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Due environmental problems related to Portland cement consumption, many studies have been
performed to diminish its use. One solution is the development of alkali-activated binders, which can
decrease CO2 emissions and energy consumption by 70% when compared to Portland cement production.
In addition, an alkali-activated binder presents mechanical properties similar to Portland cement mix-
tures, which turns into an interesting material in civil construction. Aluminosilicate-based materials
are important raw materials to produce the alkali-activated binders. Therefore, two residues are pre-
sented as an aluminosilicate source in this study: fly ash (FA) and sugarcane bagasse ash (SCBA). Both
residues were obtained from a combustion process to generate energy, the former from coal and the
latter from the bagasse of the sugarcane industry. In addition, the alkaline activating solution is an impor-
tant factor to achieve improved mechanical properties. In this context, this study investigated the influ-
ence of four different SiO2/K2O molar ratios (0, 0.36, 0.75 and 1.22) in the activating solution with a
constant water content, and three FA/SCBA binder proportions (75/25, 50/50 and 25/75).
Microstructural characterization was carried out by X-ray diffraction, Fourier transform infrared spec-
troscopy, thermogravimetric analysis, scanning electron microscopy, mercury intrusion porosimetry,
pH and electrical conductivity measurements to study the evolution of the reaction process. The com-
pressive strength of mortars was assessed in order to determine the optimum SiO2/K2O molar ratio
and FA/SCBA ratio. The tests showed that a SiO2/K2O molar ratio of 0.75 and FA/SCBA proportion of
75/25 provided the best mechanical properties.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

New materials are being researched worldwide in order to
reduce Portland cement consumption. Three main problems are
related to the production process of Portland cement: the emission
of CO2 (this hydraulic binder is responsible for 5–8% of global
greenhouse gas emissions) [1], energy requirements, and the use
of non-renewable materials. In this context, alkali-activated bin-
ders (also called geopolymers or inorganic polymers) appear to
be an interesting solution in terms of abovementioned problems.
An alkali-activated binder is a well-cemented composite obtained
through the chemical reaction between an aluminosilicate source
with an amorphous structure and a highly concentrated alkaline
solution [2,3]. The product formed from this reaction is a three-
dimensional tetrahedral structure of aluminate and silicate, where
the alkali metal from the solution balances the global negative
charge from Al3+ four-fold oxygen coordination [4].

When the production of Portland cement is compared to that of
alkali-activated binders, several environmental advantages are
highlighted. In terms of gas emissions, the production of one ton
of Portland cement clinker releases 0.8 tons of CO2 into the atmo-
sphere [5], whereas some alkali-activated binders emit only
0.184 tons of the greenhouse gas to produce the same amount of
binder [6]; this represents a reduction of over 70% [7]. In terms
of energy requirements, alkali-activated binders require 70% less
when compared to Portland cement [8]. The most interesting
aspect of alkali-activated binders is that the aluminosilicate
sources that have been researched are usually residues [9,10],
whereas one ton of Portland cement requires 2.8 tons of non-
renewable raw material (clay and calcium carbonate, among
others) [11]. In addition to the environmental advantages, the
technological benefits of alkali-activated binders are their high

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2016.02.020&domain=pdf
http://dx.doi.org/10.1016/j.fuel.2016.02.020
mailto:maumitta@hotmail.com
http://dx.doi.org/10.1016/j.fuel.2016.02.020
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel


308 V.N. Castaldelli et al. / Fuel 174 (2016) 307–316
compressive strength and durability, which are similar to or better
than the characteristics of Portland cement [12].

Several aluminosilicate sources are being studied to produce
alkali-activated binders such as fly ash from thermoelectric power
plants [10,13], metakaolin [14], spent fluid catalytic cracking cata-
lysts [9], blast-furnace slag [15] and others. In addition, residues
from the agroindustry are being researched in alkali-activated bin-
ders, such as rice husk ash [16]. Recently, interesting studies have
been carried out on binary systems (the presence of two alumi-
nosilicate sources in the mixture as mineral precursors) to improve
the mechanical properties of a single-precursor binder; good
cementing materials have been produced from these mixtures
[17–19]. In this context, this study investigated a binary system
consisting of fly ash/sugarcane bagasse ash (FA/SCBA) as an alumi-
nosilicate source for alkali-activated binder production. Both fly
ash (FA) and sugarcane bagasse ash (SCBA) are residues of energy
generation, the former from coal combustion and the latter from
bagasse combustion. Due to the available amount of those resi-
dues, civil construction appears to be a suitable choice to valorize
these wastes.

Fly ash generation is estimated at over 500 million tons per year
[20]. This waste is used to partially replace Portland cement as a
pozzolanic material [21], and studies on alkali-activated binders
are being carried out [22]. On the other hand, one problem related
to sugarcane bagasse ash is its increased production in Brazil.
Sugarcane production has expanded by 154% in the last 15 years
in this country, reaching 654 million tons in 2014 [23]. Bagasse
represents one quarter of sugarcane mass [24], and 80% of this
by-product is burned in order to generate energy [25]. After the
burning process, approximately 2.5% (by mass) of the bagasse
remains as ashes, called sugarcane bagasse ash [26]. Nowadays, this
waste is being researched as a pozzolanic material [27], but there
are fewer studies on its use in alkali-activated binders [28,29].

In general terms, the alkaline activation of fly ashes requires the
use of high waterglass and sodium hydroxide concentrated
solutions. Typically, the sodium concentration is in the range of
10–15 M to obtain suitable compressive strength development
[30]. The partial replacement of FA by SiO2-rich pozzolans could
improve the hardening process of fly ashes in the alkali-
activation process [31]. Then, under these conditions, the concen-
tration of the activator could be reduced, with corresponding
savings in expensive reagents used for preparing these mixtures.
With this purpose, we present here the role of SCBA in FA alkali-
activated systems.

In this paper, alkali-activated binders were obtained from a bin-
ary system of FA/SCBA as the aluminosilicate source, activated by a
solution of potassium hydroxide and potassium silicate. This study
was carried out in two sections: in the first part, the influence of
the SiO2/K2O molar ratio to select the optimum solution was
assessed, and in the second part, different proportions of FA/SCBA
were assessed in order to achieve the best mechanical perfor-
mance. Evolution of the reaction process was assessed in pastes
by Fourier transformed infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), pH/electrical
conductivity measurements and mercury intrusion porosimetry
(MIP). The compressive strength test for mortars was performed
in order to select the optimum SiO2/K2O molar ratio in the solution
and the optimum FA/SCBA proportion in the binder.
2. Materials and methods

2.1. Materials

Fly ash (FA) was supplied by Infraestructuras Balalva, Spain.
This ash was ground in an industrial ball mill for 10 h in order to
enhance its reactivity. Sugarcane bagasse ash (SCBA) was taken
from a settling lagoon at Destilaria Generalco S/A, close to General
Salgado, Brazil. In this factory, the bagasse was burnt to obtain
energy, and the ash generated was collected using a scrubber.
The resulting suspension was mixed with water from sugarcane
washing, and afterwards it was poured into the lagoon. The settled
solids were retrieved from the lagoon. Afterwards, the sugarcane
bagasse ash was dried at 105 �C and milled for 20 min in a ball mill
in order to increase its reactivity [28]. This original ash
(non-calcined ash), in a first approach, was tested for preparing
geopolymeric mixtures. However, some problems in setting and
hardening were observed, since the residue presents a high
amount of organic matter [28]. Thus, in order to remove it, the
original ash was calcined at 650 �C for 2 h. Then, the obtained
calcined ash was used for geopolymeric mixtures (named SCBA
for the rest of the manuscript). The chemical compositions of FA
and SCBA are shown in Table 1. The crystalline compounds present
in FA were mainly quartz (SiO2, PDF card# 331161) and mullite
(3Al2O3.2SiO2, PDF card# 150776), whereas for SCBA there were
mainly quartz and calcite (CaCO3, PDF card# 050586). The particle
size distribution and derivative granulometric curves of FA and
SCBA are shown in Fig. 1. The mean particle diameter (Dmean)
and ninety percent passing size (D90) for FA were 9.11 and
40.18 lm, respectively, whereas the SCBA values for Dmean and
D90 were 18.47 and 61.31 lm, respectively. SEM images of FA
and SCBA particles are shown in Fig. 2. SCBA particles
(Fig. 2a and b) had an irregular shape, but some particles showed
a specific shape (prismatic, see Fig. 2a) [32]. Fly ash
(Fig. 2c and d) presented as spherical particles, although some
irregular particles were produced during the milling process.

In the preparation of the alkaline solutions, potassium hydrox-
ide and potassium silicate were used as alkaline reagents. Potas-
sium hydroxide pellets (85% purity) were supplied by Panreac SA,
and the potassium silicate solution (waterglass, 8.5 wt% K2O,
21.5 wt% SiO2 and 70.0 wt% H2O) was supplied by Kremer. For
mortar specimens, siliceous sand with a fineness modulus of 4.1
and a specific gravity of 2680 kg/m3 was used.

2.2. Preparation of alkali-activated binders

Studies on alkali-activated binders were performed in two sec-
tions. In the first part of the study (Section 1), the SiO2/K2O molar
ratio in the solution was varied in order to identify the optimum
value, and the FA/SCBA proportion was held constant at 50/50 by
mass. In the second part of the study (Section 2), only this opti-
mized solution was used, and the FA/SCBA proportion was varied
in order to achieve the best mechanical properties. In both studies,
tests were carried out on pastes and mortars. The H2O/K2O molar
ratio was held constant at 13.89 and the water/binder (as the
sum of FA and SCBA) ratio was 0.45. For mortars, sand was used
at a sand/binder ratio of 3/1 by mass.

Four solutions were assessed in the first section of the study,
where the SiO2/K2O molar ratios evaluated were 0 (S1), 0.35 (S2),
0.75 (S3) and 1.22 (S4). The FA/SCBA proportion was held constant
at a ratio of 50/50. The optimum SiO2/K2O molar ratio selected for
the second section was 0.75 (S3). In the subsequent part of the
study, the FA/SCBA proportions assessed were 75/25, 50/50 and
25/75. Table 2 summarizes the alkali-activated binders studied in
each section. The specimens were named according to the solution
used (S1, S2, S3 and S3) and the FA/SCBA proportion (75/25, 50/50
and 25/75).

In the preparation of paste and mortar specimens, the alkaline
activators (potassium hydroxide and potassium silicate) were dis-
solved in the water and the binder (FA/SCBA) was added to the
solution, then allowed to reach room temperature. For mortars,
the binder was mixed with the alkaline solution for 4 min and then



Table 1
Chemical composition of FA and SCBA in percentage.

Oxide (%) SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 MnO Cl LOI

FA 51.83 26.04 11.84 3.03 1.05 0.46 2.67 0.70 0.87 <0.10 <0.10 1.41
SCBA 43.34 10.45 8.31 22.16 1.48 0.19 2.18 1.08 2.88 0.14 0.19 7.61

Fig. 1. Particle size distribution of FA and SCBA: (a) cumulative curve and (b)
derivative curve.
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sand was added to the paste, followed by mixing for more 3 min.
The fresh mortar was vibrated for 1 min in a prismatic mold
(40 � 40 � 160 mm3) and sealed with plastic film. Afterwards,
some molds were stored at room temperature (20 �C) and others
in a thermal bath (65 �C) at a relative humidity (RH) higher
than 95%. Specimens were demolded after 24 h at room tempera-
ture and after 4 h for thermal bath, then returned to their respec-
tive curing conditions until testing. The pastes were cured under
the same curing conditions as the mortars.

2.3. Tests carried out on alkali-activated pastes and mortars

Pastes were used in order to assess the reaction evolution of
alkali-activated binders. The following experimental techniques
were used: thermogravimetric analysis (TGA), X-ray diffraction
(XRD) and pH/electrical conductivity measurements (in both Sec-
tions 1 and 2), Fourier transform infrared spectroscopy (FTIR)
and mercury intrusion porosimetry (MIP) (only in Section 2).

TGA was carried out in a Mettler-Toledo TGA 85 thermobalance,
where the DTG curve was obtained from 35 to 550 �C at a heating
rate of 10 �C/min under an N2 atmosphere (75 mL/min gas flow).
Aluminum sealed crucibles (100 lL) with a pinholed lid were used.
X-ray diffraction studies were assessed using a Bruker AXS D8
Advance diffractometer in the 2h range of 5–70�, using Cu-Ka radi-
ation and an Ni filter, with a voltage of 40 kV and current intensity
of 20 mA. Electrical conductivity and pH measurements were per-
formed as proposed by Tashima et al. [9] using a Crison
microCM2201 conductimeter and Crison micropH2001 pH-meter.
The procedure consists of mixing 1 g of crushed paste of the
alkali-activated binder in 10 g of deionized water and stirring the
mixture for 10 min to dissolve the free ions. In this test, the pH
and electrical conductivity should decrease as the alkali-
activation reaction evolves due the reduction of free ions in the
mixture. FTIR was performed in the wavenumber range of 400
and 4000 cm�1 using a Bruker TENSOR 27 FTIR apparatus. MIP
was performed using an AutoPore IV 9500 (Micromeritics Instru-
ment Corporation), with an intrusion pressure of 14 kPa to
227.4 MPa, which are equivalent to measuring pores in the range
of 91.26 lm to 5.5 nm. For the studies in Section 1, pastes were
studied after 3 and 7 days of curing at 65 �C, whereas for Section 2,
samples were assessed after 7, 28, 90 and 270 days of curing at
room temperature, and after 3 and 7 days of curing at 65 �C.

Mortar specimens were evaluated by compressive strength
tests following the procedures from UNE-EN 196-1 [33] and by
the MIP test. The compressive strength value was an average of five
specimens, since the sixth was used in the MIP test. Tests were
performed after 3 and 7 days of curing at 65 �C (for both Sections
1 and 2), and after 7, 28 and 270 days of curing at room tempera-
ture (only for Section 2).
3. Results and discussion

The tested fly ash could not be properly activated using typical
alkaline solutions (e.g. H2O/M2O molar ratio of 11.11–13.89, mixes
of MOH and waterglass, M = Na, K), either at room temperature or
at 65 �C after 24 h of curing. The partial replacement of FA by non-
calcined SCBA (original ash) did not allow for hardening under
these conditions. Only following the removal of the organic matter
in SCBA by calcining it at 650 �C were the FA/SCBA mixtures able to
harden at room temperature. Certainly, the organic compounds
present in the as-received SCBA delayed the formation of gels in
the alkaline activation reaction. This is the reason why, in this
report, calcined SCBA was used as the raw material.

3.1. Results for Section 1: determination of the optimum SiO2/K2O ratio

Fig. 3 shows the results of the compressive strength tests on
mortars after 3 and 7 days of curing at 65 �C. All alkali-activated
mortars showed an increase in compressive strength from 3 to
7 days of curing. It was noted that S1-50/50 and S2-50/50 showed
significantly lower values compared to S3-50/50 and S4-50/50 for
both curing ages. After 3 days of curing, mortars with a low
SiO2/K2O ratio achieved strength values below 10 MPa
(8.0 ± 0.3 MPa for S1-50/50, and 3.3 ± 0.3 MPa for S2-50/50),
whereas higher strength values were obtained with increasing
the SiO2/K2O ratio, to above 25 MPa (27.0 ± 3.2 MPa for S3-50/50
and 30.8 ± 0.9 MPa for S4-50/50). This fact reveals the importance
of the chemical composition of the alkaline activator in the devel-
opment of compressive strength [9,34,35]. After 7 days of curing,
the compressive strength of mortars increased slightly; thus, mor-
tars activated with potassium hydroxide (S1) displayed increased
strength to 10.8 ± 1.2 MPa. The presence of SiO2 in the alkaline
activator produced an increase in the compressive strength of



Fig. 2. SEM images of SCBA (a and b) and FA (c and d).

Table 2
Nomenclature of the prepared mixtures for pastes and mortars.

Alkali-activated binder
mixtures

SiO2/K2O
(molar ratio)

FA/SCBA (mass
ratio)

Curing
temperature

Section 1
S1-50/50 0.00 50/50 65 �C
S2-50/50 0.38 50/50 65 �C
S3-50/50 0.75 50/50 65 �C
S4-50/50 1.22 50/50 65 �C

Section 2
S3-75/25 0.75 75/25 20 and 65 �C
S3-50/50 0.75 50/50 20 and 65 �C
S3-25/75 0.75 25/75 20 and 65 �C

Fig. 3. Compressive strength of alkali-activated binders after 3 and 7 days of curing
at 65 �C using different alkaline activating solutions and a 50/50 FA/SCBA ratio.
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between 5 and 7 MPa (8.3 ± 0.4 MPa for S2-50/50, 33.1 ± 1.3 MPa
for S3-50/50 and 38.4 ± 2.4 MPa for S4-50/50). No decay in com-
pressive strength was observed following thermal treatment, sug-
gesting that these cement products are stable (probably no zeolitic
structure was formed). Certainly, the presence of potassium
cations as the activating agent favored the stability of the gel struc-
ture [36].

Table 3 summarizes the mass losses assessed by TGA studies on
pastes after 3 and 7 days of curing at 65 �C; the DTG curves are
shown in Fig. 4. Mass loss between 100 and 200 �C is related to
the dehydration of alkali-activated products [37]. First, it was
noted that S2-50/50 presented the lowest mass loss for both curing
ages; this behavior agrees with the differences found in compres-
sive strength development. The alkali-activated mixture S1-50/50
presented lower mass loss compared to S3-50/50 and S4-50/50
after 3 days of curing, but the results after 7 days of curing showed
similar values for the three mixtures. Despite similar mass losses
for S1-50/50, S3-50/50 and S4-50/50, it was noted that the temper-
ature peaks in the DTG curves were very different (see Table 3 and
Fig. 4). Thus, S1-50/50 showed the highest temperature peak
(150 �C after 3 days of curing and 144 �C for 7 days), and an addi-
tional shoulder appeared at higher temperature (180 to 200 �C).
The gel characterized for the S3-50/50 and S4-50/50 mixtures
was different because the temperature peak moved to lower
values, i.e. 134 �C and 137 �C, respectively, after 3 days, while both
presented a peak at 136 �C after 7 days of curing.

Only the mixtures S1-50/50 and S2-50/50 increased their mass
loss from 3 to 7 days of curing, whereas S3-50/50 and S4-50/50
practically remained constant. For these last two mixtures, no
direct relationship between mass change and strength develop-
ment was found. This means that the polymerization of SiO4 and
AlO4 tetrahedra that enhanced mechanical properties did not pro-
mote an increase in the total combined water.

The results of pH and electrical conductivity of pastes after 3
and 7 days of curing at 65 �C are shown in Table 3. In the begin-
ning of the alkali-activated reaction, ions are present from the
alkaline activator (OH� and K+) and from the dissolution of the



Table 3
Results of thermogravimetric analysis and pH/electrical conductivity measurements in Section 1 (samples after 3 and 7 days of curing at 65 �C using different alkali-activating
solutions and a 50/50 FA/SCBA ratio).

Mixture TGA data pH Electrical conductivity
(lS/cm)

Total mass loss (%) Peak temperature (�C)

3 days 7 days 3 days 7 days 3 days 7 days 3 days 7 days

S1-50/50 8.40 10.67 150 144 12.79 12.71 17.69 15.08
S2-50/50 7.71 8.90 154 146 12.74 12.66 16.87 12.85
S3-50/50 10.45 10.44 137 136 12.54 12.51 13.06 11.95
S4-50/50 11.38 10.38 134 136 12.43 12.39 11.6 10.33

Fig. 4. DTG curves of alkali-activated binders after 3 and 7 days of curing at 65 �C
using different alkaline activating solutions and a 50/50 FA/SCBA ratio.

Fig. 5. XRD patterns of alkali-activated binders after 7 days of curing at 65 �C using
different alkali-activating solutions and 50/50 FA/SCBA ratio (key: k: quartz; r:
calcite; |: gypsum; €: mullite; �: hematite; 1: magnetite).
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aluminosilicate sources (SiO4 tetrahedral ions and AlO4 tetrahedral
ions). As the alkali-activated reaction evolves, a decrease in ions
occurs in the solution due to gel formation and, consequently, a
decrease in the pH (less concentration of OH�) and electrical con-
ductivity (much lower quantity of ions) is observed. For all alkali-
activated mixtures, both pH and electrical conductivity decreased
with the curing time. In addition, a higher SiO2/K2O molar ratio
was associated with lower pH and electrical conductivity values.
The alkali-activated mixtures S1-50/50 and S2-50/50 presented
more significant decreases from 3 to 7 days of curing compared
to S3-50/50 and S4-50/50. These results are similar to those from
TGA studies.

In general terms, related to pH and electrical conductivity
studies, pastes with lower values in these tests presented higher
compressive strength as mortars. It is likely that the increase in
polymerization produced more ion linking and, consequently,
strength development was enhanced.

The XRD patterns of pastes after 7 days of curing at 65 �C are
shown in Fig. 5 together with those of the raw materials, FA and
SCBA. In all pastes, a deviation of the baseline between 23� and
35� was observed, which represents the amorphous phase of the
alkali-activated reaction products. These products were amor-
phous, and the peaks shown in the XRD patterns were attributed
to the raw materials. The crystalline phases of the raw materials,
FA and SCBA, present in the pastes include quartz, calcite, gypsum
(CaSO4�2H2O, PDF card# 036-0432), mullite, hematite (Fe2O3, PDF
card# 33-0664) and magnetite (Fe3O4, PDF card# 19-0629). No
zeolites were formed in the activation process using the tested
solutions. In the raw materials, the amorphous phase was identi-
fied as a baseline deviation between 15� and 30�. These amorphous
phases were transformed during the alkaline activation reaction,
and the gels formed showed a shift of the baseline deviation
between 23� and 35�. This behavior is typical for the transforma-
tion of an amorphous raw material into a gel during the activation
process [9,38].

In summary, based on this analysis of the behavior of alkali-
activated mixtures with different SiO2/K2O molar ratio, the
solution S3 (SiO2/K2O = 0.75) was selected for tests in Section 2.
This solution presented better mechanical properties compared
to S1 and S2, whereas, when compared to S4, it presented similar
compressive strength with less consumption of potassium silicate.
It is important to note that this type of reagent, alkali silicate, is the
most expensive component of the mixture and it has an important
carbon footprint [39]. Therefore, it has been demonstrated that
mixing both ashes, FA and SCBA, allows for producing good binding
materials. We thus decided to develop FA/SCBA systems with
appropriate mechanical properties at room temperature.
3.2. Results for Section 2: determination of the optimum FA/SCBA
proportion

In this section, different FA/SCBA proportions were assessed:
75/25, 50/50 and 25/75. These mixtures were activated by using
solution S3, with a SiO2/K2O molar ratio of 0.75, cured at room
temperature and 65 �C.

The FTIR spectra of pastes after 3 and 7 days of curing at 65 �C
are shown in Fig. 6. The fly ash main vibrations bands were
1070, and 459 cm�1 (Si–O), and 551 cm�1 (Al–O), whereas for SCBA
they were 1056, 780 and 490 cm�1 (Si–O), and 1441 and 872 cm�1

(O–C–O) [37,40–41]. In the pastes, for all curing ages, the following
vibration bands were observed: �1006 and 459 cm�1 (Si–O), and
1441 and 872 cm�1 (O–C–O). The vibration band at 1006 cm�1



Table 4
TGA results from Section 2 studies after 3 and 7 days of curing at 65 �C for pastes
prepared with different FA/SCBA ratios.

Mixture Total mass loss
(%)

Peak temperature
(�C)

s (L35–200/L200–550)a

3 days 7 days 3 days 7 days 3 days 7 days

S3-75/25 11.82 12.22 138 135 2.12 1.86
S3-50/50 10.45 10.44 137 136 1.72 1.44
S3-25/75 11.92 11.05 134 134 2.31 1.79

a L35–200 is the mass loss in the temperature range of 35–200 �C, whereas L200–550
is the mass loss in the range of 200–550 �C.
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was attributed to the formed product due to the alkali-activated
reaction, since this band did not appear in the FA and SCBA spectra.
In addition, this vibration band did not change between 3 and
7 days of curing for the same mixture, indicating that there was
no significant change in the nature of the gel between these curing
ages. The vibration band at 459 cm�1 was maintained at all curing
ages, indicating that this vibration can be attributed to the quartz
in SCBA and FA. The vibration bands at 1441 and 872 cm�1 are
related to the presence of carbonates in SCBA.

The mass losses from the TGA studies on pastes are summarized
in Table 4 for curing at 65 �C and Table 5 for curing at room tem-
perature, whereas the DTG curves are shown in Fig. 7. For pastes
cured at a temperature of 65 �C, Table 4 shows that the mass loss
was practically maintained from 3 to 7 days of curing, confirmed
by the DTG curves in Fig. 7a. In addition, the temperature peaks
in the DTG curves did not shift with the curing age. However,
interestingly, there was an important change in the temperature
distribution of the mass loss. Thus, the mass losses in the range
35–200 �C (L35–200) and 200–550 �C (L200–550) were compared,
and a s ratio is proposed, which was calculated using these mass
losses as follows: s = L35–200/L200–550. These s values revealed that
there was a significant variation in the nature of the bonded water
in the gels with curing time [42]. Therefore, for 3 days curing time
at 65 �C, s values were in the range of 1.72–2.31. For 7 days of cur-
ing time, a reduction in the s values was observed for all pastes
(1.44–1.86 range). Although the total combined water did not vary
with curing time, the s values decreased. It can be assumed that
the mass loss in the 35–200 �C range can be attributed to the evap-
oration of water molecules bonded to the gel structure. These
molecules are bonded through molecular interaction or hydrogen
bond to Si(Al)–O–K+ network and, consequently, lower energy
(low temperature) is required for debonding. However, an impor-
tant part of mass loss took place at temperatures higher than
200 �C. In this case, water molecules were generated by the
condensation of OH groups in silanol (Si–O–H) and aluminol
(Al–O–H) units. This reaction takes place at high temperatures
because the bonds involved are covalent. The reduction in the
s value confirms the alkaline activation reaction progress and,
consequently, more products are formed.
Fig. 6. FTIR spectra of alkali-activated binders after 3 and 7 days of curing at 65 �C:
mixtures prepared with different FA/SCBA ratios.
In general terms, a similar trend was observed for samples
cured at room temperature. Interestingly, after 7 days of curing
time at room temperature, the s value was the range of 2.67–
4.05, which means that the combined water mainly consisted of
water molecules bonded through molecular bonding. For the long-
est curing time, at 270 days, the s values were significantly lower,
in the range of 0.57–0.59, meaning that most water molecules
released by heating were produced from the condensation of sila-
nol and aluminol units. In this case, a large shift in the temperature
peak was observed for all tested pastes when the curing time was
increased.

The XRD patterns of pastes are shown in Figs. 8 and 9 for curing
at 65 �C and room temperature, respectively. For all X-ray diffrac-
tograms, a deviation in the baseline was observed between 23� and
35� due to the amorphous phase related to the alkali-activated
products. A similar halo was described in Section 1, and the influ-
ence of the FA/SCBA ratio and curing temperature was negligible.
In addition, the crystalline phases of FA and SCBA were maintained
in the XRD pattern of S3 pastes. Once again, no zeolites from the
alkali-activated reaction were observed in these patterns.

The results of pH and electrical conductivity studies are shown
in Fig. 10a and c for pastes cured at 65 �C, and in Fig. 10b and d for
pastes cured at room temperature. It was noted that, for all mix-
tures, the pH and electrical conductivity decreased with curing
time. This result was expected, since there was a lower concentra-
tion of OH� and other ions in the pore solution due to the alkali
activation process. For the pastes cured at 65 �C, S3-75/25 showed
the lowest value for both pH and electrical conductivity after
7 days of curing. From 7 to 28 days of curing at room temperature,
the pH presented a slight decrease, although the pastes presented a
reduction in the OH� concentration of 59–75%. In the same way,
the electrical conductivity of pastes also decreased by 43%. The
decreases in pH and electrical conductivity from 7 to 28 days were
greater for the S3-25/75 mixture; this behavior suggests that the
reaction early in the aging progressed more quickly in the presence
of a high amount of SCBA. From 28 to 270 days, the decrease in pH
values was considerable, reaching around 11. This means that the
OH� concentration of pastes was very low (96% of OH� anions were
reacted), suggesting that most of the OH� ions were bonded to the
gel structure as silanol groups, as shown in the TGA studies. Finally,
a significant decrease in electrical conductivity values was also
observed in the period from 28 to 270 days. In this case, the lowest
value was found for the S3-75/25 mixture, suggesting that for long
curing times, the reactivity of fly ash contributed strongly to the
reaction.

The compressive strength of mortars cured at 65 �C are shown
in Fig. 11a, whereas the results for mortars cured at 20 �C are
shown in Fig. 11b. For the mortars cured at 65 �C, after 3 days of
curing, the mixture with the highest compressive strength was
the S3-75/25 (33.5 MPa), followed by S3-50/50 (27.0 MPa) and
S3-25/75 (21.6 MPa). After 7 days of curing, the compressive
strength trend was similar, where the mixture with the highest
percentage of FA yielded the greatest strength, reaching



Table 5
TGA results from Section 2 studies after 7, 28 and 270 days of curing at room temperature (20 �C) for pastes prepared with different FA/SCBA ratios.

Mixture Total mass loss (%) Peak temperature (�C) s (L35–200/L200–550)a

7 days 28 days 90 days 270 days 7 days 28 days 90 days 270 days 7 days 28 days 90 days 270 days

S3-75/25 11.63 11.78 10.28 9.86 131 138 143 160 4.05 2.40 1.00 0.58
S3-50/50 10.24 10.94 11.30 9.76 142 135 136 160 2.72 2.09 1.31 0.57
S3-25/75 11.31 12.00 10.13 9.85 131 131 136 159 2.67 2.38 1.15 0.59

a L35–200 is the mass loss in the temperature range of 35–200 �C, whereas L200–550 is the mass loss in the range of 200–550 �C.

Fig. 7. DTG curves of alkali-activated binders prepared with different FA/SCBA
rations after: (a) 3 and 7 days of curing at 65 �C; and (b) 7, 28, 90 and 270 days of
curing at room temperature (20 �C).

Fig. 8. XRD pattern of alkali-activated binders prepared with different FA/SCBA
ratios after 270 days of curing at room temperature (20 �C), (Key: k: Quartz; r:
Calcite; |: Gypsum; €: Mullite; �: Hematite; 1: Magnetite).

Fig. 9. XRD pattern of alkali-activated binders prepared with different FA/SCBA
ratios after 7 days of curing at 65 �C (Key: k: Quartz; r: Calcite; |: Gypsum; €:
Mullite; �: Hematite; 1: Magnetite).
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36.4 MPa. Also, the other two mixtures showed increased strength
with curing time: 33.1 MPa for S3-50/50 and 23.4 MPa for
S3-25/75. These changes in strength were correlated to the behav-
ior observed in the TGA, pH and electrical conductivity measure-
ments. Thus, the decrease in s values and the reduction in
electrical conductivity were both related to the progress of the
polymerization reaction, which enhanced the compressive
strength. For mortars cured at room temperature, the compressive
strength increased with curing age for all mixtures. After 7 days of
curing, S3-25/75 (11.3 MPa) presented the highest value of com-
pressive strength compared to S3-75/25 (3.7 MPa) and S3-50/50
(7.3 MPa). This result has great interest from the point of view
related to the role of SCBA in these mixtures. Thus, the presence
of SCBA particles produced an early reaction under the studied
conditions, demonstrating the relevant presence of this mineral
admixture for yielding good strength behavior in the first 7 days.
Apparently, the reactivity of SCBA at early ages is decisive in the
mechanical development of FA/SCBA mixtures: the contribution
of FA to strength development was delayed with respect to the
contribution from SCBA. However, the presence of FA particles
was necessary because they supply reactive alumina to produce
the cementing gel. In fact, 100% SCBA activated samples did not
harden, demonstrating the critical role of FA particles in the mix-
ture. After 28 days of curing, a high gain in compressive strength
was shown for S3-75/25 (32.1 MPa) and S3-50/50 (27.7 MPa), if
compared to the compressive strength development found for
S3-25/75 (23.1 MPa). This late compressive strength gain was
due the characteristic FA reactivity as a binder with a slow reaction
rate [18,43]. After 270 days of curing, an approximately increase of
20% in compressive strength was noted for all mixtures, reaching
40.3, 35.2 and 28.0 MPa for S3-75/25, S3-50/50 and S3-25/75,
respectively. Trends observed in the mechanical properties with
long curing times can be correlated to the results of the pH/electri-
cal conductivity and thermogravimetric measurements. So, a total
mass loss from 28 days to 270 days was observed; however,
mechanical strength increased. This enhancement in the mechan-
ical properties could be attributed to the change in the nature of
the combined water in the gel, as relatively more water was
bonded in the gel as silanol and aluminol groups (L200–550), shown
as a decrease in s values and better strength of the matrix.
Additionally, a significant decrease in electrical conductivity and



Fig. 10. Results on pH (a and b) and electrical conductivity (c and d) of alkali-activated binders after 3 and 7 days of curing at 65 �C (a and c), and after 7, 28 and 270 days of
curing at room temperature (20 �C) (b and d) for pastes prepared with different FA/SCBA ratios.

Fig. 11. Compressive strength of alkali-activated binders with different FA/SCBA
proportions after: (a) 3 and 7 days of curing at 65 �C; and (b) 7, 28 and 270 days of
curing at room temperature (20 �C).
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especially pH values was observed for the same interval of curing
time, which is in good agreement with the compressive strength
behavior. When the mortars cured at room temperature were com-
pared to those cured at 65 �C, it was noted that the specimens
cured at the highest temperature for 7 days presented 90% of the
compressive strength of the mortars cured at room temperature
for 270 days. This difference could be attributed to the different
nature of the combined water in the gel structure, as can be seen
in the s values for both curing conditions (see Tables 4 and 5).

MIP studies were carried out on the mortars after 3 days of
curing at 65 �C (Table 6) and after 270 days at room temperature
(Table 7), and for pastes, after 270 days of curing at room temper-
ature (Table 8). First, for mortars cured for 3 days at 65 �C, a higher
amount of SCBA in the mixture caused an increase in total porosity.
S3-75/25 showed the lowest pore volume for macropores (>1 lm)
and for capillary pores (1 lm–10 nm), which agrees with the
mechanical properties. The volume of mesopores (<10 nm) was
very low for all tested mixtures. In addition, in terms of Hg
retained, S3-50/50 presented the highest value, followed by
S3-75/25 and S3-25/75, suggesting the former presented a higher
degree of tortuosity.

For mortars cured after 270 days at room temperature, total
porosity values were similar to those found in samples cured at
65 �C. S3-50/50 and S3-25/75 showed lower slightly values of total
porosity,whereasS3-75/25showedhigherporosity. TheHg retained
in samples cured at room temperature presented lower values than
samples cured at 65 �C, suggesting that tortuosity was greater with
an increase in curing temperature. In samples curedat roomtemper-
ature, the pore volume related to macropores was significantly
lower than that found at 65 �C; the development of the matrix at
the lowest curing temperature yielded a better distribution of the
formed gel. This behavior produced an increase in the smallest
capillary pores (50–10 nm). Themesopore volume did not varywith
respect to the 65 �C curing condition. It is likely that better mechan-
ical development for samples cured at room temperature could be
attributed to changes in macropores and capillary pores.

Comparing the pore volume distribution between paste and
mortar samples cured at room temperature, relative pore volume
values were calculated and are depicted in Fig. 12. The influence
of the sand on the relative pore volume distribution can be seen
in the volume percentage for the largest pores; thus, the volume
percentage of macropores in mortars was in the range of 18–21%,
whereas for pastes, it was reduced to 5–9%. The same trend was
observed for the largest capillary pores (50 nm–1 lm). Both for



Table 6
MIP results of mortars prepared with different FA/SCBA ratios and cured after 3 days at 65 �C.

Mixtures Total porosity (%) Total pore area (m2/g) Median pore diameter Volume (mL of Hg/g of mortar) Hg retained (%)

Volume (nm) Area (nm) >1 lm 1 lm–50 nm 50–10 nm <10 nm

S3-75/25 16.98 16.25 17.3 12.1 0.0175 0.0078 0.0376 0.0059 53.58
S3-50/50 20.12 16.99 17.6 13.1 0.0266 0.0101 0.0467 0.0032 60.80
S3-25/75 21.03 12.62 104.6 14.6 0.0424 0.0109 0.0420 0.0010 56.66

Table 7
MIP results of mortars prepared with different FA/SCBA ratios and cured after 270 days at room temperature (20 �C).

Mixtures Total porosity (%) Total pore area (m2/g) Median pore diameter Volume (mL of Hg/g of mortars) Hg retained (%)

Volume (nm) Area (nm) >1 lm 1 lm–50 nm 50–10 nm <10 nm

S3-75/25 19.26 21.62 13.8 11.1 0.0152 0.0099 0.0377 0.0094 51.58
S3-50/50 18.10 16.77 16.7 13.9 0.0151 0.0078 0.0515 0.0021 50.20
S3-25/75 20.50 15.14 21.0 18.6 0.0173 0.0068 0.0683 0.0001 47.91

Table 8
MIP results of pastes prepared with different FA/SCBA ratios and cured after 270 days at room temperature (20 �C).

Mixtures Total porosity (%) Total pore area (m2/g) Median pore diameter Volume (mL of Hg/g of paste) Hg retained (%)

Volume (nm) Area (nm) >1 lm 1 lm–50 nm 50–10 nm <10 nm

S3-75/25 41.38 119.54 8.6 8.1 0.0154 0.0060 0.0352 0.1674 54.22
S3-50/50 43.56 101.53 10.8 10.2 0.0148 0.0053 0.1079 0.0393 53.42
S3-25/75 42.52 73.07 15.1 14.8 0.0160 0.0067 0.2478 0.0055 56.45

Fig. 12. Comparison of relative pore volume distribution between pastes and
mortars with different FA/SCBA ratios cured for 270 days at room temperature
(20 �C): (a) mortars; (b) pastes.
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pastes and mortars, samples with the highest percentage of fly ash
(S3-75/25) presented the best behavior in terms of relative poros-
ity. Therefore, the relative pore volume for the smallest capillary
pores (10–50 nm) was lower for the S3-75/25 mixture and the
relative pore volume increased with the SCBA content. On the con-
trary, the highest relative mesopore volume (<10 nm) was found
for the S3-75/25 mixture. In the case of pastes, the relative pore
volume for S3-75/25 was 75%. This behavior suggests that the pres-
ence of a high percentage of fly ash provides good pore refinement
at a curing temperature of 20 �C.

4. Conclusions

Alkali-activated binders can be obtained by blending fly ash and
sugarcane bagasse ash (FA/SCBA systems). The influence of the
SiO2/K2O molar ratio in the activating solution was decisive in
terms of compressive strength and microstructure development
at a curing temperature of 65 �C. Also the effect of the FA/SCBA
ratio has an important role. From the microstructural and mechan-
ical strength studies on pastes and mortars cured at room temper-
ature and 65 �C, the FA/SCBA proportion of 75/25 presented the
best results for alkali-activated mixtures using a solution with
0.75 SiO2/K2O molar ratio. The thermogravimetric studies, as well
as pH and electrical conductivity measurements agreed with the
evolution of mechanical strength. The change in the nature of the
water bonded to the gel was defined from thermogravimetric data
by a new parameter (s) proposed as the ratio of the mass losses in
the ranges 35–200 �C (L35–200) and 200–550 �C (L200–550).
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