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ABSTRACT

Alkali-activated binders are the new trend in building construction studies due their good mechanical properties and
environmental advantages. These type of binders are obtained by a mixing of a solid precursor with an activating
solution. In this study, the influence of sugar cane straw ash (SCSA) obtained from an auto-combustion process on
blast-furnace slag (BFS) based alkali-activated binders was assessed as solid precursor. The studied proportions of
BFS/SCSA were 100/0 (control), 85/15, 75/25, 67/33 and 50/50 (by mass). Regarding to the activating solutions,
three different mixtures were used: only NaOH (8 mol.kg™ Na*) and two different combinations of NaOH with
sodium silicate (8 mol.kg™ Na* and SiO,/Na,O molar ratios of 0.50 and 0.75). The water/binder was maintained
constant. To assess the influence of SCSA on BFS-alkali activated binders, mortars were evaluated in terms of
compressive strength (3-90 days curing time at room temperature and 3 days at 65°C); and pastes were studied to
justify these results by means of thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR)
and field emission scanning electron microscopy (FESEM). The presence of SCSA in the binder greatly improved

the compressive strength when compared to the control BFS mortars, reaching values higher than 50 MPa after 90
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days. SCSA/BFS samples activated with sodium hydroxide yielded similar compressive strength values to those
obtained for BFS mortars activated with sodium silicate. In the new binders, the partial replacement of BFS, the total

replacement of sodium silicate solution and a new way of valorizing sugar cane straw enhanced sustainability.

KEYWORDS: silicates, mechanical properties, biomass, renewable resources, microstructural characterization.

1. INTRODUCTION

The development of sustainable construction materials is currently a new trend under investigation [1]. Alkali-
activated (AA) binders are being researched as an alternative construction material to replace the use of Portland
cement [2]. This type of binder is obtained when a highly alkali concentrated solution activates, due to the high pH,
a raw material, which can be metakaolin, fly ash, or blast furnace slag, among others [3-5]. The advantages of using
AA binders instead of Portland cement based-mixtures are both technological and environmental. In some cases, the
compressive strength and durability of these binders are higher, and they are more sustainable since they consume
less energy,release less CO, and the reuse of wastes [6-10]. Although AA binders present advantages in terms of
sustainability compared to the ordinary Portland cement (OPC), it is possible to increase even more the benefits

from this type of material.

Blast furnace slag (BFS), one of the most commonly used raw materials in the production of AA binders, as it
presents many advantages in terms of its technological properties [11]. In recent years, blast furnace slag has been
used in new AA systems with the addition of supplementary cementitious materials [12-13]. This has become an
interesting method in the cement industry, taking into account that the cost of blast furnace slag is on the same order
as that of Portland cement [14]. Thus, the design of new binary blast furnace slag-based systems is an interesting
topic. In the preparation of AA binders, the alkaline solution is the most pollutant, expensive reagent and consumes
the most energy. In general, this solution is composed of alkaline hydroxides and silicates; the latter emit high
amounts of CO, and have a high economic cost [15]. An alternative route is to reduce the use of alkaline silicates,

replacing them with another more sustainable silicon source. As example, studies carried out on rice rusk ash (RHA)
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in the preparation of alkaline solutions showed similar mechanical properties for AA systems when compared to a

control solution prepared with silicate-based chemical reagents [16].

This paper introduces a new raw material to produce an AA binder: sugar cane straw ash (SCSA). Brazil is the
major sugar cane producer in the world with a production of 632 million tons in 2014-2015, which represents an
increase of 64% in the last ten years [17]. The straw represents 15-20% of the total mass of sugar cane produced;
during harvesting, this straw is abandoned on the field, producing some environmental and technical problems [18].
This residue could be transformed into ash by burning because it is a valuable biomass, yielding sugar cane straw
ash (SCSA). An interesting destination for SCSA is in the construction materials sector [19]. In this particular study,
it will be assessed as a component in an AA binder system with blast furnace slag. The huge amount of this waste
generated and previous studies on agroindustry residues in AA binders support this study [20-21]. SCSA from this
study was obtained from an auto-combustion process of the straw. The ash was chemically and physically
characterized, then assessed in BFS/SCSA systems (solid precursors) at these proportions: 100/0 (control), 85/15,
75/25, 67/33 and 50/50. Three alkaline solutions were designed to activate the precursor: an NaOH solution and two
NaOH/sodium silicate solutions. The Na* concentration in these solutions was held constant, whereas the SiO,/Na,O
molar ratio (designated as €) of the solution was varied to assess the influence of sodium silicate in the mixture. The
compressive strength of the mortars, thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM) of the pastes were
performed in order to assess the influence of SCSA on the BFS-based systems. The objective of this study was to
valorize a waste from the agro-industry and reduce the use of a less sustainable material in the alkaline solution, i.e.

sodium silicate. Additionally, savings in the consumption of BFS was an indirect goal.

2. MATERIALS AND METHODS

2.1 Materials and Equipment

The sugar cane straw was received from a sugar cane plantation near of Ilha Solteira (S&o Paulo, Brazil). This

material was burned by an autocombustion process, in which the maximum temperature reached was 700°C. The
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residue from combustion was passed through sieves to remove the unburned matter, and the resulting ash was milled
in a ball mill for 50 minutes in order to increase its reactivity. Blast furnace slag was obtained from Ribas do Rio
Pardo (Mato Grosso do Sul, Brazil). Regarding the chemical composition, SCSA presented SiO,, Al,03, CaO as
main components. Table 1 summarizes the chemical composition of the solid precursors (BFS and SCSA). . In their
composition, the most interesting oxides for AA binders are the SiO,, Al,O3; and CaO. AA binders based on BFS
usually yields a (C,N)-A-S-H gel, whose mechanical properties can be improved by the use of siliceous source. The
SCSA is this source in the present case, and replacing partially the BFS, can also improve the mechanical properties
of the final AA binder [12]. In particle size studies, SCSA presented a mean particle diameter (Dy,eq) and median
particle diameter (Dsp) of 18.1 and 10.6 pm respectively; for the BFS, these values were 27.5 and 21.4 um,

respectively.

Table 1 — Chemical composition of SCSA and BFS by weight percentage

Solid Precursors  SiO, AlLO; Fe,0O3; CaO MgO K,O SO; Cl Others LOI

SCSA 586 9.0 8.4 4.6 1.6 54 19 07 3.3 6.5

BFS 33.0 115 06 435 73 04 19 01 1.6 0.1

Both sodium hydroxide pellets (solid, 98% purity) and sodium silicate (solid, 18 wt% Na,O, 63 wt% SiO,) were
supplied by Dinamica Quimica. In the preparation of solution, NaOH pellets were dissolved in water, producing an
increase in the temperature of the solution. When sodium silicate was used, it was added to the hot NaOH solution in

order to facilitate the dissolution rate. Prepared solutions were used when they reached room temperature.
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Mortars were assessed by compressive strength in an EMIC Universal Machine with a 2000 kN load limit at a
loading rate of 0.5 MPa/s. The compressive strength was an average of testing values on three cubic mortars of 50 x
50 x 50 mm 3. Regarding to the pastes studies, the TGA equipment used was a Mettler-Toledo TGA 850, where the
specimen was heated in a 100 pL sealed pin-holed aluminum crucible in the temperature range of 35-600°C, with a
heating rate of 10°C.min™ and N, atmosphere (75 mL.min™ gas flow). FTIR was performed by a Bruker Tensor 27
in the range of 400 and 4000 cm™. XRD patterns were obtained by a Bruker AXS D8 Advance with a voltage of 40
kV, current intensity of 20 mA and a Bragg’s angle (260) in the range of 5-70°. Finally, FESEM images were taken

by a ZEISS Supra 55.

2.2 Alkali activated binder dosage

Five different BFS/SCSA proportions were assessed in this study: 100/0 (control), 85/15, 75/25, 67/33 and 50/50
(by mass). For the alkaline activating solution, the Na* concentration was held constant at 8 mol.kg™, whereas three
SiO,/Na,O molar ratio of the solution (g) were assessed: 0 (only sodium hydroxide in the solution), 0.50 and 0.75.
The water/binder proportion (being binder the sum of BFS and SCSA) was 0.45 and, for mortars, the selected
sand/binder ratio was 2.5. Some mortars (¢ = 0.75 with 67/33 and 50/50 ratios) presented rheological problems and
they were not cast. Mortar specimens were assessed after 3 (25°C and 65°C, RH > 95%), 7, 28 and 90 curing days
(only 25°C, RH > 95%). Paste samples were tested after 7, 28 and 90 curing days (25°C, RH > 95%) for TGA and
FTIR studies; for XRD and FESEM analysis, only samples with 28 days of curing time (25°C, RH > 95%) were

analyzed.

The nomenclature for AA binders studied in this paper is x-y/z, where the “x” is related to the alkaline activating
solution design and “y/z” is the BFS/SCSA proportion in the mixture. The “x” can be N, SS50 and SS75, which are
related the € value equals to 0 (only sodium hydroxide in the solution), 0.50 and 0.75, respectively. Finally, the “y/z”
values were 100/0, 85/15, 75/25, 67/33 and 50/50, as the already presented BFS/SCSA proportions. The specimen’

names are provided in Table 2.

3. RESULTS AND DISCUSSION
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The compressive strength (Rc) values of the mortars are summarized in Table 2. The mean data were obtained from
three 50 x 50 x 50mm? cubic specimens. In order to highlight the importance of SCSA in the mixture, a factor
named vy is proposed (Figure 1), which represents the compressive strength ratio of a specimen with SCSA and its
respective control (Rcscsa / RCeontror) UNder the same curing conditions. On one hand, it was observed that, for
specimens with € = 0, SCSA had an important role in the development of compressive strength. These mixtures
presented higher strengths than the control sample after 3 days of curing, with y factor values above 1.0 (Fig. 1a).
On the other hand, for the samples activated with both sodium hydroxide and sodium silicate (¢ = 0.50 and & = 0.75),
the compressive strengths of the SCSA mortars were similar or lower than their respective controls, with y factor
values lower than 1.0 after 3 days of curing (Fig. 1a). This behavior suggests that the presence of SCSA, when
silicate anions are available in the prepared solution, does not provide any advantage, and produces a small delay in
the cementing effect. This was especially marked for € = 0.75. Curiously, at this early age, the strength of SS75-
100/0 (12.8 MPa) was surpassed by some SCSA containing mortars with € = 0 (e.g. 17.2 MPa for N-67/33),
suggesting that dissolved silica from SCSA plays a similar role in the cementing reaction than silicate anions from
sodium silicate. Similar trends were observed after 7 days of curing time (Fig. 1b). Interestingly, all SCSA
specimens showed better strength results than the control sample after 28 days of curing, mainly for the specimens
activated with only sodium hydroxide (¢ = 0), which yielded significantly higher compressive strengths than the
control sample. For this curing time, the y factor reached for N-75/25 was above 2.5 (Fig. 1c). In contrast to the
behavior observed after 3 and 7 days of curing, SCSA mortars with ¢ = 0.50 and € = 0.75 gained important strength:
after 28 days of curing, there was a positive effect when silicate anions were incorporated by means of both the
alkaline solution and the ash. Thus, the y factor was in the range of 1.67-1.89 for 15-25% SCSA mortars with ¢ =
0.50, and in the range of 1.13-1.19 for 15-25% SCSA samples with € = 0.75 (Fig. 1¢). Control mortars (only BFS)
significantly increased in strength from 28 to 90 days of curing for all three activating solutions. Despite this, all
SCSA containing mortars, after 90 days of curing, yielded similar or higher strength values than the control samples
(y =1, Fig. 1d). Thus, for mortars with € = 0, the y factor values were in the range of 1.39-1.78, confirming the
effectivity of the ash in the NaOH-alkali activated BFS mortars. The contribution of silicate anions dissolved from
the ash let to 90-day strength values similar to those obtained for BFS mortars with £ = 0.50-0.75 (e.g. 48.5 MPa for

N-75/25 versus 51.2 MPa for SS50-100/0).
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In order to assess strength development at higher curing temperatures, a set of mortars was cured at 65°C. For the
studied BFS, the increase in curing temperature did not significantly increase the strength after 3 days of curing;
only for the SS75-100/0 specimen was strength development much higher than for the mortar cured at 25°C (27.0
MPa versus 12.8 MPa). This behavior means that the presence of an important quantity of silicate anions in the
mixture plays a decisive role in enhancing the mechanical properties with a high curing temperature. In an
interesting way, for all SCSA containing mortars, the increase in curing temperature led to good strength
development and, after 3 days, all samples yielded more than 20 MPa. Particularly, SS50-75/25 and SS50-67/33
reached 40 MPa. This behavior indicates that, at a high curing temperature, the role of SCSA, in terms of strength
development, is much more effective than sodium silicate added in the activating solution. Thus, sodium silicate as a

chemical reagent could be successfully replaced by SCSA, which also reduced the amount of BFS consumed.

These presented results confirm that is possible to obtain a more sustainable AA binder accordingly the following
two factors: the reuse of a biomass waste and the replacement of the sodium silicate solution by an alternative
siliceous source. As the biomass became a trend in energy generation in the last years [22], the reuse of these wastes
are a form of sustainability. Another issue is the CO, emission of the sodium silicate production, which is the
highest one among the materials used in the AA binders design [15]. Using a less pollutant siliceous source in the
place of this activator increases the sustainable characteristic of the AA binder. The similarity in compressive
strength of mortars with SCSA (g equal to 0) and with only BFS (g equal to 0.50 or 0.75) is the confirmation of the

improvement in the new designed AA binder in terms of sustainability.
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Table 2 — Specimens’ names, compressive strength of mortars (MPa) and their standard deviations

Curing time

Specimens’ name ¢ (SiO,/Na,0) BFS/SCSA 25°C 65°C

3 days 7 days 28 days 90 days 3 days
N-100/0 100/0 10.7+0.8 155+0.2 16920 273+08 11.9+0.2
N-85/15 85/15 151+03 251+05 344+03 37.9+32 20.7+0.3
N-75/25 0 75/25 159+03 244+19 444+10 445+20 25717
N-67/33 67/33 172+0.2 239+23 374+37 436+22 300+14
N-50/50 50/50 106+03 20.6+0.1 265%+19 479+12 343+25
SS50-100/0 100/0 143+04 256+05 283+21 512+14 18.6+0.8
SS50-85/15 85/15 158+04 31.2+0.7 472%+22 498+31 318+11
SS50-75/25 0.50 75/25 152+01 25.6+11 533%x29 49.2+07 40.7+x20
SS50-67/33 67/33 132+0.2 266+01 381+33 495+12 404+16
SS50-50/50 50/50 94+06 184+17 298+29 508+28 352x16
SS75-100/0 100/0 128+0.3 26.7+06 393+11 515+41 27.0+05
SS75-85/15 0.75 85/15 6.1+0.2 19.1+05 444+29 56.0+13 27.3x0.6
SS75-75/25 75/25 48+04 140+x05 46.8+38 514+31 326%31
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range of 0-0.75, after: a) 3 days of curing, b) 7 days of curing, ¢) 28 days of curing and d) 90 days of curing (at

250C).

Figure 2 shows the DTG curves for N-100/0, N-75/25, N-50/50, SS50-100/0, SS50-75/25 and SS50-50/50 pastes
cured for 7, 28 and 90 days at 25°C. Table 3 shows the mass losses of these pastes in the temperature intervals of 35-
180°C, 180-250°C and 250-600°C. In the DTG curves (Fig. 2a, Fig. 2b and Fig. 2c), the peaks in the range 140-
155°C are related to the dehydration of (N,C)-A-S-H gel, whereas the peak at 180-200°C can be related to C-A-S-H
compounds (e.g. stratlingite, C,ASHg) [23,24]. In general terms, the mass loss related to the (N,C)-A-S-H gel
increased with the curing age for all mixtures, indicating that the formation of AA products was taking place. The
presence of peaks at 180-200°C was found after 7 days (small peak or weak shoulder) and 28 days of curing (well-

defined peak), and increased with the amount of SCSA in the mixture. After 90 days of curing, the peak related to
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C-A-S-H compounds disappeared, and the mass loss in the range of 180-250°C decreased (Table 3), indicating that

Na" ions cross-linked with this compound and formed a (N,C)-A-S-H gel [25].
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Figure 2 — DTG curves for the N-100/0 (a), SS50-100/0 (b), N-75/25 (c), SS50-75/25 (d), N-50/50 (e) and SS50-

50/50 (f) pastes cured for 7, 28 and 90 days at 25°C

10



215 Table 3 — Mass losses for the N-100/0, N-75/25, N-50/50, SS50-100/0, SS50-75/25 and SS50-50/50 pastes cured

216 for 7, 28 and 90 curing days at 25°C in defined temperature ranges of TGA:35-180°C, 180-250°C and 250-600°C

Mass loss in a temperature range (%)

Curing time  Specimens’ name
35-180°C 180-250°C 250-600°C TOTAL

N-100/0 7.61 2.47 3.52 13.60
N-75/25 7.56 2.44 2.92 12.92
N-50/50 5.67 1.58 3.35 10.60

7 days
SS50-100/0 8.27 2.33 3.29 13.89
SS50-75/25 5.95 2.10 3.89 11.94
SS50-50/50 9.78 2.24 2.72 14.74
N-100/0 11.15 341 3.75 18.31
N-75/25 10.41 3.34 3.83 17.58
N-50/50 7.39 3.35 4.54 15.28

28 days
SS50-100/0 10.75 3.28 3.77 17.80
SS50-75/25 10.22 3.36 3.91 17.49
SS50-50/50 5.75 4.66 6.67 17.08
N-100/0 8.89 2.85 451 16.25
N-75/25 14.22 3.07 4.37 21.66
N-50/50 14.25 2.92 4.15 21.32

90 days
SS50-100/0 11.63 3.19 4.65 19.47
SS50-75/25 8.46 3.18 6.62 18.26
SS50-50/50 12.43 3.24 4.87 20.54

217
218

11
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In the FTIR spectra (Figure 3), the main vibration bands of the raw materials and AA pastes are highlighted. First,

regarding the raw materials, the main vibration bands of BFS and SCSA were 964 and 1028 cm™ (Si(Al)-O-Si

vibration), respectively. The pastes showed peaks in the range of 940-980 cm™ (Si-O-T vibration, T = Si or Al) [20].

With an increase in the amount of SCSA in the mixture, the main vibration band shifted to higher wavenumber

values. Since the main peak for SCSA has higher wavenumber vibration than the value for BFS, this justifies the

higher wavenumber peaks in the pastes with the presence of ash. However, with curing age, the main vibration peak

shifted to lower wavenumbers. This behavior is related to the formation of AA products, as shown in the DTG

studies.
a) N-100/0 b) N-75/25 ¢) N-50/50
BFS BFS BFS
SCSA & SCSA & SCSA &
7d — & 7d x{/ 7d {“’
_
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S °
90d < 0d— & 90d\q‘:—?’/
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Ko S S
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// Q o
— & 90d — & 90d
o,b?’ o’b’c\ c,b
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Figure 3 — FTIR spectra for the N-100/0 (a), SS50-100/0 (b), N-75/25 (c), SS50-75/25 (d), N-50/50 (e) and SS50-

S50 (f) pastes cured for 7, 28 and 90 days at 25°C
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The XRD patterns of the raw materials (BFS and SCSA) and the N-100/0 and N-50/50 pastes cured for 28 days at
25°C are shown in Figure 4. Mineralogical analysis showed that SCSA presented quartz (PDF Card #331161) and
calcite (PDF Card #050586) as the main crystalline phases. The amorphous phase of the ash can be seen in the
baseline deviation between the Bragg’s angles of 17° and 33°. BFS showed the typical pattern of an amorphous
material by presenting a baseline deviation in the range 26 = 20-35°. Regarding the pastes, a shift in the baseline
deviation range was observed when compared to the raw materials in the 26 range between 23° and 37°. This
behavior is typical for the formation of cementing gels [20,26]. Another gel formation can be seen by the large peaks
of C-S-H and C-A-S-H. Additionally, some crystalline phases were formed: N-100/0 showed peaks of katoite (PDF
Card #380368), stratlingite (PDF Card #290285) and hydrotalcite (PDF Card #140191), produced during the
activation process [27,28]. Termonatrite (PDF Card #080448) was also observed in the sample, probably due to the
carbonation of the sample or transformation of the calcite into a sodium carbonate phase. A slightly different pattern
was found for N-50/50. In this case, in addition to the previously mentioned phases containing aluminum or silicon,
sodium zeolite phases were identified, i.e. hydrosodalite (PDF Card #311271) and hydrated nepheline (PDF Card
#100460). The replacement of BFS by SCSA reduced the Ca/Na atomic ratio and increases the (Si+Al)/Na ratio.

Consequently, the formation of hydrosodalite and hydrated nepheline was favored.

13
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Figure 4 — XRD patterns for the raw materials, BFS and SCSA, and for the N-100/0 and N-50/50 pastes, cured for

Q Q
HST

28 days at 25°C. (Keys: Q: Quartz; C: Calcite; W: Wollastonite; N: Termonatrite; T: Hydrotalcite; K: Katoite; S:

Stratlingite; H: Hydrosodalite; P: Hydrated Nepheline)

Figure 5 shows the FESEM images of the N-100/0 (Fig. 5a and 5b) and N-50/50 (Fig. 5¢ and 5d) pastes after 28
days of curing. In Figure 5a, a reacting BFS particle (Point A) and an (N,C)-A-S-H gel (Point B) can be seen; the gel
had the following molar ratios: Al/Si = 0.28 + 0.01, Na/Si = 1.07 + 0.05 and Ca/Si = 0.70 + 0.05. In Figure 5c, a
quartz particle from SCSA is indicated (Point C), surrounded by an (N,C)-A-S-H gel (Point D): this gel presented a
higher amount of Si than that found in the control (molar ratios: Al/Si = 0.27 £ 0.01, Na/Si = 0.64 + 0.01 and Ca/Si
= 0.55 £ 0.09). The presence of SCSA in the mixture favored the formation of gels richer in Si, since the added ash
contains silicon as the main metallic element. In a higher magnification (Fig 5b for N-100/0 and Fig 5d for N-

50/50), it can be seen that the gel of the AA binder with SCSA is more compact than that for the control one, which

14
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also can justify the best performance in the compressive strength test. In addition, zeolite crystals formation in the

N-50/50 sample can be observed (Fig. 5d).

Figure 5 — FESEM images of N-100/0 (a and b) and N-50/50 (c and d) after 28 days of curing at 25°C.

4, Conclusions

The reactivity of SCSA in BFS-based alkali activated binders offers huge advantages. A sustainable material was
obtained in this study. First, the replacement of BFS (15-50% by mass) by SCSA in NaOH activated systems
provided excellent mechanical properties in the mortar, and similar or higher strengths than BFS systems (without
SCSA) activated by NaOH/sodium silicate mixtures were achieved. Secondly, the use of SCSA reduced the use of

the most expensive chemical reagent in these activated systems, i.e. sodium silicate. Finally, a high degree of

15



274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

valorization for these ashes was achieved by using them in this type of binder, and offers an interesting solution for
managing sugar cane straw wastes. In summary, more sustainability was achieved by replacing BFS and sodium

silicate in the design of new binders, and by the proposal of a new valorization method for sugar cane straw waste.
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