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GRAPHICAL ABSTRACT

New material to develop alkali-
activated materials (AAM)

ABSTRACT

Alkali-activated materials (AAM) comprise one of the solutions to diminish the use of Portland cement in
building construction and, consequently, a reduction in the environmental problems related to CO, emis-
sions and energy consumption may be achieved. These kinds of binders are obtained when a mineral pre-
cursor (calcium silicate or aluminosilicate material) is mixed with an alkaline solution. In this study, the
blast furnace slag (BFS) combined with a new waste from the sugar cane industry, sugar cane straw ash
(SCSA), is utilised. This new residue was studied replacing partially the blast furnace slag in BFS/SCSA pro-
portions of 100/0, 85/15, 75/25, 67/33 and 50/50. The alkaline solution concentration plays an important
role in obtaining AAM with good mechanical properties. Therefore, this paper intends to assess the influ-
ence of the activating solution (composed of sodium hydroxide and sodium silicate) through different
H,0/Na,O (called 1) and SiO,/Na,O (called €) molar ratios. For BFS/SCSA proportions of 100/0 and
75/25, the 1 values assessed were 22, 28 and 37, whereas the € values selected were 0 and 0.75. In order
to study the effects of SCSA in the mixture, other BFS/SCSA proportions (0-50% replacement) were
assessed by only 1 and ¢ ratios of 28 and 0-0.75, respectively. To reach these objectives, mortars and
pastes were manufactured in order to study their behaviour in the following tests: compressive strength
(3,7, 28 and 90 days of curing at 25 °C), Fourier transform infrared spectroscopy (FTIR), thermogravimet-
ric analysis (TGA), X-ray diffraction (XRD), mercury intrusion porosimetry (MIP) and field emission scan-
ning electron microscopy (FESEM). The results showed that the alkaline solution influenced the
compressive strength development, and specimens reached more than 60 MPa after 90 days of curing.
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In addition, the mortars with SCSA and without sodium silicate presented similar values of compressive
strength to those samples with only BFS and sodium silicate, showing that the ash can replace the sodium
silicate, which is the pollutant and an expensive chemical reagent, yielding a sustainable binder.
Therefore, SCSA presented good results and is a promising material in alkali-activated binders.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-activated materials (AAM) development is one of the
newest trends in binder for building construction. In a previous
study it can be found more details about AMM definition, their
advantages and the most common raw materials [1]. Now it will
be focus on important support studies for this present research.

In recent decades, assessment of the reuse of biomass ashes in
inorganic binders (mainly Portland cement) has been an important
focus of attention [2]. In addition, in the last few years, the use of
biomass ashes as supplementary mineral admixtures in alkali-
activated BFS-based binders has notably increased [3]. The combi-
nation of BFS and palm oil fuel ashes (POFA) is noticeable [4,5]. In
these studies, the authors obtained a higher compressive strength
with the 20% replacement of BFS by POFA compared to the control
after 28 days of curing [4]; this percentage was increased to 30%
without any important loss of mixture properties [5]. In the case
of residues derived from the sugarcane industry, some examples
have recently been reported regarding sugarcane bagasse ash
(SCBA) [6,7]. The presence of SCBA from an autocombustion pro-
cess in BFS/SCBA ratio of 75/25 resulted in slightly higher compres-
sive strength than the control after 90 days of curing. In durability
studies, the alkali-activated binders were compared to Portland
cement mixtures in ammonium chloride, acetic acid and sodium
sulphate attacks, where the new type of binders exhibited better
behaviour than conventional ones [6]. In another study with the
SCBA produced in an industrial combustion, the ash can be utilised
until a 40% replacement of BFS is reached, and yields an important
contribution in the mechanical strength of BFS/SCBA mixtures.

Another interesting biomass derived from the sugarcane crop is
sugarcane straw, which is produced in large amounts and is usu-
ally abandoned in land. This biomass could be transformed into
reactive ash (sugarcane straw ash, SCSA) for reuse in inorganic bin-
ders [8]: interesting sustainability issues have been described in
terms of saving energy and raw materials for cement and concrete.
The SCSA is obtained from the combustion of sugar cane straw, a
waste that increased in the last few years for two reasons: the
expansion of sugar cane production in many countries and the
trend to use a mechanized harvesting. Related the first reason, an
example can be given: sugar cane production in Brazil expanded
from 385,000 tons in 2005/2006 to 670,000 tons in 2015/2016,
which represents an increase of 74% in only one decade [9]. The
main reason for this increase is high demand in the production
of ethanol [10]. Following the second reason, several protocols pro-
hibited the open field burning in crop fields before collecting the
sugar cane, due to safety and environmental issues. After the
mechanised harvesting process, sugar cane straw is obtained,
which is mostly left on the field to cover the bare soil; however,
some of it can be reused without affecting this protection [11]. This
straw presents an interesting calorific value, and there are some
studies about selected ways to collect it in order to produce energy
by a burning procedure; sugar cane bagasse is already being uti-
lised in this way [11-13]. After the combustion of the straw, an
ash rich in silica is generated: sugar cane straw ash (SCSA).

In an early published paper [1], SCSA was used to replace BFS in
AAM. The results demonstrated the high reactivity of SCSA, espe-
cially for those mixtures activated with NaOH solution. In this case,

the concentration of the solution was 8 mol.kg~!. In addition, other
alkali activators tested contained a mixture of NaOH and water-
glass (studied solutions presented 0.5 and 0.75 SiO,/Na,O molar
ratios), maintaining the concentration of Na* at a constant level.
In this case, the goal was to produce the solubilisation of the silica
present in the SCSA by means a high alkaline solution, and conse-
quently the required quantities of NaOH and waterglass were high.
In these conditions, compressive strength of 90-days mortars of
BFS/SCSA activated mixtures were similar or higher than those
found for only BFS activated system.

Regarding the alkaline activating solution, the reported papers
showed that the most utilised alkali sources are sodium hydroxide
and sodium silicate (waterglass) [14]. The concentration of these
solutions and the SiO»/Na,O molar ratio are crucial parameters to
reach interesting mechanical properties, since variations on the
solution concentration and relative dosage with respect to the solid
precursor can provide different compressive strengths after a given
curing age, as reported in some studies [15-17]. In this way, the
influence of the solution concentration to a given solid precursor
should be studied in order to achieve the optimum dosage.

Seriously, the use of silicates in the preparation of alkaline solu-
tions is responsible for the most greenhouse gas emissions related
to AAM; however, this chemical compound becomes very impor-
tant in the mechanical strength development of the AAM. One pos-
sibility is to prepare sodium carbonate-silicate mixes, for partially
reducing the silicate source [18]. Another possibility is replacing
the waterglass with another siliceous source. Some authors used
residues in the preparation of the alkaline solution, such as rice
husk ash and glass waste, and obtained compressive strengths of
mortars similar to the control ones prepared with sodium silicate
[19-21]. Another alternative possibility is to reduce the quantity
of alkali compounds (especially sodium silicate) by blending solid
silica-rich wastes with the precursor. In this paper, binary BFS/
SCSA systems have been tested, where one of the solid precursors
(SCSA) is rich in reactive silica.

The research had two objectives: the first was to add value for
an ash derived from a residue in the sugar cane industry, SCSA,
as a way to reduce the use of sodium silicate in AAM; the second
one was to study the influence of the alkaline solution concentra-
tion on the mechanical properties of these proposed AAM based on
a BFS/SCSA binary system. SCSA was already studied as a solid pre-
cursor in a previous study [1]. In this former study, only one H,0O/
Na,O molar ratio was assessed, with different SiO,/Na,O molar
ratios. Authors observed that the mechanical behaviour for mortars
composed by BFS/SCSA activated with only sodium hydroxide is
similar to the one observed for BFS mixed with NaOH and sodium
silicate. This result means that the SCSA is a silica source similar
than the sodium silicate in AAM. Regarding to the present study,
the activating solution varied for both molar ratios: H,O/Na,0O
(called M) and SiO,/Na,O (called €). The m values in the studied
mixtures were 22, 28 and 37 (they were approximately to the cor-
responding solutions 5, 4 and 3 mol.kg™! of Na* respectively),
whereas the ¢ values were 0 (only sodium hydroxide) and 0.75.
With respect to the solid precursors, the following BFS/SCSA pro-
portions (by weight) were assessed: 100/0, 85/15, 75/25, 67/33
and 50/50. Compressive strengths of mortars were assessed until
90 days of curing at 25 °C. Microstructural analyses of pastes were
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performed by powder X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (deriva-
tive DTG curves), mercury intrusion porosimetry (MIP) and field
emission scanning electron microscopy (FESEM).

2. Materials and methods
2.1. Materials

The main material of this study is the sugar cane straw ash (SCSA). The straw
was collected in a sugar cane plantation close to Ilha Solteira city (Sdo Paulo, Brazil).
Afterwards, it was transformed by means of an autocombustion process with a
maximum combustion temperature of 700 °C, yielding a residual ash. Since this
residue presents a certain amount of unburned particles, the ash was passed
through sieves to remove them. Finally, the passed powder was milled in a ball mill
for 50 min to reduce and homogenise the ash particles, and then the SCSA was
ready to be tested. The blast furnace slag (BFS) was acquired from the Ribas do
Rio Pardo (Mato Grosso do Sul, Brazil). The chemical composition of both SCSA
and BFS are shown in Table 1. BFS showed the typical chemical composition:
Cao0, SiO, and Al,03 were the main oxides. SCSA had SiO, as the main component
(58.6%), and Al,03 and Fe,03 were also significant components. Regarding the par-
ticle size of the solid precursors, SCSA presents a mean particle diameter (Dyeq) and
median particle diameter (Dsg) of 18.1 um and 10.6 pum, respectively; for the BFS,
these values are 27.5 and 21.4 pm, respectively. In the alkaline solution preparation,
sodium hydroxide (solid, 98% purity) and sodium silicate (solid, 18 wt% Na,0, 63 wt
% Si0,) supplied by Dindmica Quimica were used. For mortar preparation, natural
sand with a fineness modulus of 2.05 and specific gravity of 2667 kg/m® was
obtained from Castilho City (Sdo Paulo, Brazil).

2.2. Alkali activated binders’ dosage and preparation

In this study, six different alkaline solutions were prepared, in order to assess
their influence on the mechanical properties of the designed AAM. The H,0/Na,0
molar ratios assessed (called 1) were 22, 28 and 37. For each n value, there were
two Si0,/Nay0 (called by €) molar ratios evaluated in this study: 0 (only sodium
hydroxide in the solution) and 0.75. Regarding the solid precursors, for the interme-
diary m ratio of 28, the BFS/SCSA proportions studied (y/z) to evaluate the influence
of the ash in AAM systems were 100/0, 85/15, 75/25, 67/33 and 50/50. For the other
n values (22 and 37), the BFS/SCSA proportions assessed were 100/0 and 75/25.
Therefore, the total studied mixes in this paper was eighteen, as summarised in
Table 2. In all mixes (pastes and mortars), the water/precursor ratio was maintained

at a constant level of 0.45. For mortars, natural sand was added in the proportion
solid precursor/sand of 1/2.5. The dosages nomenclature proposed in this study is
N-€-y/z and specimen names are also shown in Table 2.

Regarding the preparation of AAMs, first, the alkaline solution was prepared.
Since the dissolution of sodium hydroxide in water releases heat, the resulting solu-
tion was left to reach room temperature. Afterwards, the solid precursor was mixed
with the alkaline solution, until proper homogenisation was attained. For mortars,
sand was finally added and mechanically stirred for 3 min. Pastes and mortars were
cured at 25 °C and relative humidity higher than 95% until the tests age.

2.3. Test procedures for pastes and mortars

XRD patterns were accomplished by a Bruker AXS D8 Advance with a voltage of
40 kV, current intensity of 20 mA and a Bragg’s angle (20) in the range of 5-70°. FTIR
spectra were obtained by a Bruker Tensor 27 in the range of 400 and 4000 cm™~'. The
DTG curves were carried out by a TGA Mettler-Toledo TGA 850, where the specimen
was heated in a 70 pL alumina crucible in the temperature range of 35-1000 °C,
with a heating rate of 20 °C.min~"! and air atmosphere (75 mL.min~"' gas flow). Mer-
cury intrusion porosimetry (MIP) was carried out by a Micrometrics Instrument
Corporation AutoPore IV 9500, using intrusion pressure from 6.6kPa to
402.2 MPa, representing measurement diameter pores in the range of 222.2 pm
and 3.6 nm. Finally, field emission scanning electron microscopy (FESEM) images
were taken by a ZEISS Supra 55 in fractured surface sample covered with carbon
in order to evaluate the gel structure and chemical composition. Some micrographs
were taken by using an in-lens system, which virtually eliminates aberrations,
resulting in optimal spatial resolution; clearer and less electrostatically distorted
images were recorded. XRD, FTIR, TGA, MIP and FESEM tests were carried out at dif-
ferent ages, according to Table 2.

Mortars were cast in a cubic mould of 50 x 50 x 50 mm? and tested in an EMIC
Universal Machine with a load limit of 2000 kN. Compressive strengths of mortars
were assessed after 3, 7, 28 and 90 days of curing at 25 °C and relative humidity
(RH) was higher than 95% for all dosages studied.

3. Results and discussion
3.1. Compressive strength of mortars
Compressive strength results of mortars are summarised in

Table 3. BFS mortars activated with € =0 (22-0-100/0, 28-0-100/0
and 37-0-100/0) showed the lowest strengths. At early ages (3

Table 1

Chemical characterisation of the solid precursors utilised in this paper (BFS and SCSA).
Solid Precursor Si0, Al,03 Fe,03 Ca0 MgO K,0 SO3 Cl Others LOI
SCSA 58.6 9.0 8.4 4.6 1.6 5.4 1.9 0.7 33 6.5
BFS 33.0 115 0.6 43.5 7.3 0.4 1.9 0.1 1.6 0.1

Table 2

Mixture dosage and specimen’s names and tests carried out: compressive strength (Rc), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
Thermogravimetric analyses (TGA), Mercury intrusion porosimetry (MIP) and Field emission scanning electron microscopy (FESEM).

Specimen’s name H,0/Na,0 molar ratio (n) SiO,/Na,0 molar ratio (g)

BFS/SCSA (y/z)

Testing ages (days)

Re XRD  FTIR TGA MIP  FESEM
22-0-100/0 22 0 100/0 3-7-28-90 - - - - -
22-0-75/25 75/25 - - - - -
22-0.75-100/0 0.75 100/0 3-7-28-90 - - - - -
22-0.75-75/25 75/25 - - - - -
28-0-100/0 28 0 100/0 3-7-28-90 90 7-28-90  7-28-90 90 90
28-0-85/15 85/15 - - - - -
28-0-75/25 75/25 90 7-28-90  7-28-90 90 90
28-0-67/33 67/33 - - - - -
28-0-50/50 50/50 - - - - -
28-0.75-100/0 0.75 100/0 3-7-28-90 90 7-28-90  7-28-90 90 90
28-0.75-85/15 85/15 - - - - -
28-0.75-75/25 75/25 90 7-28-90  7-28-90 90 90
28-0.75-67/33 67/33 - - - - -
28-0.75-50/50 50/50 - - - - -
37-0-100/0 37 0 100/0 3-7-28-90 - - - - -
37-0-75/25 75/25 - - - - -
37-0.75-100/0 0.75 100/0 3-7-28-90 - - - - -
37-0.75-75/25 75/25 - - - - -
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Table 3
Compressive strength of mortars (MPa) and their standard deviations.
Specimen name Compressive strength (MPa)

25°C, RH>95%

3 days 7 days 28 days 90 days
22-0-100/0 11.8+0.2 16.5+0.5 25.0+1.1 35.7+0.5
22-0-75/25 10.2+0.2 29.0+1.8 574+04 58.8+23
22-0.75-100/0 15.2+0.1 33115 55.8+4.3 67.2+04
22-0.75-75/25 6.5+0.1 233+13 56.7 0.7 62.1+23
28-0-100/0 16.1+0.7 21408 328+1.2 347 +4.1
28-0-85/15 7.1+£0.1 18.1+0.9 41.2+22 50.0+1.9
28-0-75/25 11324 269+0.7 540+1.0 57.0+2.5
28-0-67/33 3.1+0.1 9.5+0.6 46.0 £4.2 57.2+49
28-0-50/50 2.8+0.1 3.2+0.7 35.0+0.1 57.3+2.0
28-0.75-100/0 203=%1.1 36.2+2.0 60.4£4.8 64.5+1.5
28-0.75-85/15 3.5+0.1 171+04 424+19 65.6+3.2
28-0.75-75/25 3.2+0.2 13.6 £0.6 48.7£4.0 63.6+4.3
28-0.75-67/33 54+0.1 18.5+0.5 52.7+0.7 63.1+1.7
28-0.75-50/50 - - 21.1+£05 504 +1.2
37-0-100/0 13.4+0.1 19.0+£0.5 29.6+0.7 36.0+14
37-0-75/25 1.9+0.0 123 +0.5 50.8+1.1 56.6 +1.6
37-0.75-100/0 153 +0.9 33.0+1.5 534+21 64.2+3.0
37-0.75-75/25 1.7+0.1 10.7 £0.1 53313 58.6+4.5

and 7 days), the mortar with the highest concentrated activating
solution (22-0-100/0) yielded lower strengths than the other mor-
tars activated with other NaOH solutions: this behaviour suggested
that high sodium concentration did not have advantages in terms
of early strength development. For longer curing times (28 and
90 days), all BFS mixes activated with NaOH yielded similar
strength (25-33 MPa at 28 days and 34-36 MPa at 90 days). BFS
samples activated with € = 0.75 solution (22-0.75-100/0, 28-0.75-
100/0 and 37-0.75-100/0) showed higher strengths when com-
pared to mortars activated with €=0 solution. Thus, strengths
reached after 7 days for €=0.75 systems were similar to those
obtained for € = 0 after 90 days of curing. This behaviour revealed
the important role of sodium silicate in the activation of BFS. BFS
mortars with €=0.75 yielded very high strengths after 28 and
90 days: 53-61 and 64-67 MPa, respectively.

Related to the influence of the partial replacement of BFS by the
sugar cane straw ash (SCSA) in the AAM, specimens for all n values
without the sodium silicate (& = 0) showed a significant improve-
ment compared to the corresponding ones with BFS and € =0.
Thus, noticeably, strengths reached for samples with BFS/
SCSA =75/25 (25% replacement of BFS) were in the range 50-
57 MPa at 28 days and in the 56-59 MPa at 90 days. These values,
compared to those obtained for BFS activated mortars with € =0,
represent increasing mean values of 86% and 66% at 28 and
90 days, respectively. These values were slightly lower than those
found for BFS activated with € = 0.75 solutions, which means that
the role played by SCSA in the BFS/SCSA mixtures with € =0 was
comparable to that for sodium silicate. Curiously, for the earliest
curing age (3 days) the effect of the SCSA was negligible with
€=0.75: for BFS/SCSA samples activated with n =22 and n =28
solutions; similar strengths to that found for BFS systems with
€ =0 were reached. In contrast, BFS/SCSA samples activated with
N =37 yielded only 1.9 MPa (BFS with €¢=0 sample yielded
13.4 MPa), which means that the lowest sodium concentration
solution was not very effective in the dissolution of reactive silica
from SCSA at this age [22].

Specifically, for the BFS/SCSA with n =28 samples, different
replacement SCSA percentages were studied (15, 25, 33 and 50%
replacements). The replacement interval of 25-50% mortars did
not show a difference in the compressive strength values after
90 days of curing, being slightly superior to the 15% replacement.

Additionally, the compressive strength development from the
BFS/SCSA ratio of 75/25 presented better results than the 67/33
and 50/50 mixtures, since the results of the early curing times of
that blend are significantly higher than these ones.

Regarding the specimens with sodium silicate (& =0.75), the
BFS/SCSA 75/25 mixture presented slightly lower 90-day compres-
sive strengths than the control ones for the three n values tested,
which is different to that which occurred for the blends with € = 0.
However, for early curing ages, the strengths for SCSA-containing
systems were significantly lower. This behaviour suggests that, at
early ages, the dissolution of silica from SCSA and the presence of
silicate anions in the solution have a negative effect on the strength
development.

Again for the m =28 mixtures, SCSA percentages in the range
15-33% presented better compressive strength development until
the 90th day of the study, whereas 50% showed worse results than
those. The presence of SCSA in mixtures with € = 0.75 did not show
any difference compared to the control one. From these compres-
sive strength results, the optimal BFS/SCSA proportions are 75/25
and 67/33. Noticeably, the BFS/SCSA 50/50 sample did not set
before 7 days of curing, which strengthens the proposed idea
regarding the bad compatibility between SCSA and sodium silicate
for a good early strength development [1]. In these cases, a large
amount of silicate in solution is produced because the sodium sil-
icate in the activator and the solubilisation of silica from SCSA by
NaOH. In these conditions, the silicate/BFS ratio was notably
increased (especially for 50% replacement of BFS by SCSA) and
the effective NaOH concentration for achieving BFS was drastically
diminished [23].

The use of sodium silicate (¢ =0.75) only showed beneficial
results to the BFS/SCSA proportion of 100/0: for the all n values,
the final compressive strength of this solid precursor proportion
showed higher results when compared to those without sodium
silicate. When BFS was partially replaced by SCSA, the use of
sodium silicate did not favour the mortar strength development.
The final compressive strength (90 days) of the mortars with
sodium silicate is similar to those that do not have this reagent,
and also negatively affected the mechanical strength development:
the compressive strength of SCSA-mortars with €=0 showed
higher compressive strength at early ages when compared to the
specimens with the € =0.75 ones. Making an overview of all of
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the results, the comparison between the specimens with SCSA acti-
vated with only sodium hydroxide (SCSA percentages in the inter-
val 15-50% and €=0) and those without SCSA activated with
sodium hydroxide and silicate (SCSA percentage of 0% and
€=0.75) may be highlighted. In order to assess the importance of
the SCSA contribution, and the possibility to compare their mortars
with the control ones (BFS/SCSA = 100/0) with sodium silicate, an ¢
ratio is proposed in this study. This ¢ parameter is the ratio
between the compressive strength of a mortar with a certain
BFS/SCSA proportion different than 100/0 (y/z, being 85/15,
75/25, 67/33 or 50/50), a determined m value and € =0 (Rcy_o.y/,)
over the control one (only BFS), with the same H,0/Na,O ratio
and activated with sodium silicate solution (& = 0.75) for the same
curing time (Rcy-0.75-100/0), as in Eq. (1):

— RC'?*O*,V/Z (] )
Rcy—0.75-100/0

The ¢ values for 7, 28 and 90 days of curing are presented in
Fig. 1. After 7 days of curing, the specimen with n =22 presented
a compressive strength that was slightly lower than the control
(22-0.75-100/0), and reached an ¢ value of 0.87. The sample 28-
0-75/25 showed a lower rate of 0.74, whereas the other specimens
presented ¢ ratios lower than 0.50. This behaviour can be
explained by taking into account that the commercial sodium sili-
cate was already dissolved in the aqueous medium, which means
that the reaction process occurs faster than in the mortars with
SCSA, leading to a higher compressive strength at early curing ages.
On the other hand, after 28 days, the effect of SCSA in the develop-
ment of the strength gained in importance: 22-0-75/25, 28-0-
75/25 and 37-0-75/25 specimens showed ¢ values over than
0.80, indicating that the SCSA contribution as a silica source mainly
occurred in the 7-28 days of curing period. For this curing time, it
is highlighted that the 22-0-75/25 reached compressive strength
slightly above the control, since the ¢ value of this mortar was
1.04. The higher amount of Na* was shown to be beneficial in
the first 28 days of curing, because this mortar presented a com-
pressive strength similar to the control and ¢ values always over
0.80. Regarding the SCSA content, the mortars with 1 = 28 showed
that the optimum replacement was 25%, due to the highest ¢ value
for 28-0-75/25 system (¢ = 0.89) at this curing age. After 90 days of
curing, all mortars showed ¢ values in the range from 0.80 to 0.90,
confirming that the SCSA can be used as a silica source in alkali-
activated binders based on BFS. Interestingly, for BFS/SCSA = 75/25

WZ7422-0-75125  [22128-0-85/15 M 37-0-75/25
E=128-0-75/25
[ 28-0-67/33
[ 28-0-50/50
1.0 [«_CONTROL
0.9
0.8 .
R £ - - - _/( - -
0.7
%
0.6
S 05 7
0.4
0.3
0.2
0.1
0.0
7 days 28 days 90 days

Curing time (days)

Fig. 1. Values of the ¢ ratio for mortars containing SCSA at 7, 28 and 90 days of
curing.

systems, the values of ¢ over 0.75 at 90 days confirm that the use
of SCSA is interesting from two points of view: the partial replace-
ment of BFS and the total replacement of sodium silicate. At this
curing time, neither the quantity of Na* nor the percentage of SCSA
utilised in the mortar had a significant affect.

3.2. Microstructural studies

XRD patterns of the raw materials (BFS and SCSA) and the
pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25
after 90 days of curing are shown in Fig. 2. Firstly, regarding the
raw materials BFS and SCSA, XRD patterns show a baseline devia-
tion in the Bragg’s Angle range of 17-33° and 20-35°, respectively,
which is characteristic of the presence of amorphous phases. The
presence of an important amount of quartz (PDF Card #331161)
in SCSA meant that this baseline deviation was only easily identi-
fied by enlargement of the diffractogram in the 20-35° range. In
addition, calcite (PDF Card #050586) was present in the ash.
Regarding XRD patterns of pastes, a baseline deviation in the 26
range of 22-38° was observed in all cases. This behaviour was
observed in other studies of the alkaline activation of BFS [1,6].
The XRD pattern for 28-0-100/0 showed the strongest broad peak
centred at 29.32° and a broad weaker peak at 32.08°, which can be
associated with the presence of C-S-H gel (probably this gel has
sodium and aluminium, (C,N)-A-S-H phase); additionally, the peak
from calcite in the very close 20 value of 29.32° overlapped. The
presence of calcite in this sample was confirmed by the identifica-
tion of other related peaks: 22.97, 35.93, 43.09, 47.39, 48.44 and
57.35°. This calcite was due to the slight carbonation of the sample,
according to the results from thermogravimetric analysis. A small
quantity of quartz was also identified, which comes from the
BES, suggesting that this crystalline phase did not react in the pro-
cess after 90 days of curing. Finally, minor phases were also iden-
tified: hydrotalcite (MggAl,CO3(OH),6-H,0, PDFcard 140191) and
katoite (CasAl,(SiO4)(OH)s, PDFcard 380368). The XRD pattern for
28-0.75-100/0 was similar to the above-described sample without
sodium silicate, suggesting that the nature of the crystalline phases
was not influenced by the nature of the chemical activator. For
samples containing SCSA (28-0-75/25 and 28-0.75-75/25), the
main peak belonged to quartz phase, suggesting that this crys-
talline phase did not react towards the alkaline medium. Similar
peaks to BFS-containing pastes were identified: calcite and (C,N)-

H,C, K
| K esilecYes® ¢ edt
Voo o] : Qi :
" JMM 28-0.75-75125
e | N A
T e SYSNL, 28-0.75-100/0
o Ju..JL. A 28075725
i ;1 1
choihe W/M’u 28-0-100/0
T scsA
15 20 25 30 35
I
BFS

IR NI NAN (U NI SN EU A ST R ST ST ST "

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Bragg's Angle (26)

Fig. 2. XRD patterns of the raw materials (BFS and SCSA) and the pastes 28-0-100/0,
28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 90 days of curing (Key: Q:
quartz; C: calcite, H: hydrotalcite; K, katoite; C-S-H: calcium silicate hydrate).
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A-S-H. This means that the nature of the crystalline products did
not strongly influence the hydration of BFS by the presence of
SCSA.

FTIR spectra of the raw materials (BFS, SCSA and a BFS/SCSA
mixture by proportion of 75/25 before combining with the alkaline
solution) and the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0
and 28-0.75-75/25 after 7, 28 and 90 days of curing are shown in
Fig. 3. The broadband in the range from 800 to 1270 cm~! may
be highlighted, as this is related to the amorphous Si-O-T vibra-
tions of the raw materials and pastes (being T Si or Al) [6,24].
Firstly, regarding the raw materials, the BFS spectrum presented
a broadband centred at 964 cm™'; the SCSA spectrum also showed
a broadband, in this case centred at 1032 cm~'. A blend of BFS/
SCSA was also assessed in order to visualise the modification on
the spectrum when raw materials are combined with the alkaline
solution before the reaction. In this case, the broadness of the band
was much larger than those for raw materials (from 810 to
1270 cm ') as a consequence of the sum of absorptions from both
materials. This more flattened broadband must be taken as the
starting point for monitoring the hydration evolution by FTIR.

Regarding the AAM pastes after 7 days of curing (Fig. 3a), it can
be seen that the strongest peaks are in the interval of 940-
970 cm™!, which is the wavenumber region for the (C,N)-A-S-H
gels from the BFS activation [6,24]. The changes observed in the
band position for both BFS and BFS/SCSA systems can be related
to the effect of Al/Si and Ca/Si ratios: the decrease of these values
induces an increase in the wavenumber band [25,26]. As the alu-
minium content for both raw materials is very low, the changes
in the wavenumbers is more related to changes in the Ca/Si ratio.
In addition, the dissolution of silica-glassy part from SCSA (whose
band absorption was higher in energy than the one found for gel)
that reacts with BFS particles and forms part of the gel can also
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shift the broadband position to a lower wavenumber. In general,
for BFS samples, the broadband peak energy increased with curing
time, with this increase being higher for sodium silicate activated
paste (28-0.75-100/0). This suggests that silicate tetrahedral
anions are more strongly linked in the (C,N)-A-S-H gel. On the con-
trary, BFS/SCSA samples did not show a significant shift to higher
energy in the broadband FTIR peak with curing time. This beha-
viour can be explained as follows: despite the formation of a more
linked structure with the presence of SCSA (as suggested by com-
pressive strength behaviour), part of glassy silica from SCSA was
reacted to form cementing gel. In this way, the intensity of the
absorption related to SCSA was diminished, and the resulting peak
of the overlapped absorptions from the unreacted SCSA and the
formed gel did not shift to higher energies. In the case of BFS spec-
imens (without SCSA), the difference between the main peak of
raw material (964 cm~') and the peak associated with the formed
gel (945-959 cm™!) in the activated pastes was very low; the influ-
ence of the raw BFS consumed through the reaction was negligible
in the FTIR absorption overlap. The absorption band related to the
presence of carbonates (875 cm™!) was easily identified in SCSA
and in all pastes which contain this ash. This FTIR peak increased
with curing time, suggesting the carbonation of the pastes during
the curing process. This carbonation process also affected the BFS
pastes. Thus, after 7 days of curing, the peak centred at 875 cm™!
was not shown for 28-0-100/0 and 28-0.75-100/0 pastes; however,
after 28 curing days, paste activated by sodium silicate showed this
peak, and both pastes showed this absorption peak after 90 curing
days.

TGA results (derivative thermogravimetric curve, DTG) on the
pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25
after 7, 28 and 90 days of curing are presented in Fig. 4. In this
study, the main peaks and most important mass losses were at
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Fig. 3. FTIR spectra of the raw materials (BFS and SCSA) and the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 7, 28 and 90 days of curing.
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Fig. 4. DTG curves of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-
0.75-75/25 after 7, 28 and 90 days of curing.

the temperatures of 110-165, 200-250 and 580-620 °C. Therefore,
Table 4 is presented with the mass losses in the following impor-
tant temperature ranges of 35-250°C (Pg, mass loss related to
the formed gel), 450-650 °C and the total mass loss (P;) obtained
in the test (35-1000 °C). DTG peaks in the range 110-160 °C are
related to the dehydration of (C,N)-A-S-H or C-S-H gels from the
activation of the BFS [6,13,27]. The peak placed at 200-250 °C is
associated with the decomposition C-A-S-H gels (e.g. stratlingite
or C,ASHg) [6,13,28]. Finally, the peaks observed in the range of
580-600 °C are related to the decomposition of calcium carbonate.
This decomposition temperature range is noticeably lower than
that observed for calcite from natural source (700-850 °C): this is

Table 4

probably due to the particle size of the CaCOs crystals produced
in the carbonation process, which is a poorly crystallised phase
[27] and to the presence of sodium ions, both influencing the
decrease in temperature decomposition.

In general terms, it can be noticed that the mass losses
increased with curing time, and for a given curing age, they
increased with the presence of SCSA and/or sodium silicate: 28-
0-100/0 presented the lowest total mass loss, and also presented
the lowest mass losses for the ranges 35-250 and 450-650 °C.
For early age SCSA-containing samples (7 days), the peak centred
in the range from 450 to 650 °C was very intense, as can be seen
in DTG curves (Fig. 4). This was probably due, on the one hand,
to the initial calcium carbonate present in the ash, as confirmed
by XRD, and on the other hand by the higher carbonation rate of
the sample with the presence of SCSA. For medium curing times
(28 days), sample 28-0.75-100/0 also showed this peak, and the
same long curing time (90 days) was seen in the 28-0-100/0 sam-
ple. These results suggest that the formation of the compound that
decomposes at this temperature range is formed in all of the stud-
ied systems; however, the rate of formation changed depending on
the mixture.

Linear relationships have been found between the mass loss cal-
culated from the thermogravimetric analysis and the developed
compressive strength of mortar (Fig. 5). As a consequence of the
alkaline activation reaction progress, more hydrates are formed
and more strength is developed. Thus, mass loss in the range 35-
250°C (P, related to low temperature water releasing from
cementing gel) increased with compressive strength. A similar
trend was found for total mass loss (P, in the range 35-1000 °C).

MIP results for the pastes 28-0-100/0, 28-0-75/25, 28-0.75-
100/0 and 28-0.75-75/25 after 90 days of curing are summarised
in Table 5. The influence of SCSA in total porosity was insignificant
for pastes activated with only sodium hydroxide (28.42 and 28.44%
for 28-0-100/0 and 28-0-75/25, respectively); however, for the

= P,(35-250°C) .
® P (35-1000°C)

Mass loss (%)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Compressive Strength (MPa)

Fig. 5. Relationships between thermogravimetric mass losses for pastes (Pg, 35-
250 °C; and P, 35-1000 °C) and the compressive strength of mortars.

Mass losses (%) for the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 7, 28 and 90 days of curing at different temperature ranges (35-250 °C, 450-650 °C,

and total mass loss 35-1000 °C).

Specimen Mass losses (%)

7 days 28 days 90 days

35-250 °C (Pg) 450-650 °C Total (Py) 35-250 °C (Pg) 450-650 °C Total (P;) 35-250 °C (Pg) 450-650 °C Total (Py)
28-0-100/0 6.70 1.50 10.94 7.74 0.93 10.39 6.92 3.16 13.06
28-0 -75/25 6.20 3.57 12.05 9.96 3.36 16.03 7.69 5.37 15.78
28-0.75-100/0 10.14 1.03 13.33 10.25 2.44 15.30 8.85 4.18 15.95
28-0.75-75/25 6.47 3.99 12.79 8.23 4.72 15.30 8.73 5.45 17.11
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Table 5
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MIP results of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and n8-0.75-75/25 after 90 days of curing.

Specimen Total porosity (%) Total pore area (m?/g) Median pore diameter Volume (mL of Hg/g of paste) and percentage volume Hg retained (%)
Volume (nm) Area (nm) >5000 nm 5000-100 nm <100 nm

28-0-100/0 28.42 43.06 27.04 7.62 0.0139 (7.74%)  0.064 (35.67%) 0.1013 (56.54%) 43.52

28-0-75/25 28.44 91.44 9.14 5.12 0.0126 (6.39%) 0.0355 (17.98%) 0.1463 (74.06%) 35.16

28-0.75-100/0  24.28 42.99 545.80 5.02 0.0118 (7.63%) 0.0801 (51.55%) 0.0633 (40.82%) 27.85

28-0.75-75/25  27.66 102.15 7.04 5.06 0.0072 (3.77%)  0.0254 (13.33%)  0.1578 (82.9%) 38.75

specimens with € = 0.75, the paste with the ash presented greater
porosity than its respective control (24.28 and 27.66% for 28-
0.75-100/0 and 28-0.75-75/25, respectively). Taking into account
the Hg retained in the intrusion-extrusion cycle, the presence of
SCSA reduced the tortuosity in the paste from their respective con-
trols (35.15 and 43.52%, respectively for €=0, and 27.85 and
38.75% for € = 0.75, in that order). Probably, the presence of a fine
powder (finer than BFS) and the production of cementing gel from
its solution-precipitation process, yielded a more homogeneous
capillary and gel pore networks, with the lower formation of ink-
bottle pores.

Regarding the volume pore distribution of the pastes, differen-
tial and accumulated distribution MIP curves are depicted in
Fig. 6. Differential distribution curves (Fig. 6a) showed two main
types of pores for all tested pastes: capillary pores in the 100 to
5000 nm range (similar to large capillary pore network defined
by Mindness et al. [29]) for OPC pastes, and small capillary and
gel pores in the range 3 to 30 nm. Interestingly, SCSA containing
pastes showed a low volume of Hg intruding into the highest size
pores, being lower than 0.02 mL/g of paste (see Table 5). Contrarily,
for samples without SCSA, this value was higher than 0.04 mL/g of
paste. This means that SCSA reacted in the alkaline medium and
produced a refined pore size in this range. This pore refinement
produced smaller pores, and the intruded Hg volume was signifi-
cantly higher for these smaller pores: in this way, the median pore
diameter for SCSA containing AAMs was very low (9.14 and
7.04 nm for € = 0 and € = 0.75 respectively). Interestingly, the pres-
ence of the sodium silicate in the activated BFS sample (28-0.75-
100/0) produced a beneficial effect on the reduction of porosity,
and gel pore volume was very low compared to the other pastes.
Probably, the presence of dissolved silicate in the activating solu-
tion favoured the formation of a denser gel with a gel pore size
lower than 3 nm. This is the reason for the high mean diameter
in volume (diameter of the pore size for which 50% of Hg volume
was intruded): the value of 272 nm was due to the low gel pore
volume. Thus, for silicate-activated BFS mortar, good mechanical
properties were achieved.
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FESEM images of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-
100/0 and 28-0.75-75/25 after 90 days of curing are presented in
the Figs. 7-10. Regarding the paste with NaOH-activated BFS (28-
0-100/0, Fig. 7), a particle of the solid precursor can be observed
(BFS, spot A in Fig. 7a) with some binding gel products (spot B,
Fig. 7a) around it. EDS analysis on the unreacted BFS particle gave
the following atomic ratios: Ca/Si=0.76, Al/Si=0.33 and Na/
Si=0.02. Most of the sample was occupied by the porous gel
shown in the Fig. 7b: it was formed by an imbricated set of irregu-
lar gel particles with sizes in the 200-50 nm range. This gel was
analysed by EDS, resulting in the following atomic ratios: Ca/
Si=0.83 +0.05, Al/Si=0.34 +0.02, and Na/Si=0.39 + 0.06. The Si:
Al:Ca proportion was 0.46:0.14:0.38, which corresponds to a C-A-
S-H gel according to Abdalqader et al. [27]. FESEM micrographs
taken by using an in-lens system (Fig. 7c) showed a very homoge-
neous binding gel, and some small areas are covered by a denser
gel (spot C, Fig. 7d).

In Fig. 8, some FESEM micrographs for 28-0-75/25 paste are
depicted. In Fig. 8a, a general view of the gel is presented. In
Fig. 8b and c, the presence of two different types of formed gels
is noteworthy (see spots D and E). In spot D, the gel appears to
be made of small particles (size under 50 nm), which are smaller
than those obtained in the 28-0-100/0 specimen. In addition, its
composition shows similar values to that obtained for porous gel
in the 28-0-100/0 paste: Ca/Si=0.84+0.03, Al/Si=0.28 +0.02,
and Na/Si=0.37 £ 0.04. In this case, the Si:Al:Ca proportion was
0.47:0.13:0.40, which also corresponds to a C-A-S-H gel. The Na/
Si atomic ratio was similar to 28-0-100/0 paste (0.37 vs 0.39)
despite the higher quantity of Si in the 28-0-75/25 paste due to
the presence of SCSA. In contrast, the other gel (see spot E) showed
a different morphology: more compacted, denser particles larger
than 200 nm and irregularly hollowed (holes smaller than 50 nm
size). This gel resulted in the following atomic ratios: Ca/
Si=0.65+0.08, Al/Si=0.28 +0.02, and Na/Si=0.30 + 0.05. The Si:
Al:Ca proportion was 0.52:0.14:0.34, which corresponds to a C
(N)-A-S-H gel according to Abdalqader et al. [27]. The presence of
SCSA in the mix favoured the formation of gels with a lower
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Fig. 6. MIP curves of the pastes 28-0-100/0, 28-0-75/25, 28-0.75-100/0 and 28-0.75-75/25 after 90 days of curing: a) differential, and b) accumulated distribution.
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Fig. 7. FESEM micrographs of BFS activated paste with NaOH (28-0-100/0): a) general view of the paste with an unreacted BFS particle (spot A) and gel (spot B); b) detailed
view of the gel; c) in-lens micrograph showing BFS unreacted particle (spot A) and main gel (spot B); d) enlarged zone from c), in which a denser gel is shown (spot C).

a) 28-0-75/25

Fig. 8. FESEM micrographs of BFS/SCSA activated paste with NaOH (28-0-75/25): a) general view of the paste; b) general view of formed gels (spot D shows a porous gel, and
spot E, a compacted gel); c) detailed view of both gels; d) in-lens view (lighter area for porous gel, and darker are for compacted gel).

percentage of Ca and higher percentage of Na. Additionally, if the
Na/Ca and (Na + K)/Ca ratios are compared, the influence on the
composition of the gel can be noticed due to the K contained in
the ash. Thus, the Na/Ca and (Na + K)/Ca ratios for 28-0-100/0 were
very similar: 0.47 £ 0.06 and 0.52 + 0.06 respectively. In contrast,
gels in 28-0-75/25 paste showed much higher values for (Na
+K)/Ca than for Na/Ca (for porous gel, 0.59 £ 0.01 vs. 0.44 + 0.03;
for compacted gel, 0.69 +0.12 vs. 0.47 £0.13). Fig. 8d shows the
distribution of both gels, porous and compacted, taken by using
an in-lens system: darker zones belong to compacted gels and
lighter ones to porous gels.

Regarding the specimen of BFS activated with both sodium
hydroxide and silicate, Fig.9a shows a general view of the
microstructure, in which a large zone is covered by a compacted
gel (spot G) with a smaller area covered by a more porous gel (spot
F). Both types of formed gel can also be seen in the enlarged zone
(Fig. 9b). The porous gel (see spot F, Fig. 9b) is similar to porous gel
found in the microstructure of the 28-0-75/25 paste; the denser gel
(see spot G, Fig. 9b) is a continuous gel similar in composition to
the one found in 28-0-75/25 paste (spot D). Also, some crystalline
formations have been found: in Fig. 9c, sheet-like crystals which
were surrounded by a porous gel with the following composition
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Fig. 9. FESEM micrographs of BFS activated paste with NaOH and sodium silicate (28-0.75-100/0): a) general view of the paste with some gel formation (spot F shows a
porous gel, and spot G, a compacted gel); b) detailed view of formed gels; c) detailed view of sheet-like crystals (spot H, stratlingite); d) pirssonite crystals surrounded by gels.

Fig. 10. FESEM micrographs of BFS/SCSA activated paste with NaOH and sodium silicate (28-0.75-75/25): a) general view of the paste with some gel formation (spot J) and a
quartz particle (spot K); b) detailed view of compacted gel; c) detailed view of gel; d) pirssonite crystals surrounded by gels.

(atomic ratios): Ca/Si=0.85%0.03, Al/Si=0.29+£0.01, and Na/
Si=0.09 +0.03. This chemical composition suggested that this
phase is a C-A-S-H gel, and probably the crystals are stratlingite,
Ca,Aly(Si0,)(0H)19-2.5H,0 In Fig. 9d, some well-formed crystals,
with a size of around 500 nm, were found. It was very difficult to
perform chemical analysis because of the influence of the sur-
rounding matrix, but interestingly the Na/Ca atomic ratio was very
high (1.20 + 0.02). This atomic ratio and the carbonation [30] of the
sample (accordingly to TGA studies) allowed us to conclude that
they are pirssonite, Na,Ca(COs),-2H,0 They can be formed due to
carbonation of the sample.

In Fig. 10, some micrographs of the 28-0.75-75/25 paste are
depicted. Fig. 10a show a general view of the microstructure, in
which much of the shown area is covered by a compacted gel
(spot ]). In the bottom-right corner of this micrograph, a parti-
cle of quartz was identified (probably from the SCSA, spot K).
Fig. 10b and c¢ showed a detailed arrangement of the compacted
gel (spot ]): this gel was very similar to the compacted gel
found for 28-0-75/25 paste (see Fig.8c, spot D), in this case
with a less hollowed pattern. Finally, in Fig. 10d, pirssonite crys-
tals (2-3 um size) are shown, produced by the carbonation
process.
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4. Conclusions

BFS alkali activated materials (AAM) activated by alkaline solu-
tions in the H,0/Na,O (m) range of 22-37 (equivalent to a Na*
molality of 5-3 molkg™') and the corresponding systems with
the replacement of BFS by sugarcane straw ash (SCSA) were stud-
ied. NaOH and a mixture of NaOH + sodium silicate solutions, SiO,/
Na,O ratios (&) of 0 and 0.75 respectively, were assessed as activat-
ing solutions. In terms of mortar compressive strength behaviour,
the replacement of BFS by SCSA did not negatively affect the
mechanical performance produced. Interestingly, this replacement
enabled the strength behaviour respect to the NaOH activated BFS-
AAM: increases in the strength were 86% and 66% at 28 and
90 days, respectively. Moreover, these strength values were
slightly lower than those obtained for sodium silicate BFS-AAMSs
(at 90days of curing, reached 80-90% of the strength for BFS-
mortar). Also, the strength behaviour due to the influence of SCSA
content (assessed on the interval of 15-50% replacement of BFS)
did not show differences at 90 days of curing, which represents
an interesting advantage in terms of the design and dosage of the
AAMs. The optimum BFS/SCSA proportion was 75/25 due to its bet-
ter compressive strength developed in the early curing time with
respect to other tested replacements. Regarding the effect of the
alkaline solution, the n ratio also did not influence the compressive
strength at 90 days of curing; however, the strength evolution was
significantly affected by the replacement: very early aged (3 days)
mortars containing SCSA yielded low strength values. From
microstructural studies, the significant role of SCSA in the develop-
ment of the gel formed due to the alkali activation process was
investigated. From XRD, TG and FTIR analyses, no differences in
the nature of the cementing gel were found between the tested
pastes. However, mercury intrusion porosimetry (MIP) measure-
ments highlighted the critical reduction in the capillary pore vol-
ume for SCSA-containing pastes compared to the NaOH-BFS
activated system. The high gel pore volume from MIP and the pres-
ence of compacted gel identified by FESEM in the SCSA systems
agreed with the good mechanical behaviour of SCAS-activated
mortars. A high proportion of a C(N)-A-S-H compacted gel was
observed in these SCSA-systems, in a similar way to the observa-
tions for BFS activated with sodium silicate. From a general point
of view, despite the low alkali concentration in the activation solu-
tions, the SCSA plays an important role in the development of the
binding ability of the alkali-activated paste. For these systems, a
replacement of sodium silicate in the activating solution by the
dosage of SCSA in the precursor can be proposed as a way to yield
highly sustainable binders. Thus, interesting mixtures containing
SCSA can be designed, which yield a similar performance to BFS
systems, meaning that good valorisation of this biomass waste
can be carried out for low alkalinity-activated materials.
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