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ABSTRACT

Studies on reactivity of sugarcane bagasse ash (SCBA), obtained by an autogenous

combustion process, with low loss on ignition and three different particle sizes were

carried out (SCBA-1, SCBA-2 and SCBA-3). The ashes were characterized by their
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particle size distribution, chemical composition, X-ray diffraction (XRD),
thermogravimetric analysis (TGA) and field emission scanning electron microscopy
(FESEM). The ash with lowest particle size was SCBA-3, followed by SCBA-2, which
both are finer than SCBA-1. Calcium hydroxide/SCBA blends were assessed by means
of loss of electrical conductivity (Lc), TGA and FESEM. Portland cement/SCBA pastes
were analyzed through isothermal calorimetry, TGA, FESEM and compressive strength.
Results showed that SCBA with lowest particle size (SCBA-3) presented highest
reactivity, which resulted in statically significant better compressive strength than that of
control paste (with only Portland cement) after 28 days of curing. The improvement on
compressive strength by employing SCBA-3 respect to control and SCBA-1 were 17.9

and 14.1%, respectively, after 180 days of curing.

Keywords: pozzolan characterization, calcium hydroxide/pozzolan paste, Portland

cement/pozzolan paste, microstructural study, compressive strength test.

Highlights:

- Sugarcane bagasse ash (SCBA) was produced by autogenous combustion.

- SCBA samples with three different particle sizes were assessed by their pozzolanic
reactivity.

- The lower the particle size of SCBA, the higher the reactivity.

- The improved reactivity lead to significant higher compressive strengths in pastes.
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INTRODUCTION

Supplementary cementitious material (SCM) is composed mainly of siliceous or
aluminosiliceous compounds in amorphous phase and high specific surface area.
Nowadays, different SCMs are being widely used to improve the mechanical properties
and durability of Portland cement-based products. This improvement results from
chemical, filler and heterogeneous nucleation effects [1-3]. Some phases of SCM react
chemically with the portlandite generated from the Portland cement hydration. This
reaction leads to forming cementing compounds similar to the hydrates from Portland
cement reactions (e.g. C-S-H and C-A-S-H) [4]. The filler and nucleation effects are
related to the particle size and specific surface area of SCM. In this case, the filler effect
is characterized by particles of SCM that improve the packing density of the hydrated
Portland cement matrix, which reduces porosity and increases mechanical properties and
durability [5]. Regarding to nucleation effect, it is related to the increase of nucleation
sites by the presence of SCM fine particles in the paste [1]. These nucleation sites increase
the available surface area for hydration product precipitation. Consequently, the hydration
process of the Portland cement accelerates, which forms a denser structure that increases

the mechanical behavior at early ages [5-8].

The SCM performance is mostly influenced by its mineralogy, chemical composition and
physical properties. These properties highly influence the chemical, filler and
heterogeneous nucleation effects [8-10]. Related to SCM mineralogy, studies showed that
most crystalline phases (e.g. quartz) present low solubility in cement pore solution [7]. In
contrast, the amorphous phase is more soluble than crystalline phases, which results that

the former is generally more reactivity than the latter [8]. Regarding to chemical
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composition of SCM, its can be mainly composed by SiO2, Al203 and CaO. Considering
the reactive part of SCM, chemical composition influences on the chemistry and content
of reaction products [9]. For example, an increase of a reactive siliceous-based SCM in
Portland cement paste results on a decrease of the portlandite content, and it is expected
a formation of a C-S-H with lower C/S ratio than those generated in the cement hydration.
In the case of an SCM composed by reactive aluminosilicates added to a Portland cement
paste, it is also detected a reduction of the portlandite content in the paste, but it is
expected some formation of C-A-S-H and a AFm phase. Respect to physical properties
of SCMs, it can be highlighted the particle size distribution and specific surface area,
which can vary according to nature and source of the SCMs [10]. These parameters

influence mostly the filler and heterogeneous nucleation effects.

Silica fume, fly ash and metakaolin are examples of SCM commonly utilized in cement-
based materials [4]. In the case of developing countries, the interest in agroindustry
residues to be utilized as SCM materials increased in the last decades due their great
availability and potential to improve the Portland cement-based composites properties
[11]. In this way, one of these wastes is the sugarcane bagasse ash (SCBA). In fact,
sugarcane has experienced an increase in production of over 50% in the last decade
especially due to ethanol production [12]. Consequently, the bagasse, the main sugarcane
by-product, increased in the same way. The bagasse is usually utilized as biomass to

produce energy in boilers, and this process yields the waste called sugarcane bagasse ash.

The SCBA composition is mainly based on silica in both phases, amorphous and
crystalline [7,13]. The presence of crystalline phases may be due the soil contamination

by quartz or when the burning process reaches high temperatures to form cristobalite [14].
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However, these crystalline phases are not interesting due its low reactivity [13,15].
Therefore, a solution found by researchers is to grind the SCBA to an appropriate particle
size [7,13,14]. The grinding process can increase the reactivity of the SCM and also can
favor both filler and nucleation effects. Previous studies concluded that crystalline phases
can present some reactivity when the ash is ground [15]. Another problem detected in
recent studies is the incomplete calcination from power plants that results in high loss on
ignition (LOI). Therefore, a careful calcination or a necessity to reburn the ash is one of

the solutions improve SCBA pozzolanic activity [16-17].

Thus, this study intends to produce a sugarcane bagasse ash (SCBA) by an autogenous
burning process, which is a process that demands low energy requirement to produce an
ash with low LOI, and to assess three different grinding processes in order to determine
the highest reactivity of the SCBA. These SCBA samples were tested in blends with
calcium hydroxide, their activity in Portland cement pastes and the influence on
mechanical properties of cement-based pastes. The compressive strength results were
compared using one-way analysis of variance (ANOVA) followed by Tukey test with a
p-value of 0.05. The aim is to determine the best grinding process to use the total potential

of the SCBA.

EXPERIMENTAL

SCBA production and characterization

Sugarcane bagasse was obtained from Suzanépolis (Brazil). This bagasse was burnt by

an autogenous burning process for 14 hours with a peak temperature of 700 °C. Then, the
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ash was sieved (300 pm mesh size) for 10 minutes to remove some unburned particles.
After that, the bottom ash was dry-ground using a tumbling mill (cylindrical shape, 100
cm length and 80 cm diameter) to generate the SCBA-1, wherein the grinding
specifications were an ash input of 5 kg for 50 min, employing 52.5 kg of steel cylinders
of 25.4 mm height and 19.1 mm diameter as grinding media. From SCBA-1, two other
samples were obtained by distinct grinding procedures. First, an SCBA (named SCBA-
2) was produced by using a Fritsch Pulverisette 5 planetary mill for 20 min, with 30 g of
feed, 43 10-mm zirconia spheres, and 0.3 wt% of commercially available glycol-based
grinding aid (containing 48% of C4H1003 and C2HeO:2 active chemicals) in a 500 mL
grinding vessel. The third ash (denominated as SCBA-3) was produced by using a
Szegvari attrition mill, model 1-S (Union Process, Inc., U.S.A.) with 50% filling and
ethanol P.A. (99.9%) as dispersant (640 kg/t solid/solution mass ratio) in a 1200 mL
grinding vessel. The total grinding time was 6 h, and 360 cm? of 3-mm diameter zirconia
spheres were used as grinding media. After grinding, SCBA-3 was oven-dried at 60 °C

for 24 h.

The particle size distribution of SCBA samples was obtained using a Malvern Instruments
Mastersizer 2000. SCBA chemical compositions were determined by energy dispersive
X-ray fluorescence spectrometry (Shimadzu EDX 720). BET specific surface area was
assessed by N2 adsorption using a Micromeritics ASAP 2020 device. The samples were
treated at 150 °C during 8 h. X-ray diffraction (XRD) of the SCBA specimens was
performed using a Bruker D8 Focus diffractometer with Cu-Ka operation at 35 kV and
35 mA, angular range from 8 to 60°, 0.03° step size and 1 s per step. Thermogravimetric
analysis (TGA) was performed by means of a Mettler-Toledo TGA 850 model for SCBA

samples and reactivity studies of calcium hydroxide-SCBA (CH-SCBA) and cement-
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SCBA (PC-SCBA) pastes. Brazilian type V Portland cement (high-early strength) was
used in this study and its chemical composition is shown in Table 1. Field emission
scanning electron microscopy (FESEM) was used to investigate SCBA and CH-SCBA
specimens by a ZEISS Supra 55. Electrical conductivity of CH-SCBA suspensions was
measured by a Crison micro CM2201 instrument. The suspensions were maintained in a

controlled temperature using a Julabo SW22 shaking thermal bath.

Table 1 — Chemical composition of cement and SCBA-1, in wt%

Reactivity studies in calcium hydroxide-SCBA (CH-SCBA) blends

Reactivity studies on CH-SCBA samples were carried out by means of electrical
conductivity of CH-SCBA suspensions, thermogravimetric analysis and FESEM
micrographs of CH-SCBA pastes. Calcium hydroxide (purity > 95%) was supplied by
Panreac S.A. The electrical conductivity test was performed as proposed by Tashima et
al. [18]. This test consists of adding 1 g of solid material (sum of CH and SCBA) in an
Erlenmeyer flask with 50 mL of deionized water. The flask is maintained in a shaking
thermal bath with constant temperature (40, 50 or 60 °C) during the testing period of 7
days. Electrical conductivity values were measured after the following times: 0, 4, 8, 24,
48, 72, 96, 120, 144 and 168 hours. The CH:SCBA proportions assessed were 2:8 to 4:6
for SCBA-1, 2:8 to 3.5:6.5 for SCBA-2 and 2:8 to 4.5:5.5 for SCBA-3 (by mass). Results
were presented by means of the loss of electrical conductivity (Lc) in order to classify the
SCM as proposed by Tashima et al. [18]. After the end of the test, the suspensions were
filtered, and the solid part that remained was passed by thermogravimetric analysis in the

temperature range of 35-600 °C at a heating rate of 10 °C/min in N2 atmosphere (gas
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flow of 75 mL/min). Regarding CH-SCBA pastes, thermogravimetric analysis was
carried out in the same conditions as the solid part of the electrical conductivity tests. The
CH:SCBA proportion analyzed for pastes was only 5:5 (by mass) for the SCBA-1, SCBA-
2 and SCBA-3 samples with a constant water/solid ratio of 0.80. The pastes were assessed
after 1, 2, 3 and 7 days of curing at 20 °C and relative humidity (RH) higher than 95%.
Finally, regarding FESEM studies, only the SCBA-1 blended with calcium hydroxide
was assessed. The CH-SCBA-1 ratio was 5:5 at a water/solid proportion of 0.80, cured
after 7 days at 20 °C and RH > 95%. The nomenclature for these pastes is CH-SCBA-x-
y/z, where X is associated with SCBA type (1, 2 or 3 for SCBA-1, SCBA-2 and SCBA-3,

respectively) and y/z is the CH:SCBA proportion.

Reactivity studies and compressive strength of cement-SCBA (PC-SCBA) pastes

Reactivity studies on PC-SCBA samples were performed by calorimetric and
thermogravimetric analyses in cement-based pastes. Brazilian type V Portland cement
(high early strength with 512 m?/kg Blaine fineness) was used in this work. Isothermal
calorimetry tests were performed at 25 + 0.02 °C using a Calmetrix I-CAL 2000
calorimeter. Duplicate samples containing approximately 50 g from each mix were
evaluated. Pastes were monitored for 3 days. The PC-SCBA proportions assessed were
100/0 (control, named PC-CTRL), 90/10 and 80/20 at a constant water/solid ratio of 0.50
for the three SCBA samples. The nomenclature for these pastes is defined by PC-SCBA-
x-y/z. Again, x is related to the SCBA type, and the y/z value is the cement/SCBA
proportion. Each paste was mixed by adding solids to mixing water and superplasticizer
in a 100 mL plastic beaker, and stirring by hand with a spatula for 2 min.

Thermogravimetric analysis of PC-SCBA pastes was performed in the temperature range
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35-600 °C with a heating rate of 10 °C/min in N2 atmosphere (gas flow of 75 mL/min).
Using the same mixes of the calorimetry, pastes were evaluated after 1, 2, 3, 7, 28 and

365 days of curing at 20 °C and RH > 95%.

The specimens of all mixes for compressive strength tests were prepared ina 5 L planetary
mixer for 3 min. Three cylindrical specimens (2.5 cm diameter and 5 cm high) for each
mix were cast and maintained in a 100% relative humidity container for 24 h to prevent
moisture evaporation. After, the specimens were demoulded and transferred to a lime-
saturated water bath at 25 °C until testing. Compressive strength tests were carried out at
3,7, 28 and 180 days of curing on a Shimadzu UHI-500kNI hydraulic servo-controlled
machine, with a displacement rate of 0.5 kN/s. The results were submitted to one-way
analysis of variance (ANOVA) with Tukey’s multiple-range test statistical analysis
(analysis of variance) to assess significant differences between pastes using the software

Statistica 10 (StatSoft Inc.).

RESULTS AND DISCUSSION

SCBA characterization

Fig. 1. Particle distribution of SCBA-1, SCBA-2 and SCBA-3: cumulative passing (left),

and volume (right)

Table 2 — Particle size diameters and BET specific surface area of SCBA-1, SCBA-2 and

SCBA-3.
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Particle size distributions of SCBA-1, SCBA-2 and SCBA-3 are depicted in Fig. 1. Table
2 shows the particle diameter for cumulative passing of 10% (D10), 50% (Ds0), 90% (Do)
and the mean particle size (Dm). Regarding the SCBA-3 sample, it presented a Dm of 3.62
um, and 92% of the particle volume were particles with diameter less than 10 um, while
SCBA-2 had Dm of 15.48 pum, and 53% of the particle volume were particles with
diameter less than 10 um. In the case of SCBA-1, its Dm was 26.58 um, and 44% of the
particle volume were particles with diameter less than 10 um. It is observed that the
grinding process was effective: SCBA-3 presented the lowest particle size, followed by
the SCBA-2, where both were finer than the SCBA-1. In addition, it can be observed that
the SCBA-3 presented the most homogenization of the particles considering that the
diameters of the particles are less than 30 um, with a high concentration of particles of
size in the diameter range of 1-2 um (Fig. 1b). On the other hand, SCBA-1 and SCBA-2
presented more heterogeneous particle sizes. Specifically, regarding the SCBA-1, there
are particles around 100 um in diameter that were not observed for the other two SCBA
samples. BET specific surface area values are also presented in Table 2, and they
corroborated the particle size results. In fact, the lowest BET value was observed for
SCBA-1, which was the ash that suffered the softest grinding among the three evaluated
samples. The ultrafine wet-grinding of SCBA-3 was responsible for a significant increase
in specific surface area. SCBA-2 showed an intermediate BET value between that of
SCBA-1 and SCBA-3, which is in accordance with the different grinding processes

adopted in this work.

Fig. 2. X-ray diffraction patterns of SCBA-1, SCBA-2 and SCBA-3 (key: quartz, Q;

calcite, C; orthoclase, O)
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The chemical composition of SCBA-1 is shown in Table 1. As expected for this type of
pozzolan [7,11], the major oxide in its composition is SiO2. Other compounds with
significant quantities were K20, Al203, CaO, Fe203, and SOs. The content of K20 may
modify the amount of available alkalis in cement, causing changes in the fresh and
hardened properties of cement-based material. Thus, the amount of SCBA that could be
used as partial replacement of cement should be carefully observed. In this work,
considering a maximum replacement level of 20% for SCBA, the alkali equivalent
content (Na20eq = Na20 + 0.658 x K20) changed from 0.7% (low-alkali cement) to 2.2%
(high-alkali cement). This increase in Na20Oeq could be a limiting factor for SCBA-cement
mixes considering durability aspects [19]. It is important to note the relatively low loss
on ignition (LOI) for this type of ash when compared to one obtained in power plants
[17], which was due to the uncontrolled autogenous burning of sugarcane bagasse. X-ray
diffraction patterns of three SCBA samples are shown in Fig. 2. The main crystalline
phases observed were quartz (SiO2, PDF Card #331161), calcite (CaCOs, PDF Card
#050586) and orthoclase (KAISi30s, PDF Card #310966). In a higher magnification of
the SCBA-1 diffractogram (Fig. 2), it can be observed that there is a deviation in the
baseline in the Bragg angle range of 15-40°, which is characteristic for the amorphous

phase of the ashes.

Fig. 3. DTG curves of SCBA-1, SCBA-2 and SCBA-3

DTG curves of SCBA-1, SCBA-2 and SCBA-3 are shown in Fig. 3. Peaks in five
temperature ranges were detected. In the first temperature range (35-265 °C) and the
second temperature range (265-310 °C), the mass loss was common for the three ashes,

and it is related to the water loss of the samples [20]. Related to the third temperature
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interval (310-360 °C), only a band for the SCBA-2 was noticed; this mass loss is related
to the decomposition of the grinding aid. The mass loss in this interval for SCBA-2 was
0.80%; whereas, for SCBA-1 and SCBA-3, it was 0.30% for both ashes. Regarding the
fourth range (360-560 °C), it is related to the decomposition of unburned carbon in the
ashes. It is noticed that there are two peaks in the DTG of SCBA-2 and SCBA-3, whereas
there is only one peak in the DTG of SCBA-1. As observed in the particle size studies,
the particle diameter for SCBA-2 and SCBA-3 is finer and better defined than for the
SCBA-1, which makes the peaks on DTG to be well defined. Finally, regarding the fifth
temperature interval (560—-640 °C), which is related to the decomposition of carbon
dioxide from the carbonates, it was observed that SCBA-1 presented the highest mass
loss compared to SCBA-2 and SCBA-3 (0.80, 0.20 and 0.15%, respectively). These
results are in accordance with those observed for XRD analysis, where it is observed that

there are more intense peaks of calcite for the SCBA-1 than for SCBA-2 and SCBA-3.

Fig. 4. SEM micrographs of SCBA-1 (a, b and c), SCBA-2 (d, e and f) and SCBA-3 (g,

h and f)

SEM micrographs of SCBA-1, SCBA-2 and SCBA-3 are shown in Fig. 4. SCBA-1
particles present irregular shape, which can be detected some particles with equiaxial,
elongated and plate forms (Fig. 4a). Some thick quartz particles can be detected in SCBA
(Fig. 4b). In a higher magnification, it can be observed the irregular form with more detail
(Fig. 4c). Regarding to shape of SCBA-2 particles, it presented more regular particles
than SCBA-1, which were detected mostly equiaxial (Fig. 4d) and more rarely some
elongated particles (Fig. 4e). Fig. 4f shows some equiaxial particles of SCBA-2. Related

to morphology of SCBA-3 particles, it was presented the most homogeneous distribution
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than the other two ashes (Fig. 4g). As the other ashes, the shape of SCBA-3 particles is

irregular, which were detected some mostly equiaxial forms (Fig. 4h and Fig 41).

Reactivity studies in CH-SCBA blends

Fig. 5. Loss of electrical conductivity (Lc) for SCBA-1 (a, b and c¢), SCBA-2 (d, e and f)

and SCBA-3 (g, h and 1) for testing temperatures of 60, 50 and 40 °C

Results of electrical conductivity studies were represented by means of loss of electrical
conductivity (Lc, in percentage). This representation allows to classify the SCM reactivity
using a chart proposed by Tashima et al. [18]. Fig. 5 shows Lc values of the SCBA-1,
SCBA-2 and SCBA-3 in the testing temperatures of 60, 50 and 40 °C for specific
CH:SCBA ratios. It is noticed that, for some blends, the loss of electrical conductivity
value is maintained as constant during the testing time, and, for other blends, the Lc values
increased with the testing period. The first behavior occurs because the SCM in the blend
cannot turn the suspension into an unsaturated state: the concentration of Ca®" and OH™
did not reduce during the testing time. On the other hand, when the Lc values increase, it
means that the SCM was able to turn the suspension state into an unsaturated one. In this
case, the blends that presented values of Lc higher than 20% after the testing time were
considered as unsaturated. For the three SCBA samples, it can be observed that blends
reached unsaturation more quickly according to higher temperatures. In addition, there
are more blends that reached the unsaturated state for the highest temperature than those
in the lowest one. These behaviors were expected, since the SCM reaction is accelerated
in a higher temperature. In order to classify the SCM, it will be indicated which blends

were in the unsaturated state for each SCBA sample and testing temperature. For the
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SCBA-1 sample, the blends that turned into an unsaturated state were CH:SCBA ratios
of 2:8 (for 60, 50 and 40 °C), 2.5:7.5 (for 60, 50 and 40 °C) and 3:7 (for 60 and 50 °C).
In the case of SCBA-2, the blends that achieved unsaturation were 2:8 and 2.5:7.5 (for
60, 50 and 40 °C). Finally, for the SCBA-3 specimen, four blends reached the unsaturated
state: 2:8 (for 60, 50 and 40 °C), 2.5:7.5 (for 60, 50 and 40 °C), 3:7 (for 60 and 50 °C)
and 3.5:6.5 (only for 60 °C). Noting the blends that achieved an unsaturated stated for
each SCM in the chart proposed by Tashima et al. [18], it can be concluded that the
reactivity of SCBA-1 and SCBA-2 is classified as low, and SCBA-3 as medium. SCBA-
1 and SCBA-2 presented similar reactivity. Moreover, the reactivity of SCBA-3 was
higher than that of the other two samples, which can be compared to the densified silica
fume and sugarcane straw ash [18,21]. According to this test, the grinding process utilized

for SCBA-3 increases its reactivity.

Fig. 6. DTG curves of the solid remaining in the flask for CH:SCBA ratios of 2:8 and 3:8

for the SCBA-1, SCBA-2 and SCBA-3

After the end of test, the solids remaining in the flask containing CH:SCBA proportions
of 2:8 and 3:7 from the three types of SCBA samples were assessed by TGA. Fig. 6 shows
the results by means of DTG curves. In this study, three temperature ranges present
interesting mass losses: 1) dehydration of the C-S-H compounds (100—180 °C); 2) mass
loss of the C-A-S-H compounds (200-240 °C); and 3) dehydration of the calcium
hydroxide (510-570 °C). In all DTG curves, it can be observed that there is no peak in
the third range because there is no calcium hydroxide in solid phase. This was expected,
since these blends presented Lc values higher than 20%. This behavior means that the

suspensions turned into an unsaturated state due the consumption of the calcium



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

15

hydroxide by SCBA. Consequently, the peaks in the first and second ranges presented
some mass loss due the formation of C-S-H and C-A-S-H products from SCBA reaction

with calcium hydroxide.

Fig. 7. DTG curves of 50-50 CH-SCBA samples cured after 7 days at 20 °C

Table 3 — TGA mass losses of the CH-SCBA samples after 1, 2, 3 and 7 days of curing
at 20 °C (Pr: total mass loss; Pu: mass loss related to C-S-H/C-A-S-H; FL (%): Percentage

of fixed lime)

Fig. 8. Linear relationship between Pu (%) and FL (%) parameters

TGA results on CH-SCBA pastes are represented in Fig. 7 by DTG curves for samples
CH-SCBA1-50/50, CH-SCBA-2-50/50 and CH-SCBA-3-50/50 cured for 7 days at 20 °C.
It can be observed that SCBA reacted with the calcium hydroxide since peaks in the first
and second ranges, related to the C-S-H and C-A-S-H, respectively, were detected in TG
curves. Despite the SCBA reaction that occurred with CH, all three ashes could not
consume all the calcium hydroxide within the curing time analyzed. In fact, the peak
related to the dehydration of the calcium hydroxide was observed in the third part of the
DTG curves. Mass losses for the CH-SCBA samples cured after 1, 2, 3 and 7 days are
listed in Table 3. Regarding to the parameters of this table, Pt is the total mass loss, Pu is
the mass loss related to C-S-H/C-A-S-H dehydration and FL is the percentage of fixed
lime. Values of Pu and FL for CH-pozzolan pastes were calculated according to Paya et
al. [22]. In general terms, the values of Pu and FL increased with the curing time,

indicating that all SCBA samples reacted with the calcium hydroxide from the pastes
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(resulting in an increase of the fixed lime) and formed SCBA reaction products (leading
to an increase of the Pu value). Fig. 8 shows that there is a linear relationship between the
Pu and FL values. This linear relationship indicates that the calcium hydroxide consumed
(increase of the FL value) along the curing time took part in the SCM reaction to form
hydrated products (increase of the Pu value). For the three types of SCBA samples, the
main part of the SCBA reaction occurred in the first 3 days of curing: their FL values
were approximately 60% until this curing time. However, it was observed that there was
some SCM activity in the interval of 3—7 days due the increase of the FL values in this
curing interval (from 57-63% to 70—84%). This behavior shows that SCBA presents an
important reaction in the first days of curing, but there is still some activity in the longer
curing time. Comparing the three SCBA samples, CH-SCBA-3-50/50 presented the
highest reactivity until 7 days of curing (FL value of 84.23%), and CH-SCBA-1-50/50
and CH-SCBA-2-50/50 presented similar activity at the same curing time (FL values of
70.27 and 72.67%, respectively). These results are in accordance with the electrical

conductivity studies.

Fig. 9. SEM micrographs of the CH-SCBA-1-50/50 paste

Fig. 9 shows the micrographs of CH-SCBA-1-50/50 paste after 7 days of curing at 20 °C.
In Fig. 9a, a general view of the reaction products and an SCBA particle covered by
cementing gels can be observed. In a higher magnification (Fig. 9b), it can be noticed that
the cementing gels are the most abundant reaction products from the SCBA reaction.
Another product identified in the micrographs was the ettringite (Fig. 9¢), which was
expected since the SCBA-1 presents some sulphates in its chemical composition. In

Figure 9d, a C-A-S-H product (like platelet structure) has been observed. As the lime
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fixation of the CH-SCBA-1-50/50 was 70.23% after 7 days of curing, which indicates
that the SCBA-1 could not have reacted with all the calcium hydroxide, then some

unreacted particles of calcium hydroxide are common in the paste.

Reactivity studies in PC-SCBA pastes

Fig. 10. Specific heat rate (a) and released heat (b) from PC-SCBA pastes

Specific heat rate curves of all cement-based pastes are shown in Fig. 10a. The initial
period of hydration (first peak) was not evaluated in this study because cement wetting
occurred outside the calorimeter. In relation to the induction period (seen in detail in the
enlarged plots for the first 6 h of hydration in Fig. 10a), where the specific heat rate drops
to very low values, all mixes containing SCBA resulted in curves with a shift to the right
of the PC-CTRL curve. This could be explained by the presence of carbonaceous
compounds in all SCBA samples since loss on ignition of SCBA was 8.2% (Table 1).
This behavior was previously observed for an SCBA with high loss on ignition [17].
Moreover, the presence of grinding aid in SCBA-2 promoted a considerable extension in
the induction period [23] for PC-SCBA-2 mixes in comparison with PC-CTRL, which
was more visible for PC-SCBA-2-80/20. During the acceleration period (where the heat
rate increases quickly), two peaks were observed in all pastes. The first peak is associated
with the CsS hydration, and the second one (maximum heat rate in all curves) corresponds
to the reaction of C3A to form ettringite. This last peak was clearly increased in SCBA-
paste curves, which is related to the content of Al2O3 and SO3 in significant amounts in
all SCBA samples. The evolved heat curves of all pastes are shown in Fig. 10b. In this

case, two tendencies could be observed for blended pastes in relation to PC-CTRL. In
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general, the total heat was lower for SCBA pastes than that observed for the control, with
a more pronounced decrease in released heat for PC-SCBA-2-80/20 due to the significant
retardation effect [22]. This decrease could be related to the dilution effect provided to
cement replacement by different SCBA samples [7]. On the other hand, the released heat
curve of PC-SCBA-3-90/10 was very different compared to the other SCBA pastes. In
this case, the total heat was higher than that of PC-CTRL. The very high specific surface
area of SCBA-3 could explain this behavior, promoting heterogeneous nucleation that
improved considerably the cement hydration. The pozzolanic effect of this ash also may

contribute to increasing the released heat during the first days of hydration.

Fig. 11. DTG curves of PC-SCBA samples cured after 7 days at 20 °C

Table 4 — TGA mass loss of the PC-SCBA pastes cured after 1, 2, 3, 7, 28 and 365 days
at 20 °C (Pr: total mass loss; Pu: mass loss related to C-S-H/C-A-S-H; FL (%): Percentage

of fixed lime)

In TGA studies, DTG curves of PC-SCBA pastes cured for 7 days at 20 °C are depicted
in Fig. 11. The presence of SCBA in the pastes did not alter the reaction product
formation, since the pastes with SCBA presented peaks in the first and second
temperature intervals (related to C-S-H and C-A-S-H dehydration, respectively), which
is similar to the control. Related to the third temperature range (dehydration of
portlandite), the increase of SCBA proportion in the mix results in a reduction of the peak
depth, which can be justified by two factors: the reduction of the cement proportion in the
blend and pozzolanic reactions. Therefore, the higher content of SCBA in PC-SCBA

pastes resulted in portlandite consumption to form new reaction products.
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Mass loss from TGA studies on the pastes cured after 1, 2, 3, 7, 28 and 365 days at 20 °C
are summarized in Table 4. Values of Pu and FL for cement/pozzolan pastes were
calculated according to Payé et al. [24]. For all pastes, the Pt and Pu values increased
until 7 days of curing and practically maintained as constant until 365 days. This behavior
indicates that a greater part of the reaction occurred during 7 days. Regarding the SCBA
influence on these parameters, Pu values from SCBA-containing pastes presented values
higher than that of the control paste in the first 3 curing days. This suggests that the SCBA
had positive effects on the mix in the early curing times. After this curing time, in the 7—
365 curing day period, the values were similar, with a small advantage to the SCBA pastes
over the control. Related to last parameter, the fixed lime (FL), it can have positive or
negative values. In the first case, the consumption of the portlandite by the SCBA results
in a positive value of fixed lime. In the second one, the fine particles from SCBA act as
nucleation sites, and more hydrates and portlandite could be observed in the PC-SCBA
paste compared to the reference. This means that there are more hydrates and portlandite
in a PC-SCBA paste than there should be in a cement paste corrected by the percentage
of cement from PC-SCBA paste. Therefore, it yields negative values of fixed lime. In the
first curing day, negative and positive values of fixed lime were determined. In both cases,
it resulted in the increase of the reaction products (by the accelerated cement hydration
or SCBA reaction), and this justifies the similar results of Pu values. Interestingly, PC-
SCBA-3-90/10 presented an absolute value higher than that of PC-SCBA-1-90/10 after 1
day of curing (—9.96 and —0.14%, respectively). This indicates that the SCBA-3 acted as
a nucleation site more effectively than SCBA-1 did. However, when the ash partially
replaces the cement by 20%, SCBA-SCBA-3-80/20 presented higher fixed lime value

than SCBA-SCBA-1-80/20 did. In this case, the finer particles from SCBA-3 in a higher
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percentage in the blend could react more with the calcium hydroxide than the coarser ones
from SCBA-1 in the first day of curing. The fixed lime value increased mostly until 7
days of curing for all SCBA-pastes, and minor changes were observed in the 7-365-day
period. These Pu and FL values showed that greater part of the reaction occurred in curing
interval of 1-7 days. This is in accordance with TGA studies on CH-SCBA pastes, which
showed that important calcium hydroxide content was consumed in the first 7 days of

curing. In addition, these behaviors were also observed previously with another SCBA

[7].

An interesting fact observed in the TGA results is related to the pastes that contain SCBA-
2. The fixed lime of PC-SCBA-2 pastes presented higher values than those of PC-SCBA-
1 and PC-SCBA-3 pastes after the first day of curing. As shown in the CH-SCBA pastes,
the reactivity of SCBA-2 is similar to that of SCBA-1 and lower than that of SCBA-3.
Therefore, the high values found for lime fixation of the PC-SCBA-2 pastes are not
related to the portlandite consumption. Probably, it can be related to the inhibition of the
portlandite production from the cement hydration, as shown in calorimetric analyses (Fig.
10). Despite this, apparently the reaction products were not affected by the presence of
SCBA-2, since the mass loss related to the reaction products (Pu) is similar for other
pastes. This behavior was caused by using a grinding aid during the milling process to
produce the SCBA-2. In this way, some SCBA-2 sample was passed by three different
treatments in order to remove the grinding aid, and the resulting ash was assessed by TGA
to compare to the control and an SCBA-2 without treatment. The first procedure was to
wash the SCBA-2 sample with ethanol and acetone, solvents of the grinding aid,
producing the SCBA-2-EA. Another treatment was calcination of the SCBA-2 until 400

°C for 3 hours (temperature that decomposes the grinding aid, as observed in TGA
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studies), yielding SCBA-2-400C. And the last treatment was to wash the SCBA-2 with
water, another solvent for the grinding aid, generating SCBA-2-W. In order the evaluate
the treated SCBA-2 samples, cement pastes in the proportion of PC-SCBA-2 equal to

80/20 were carried out in TGA studies after 1, 3, 7 and 28 days of curing at 20 °C.

Fig. 12. DTG curves of PC-SCBA2 samples cured after 7 days at 20 °C

Table 5 — TGA mass loss of the PC-SCBA-2 pastes cured after 1, 2, 3, 7 and 28 days at
20 °C (Pr: total mass loss; Pu: mass loss related to C-S-H/C-A-S-H; FL(%): Percentage

of fixed lime)

Fig. 12 illustrates DTG curves of pastes after 7 days of curing. Related to the peaks on
the first and second temperature ranges, significant differences were not observed.
Related to the third part of the curve, the treatments on the SCBA-2 were effective since
the peaks related to the portlandite for the treated SCBA-2 (PC-SCBA-2-80/20-EA, PC-
SCBA-2-80/20-400C and PC-SCBA-2-80/20-W) were deeper than that without any

treatment (PC-SCBA-2-80/20).

Table 5 shows the mass loss from the TGA studies on pastes after 1, 3, 7 and 28 days of
curing at 20 °C. In general, the mass loss related to the dehydration of reaction products
(Pn) for PC-SCBA-2-80/20 was higher than that of the pastes with the treated SCBA-2
until 28 days of curing. This suggests that the grinding aid did not affect the formation of
reaction products, as mentioned previously. However, based on the fixed lime values, an
important difference among the PC-SCBA-2 pastes is observed. For example, after 28

days of curing, the PC-SCBA-2 pastes with treatment presented FL values in the range of
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39-65%, whereas for PC-SCBA-2-80/20 one it was 81.70%. In this case, the most
effective treatment was the calcination at 400 °C that produced the SCBA-2-400C. This
is because the PC-SCBA-2-80/20-400C presented fixed lime evolution in the same order
of magnitude as PC-SCBA-1-80/20 and PC-SCBA-3-80/20 pastes did during the curing

period 1-28 days.

Compressive strength of pastes

Fig. 13 — Compressive strength of pastes after 3, 7 and 28 days of curing at 20 °C

Fig. 14. Relationship between the mass loss from dehydration of the reaction products

(Pn) and the compressive strength of pastes

Compressive strength values of PC-CTRL, PC-SCBA-1-80/20, PC-SCBA-2-80/20 and
PC-SCBA-3-80/20 pastes cured for 3, 7, 28, and 180 days at 25 °C are illustrated in Fig.
13. For all mixes, the compressive strength values significantly (p << 0.05) increased with
the curing time as expected. With respect to the SCBA influence, after 3 days of curing
the SCBA-pastes presented no significantly different results (analysis of variance) from
each other and from the control, indicating that SCBA influenced positively on the
compressive strength since the early curing time. The dilution effect in SCBA-pastes was
compensated for the portlandite consumption from the SCBA to form additional hydrates.
This behavior was observed in the CH-SCBA and PC-SCBA blends studies in the early
curing times. At 7 days of curing, the same behavior was observed with no effect of SCBA
type on the paste compressive strength according to ANOVA. However, after 28 days of

curing, pastes with SCBA-2 and SCBA-3 presented significantly higher compressive
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strength than that of mixes PC-SCBA-1-80/20 and PC-CTRL based on the Tukey post-
hoc tests. This behavior maintained for samples cured after 180 days, which PC-SCBA-
3-80/20 presented the highest compressive strength, followed by PC-SCBA-2-80/20. In
the case of PC-SCBA-1-20/80, it presented the lowest compressive strength among the
SCBA-containing pastes and no statistically significant difference was found between
this paste and PC-CTRL. The significant improvement on compressive strength by
employing SCBA-3 (PC-SCBA-3-80/20) respect to control (PC-CTRL) and SCBA-1
(PC-SCBA-1-80/20) were 17.9 and 14.1%, respectively. Fig. 14 shows that there was a
relationship between the Pu values and the paste compressive strengths. Therefore, these
compressive strength results were in accordance with the TGA data from PC-SCBA
pastes. In fact, PC-SCBA-2-80/20 and PC-SCBA-3-80/20 presented the highest values of
Pu at the same curing time. Compressive strength values showed that the additional
grinding processes of the SCBA-1 to produce SCBA-2 and SCBA-3 were slightly
beneficial after 28 days of curing on compressive strength of pastes. This effect was
previously observed for a high-quartz SCBA [7]. Comparing this present study to a
previous work with fly ash partially replacing the Portland cement by 15%, mortars
containing fly ash with particle size similar to that of SCBA-3 and SCBA-2 presented 10
and 5% higher compressive strength than a sample composed of a fly ash with particle
distribution similar to that of SCBA-1 after 28 days of curing [25,26]. It can be observed
that the compressive strength improvement among the ground fly ashes was similar to the
use observed in this study with SCBA. In the present study, as observed in the TGA
studies on CH-SCBA pastes, the SCBA-1 showed potential to react with the calcium
hydroxide in the same order of the magnitude as the SCBA-3 did, despite the lower value

of fixed lime (70.27 and 84.23%, respectively). This can justify the lowest difference in
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the compressive strength behavior between the samples with SCBA-1 and SCBA-3 from

this study.

CONCLUSIONS

Based on the results of this experimental work, the following conclusions can be drawn:

Two distinct additional grinding process performed on SCBA-1, which generated
SCBA-2 and SCBA-3, resulted in finest particles sizes. BET and particle size
characterization results showed that SCBA-3 presented the finest particle size,
followed by SCBA-2 and then SCBA-1.

Electrical conductivity and TGA results of CH/SCBA blends showed that the
finest particle size resulted in highest activity. Electrical conductivity results
classified SCBA-1 and SCBA-2 as low reactivity, whereas SCBA-3 achieved
medium pozzolanic activity. In TGA studies, SCBA-3 presented the highest value
of fixed lime (84.23%), followed by SCBA-2 and SCBA-1 (72.67 and 70.27%,
respectively) after 7 days of curing at 20 °C.

Isothermal calorimetric and TGA studies of CP/SCBA blends showed,
respectively, that there was a lower heat generation for SCBA-samples (except for
PC-SCBA-3-90/10), and there was detected some portlandite consumption by
SCBA due pozzolanic reaction, as showed the calculated fixed lime values.

In the compressive strength tests, pastes cured after 180 days at 20 °C showed that
PC-SCBA-3-80/20 samples presented the significantly highest compressive
strength, followed by PC-SCBA-2-80/20. PC-SCBA-1-80/20 and PC-CTRL
showed no statistically significant difference of compressive strength value,
which they were significantly lower than values for specimens produced with the

finest SCBA samples (SCBA-2 and SCBA-3).
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Thus, these results allow concluding that the both different additional grinding processes
to generate ultrafine SCBA had positive effects on the pozzolanic reactivity and

mechanical behavior of cement-based pastes.
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