il w
Ficure 6. SEM Micrographs of the MK/SSA geop

T

olymeric pastes with 0 wt.% of SSA (MKO, a and b), 10

o= 1

wt.% of SSA (MK10, ¢ and

d) and 30 wt.% of SSA (MK30, e and f) cured at 25°C for 90 days.
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for geopolymeric mortars MK 10, 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
geopolymerization process for SSA/MK systems re-
quired a longer curing time. Zhang et al. (42) studied
the influence of MK replacement by fly ash on the
reaction process in the MK-based geopolymers. Ac-
cording to the authors, the MK replacement of 10%
by fly ash increased the reaction extent due to the
lower dissolution of fly ash compared to the MK.
The results obtained in the study herein are endorsed
by such a report.

3.2.2. XRD analyses

The XRD patterns of the geopolymeric pastes with
an equivalent mix proportion of mortars MK0, MK 10
and MK30 were determined at both 90 curing days
and 25°C. According to the XRD patterns in Figure 5,
the crystalline phases of SSA were quartz (SiO,, PD-
Fcard#331161), hematite (Fe,O,, PDFcard#130534)
and anhydrite (CaSO,, PDFcard#371496), as men-
tioned previously in item 2.1.1, while those of MK
were quartz (SiO,, PDFcard#331161), kaolinite
(ALSi1,0,(OH),, PDFcard#140164) and muscovite
(KALSi,0,/(OH),, PDFcard#210993). Regarding
the XRD patterns of the geopolymeric pastes, all the
pastes presented the same crystalline phases identi-
fied in the XRD pattern of the precursors because of
the non reacted phases of MK and SSA. As reported
by Belmokhtar (43), the structures of muscovite and
quartz are not affected during geopolymeric, which
means that those phases do not react and, conse-

quently, do not offer any contribution to developing
cementing gel. This result was corroborated by the
compressive strength results: the samples contain-
ing SSA had lower compressive strengths because
of the low reactivity of ash. In addition, in the XRD
patterns of all samples containing SSA was not iden-
tified zeolite peaks, pointing out any zeolite forma-
tion from the geopolymer matrix, which could lead
to compressive strength loss. Such a result endorses
that the lower compressive strength of the samples
MK10 and MK30 are more related to a dilution ef-
fect and a changing the nature of gel formed due to
SSA addition.

Diffuse halo signals were noted at about 16° - 34°
and 19° - 32° of the 20 angle in the XRD patterns
of MK and SSA, respectively, which indicated the
presence of amorphous phases (44) in the compo-
sition of the precursors. These amorphous halo sig-
nals were displaced to 18° - 38° in the XRD patterns
of geopolymeric pastes MKO, MK10 and MK30.
This displacement denoted the occurrence of a geo-
polymeric reaction, which yielded new amorphous
phases as N-A-S-H gel (34, 44, 45). When compar-
ing the XRD pattern of pastes MKO and the others
containing SSA (MK10 and MK30), no significant
difference was found for pastes MK10 and MK30,
except for the remaining crystalline phases from
SSA.

3.2.3. SEM analyses
The microstructural analyses were carried out

using SEM characterization on pastes MK0, MK10
and MK30. Paste MK 10 was chosen to be analysed

Ficure 7. SEM micrographs: a SSA powder; b) plate-like particle in SSA; c) general view of the alkali activated SSA paste; d) detailed
view of the binding N-A(F)-S-H gel and the reacted plate-like particle (see arrow).
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by SEM for its low SSA content, along with paste
MK30 because it had the highest SSA content. The
micrograph images of pastes MKO were taken as the
reference. The micrograph images of samples MKO,
MK10 and MK30 at both 90 curing days and 25°C
are presented in Figure 6. At a magnification be-
tween 700 and 10000x, geopolymeric pastes MKO,
MK10 and MK30 presented a dense microstructure,
described in the literature as the result of N-A-S-H
type gel forming by a geopolymeric reaction (46—
48). The XRD analysis did not reveal the presence
of zeolitic phases by the chemical evolution of N-A-
S-H gel (30). The SEM micrographs confirmed the
absence of crystalline zeolitic-type particles.

The non-formation of these zeolitic phases agrees
with compressive strength increasing for long curing
times (30, 49). There was a significant difference in
the microstructure organisation among pastes MKO
(Figure 6a and 6b), MK10 (Figure 6¢ and 6d) and
MK30 (Figure 6e and 6f). Many cementing particles
(N-A-S-H type cementing gel) were observed for
MKO (Figure 6b). When a small amount of MK was
replaced with SSA (MK10), the same type of parti-
cles were observed, but in smaller numbers (Figure
6d). These particles were bonded to the amorphous
matrix (probably formed with N-A-S-H gel and the
unreacted SSA particles). Finally, for sample MK30,
fewer characteristic gel particles were observed in
MKO and the bonding matrix among them was larg-
er. The changes in the microstructure of the cement-
ing matrix of geopolymers due to the presence of
SSA could explain the differences observed in me-
chanical strength development.

In order to analyze the potential contribution of SSA
in the geopolymeric reaction, SSA-activated pastes
were prepared (maintaining the same proportions in
the activating solution and the activator/SSA ratio than
those for MK/SSA systems previously described. A
28-days (room temperature cured) SSA activated paste
was prepared and low strength was reached (<10MPa):
this value means that SSA had a limited reactivity in
the activating conditions selected. However, there is a
contribution to the development of binding gels. SEM
micrographs of the SSA and the activated SSA samples
were taken (Figure 7). Figure 7a shows the irregular
morphology of SSA particles and figure 7b shows the
presence of platelet-like particles attributed to decom-
posed clay compounds. Figure 7c shows the micro-
structure of the binding gel formed by geopolymeric
reaction; Figure 7d shows a detailed microstructure of
the N-A(F)-S-H gel (due to the presence of iron com-
pounds in the SSA, the gel also contained this element)
and a reacted plate-like SSA particle. The gel was
formed by the agglutination of nanoparticles (less than
200 nm) and its composition (EDS) presented a SiO,/
(ALO,+Fe O,) molar ratio of 3.6 and (Al,O,+Fe 0O,)/
Na,O molar ratio of 0.62.

4. CONCLUSIONS

The aim of the paper was to evaluate the me-
chanical development of MK-based geopolymers
containing SSA by microscopical and mineralogical
analyses, and compressive strength development at
long curing times. According to the results, the key
conclusions were obtained:

- The SSA/MK-based geopolymeric mortars ac-
tivated with an activating solution of NaOH and
Na_SiO, at a NaOH concentration of 8 mol.kg"
(e=1.6) presented higher compressive strength.

- The geopolymeric mortars containing 10
wt.% of SSA (MK10) had a compressive strength
of 60.7+44.3 MPa for 720 curing days at 25°C,
which was similar to the reference geopolymer-
ic mortar (MKO), whose compressive strength was
66.9+2.9 MPa for the same curing conditions.

-Although SSA had a delaying effect on the mechan-
ical development of the MK-based geopolymer, the
compressive strength gain between 3 and 720 curing
days at 25°C was maximum (143.6%) in the sample
with the highest SSA content (MK30) vs. 43.9% of the
compressive strength gain for reference sample MKO.

- Although the increasing SSA content dimin-
ished the compressive strength of the geopolymer-
ic mortars, all the evaluated SSA contents (10, 20,
30 wt.%) had a compressive strength over 40 MPa
for 720 curing days at 25°C.

- The microstructure of the geopolymeric pastes
containing SSA (10 and 30 wt.%) was morphologi-
cally changed by the SSA incorporation in the geo-
polymer matrix. It presented fewer N-A-S-H type
gel with morphology similar to the one observed for
the reference geopolymer paste with MK only. Such
behaviour was considered key to explain the differ-
ences in compressive strength development.
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