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h i g h l i g h t s

� Sugarcane straw ash (SCSA) was used as activator for alkali activated material (AAM).
� The new activator was prepared by reaction of SCSA with NaOH.
� The SCSA-based activator was used for the alkali activation of blastfurnace slag.
� Similar behaviour for SCSA and rice husk ash (RHA) was observed.
� SCSA was a good silica source for replacing sodium silicate in AAM.
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a b s t r a c t

Alkali silicates, expensive and highly pollutant chemical reagents, are required to produce the alkaline
activator for high-performance alkali-activated materials. This study presents a new silica source for pro-
ducing the alkaline activator, sugar cane straw ash (SCSA). An activating suspension was prepared with
SCSA and NaOH by means of a thermal bottle. The ash reacting time inside the thermal bottle (s) was
assessed from 0 to 48 h, and the SCSA amount in suspension, represented by the SiO2/Na2O ratio (e),
was analysed from 0 to 1.82. Compressive strengths were obtained from blast-furnace slag-based mortars
that were cured for three days at 65 �C, with the optimal mortars produced when s = 24 h and e = 1.46.
Comparison of these new SCSA systems with two common silica sources, sodium silicate chemical
reagent and rice husk ash, revealed that SCSA yielded lower results than the former and similar results
to the latter silica source.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Alkali-activated materials (AAMs) are alternative binders to
Portland cement. Their advantages over Portland cement are lower
energy consumption and reduced CO2 emissions during the manu-
facturing process [1,2]. AAMs are obtained by mixing an amor-
phous aluminosilicate (solid precursor) with an alkaline activator
(also called by activating solution or alkaline solution), where the
product from this chemical reaction hardens and forms a material
with interesting mechanical properties [1,2]. Examples of common
solid precursors are blast-furnace slag (BFS), metakaolin and fly
ash. The most common reagents in alkaline solutions are alkali
hydroxides and silicates [1,2].

The use of waste materials in AAM production has become a
recent trend [3–5]. This study describes the utilisation of sugar
cane straw ash (SCSA), an ash rich in amorphous silica (SiO2), in
AAM production. The management of this waste is a particular
interest due the recent increase of sugar cane production in Brazil.
In 2014, this country produced 736.11 million tonnes of sugar cane
were produced, which accounts for�40% of the worldwide produc-
tion [6]. The potential of SCSA in AAM comes from prior studies
that assessed its reactivity as pozzolan in calcium hydroxide
blends [7–9]. Authors observed that the ash presented high reac-
tivity [7,8], where the SCSA activity was also compared to a densi-
fied silica fume [9]. The justification for such SCSA reactivity is due
the presence of the amorphous phase (mainly silica) observed in
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X-ray diffraction. In the tests carried out, SCSA consumed large
amount of calcium hydroxide to form C-S-H (calcium silicate
hydrate) gels. This reaction product was observed in the following
tests: X-ray diffraction [7], thermogravimetric analysis [7,9], Four-
ier transform infrared spectroscopy and electrical conductivity
measurement [9]. As consequence for the high consumption of cal-
cium hydroxide observed in these studies, SCSA was utilised as
partial replacement of the Portland cement. Authors concluded
that the replacement percentage range of 20–30% presented simi-
lar mechanical behaviour than the control [10–12]. The pozzolanic
characteristic of the SCSA was the reason for such good results: the
consumption of portlandite was observed by thermogravimetric
analysis [10] and X-ray diffraction [11]. Related to the use of SCSA
in AAM, the ash was previous studied as solid precursor in a binary
system with blast furnace slag [13]. The samples of blast furnace
slag and SCSA presented higher compressive strength than the con-
trol since 3 days of curing at 25 �C. Authors observed that the
amorphous silica from SCSA improved the blast furnace slag
matrix, explaining the great results. Now, this study presents
another use of SCSA in AAM production, with SCSA being utilised
as a source of silica in the production an alkaline suspension (alka-
line activator).

The SiO4
4� anion is a key component in high-performance AAMs,

because it favours the formation of a denser and stronger structure
[1,2]. Sodium silicate (SS) currently provides an important reactive
part of silica that is widely used in combination with sodium
hydroxide to produce the activating solution [1,2]. However, the
main disadvantages of SS are mainly due that it is the most expen-
sive rawmaterial to produce AAM and the highest emitter of green-
house gases among the basic materials [14–17]. The cost of the
sodium silicate can be around of 20% to produce a AAM concrete,
depending on the dosage. About the greenhouse gases, authors
found that emissions from the productionof the sodiumsilicate rep-
resents a 50–70% of the total in an AAM concrete design. This high
value is due themelting of the rawmaterials (silica and sodium car-
bonate) until 1400 �C to produce the sodium silicate [17]. One of the
key research targets in the near futurewill thus be the assessment of
new sources of silica to produce the activating solution due the
sodium silicate disadvantages [18,19]. One of the key research tar-
gets in the near future will thus be the assessment of new sources
of silica to produce the activating solution [20–25]. Results from
these studies about new silica source to the alkaline activator will
be discussed in the Results and Discussions section, where they will
be compared to the use of SCSA to the same purpose.

The main objective of this study is to assess the potential of
employing SCSA as the silica source to prepare the alkaline suspen-
sion (alkaline activator). SCSA was utilised in combination with
sodium hydroxide to produce an aqueous NaOH/SCSA suspension
by means of a thermal bottle. The resulted blend of water, NaOH
and SCSA were not filtered, resulting in a suspension and not in a
solution. The study is divided into three parts: 1) deriving the opti-
mum time for dissolving the ash to prepare the activating reagent;
2) understanding the influence of SCSA on the activating reagent;
and 3) comparing SCSA to commercial SS chemical reagents and
alternative silica sources. After this study, it is expected to produce
an alkaline reagent with best SCSA content and the finest dissolu-
tion time in a thermal bottle.
Table 1
Chemical composition of BFS, SCSA and RHA, in wt%.

Raw materials SiO2 Al2O3 Fe2O3 CaO

BFS 29.9 10.6 1.3 40.2
SCSA 58.6 9.0 8.4 4.6
RHA 85.6 0.3 0.2 1.8
2. Experimental

2.1. Materials and equipment

BFS was supplied by Cementval S.A., Puerto de Sagunto, Spain,
in the form of large grains, which was then milled in a ball mill
for 30 min to obtain a fine material that could be used as the solid
precursor in AAM production. The chemical composition of BFS is
shown in Table 1. BFS is primarily composed of CaO, SiO2, Al2O3

and MgO. Its mean particle diameter (Dmean) was 25.6 mm. Sodium
hydroxide (NaOH, or NH in the context of solution composition and
specimens nomenclature) is the chemical reagent utilised to pre-
pare the alkaline solutions and suspensions. This material was
used in form of pellets, and was supplied by Panreac S.A., with a
purity of 98%. Natural sand from Caolines Lapiedra (Lliria, Valencia,
Spain), with a fineness modulus of 4.30, was utilised to prepare the
mortars.

SCSA was utilised as the silica source to produce the activating
suspension. The ash preparation process consisted of the following
steps. The straw was first collected from sugar cane plantations
near Ilha Solteira city (São Paulo, Brazil), and then transformed to
ash by means of an autocombustion process. This procedure took
6 h, and a maximum temperature of 700 �C was observed during
the combustion process. The ash was then sieved (MESH #50;
300 lm) to remove any unburned particles. To complete the pro-
cess, the sieved ash was milled in a ball mill for 50 min. This
milling process was carried out to reduce liquid absorption capa-
bility of the ash and, consequently, enhancing rheological proper-
ties of the fresh AAM. Table 1 shows the chemical composition of
SCSA, with SiO2 (58.6 wt%), Al2O3 (9.0 wt%) and Fe2O3 (8.4 wt%)
being the most abundant compounds. Dmean = 18.1 mm after the
milling process. The amount of insoluble residue was also deter-
mined for SCSA (34 wt%).

RHA was another silica source utilised to produce the activating
suspension. This ash served as a comparison material to SCSA. RHA
was supplied by DACSA S.A., Tabernes Blaques, Spain, and it was
utilised as received (Dmean = 62.3 mm). Its chemical composition is
summarized in Table 1, with the main oxide being SiO2 (85.6
wt%). The RHA was not milled prior to use, because a previous
study concluded that the particle diameter of this ash did not influ-
ence the mechanical AAM properties [20]. Unlike RHA, the use of
unground SCSA presented rheological problems during the AAM
preparation due to considerable water adsorption, thus requiring
SCSA to be milled to achieve the appropriate workability of the
samples.

Commercial SS was also utilised as a silica source. This chemical
reagent was acquired from Merck, and its chemical composition
was 8 wt% Na2O, 28 wt% SiO2 and 64 wt% H2O.

2.2. Preparation of alkali-activated materials

Three parameters were held constant during the AAM analysis,
with the water/BFS ratio, sand/BFS ratio (for mortars) and Na+

molality fixed at 0.45, 3.0 and 4 mol�kg�1, respectively. The prepa-
ration of the alkaline suspension and solution played an important
role in this study, with two different suspensions and two different
solutions analysed: NH/SCSA, NH/RHA (both are suspensions), NH
MgO K2O SO3 Cl Others LOI

7.4 0.6 1.9 – 2.6 5.5
1.6 5.4 1.9 0.7 3.3 6.5
0.5 3.4 0.3 0.3 0.6 7.0
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only (NH/-) and NH/SS (both are solutions). The amount of SCSA,
RHA and SS used to produce the alkaline solution is represented
in terms of the SiO2/Na2O molar ratio in the solution (e). Here e
can only be varied by the amount of silica source that is added to
the activating solution, because the Na+ molality is fixed. Cases
with e = 0.73, 1.09, 1.46 and 1.82 were assessed for the SCSA con-
taining suspensions, whereas e = 1.46 was the only case that was
assessed for SS and RHA. e = 0 was the only case assessed for the
pure NaOH solution.

The NH/SCSA and NH/RHA activating suspensions were pro-
duced by means of a thermal bottle. The use of a thermal bottle
was beneficial, because the NaOH dissolution in water releases
heat, thus improving the dissolution rate of the ash particles. The
ash (SCSA or RHA) was first dry mixed with NaOH in the thermal
bottle, followed by the addition of water over the solids
(the water/NaOH/SCSA mass ratio in g was 202.5/32.4/x, where
x = 29.5, 44.3, 59.0 and 73.8 for e = 0.73, 1.09, 1.46 and 1.82 respec-
tively) and the stirring of the solution for one minute. The thermal
bottle was then sealed with a cap, and monitored to determined
time necessary to dissolve the ash (s). Activating suspensions were
obtained instead of activating solutions for the instances where
some of the ash would not dissolve. Here tests with s = 0 h (in this
case, the ash was added as the solid precursor together with BFS),
6 h, 24 h and 48 h were conducted for SCSA, whereas s = 24 h was
the test conducted for RHA. The temperature of the sodium
hydroxide solution (4 mol�kg�1) inside the thermal bottle was also
monitored during the production of the activating suspension
(Fig. 1). The water was 32 �C prior to being mixed with sodium
hydroxide (0h). The system reached 58 �C after 5 min and started
to decrease until 6 h, when the temperature of the suspension
reached a constant temperature of �35 �C. The suspension was left
in the thermal bottle until it returned to room temperature after
the thermal bottle treatment. The prepared suspensions were not
filtered prior to use. The solutions composed of NaOH and NaOH/
SS were prepared by mixing the chemical reagents with water in
a common beaker. The beaker was then sealed with a plastic film,
and the solution was left to reach room temperature.

Manufacturing of the mortars consisted of mixing BFS with the
prepared suspensions or solutions until proper homogenisation
was attained (60 s). The prepared paste was then stirred with nat-
Fig. 1. Temperature evolution of the dissolution of sodium hydr
ural sand (150 s). The resulting mortar was vibrated in a prismatic
mould (40 � 40 � 160 mm3), and then stored under controlled
temperature (20 �C or 65 �C) and relative humidity (100%) condi-
tions until the compressive strength tests were conducted. The
pastes produced for the microstructural analyses were made under
the same conditions as the mortars.

2.3. Test procedures

Compressive strength tests were carried out on mortars by
means of a universal test machine, following the UNE-EN 196-1
standard [26]. Pastes were assessed with XRD, FTIR, TGA and
FESEM techniques. XRD patterns were obtained by a Bruker AXS
D8 Advance with a voltage of 40 kV, a current intensity of 20 mA
and a Bragg’s angle (2h) in the 5–70� range, with a step of 0.02�
at 2 s/step. FTIR spectra were acquired with a Bruker Tensor 27
and analysed in the 400–4000 cm�1 range. TGA were performed
with a TGA Mettler-Toledo TGA 850, where the specimen was
heated in a 70 lL alumina crucible to the 35–1000 �C temperature
range, at a heating rate of 20 �C�min�1 and in the presence of a dry
air atmosphere (75 mL�min�1 gas flow). The amount of sample uti-
lised in TGA test was 35.0 ± 1.0 mg. Mass loss and derivative curves
(DTG curves) were extracted from the TG curve. FESEM images
were taken using a ZEISS Supra 55, with the fractured surface sam-
ple covered with carbon. The extra high tension was 20 kV and the
working distance was 6–8 mm for the energy dispersive X-ray
spectroscopy (EDS).

Mortars and pastes were assessed after three days of curing at
65 �C and 100% relative humidity. Mortars and pastes were also
assessed after 28 days of curing at 20 �C and 100% relative humid-
ity for a series of comparative compressive strength tests (see Sec-
tion 3). Table 2 summarizes the tests performed and the selected
mixtures assessed for each test.

2.4. Alkali-activated materials studies

This study was divided into three parts to assess the potential of
SCSA as a silica source in the preparation of the activating suspen-
sion: 1) to obtain the optimum treatment time on leaving the ash
in the thermal bottle (s); 2) to determine the optimal amount of
oxide (32.4 g) in water (202.5 g) inside the thermal bottle.



Table 2
Mixtures and tests carried out.

Study
Section

Activating Suspension or
Solution

SiO2/Na2O molar
ratio (e)

Thermal bottle
time (s)

Nomenclature Testing ages

Compressive strength
tests

Microstructural tests (XRD, FTIR, TG
and FESEM)

1 NH/SCSA 1.46 0 SCSA-1.46-0 3 days (65 �C) 3 days
6 SCSA-1.46-6 –
24 SCSA-1.46-24 3 days
48 SCSA-1.46-48 –

2 NH/- 0 – NH-0 3 days (65 �C) 3 days
NH/SCSA 0.73 24 SCSA-0.73-24 –

1.09 SCSA-1.09-24 –
1.46 SCSA-1.46-24 3 days
1.82 SCSA-1.82-24 –

3 NH/SS 1.46 – SS-1.46 3 days (65 �C) and 28
days (20 �C)

3 days
NH/SCSA 24 SCSA-1.46-24 3 days
NH/RHA 24 RHA-1.46-24 –
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SCSA in the activating suspension (e); and 3) to compare the NH/
SCSA suspension to different silica sources (NH/SS (solution) and
NH/RHA (suspension) systems). Both s and e were determined
from the compressive strengths of the mortars after three days of
curing at 65 �C. In the first part, four time intervals (s = 0 h, 6 h,
24 h and 48 h) were assessed, with e = 1.46, to obtain the optimal
s. In the second part, the influence of the SCSA amount was
assessed by varying the e, with e = 0 (solution with only NaOH),
0.73, 1.09, 1.46 and 1.82 (common e values in the alkaline activa-
tion of BFS [27]), and maintaining a constant time (s = 24 h). In
the third component, the NH/SCSA suspensions, with e = 1.46 and
s = 24 h, were compared to NH/SS and NH/RHA systems with the
same e and s. Four silica mixtures were selected and manufactured
into pastes to study their microstructures: two produced by the
activating solution with NH/SCSA (e = 1.46, s = 0 h and 24 h); one
produced by a solution of NaOH (e = 0); and one produced by a
solution of NH/SS (e = 1.46).

The nomenclature adopted for these dosages is X-e-s, where X
is the alkaline suspension or solution system (NH, SCSA, RHA or
SS), e is the SiO2/Na2O molar ratio and s is only defined for the
suspension with SCSA and RHA. Table 2 summarizes the three
parts of the study, the dosages assessed and their respective
nomenclatures.
Fig. 2. Compressive strength of four mortars (cured at 65 �C for three days), with
the activator prepared by thermal bottle treatment with e = 1.46 and s = 0 h, 6 h, 24
h and 48 h.
3. Results and discussion

3.1. Effect of s on SCSA/NaOH suspensions

The compressive strengths of SCSA-1.46-0, SCSA-1.46-6, SCSA-
1.46-24 and SCSA-1.46-48 after three days of curing at 65 �C are
shown in Fig. 2. It is observed that s had a crucial effect on the
compressive strength development of the mortar, with strengthen-
ing observed for s � 24 h. The SCSA-1.46-24 mortar showed the
highest compressive strength (45.0 MPa). These results appear to
suggest that the use of thermal bottle accelerated the silica disso-
lution from SCSA in the activating suspension. The increased pres-
ence of SiO4

4� anions in the alkaline suspension probably favoured
the formation of more cementing gel when it reacted with BFS. The
high suspension temperature (maximum of 58 �C) observed during
the first 6 h (Fig. 1) favoured the SCSA dissolution, with a marked
increase in compressive strength development between SCSA-
1.46-0 and SCSA-1.46-6. However, some SCSA dissolution must
be carried out due the high alkaline conditions after the suspension
reached a constant temperature after 6 h, leading to the increased
compressive strength of SCSA-1.46-24. Alternatively, it may not be
advantageous to utilise the thermal bottle beyond s = 24 h, as the
compressive strength of SCSA-1.46-48 (41.8 MPa) was only slightly
lower than that of SCSA-1.46-24. It was observed that the alkaline
suspension produced from SCSA for s = 48 h suffered gelification as
reported for RHA [20]. This gel likely did not take part in the forma-
tion of the AAM products, thus contributing to the decrease in
compressive strength. Therefore, it can be concluded that s = 24 h
is the optimum thermal bottle time for SCSA.

The XRD patterns for the raw materials (BFS and SCSA) and
the SCSA-1.46-24 and SCSA-1.46-0 pastes (cured after three days at
65 �C) are shown in Fig. 3. The baseline deviation observed in the
diffractograms of the raw materials and pastes was due the pres-
ence of the amorphous phase in their compositions. The baseline
deviation was observed in the Bragg’s Angle range of 22–37� and
17–35� in the BFS and SCSA diffractograms, respectively. The base-
line deviation of the ash was only detected after the enlargement
of the diffractogram due the large quantity of quartz. There were
no differences among the baseline deviations of the prepared
pastes, suggesting that they all formed a similar gel of the form



Fig. 3. XRD patterns of the rawmaterials (SCSA and BFS) and pastes (SCSA-1.46-24, SCSA-1.46-0, NH-0 and SS-1.46) after three days of curing at 65 �C. Q: quartz; C: calcite; H:
hydrotalcite; F: faujasite; C-S-H: calcium silicate hydrate; K: katoite.

Fig. 4. FTIR spectra of the raw materials (SCSA and BFS) and pastes (SCSA-1.46-24,
SCSA-1.46-0, NH-0 and SS-1.46) after three days of curing at 65 �C.
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(N,C)-A-S-H [28]. Crystalline compounds were also observed on the
diffractograms. Calcite (CaCO3, PDF Card #050586; BFS and SCSA)
and quartz (SiO2, PDF Card #331161; SCSA) were detected on the
XRD patterns of the raw materials. Faujasite (Na2Al2Si4O12�8H2O,
PDF Card #391380), hydrotalcite (Mg6Al2CO3(OH)16�H2O, PDF Card
#140191) and a C-S-H phase (probably a (C,N)-A-S-H phase due to
the presence of sodium and aluminium in the reaction) were
detected on the XRD patterns of the pastes. The broad XRD peak
associated with this gel overlapped the main calcite XRD peak.
However, other peaks related to the presence of calcite were also
observed, which indicates that some slight carbonation of the sam-
ples took place either during the curing process or in the sample
handling. SCSA-1.46-24 and SCSA-1.46-0 were analysed in greater
detail to determine the influence of s. Whilst both pastes presented
similar diffractogram patterns, some key differences were
observed. The main band for the C-S-H gel in the 28.3–30.3� range
also varied in size, with the paste prepared in the thermal bottle
possessing stronger intensities than the sample produced by SCSA
and without the bottle treatment. The areas under the main XRD
peaks for quartz (AQ) and C-S-H (Agel) were measured with the Ori-
ginPro 8 graphing software package in the range of the analysed
peak and without taking the baseline deviation into account. The
area ratio, / = Agel/AQ, was calculated for both pastes. / = 5.58 for
SCSA-1.46-24, whereas / = 2.87 for SCSA-1.46-0. Assuming the
quartz fraction in SCSA was not dissolved during the preparation
of the suspension and did not react with BFS, these / values sug-
gest the formation of more reaction products when s = 24 h.

The FTIR spectra of the raw materials (BFS and SCSA) and pastes
(SCSA-1.46-24 and SCSA-1.46-0) after three days of curing at 65 �C
are presented in Fig. 4. The main bands detected in the spectra for
the raw materials and pastes were in the wavenumber ranges of
800–1250 cm�1 (stretching mode of Si-O) and 1400–1550 cm�1

(stretching mode of O-C-O bonds). The band in the 1400–1550
cm�1 range was due to the presence of calcite in the raw materials
and minimal carbonation of the samples, as observed in the XRD
analysis. Here the most important wavenumber interval is 800–
1250 cm�1, because the main differences among the spectra are
observed within this wavenumber range. BFS and SCSA possessed
broad bands in the 800–1050 cm�1 and 900–1250 cm�1 wavenum-
ber ranges, respectively, while the pastes showed narrower bands
in the 900–1050 cm�1 interval, with a peak centred near 950 cm�1.
This behaviour is justified by the bonds breaking of the raw mate-
rial particles and the subsequent formation of AAM products [29].
No significant differences were observed between the two pastes
produced with SCSA, indicating that their gels are similar.

The TGA results are represented in Fig. 5 (DTG curves) and
Table 3 (mass losses) for the SCSA-1.46-24 and SCSA-1.46-0 pastes



Fig. 5. DTG curves of the pastes (SCSA-1.46-24, SCSA-1.46-0, NH-0 and SS-1.46)
after three days of curing at 65 �C (numbers close to main peaks are in �C).
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after three days of curing at 65 �C. Four peaks were observed on the
DTG curves of these pastes at the following temperatures: 140 �C,
400 �C, 550 �C and 800 �C. The first peak, centred at 140 �C, was
related to the decomposition of the (C,N)-A-S-H or N-A-S-H prod-
ucts. The peak at 400 �C was identified as the decomposition of
hydrotalcite, and the peaks at 550 �C and 800 �C were related to
the decomposition of carbonates [30]. Normally, carbonates
decompose in the 700–850 �C temperature range. However, the
formation of a poorly crystallised phase and the presence of
sodium ions can cause a decrease in the decomposition tempera-
ture of the carbonates to 550 �C [30]. Table 3 shows the mass losses
for the two different temperature intervals to the importance of
temperature on the formation of the reaction products:
35–300 �C (P35–300) and 300–1000 �C (P300–1000). Similar mass
losses were also observed in the 35–300 �C temperature range
(12.67% and 11.68% for SCSA-1.46-0 and SCSA-1.46-24, respec-
tively), suggesting that the amount of combined water of the
reaction products was in the same order of magnitude. This fact
means that the differences in the compressive strengths are not
directly related to the percentage of combined water, and may thus
be analysed based on the distribution of products in the cementing
matrix.
Table 3
Mass losses (%) of the SCSA-1.46-24, SCSA-1.46-0, NaOH and SS-1.46 pastes after
three days of curing at 65 �C over the 35–300 �C (P35–300) and 300–1000 �C (P300–1000)
test temperature intervals.

Specimen Mass Losses (%)

P35–300 P300–1000 TOTAL

SCSA-1.46-24 11.68 5.57 17.25
SCSA-1.46-0 12.67 5.06 17.73
NaOH 12.40 5.76 18.16
SS-1.46 14.50 5.19 19.69
The FESEM micrographs for the SCSA-1.46-24 paste after three
days of curing at 65 �C are shown in Fig. 6. A dense and amorphous
structure was observed on the fractured surface paste (as sug-
gested from the XRD test; Fig. 6a). A compacted gel and unreacted
particles of BFS (Spot A) were also identified. No unreacted SCSA
particles were found. The formed gels (Spot B) can be seen at a
higher magnification in Fig. 6b and c. They appear as very small
and irregular particles (<0.2 mm in diameter) that are piled against
each other in a homogeneous pattern, yielding a low porosity
matrix. EDS analysis of this gel (seven points) yielded the following
molar ratios: Ca/Si = 0.95 ± 0.07, Al/Si = 0.32 ± 0.03, Na/Al = 1.34 ±
0.05 and Mg/Si = 0.13 ± 0.05. Table 4 shows the EDS results repre-
sented by molar contents for each element utilised to calculate
these ratios from spots B. This gel is considered to be a (C,N)-A-
S-H product. Some potassium (K) was detected in EDS results,
where it comes from the chemical composition from the SCSA.
The magnesium observed in the EDS analysis can be related to both
possibilities: EDS detected an unreacted slag under the formed
products or the presence of hydrotalcite among the gels [31].
Fig. 6d highlights some microcrystals (Spot C) that are distributed
in the gel matrix (probably faujasite crystals).

The FESEM images for the SCSA-1.46-0 paste after three days of
curing at 65 �C are shown in Fig. 7. A dense structure, similar to
SCSA-1.46-24, is observed at Spot D on Fig. 7a. Fig. 7b shows a
quartz particle from SCSA in Spot E surrounded by gel. The magni-
fications of Fig. 7a are shown in Fig. 7c and d. The formed gel is also
composed of small hydration products, similar to those found on
SCSA-1.46-24. The molar ratios of the gel on SCSA-1.46-0 were: C
a/Si = 0.92 ± 0.06, Al/Si = 0.33 ± 0.01, Na/Al = 1.86 ± 0.12 and Mg/S
i = 0.18 ± 0.05. The Ca/Si, Al/Si and Mg/Si ratios on SCSA-1.46-0
were similar to those observed on SCSA-1.46-24. Table 5 presents
the molar content for each element that was obtained to calculate
the molar ratio values from Spot D. The largest difference was
between the two pastes was the Na/Al ratio of the formed gel,
despite both pastes possessing the same composition.

It has been reported that the strength development of AAMs
depends on the e value of the activating solution, with the low
compressive strength of BFS systems attributed to cases where e
< 1.0 [32]. The theoretical e value was 1.46 in both SCSA pastes.
However, there was less solubilised silica in SCSA-1.46-0, which
means that the real e of SCSA-1.46-0 is lower than that for SCSA-
1.46-24. More Na+ is thus incorporated into the formed gel in this
situation, which significantly lowers the strength of the sample
(34.2% lower strength; see Fig. 2). Therefore, the chemical compo-
sition of the formed gel formed makes a critical contribution to the
strength of the matrix.

3.2. Effect of e on the SCSA/NaOH suspensions

The compressive strengths of NH-0, SCSA-0.73-24, SCSA-1.09-
24, SCSA-1.46-24 and SCSA-1.82-24 after three days of curing at
65 �C are shown in Fig. 8. The SCSA amount, which is represented
by e, clearly influences the compressive strength of the mortars at a
constant s (24 h). The increase in e also generates an increase in the
compressive strength of mortars. A noticeable result is that all the
ash samples (compressive strength results in the 26.9–47.8 MPa
range) yield significantly better results than the mortar with only
NaOH (14.1 MPa). As expected, the dissolved SiO4

4� from SCSA pro-
motes the formation of a stronger structure. The dosage selected
for the final component of the analysis was SCSA-1.46-24. Whilst
SCSA-1.82-24 (47.8 MPa) possessed a slightly higher compressive
strength than SCSA-1.46-24 (45.0 MPa), the latter mortar pre-
sented better rheological properties than the former one.

Correlation of the compressive strength results in Figs. 2 and 8
highlights the important role of SCSA in the reaction process with-
out the thermal bottle. SCSA-1.46-0 possessed a compressive



Fig. 6. FESEM micrographs of the SCSA-1.46-24 paste.

Table 4
Molar content (in %) of the elements at points related to Spot B from SCSA-1.46-24 paste.

Spot Element (molar, %) TOTAL (%)

Si Al Na Ca K Mg

Spot B – 1 34.89 10.24 14.40 35.00 1.35 4.12 100
Spot B – 2 33.88 12.21 14.42 31.00 2.12 6.37 100
Spot B – 3 33.34 10.44 14.14 35.36 1.28 5.44 100
Spot B – 4 35.32 12.49 14.27 31.22 0.97 5.73 100
Spot B – 5 36.89 10.45 16.45 33.13 1.46 1.61 100
Spot B – 6 37.18 10.54 14.18 33.49 1.49 3.12 100
Spot B – 7 34.89 10.24 14.40 35.00 1.35 4.12 100
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strength that was 113% greater than that of NH-0 (30.0 and 14.1
MPa, respectively; Fig. 8). Furthermore, SCSA-1.46-0 possessed a
higher compressive strength than SCSA-0.73-24 (26.9 MPa) and a
similar value to SCSA-1.09-24 (31.0 MPa). These results demon-
strate that a sample produced without the thermal bottle can pos-
sess a similar (or even higher) compressive strength when
compared to a sample produced with a thermal bottle. However,
when mixtures with the same e value and different s values are
compared (e.g., SCSA-1.46-0 and SCSA-1.46-24), the samples pro-
duced with the thermal bottle possessed higher compressive
strengths than those produced without it, as observed in Fig. 2.

The XRD results highlight the key differences between the
NaOH and SCSA-1.46-24 pastes (Fig. 3). The NaOH sample pos-
sessed more intense peaks of the crystalline phases (faujasite and
hydrotalcite) than the SCSA sample, with the formation of katoite
also observed in the NaOH sample. Previous studies have also
noted the high formation of crystalline compounds, with more
ordered phases produced by a pure NaOH solution than a solution
that is a combination of sodium hydroxide and a silica source (e.g.,
SS) [33,34]. The advanced formation of these ordered structures
supports the lower compressive strength results of the NaOH
samples.
FTIR analysis revealed that the main Si-O peak of the SCSA paste
was located at a higher wavenumber than the NaOH paste (Fig. 4).
The increase in the silica content of the SCSA system in the mixture
likely produced a stronger gel, thus causing the mortars produced
with SCSA to possess higher compressive strengths.

The TGA studies showed that the NaOH sample underwent a
mass loss similar to the other pastes, even though it possesses a
lower compressive strength (Fig. 5 and Table 3). XRD analysis of
the NaOH sample indicated the strong formation of crystalline
compounds, such as faujasite and katoite (Ca3Al2(SiO4)(OH)8, PDF
Card #380368), that decompose at �140 �C and �200 �C, respec-
tively. The decomposition of alkali-activated materials gels was
also observed at these temperatures. A bulk of the mass loss of
the NH-0 sample in the 35–300 �C temperature range is likely
related to the crystalline phase decompositions, with dehydration
due to the cementing gels having a secondary effect. This observa-
tion explains why the mass loss of the NH-0 specimen was compa-
rable to the other pastes, even though the compressive strength
was very low.

Fig. 9 shows the FESEM micrographs of the NH-0 sample after
three days of curing at 65 �C. The structure of the NH-0 paste
was more crystalline and porous than the SCSA pastes. This kind



Fig. 7. FESEM micrographs of the SCSA-1.46-0 paste.

Table 5
Molar content (in %) of the elements at points related to spots D from SCSA-1.46-0 paste.

Spot Element (molar, %) TOTAL (%)

Si Al Na Ca K Mg

Spot D – 1 32.10 10.95 19.30 28.31 1.77 7.58 100
Spot D – 2 32.82 10.56 21.07 29.20 2.07 4.29 100
Spot D – 3 31.75 10.38 19.06 31.33 1.78 5.70 100
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of structure was already expected due to our prior analyses. The
molar ratios of the gel on NH-0 were: Ca/Si = 1.18 ± 0.02, Al/Si = 0
.38 ± 0.02, Na/Al = 1.89 ± 0.15 and Mg/Si = 0.07 ± 0.01. Table 6 pre-
sents the molar content for each element obtained from EDS
results. The Ca/Si ratio for NH-0 was higher than those from the
SCSA pastes (1.18 vs. 0.92–0.95). It is clearly noticed that the
NH-0 paste possessed less silicon than the SCSA samples, which
probably led to the formation of a more crystalline, porous and
softer structure with a lower compressive strength.

3.3. Comparison of SCSA to other silica sources

The compressive strength of SCSA-1.46-24 was compared to SS-
1.46 and RHA-1.46-24 after three days of curing at 65 �C, and also
after 28 days of curing at 20 �C (Fig. 10). SS-1.46 possessed the high-
est compressive strength, with 62.9 MPa and 78.8 MPa observed for
the 3-day (at 65 �C) and 28-day (at 20 �C) curing times, respectively.
The two ash systems, SCSA and RHA, yielded similar results. SCSA
possessed compressive strengths of 45 MPa and 54.9 MPa for 3
days and 28 days, respectively, whereas RHA reached 49.7 MPa
and 59.7 MPa for the same curing ages. Curing at 20 �C yielded
higher compressive strengths in all cases. Although e was equal
for the three mixtures, the presence of non-dissolved silica from
the ashes (SCSA and RHA) likely caused the lower compressive
strengths. It was difficult to determine the amount of solubilised
silica after the treatment in the thermal bottle, because the gelifica-
tion of the suspension impeded filtration of the solution. However,
it was obvious that the quartz present in SCSA was not dissolved,
which thus generated less solubilised silica. This is the likely reason
for the slightly higher compressive strengths of the RHA samples.

SCSA has the potential to be utilised as a silica source to pro-
duce the activating suspension, even though SCSA possessed only
75–80% of the compressive strength obtained for SS-1.46. Spent
diatomaceous earth was analysed in a previous study that assessed
the production of alternative solutions in a fly ash/metakaolin sys-
tem [22]. However, the compressive strength of the pastes
obtained from this solution was only �50% of the strength of the
SS control. The spent diatomaceous earth sample also yielded sim-
ilar results to RHA. Waste glass has also been utilised as a silica
source to produce the activating solution [23]. The pastes produced
by the activating solution with glass waste from a BFS-based sys-
tem possessed �75–80% of the compressive strength of the control,
which is similar to the SCSA results presented here. More recently,
sugar cane bagasse ash was evaluated as a silica source in the pro-
duction of the activating solution [25]. This new solution yielded
similar results in compressive strength tests to those from waste
glass and RHA in metakaolin-based AAM.

The XRD patterns of SCSA-1.46-24 and SS-1.46 possessed sev-
eral differences (Fig. 3). The main one was the obvious absence
of quartz in SS-1.46. The SCSA-1.46-24 diffractogram also high-
lighted the presence of faujasite, which was not observed in
the SS-1.46 sample. Low intensity peaks that corresponded to



Fig. 8. Compressive strength of the mortars after three days of curing at 65 �C, with
the activator prepared by thermal bottle treatment and e = 0 (only NaOH), 0.73,
1.09, 1.46 and 1.82.

Fig. 10. Comparison of the compressive strengths of three mortars (cured at 65 �C
for 3 days and 20 �C for 28 days) obtained from SCSA, SS and RHA.
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hydrotalcite and calcite were also identified in SS-1.46. These XRD
observations and the higher soluble silica content explain why SS-
1.46 possessed the highest compressive strength.

The FTIR studies (Fig. 4) did not differentiate between SCSA-
1.46-24 and SS-1.46, as only a small difference in the energy of
the main Si-O band exists. This result suggests that the chemical
nature of the formed hydrates is similar.

The mass loss of SS-1.46 was higher than that of SCSA-1.46-24
(Fig. 5 and Table 3). This is likely due to the increased formation of
Fig. 9. FESEM micrograph

Table 6
Molar content (in %) of the elements at points related to gel formation from NH-0 paste.

Spot Element (molar, %)

Si Al Na

Gel – 1 30.17 10.58 21.87
Gel – 2 29.60 11.85 21.12
Gel – 3 30.00 11.36 20.85
cementing gels in SS-1.46, which also justifies the higher compres-
sive strength. The shapes of the DTG curves of both SCSA pastes are
also more similar to the specimen produced with SS than NaOH,
with a large peak related to the mass loss due to the dehydration
of (C,N)-A-S-H products and no peaks related to decomposition
of C-A-S-H compounds. This behaviour suggests that the SCSA
and SS pastes produce similar products.

The FESEM micrographs of the SS-1.46 paste after three days of
curing at 65 �C are depicted in Fig. 11. This paste possesses an
s of the NH-0 paste.

TOTAL (%)

Ca K Mg

35.04 0.00 2.34 100
35.11 0.00 2.33 100
35.87 0.00 1.92 100



Fig. 11. FESEM micrographs of the SS-1.46 paste.

Table 7
Molar content (in %) of the elements at points related to spots F from SS-1.46 paste.

Spot Element (molar, %) TOTAL (%)

Si Al Na Ca K Mg

Spot F – 1 35.14 8.12 18.93 33.03 0.85 3.93 100
Spot F – 2 34.92 8.72 19.37 32.82 0.00 4.17 100
Spot F – 3 35.84 8.26 20.38 31.27 0.73 3.51 100
Spot F – 4 36.48 8.49 18.93 32.01 0.64 3.45 100
Spot F – 5 36.85 7.69 19.75 32.82 1.01 1.88 100
Spot F – 6 37.48 7.72 19.89 32.16 0.84 1.91 100

Table 8
Molar content (in %) of the elements at points related to spots G from SS-1.46 paste.

Spot Element (molar, %) TOTAL (%)

Si Al Na Ca K Mg

Spot G – 1 32.95 13.64 2.87 37.20 0.50 12.84 100
Spot G – 2 30.04 14.04 5.75 34.81 0.00 15.37 100
Spot G – 3 23.97 11.61 13.97 30.93 0.00 19.52 100
Spot G – 4 26.48 14.76 10.77 25.84 0.00 22.15 100
Spot G – 5 33.96 9.06 17.92 31.67 0.72 6.67 100
Spot G – 6 29.87 14.47 6.05 31.41 0.57 17.63 100
Spot G – 7 26.84 14.98 9.59 26.38 0.00 22.22 100
Spot G – 8 23.43 13.85 10.57 29.61 0.00 22.55 100
Spot G – 9 26.81 11.97 12.34 30.84 0.00 18.04 100
Spot G – 10 32.16 9.88 17.57 30.62 0.66 9.11 100
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amorphous and dense structure, highlighted in the magnification
at Spot F (Fig. 11c). A comparison of Fig. 11c to Fig. 6c (SCSA-
1.46-24) reveals that the compactness of the former was slightly
lower than that found for the SCSA paste. The formed gel in the
SS paste was also similar to the ones observed in the SCSA pastes.
The molar ratios of the gel on SS-1.46 were: Ca/Si = 0.90 ± 0.04, Al/
Si = 0.23 ± 0.02, Na/Al = 2.40 ± 0.16 and Mg/Si = 0.09 ± 0.03. Table 7
brings the elements molar content to calculate these ratios from
Spot F. The Ca/Si ratio was slightly lower than those for the SCSA
pastes, probably due to the chemical combination of more silica
from the SS solution. A BFS particle covered with reaction products
was observed at Spot G on Fig. 11d. The chemical composition for
this spot was: Ca/Si = 1.09 ± 0.13, Al/Si = 0.45 ± 0.11, Na/Al = 1.19 ±
0.26 and Mg/Si = 0.64 ± 0.26. Table 8 shows the molar content of
elements from EDS results for Spot G. A comparison of Spot G to
Spot F showed that the former presented higher ratios of Ca/Si,
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Al/Si and Mg/Si than the latter. The more relative presence of Ca, Al
and Mg with respect to Si suggests that the BFS particle was par-
tially reacted.

4. Conclusions

SCSA was successfully utilised as a silica source to produce the
alkaline activating reagent for manufacturing BFS-based AAM
materials by means of partial dissolution in a thermal bottle. The
release of heat due to the dissolution of NaOH in water facilitates
the dissolution of silica from SCSA. Furthermore, the obtained sus-
pensions yielded good behaviour as an activating reagent with no
filtering required, thus facilitating their implementation in AAMs.
Compressive strength tests of the mortars showed that the opti-
mum time for dissolving the NaOH/SCSA suspension in the thermal
bottle (s) was 24 h. The optimum amount of SCSA (e) was 1.46.
Although the SCSA samples possessed lower mechanical properties
compared to the specimens produced with the commonly used
NH/SS solution, the ash-based systems showed significantly better
results than the samples prepared with only NaOH. Furthermore,
the alkaline treatment of SCSA in the thermal bottle with NaOH
produced a very reactive alkaline activator for BFS-based AAMs.
It can be concluded from the microstructural studies that the SCSA
pastes presented characteristics that were similar to the matrices
obtained with an SS-based reagent. Dense and amorphous gels
with comparable Ca/Si, Al/Si and Na/Al molar ratios were also
identified.
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