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Abstract

In the context of world concern with the environment, this study aims to characterize an
auto-combustion produced bamboo leaf ash (BLA) by its pozzolanic behaviour, reactivity
and its influence in the total porosity, pore size distribution, tortuosity and mechanical
behaviour of cementitious matrices. The chemical and physical characterization of the
BLA was carried using X-ray fluorescence, determination of amorphous silica content,
X-ray diffraction, Fourier Transform Infrared Spectrophotometry (FTIR), laser
granulometry and field emission scanning electron microscopy (FESEM). The assessed
BLA is a siliceous material (74.23%) with an amorphous nature due to the amorphous
silica content, which represents 92.33% of the total silica. The BLA was classified as
highly reactive by assessing its pH and conductivity in a saturated calcium hydroxide
(CH) medium for different proportions and temperatures. Frattini analysis, the study of
CH:BLA pastes (Thermogravimetric analysis and FTIR) and Portland cement (OPC)
/pozzolan pastes (Thermogravimetric analysis and FESEM) are in agreement with this
classification. The replacement of OPC by BLA improved the mechanical behaviour of
the cementitious matrices, as well their durability. All the mortars containing BLA
presented very similar compressive strength to a control mortar (100% OPC) after only 3
days of curing and at the following tested curing ages: 7, 28 and 90 days. In the mercury
intrusion porosimetry analysis, the pastes with 20 and 30% BLA content presented higher
tortuosity or fewer connected pores than the control paste. Thus, the auto-combustion
method proved to be successful and BLA is a suitable alternative for sustainable high-
performance matrices.

Keywords: bamboo leaf ash, sustainable cementitious matrices, pozzolan, auto-
combustion

1. Introduction

The Stockholm Conference in 1972 was a milestone in history because it was the first
time in which scientists and world leaders met to discuss and find solutions regarding
environmental problems, such as air pollution. Since this event, the environment and its
degradation became a rising worldwide concern. In 1987, the term sustainable
development was defined and popularized by the World Commission on Environment
and Development, a special commission created by the United Nations [1-2]. In 1988,
the Intergovernmental Panel on Climate Change (IPCC) was created [3]. In this way, the
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greenhouse effect became a worldwide preoccupation and the theme of several
conferences, whose focus was to establish measures to decrease the gases which cause
the greenhouse effect, carbon dioxide (COz) being one of the main concerns.

The world concern about both, environmental degradation and greenhouse gas emissions,
highlighted the importance of research in finding new sustainable alternatives to some
products, among them Portland cement (OPC). OPC is responsible for high levels of
carbon dioxide emission, one ton of its production generates 0.9 tons of CO: [4], about
7% of the global carbon dioxide emission is due to OPC manufacture [5].

One of the research solutions found to mitigate the environmental impacts caused by OPC
production is its partial replacement by pozzolans derived from anthropogenic activities.
These pozzolans are byproducts and wastes which end up having no appropriated function
and are often wrongly discarded, causing more environmental damage.

It is well known that pozzolans improve the mechanical behaviour and durability of
cementitious matrices by acting chemically and physically. The pozzolanic chemical
reaction consists of the interaction between the amorphous silica and alumina present in
the material and the portlandite (the composition of which includes calcium hydroxide)
derived from Portland cement hydration, forming more hydrated silicates and calcium
aluminates and improving the mechanical properties of the matrix [6-8]. It is essential
that those oxides present an amorphous network for the reaction to occur; thus, the
reached temperature and the cooling process in pozzolan production are of extreme
importance. High temperatures and long periods of thermal treating, as well as the method
of heating/cooling, can lead to a crystallization of the material particles [8-10].

Related to the physical effect of pozzolans, their fine particles fill the empty spaces in the
matrices, which is called the filler effect, generating a more cohesive material. The
nucleation effect, also associated with the particle fineness, allows a greater hydration of
the Portland cement particles, increasing the amount of hydrated products [11-13].

Most pozzolans already in widespread use in civil construction, such as pulverized fly
ash and silica fume, are derived from industries [14]. Agroindustry-derived pozzolans,
often associated with the food industry and biomass, are widely researched and present
satisfactory results. Their use in OPC blends improves the mechanical behaviour and
durability of cementitious matrices [15-28]. However, their potential is not reflected in
their commercial use in civil construction, which is an unrealized opportunity since the
amount of agroindustry waste is greater than the industrial ones, especially in emerging
countries.

Bamboo stands out among several tree species for several reasons: it is a fast-growing
plant, it has the capability to grow in degraded places, it is a natural resource with multiple
purposes (from food to architecture), and it has a high sequestration capacity for carbon
dioxide. Bamboo is found in many regions of the world, with a total area estimated in
31.5 million hectares worldwide, with 17.36 million hectares located in Asia [29].
Nevertheless, the bamboo cultivation generates a waste: bamboo leaves, which are burned
in landfills generating bamboo leaf ash (BLA) that does not have an adequate purpose,
becoming a source of pollution [30 — 31].
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Nevertheless, research has been undertaken to transform this waste into a sustainable
alternative for civil construction. The first researchers to study this material were Dwivedi
et al. [32], and Singh et al. [33], followed by Villar-Cocifia et al. [34], Frias et.al [35],
Rosell6 et al. [36] and Villar-Cocifia et al. [37]. These researches concluded that the
bamboo leaf ash have good pozzolanic behaviour and high reactivity. Rodier et al. [38]
conducted a study with bamboo stem ash, obtained through calcination at a controlled
temperature (600 °C). The ash presented silica as the main component (68.74%) and had
an amorphous nature and pozzolanic behaviour. However, these studies do not present a
wide range of analysis regarding the BLA characterisation and the ash reactivity, also
neither of them performed an analysis of the influence of the BLA on the durability of
cementitious matrices.

As opposed to previous studies [32-37], this BLA was produced through an auto-
combustion process in a furnace with no controlled temperature, a simple method like
that applied in a thermoelectric plant, without consuming power. This production method
yields a more realistic ash for further uses than those obtained using an electric furnace
with temperature control. The BLA was characterized by its chemical composition,
mineralogy, granulometric distribution and particle morphology. The reactivity of the
BLA was analysed by means of different methods, such as pH and conductivity in
saturated calcium hydroxide medium, the Frattini test, and the study of CH:pozzolan
pastes (Thermogravimetry analysis and FTIR) and OPC/pozzolan pastes
(Thermogravimetry analysis and field emission scanning electron microscopy (FESEM)).
A mercury intrusion porosimetry (MIP) analysis of pastes with different OPC/BLA ratios
was performed to study the influence of the addition of BLA on the total porosity and
pore size distribution. The assessment of the BLA’s influence on the behaviour of
cementitious matrices was carried out a compressive strength analysis in mortars with
partial mass replacement of OPC by BLA.

2. Materials

2.1 Materials

The BLA was produced through an auto-combustion process in a furnace with no
controlled temperature, only monitored using thermocouples. For this method, an initial
thermal energy is provided until the leaves start to burn by itself in the furnace, then the
autocombustion process begins, differently from the electric furnace, this method does
not consume power. The bamboo leaves were collected from a bamboo plantation in the
surroundings of the city of Ilha Solteira, Brazil. After 15 minutes of auto-combustion, the
leaves achieved a maximum burning temperature of 738 °C. The BLA obtained was then
sieved (300 um), to eliminate unburned materials, and then milled for 50 minutes.

The cement used to produce the pastes and mortars was Brazilian Portland cement type
CPV ARI, this cement presents no pozzolan and is more than 95% composed of clinker.
The OPC used for the pastes and mortars analysis, the Brazilian CP V ARI, presented a
specific surface area of about 4800 cm?/g (Blaine method), with 0.05% retained in the
sieve of 75 pum and 0.58% retained in the sieve of 45 um. For the Frattini test Spanish
Ordinary Portland cement type CEM | 52.5R was used. The calcium hydroxide (Ca(OH)2)
used in the CH/BLA pastes and in the pH and conductivity analysis had more than 96%
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purity. The siliceous sand for the mortars showed a specific mass of 2.58 g/cm? and
fineness modulus of 2.12.

3. Methods
3.1 Bamboo Leaf Ash Characterization

The bamboo leaf ash was chemically characterized by XRF using an XRF Philips Magix
Pro. An additional chemical analysis was performed to complement the XRF chemical
characterization, the determination of the amorphous silica content. The determination of
the BLA amorphous silica content was based on UNE 80225 (1993) [39] with the
improvement developed and proposed by Paya et al. (2001) [40]. XRD analysis was
carried out to determine the material mineralogy; the instrument used was a Shimadzu
XRD - 6000, with diffractogram records in the interval of 260 between 5° and 70°, using
Cu-Ka radiation with a wavelength of 1.54056A. An FTIR analysis was performed using
a Bruker TENSOR 27 in the spectrum range of 4000-400 cm™. The influence of the
milling process on the particle distribution was assessed by Laser Granulometry
(Mastersizer 2000 from Malvern Instruments, working in water suspension): it was
possible to determine the granulometric distribution, the main diameter (Dmed) and the
median particle diameter (Dso). The particle morphology of the BLA, before and after
milling was determined by FESEM (ZEISS ULTRA 55).

3.2  Pozzolanic Reactivity Tests

3.2.1 Electrical Conductivity and pH measurements

The use of electrical conductivity and pH measurements is a rapid and simple method to
assess pozzolan reactivity [41]. The unsaturation of the system, which means the total
dissolution of the CH in solid state, causes a reduction on pH and electrical conductivity
values due to the pozzolan reaction with the Ca*? and OH" dissolved ions in order to form
stable and insoluble products [41].The test was performed with eight different calcium
hydroxide (CH):pozzolan mass ratios (1:9; 1.5:9.5; 2:8; 2.5:7.5; 3:7; 3.5:6.5; 4:6; 4.5:5.5)
and three working temperatures (40, 50 and 60 °C), using a JULABO - SW22 shaking
water bath in the temperature range from 20 — 99.9 °C for temperature control and a
Crison micro PH2001 pHmeter and Crison micro CM2201 electrical conductometer for
the pH and electrical conductivity measurements, respectively.

The electrical conductivity results will be represented in terms of loss of conductivity (Lc
(%)), calculated as proposed by Tashima et al. [41]. In this method, the pozzolan
reactivity is classified into three different categories: low, medium and high. After 7 days,
when the loss of loss of conductivity (Lc, in %) for a determinate CH:BLA proportion
reaches a value greater than 30%, a mark is placed in the proposed template (Figure 1)
for the corresponding proportion and temperature. A mark placed in Zone 3 shows that
the pozzolan is highly reactive; whereas Zone 2 and Zone 1 represent medium and low
reactivity, respectively.
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Figure 1 - Template for classification of pozzolan reactivity (modified from Tashima et al. [41])

40°C 50°C 60°C

45:35

3.2.2 Frattini Test

The Frattini test analyses the pozzolanic activity and was carried out according to the
procedure specified in EN 196-5 [42]. In this method, 100 mL of freshly boiled water is
poured into a polyethylene container, which is sealed and placed in a thermostatic bath at
40°C. After the thermal equilibrium is achieved, 20g of a test sample containing Portland
cement CEM-I and BLA is prepared and mixed with the distilled water. The following
percentages of OPC/BLA were assessed: 95/5, 90/10, 85/15, 80/20, 75/25 and 70/30.
After preparation, the samples were kept for 8 and 15 days in a sealed container at 40 °C.
After these periods, samples were vacuum filtered, sealed and the filtrate was cooled to
room temperature. Then, the filtrate was analysed for [OH] by titration against diluted
HCI (0.1 mol L) with methyl orange indicator and for [Ca*?] by pH adjustment to 12.50,
followed by titration with 0.03 mol.L* EDTA solution using calcon indicator.

The results will be placed in a graph of [Ca?*], expressed as equivalent CaO (mmol/L),
versus [OH], in mmol/L. They will be compared to a curve which represents a saturated
solution of the mentioned ions. Results below the curve of calcium oxide saturation
concentration indicates removal of Ca?* from the solution which is attributed to
pozzolanic activity, results lying on or above the line indicates negligible pozzolanic
activity.

3.2.3 Preparation and assessment of CH/BLA and OPC/BLA pastes

Pastes with three different CH:BLA proportions were prepared (3:7, 5:5 and 7:3) with a
water/binder ratio of 0.8 and cured at 25 °C. For the OPC/BLA paste assessment by
thermogravimetric analysis (TGA) and FESEM, a pastes were produced with no pozzolan
addition and with a 15% mass replacement of OPC by BLA, both with a water/binder
ratio of 0.5 and cured at 25 °C.

The CH/BLA pastes were assessed after 3, 7, 28 and 90 days of curing using FTIR
(Bruker TENSOR 27 with a spectrum range of 4000 - 400 cm™) and the CH/BLA and

5



233
234
235
236
237
238
239
240
241
242

243
244

245
246
247
248
249

250

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267

268
269
270
271
272
273
274
275
276
277
278

OPC/BLA pastes were assessed after 3, 7, 38 and 90 days of curing days by
thermogravimetric analysis (TGA 850 Mettler-Toledo), in which the samples were cast
in an aluminium crucible at a temperature range from 35 to 600 °C, with a heating rate of
10 °C.min%, in an N2 atmosphere with 75 ml.min " continuous gas flow and ambient
pressure. The OPC/BLA pastes were analysed by FESEM (ZEISS ULTRA 55) after 28
days of curing.

The TGA enables the determination of fixed calcium hydroxide, calculated according to
Paya et al. [43] for CH:BLA pastes and according to Paya et al. [44] for OPC/BLA pastes.
For the OPC/BLA pastes lime consumption was also determined using Equation (1):

(CHc+C) - CHy * (1 +w/b)
100 (1-0)

Lime Consumption =

where CHcis the lime amount in the control paste, C is the OPC proportion in the pozzolan
containing paste, CH: is the amount of CH in the pozzolan containing paste at a
determined curing age the same as the control and w/b is the water/binder ratio of the
paste.

3.3 Mercury Intrusion Porosimetry (MIP)

The MIP analysis was carried out in cement pastes with water/binder ratio of 0.5 and
OPC/BLA proportions of 100/0, 90/10, 80/20 and 70/30 at a curing age of 90 days at 25
°C using an AutoPore 1V 9500 porosimeter from Micrometrics Instrument Corporation
with a pressure range from 13782 Pa to 227.4 MPa. The samples were evaluated at a
pressure of 0.21 MPa in the low-pressure port, and 227.4 MPa in the high-pressure port.

3.4  Compressive strength of mortars

Mortars with OPC replacement by BLA in percentages of 0 (control), 5, 10, 15, 20, 25
and 30%, by mass, a water/binder ratio of 0.5 and binder:sand proportion of 1:2.5 were
assessed by their compressive strength. The mortars were cast in 4 cm x 4 cm x 16 cm
prismatic moulds. Samples were tested after 3, 7, 28 and 90 days of curing at 25 °C, they
were stored in full immersion in a hydrated lime saturated solution. The compressive
strength was assessed following NBR 13259 [45] using an EMIC Universal Machine with
a 2000 kN load limit.

4. Results
4.1 Bamboo Leaf Ash (BLA) Characterization

The chemical characterization of the BLA was obtained using an XRF and is summarized
in Table 1. The ash presented a siliceous nature since it was composed mainly of silica
(74.23%) and had a low quantity of Al203 (2.27%). The BLA also presented a high value
of loss on ignition (LOI, 11.34%), which is attributed to the organic matter content,
carbon and carbonates, present in the material. The LOI value suggested that the burning
process did not completely remove the organic content of the leaves. The high value of
LOI might interfere in the hydration reactions, reduce the workability of the cementitious
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matrices which leads to an increase of water demand and probably a decrease of the
compressive strength.

Table 1 - Chemical characterization of bamboo leaf ash (%, by mass)
SiOz A|203 Fe203 CaO MgO Kzo 303 PzOs Cl TiOz MnO Others LOI

7423 227 234 330 146 211 084 1.02 039 046 015 0.09 11.34

Other BLAs also derived from Brazilian bamboo [34, 35] presented silica as the main
component as well, however with higher percentages: 80.4% and 78.71%, respectively,
followed by CaO and K20. The ashes presented lower values of LOI (8.04% and 3.83%,
respectively) and Al203(1.22% and 1.01%, respectively), which shows a similar chemical
composition but with differences that may be due to the type and composition of the soil
and climate. Cuban ash calcinated at 700 °C [37] presented a more distinctive chemical
composition, with an LOI of 3.98% and SiO2, K20, CaO and SOs percentages of 74.7%,
5.14%, 4.48% and 4.18%, respectively.

By carrying out the procedures dictated by UNE 80225 (1993) [39] with the improvement
developed by Paya et al. (2001) [40], it was possible to determine the total silica content
in percentage (69.85%), which is near the XRF result (74.23%), and the total amorphous
silica percentage (64.50%), which means that 92.33% of the total silica presented in BLA
was in an amorphous state. This means that the potential pozzolanic reactivity of BLA is
high.

The XRD analysis allows the qualitative determination of the BLA mineralogy, which
means that is possible to verify if the ash presents crystalline phases, represented by
characteristic peaks in the diffractogram, and if it possesses amorphousness, characterized
by a deviation of the baseline between 20 = 15° and 20 = 35°. The XRD pattern for BLA
is shown in Figure 2; the ash presented a deviation in the baseline, which is best seen in
the magnification located in the top right corner of Figure 2, which means that the BLA
was amorphous in nature. However, the material also presents peaks corresponding to
quartz (SiOz, PDF Card # 0000789), the presence of this mineral is probably due to
contamination of the material by soil since the leaves were collected from the ground.

The XRD results agree with the analysis of amorphous silica content since the silica
presented a high content of amorphous silica which resulted in the baseline deviation and
the crystalline peaks of quartz represents the remaining crystalline silica, 7.67% of the
total amount of silica. The BLA found in literature showed a deviation in the baseline
characteristic of an amorphous material [34,35,37], as well as quartz [37], calcite and
cristobalite [35,37] and calcium sulfate [35].
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Figure 2 - X-ray diffractogram pattern for the bamboo leaf ash
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Figure 3 shows the FTIR spectrum of the BLA,; it is possible to observe two bands
characteristic of silicoaluminous materials, 1035 cm™ and 451 cm™. The first band (1035
cm) is associated with the vibrations from the asymmetric stretching of Si — O — Si and
Si — O — Al, the second one (451 cm™) is due to the bending of Si — O — Si. The bands at
796, 777 and 694 ™! indicate the symmetric bond of Si — O — Si. The FTIR spectrum
confirms the siliceous nature of the material, as seen in the XRF and the determination of
amorphous silica content analysis [18, 35, 46].

Figure 3 - FTIR spectrum of the bamboo leaf ash
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The fineness of the ash has a direct influence on its physical and chemical behaviour in
the cementitious matrix; thus, the particle size distribution of the ash, after 15 kg milled
for 50 minutes in a ball mill, is shown in Figure 4.

Figure 4 - Particle size distribution of the BLA, milled for 50 minutes
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The ash presented a regular distribution: the mean particle diameter (Dmed) was 26.1 um,
10% of the particle volume was above 3.0 um, 90% below 59.1 pum and the median
particle diameter (Dso) was 20.0 um. The influence of the milling process was also
assessed by FESEM: Figure 5 shows the particle morphology of BLA before and after 50
minutes of milling. Macrostructures, such as a phytolith, can be observed in Figure 5a
(spodogram or ash skeleton [36]), while in Figure 5b (milled ash) these structures are no
longer present and the BLA particles showed an irregular, porous, rough form.

Figure 5 - FESEM micrographs of the BLA: a) before milling; b) after 50 minutes milling. The
phytoliths are marked with arrows.

Roselld et al. [36] also observed the presence of phytoliths in BLA calcined at high
temperatures and they are related to the high content of silica in the ash. Thus, the high
silica content of BLA (74.23%) shown by the XRF analysis can be related to the
phytoliths observed by SEM.



353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

370
371

372
373

374
375
376
377
378
379
380

4.2 Pozzolanic Reactivity
4.2.1 Electrical Conductivity and pH in aqueous CH/BLA suspensions.

This method consists of preparing a saturated lime suspension with an excess of solid CH
and mixing with the pozzolan. The consumption of the calcium hydroxide by the pozzolan
would reach unsaturation with respect to CH, causing a reduction of the pH and electrical
conductivity of the suspension. Eight proportions of CH:BLA were assessed at three
different temperatures (40, 50 and 60 °C). As expected, the increase in the temperature
caused an increase in the lime consumption for almost every sample proportion. Another
expected event was that the samples with a higher percentage of CH in the proportions
obtained lower values of Lc. After seven days of reaction at 60 °C, the proportions of 1:9
and 4.5:5.5 achieved an Lc of 99.08 and 31.73%, respectively; at 50 °C these proportions
yielded Lc values of 98.54 and 30.87%; and at 40 °C, the values were 99.21 and 27.29%.
Figure 6 shows the results of Lc as a function of time for the samples assessed at the three
temperatures.

Figure 6 — Loss of electrical conductivity, Lc (%), for suspensions at: a) 60 °C; b) 50 °C and c) 40 °C
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This method of analysis also enables the classification of the pozzolan as low, medium or
high reactivity [41]. After seven days, when the Lc reaches a value greater than 30%, a
mark is placed for the corresponding proportion and temperature in the proposed
template, Figure 1. Figure 7 shows the marks placed for the proportions of CH:BLA
which reached the required Lc for the three different temperatures. According to Figure
1, the BLA is placed in Zone 3, which means that the material is classified as “\high
reactivity. The BLA studied was placed in the same Zone 3 which was placed an
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381  amorphous (99% of amorphous silica) rice husk ash (RHA), a very reactive pozzolan,
382  while a low densified silica fume (DSF-L) was placed in Zone 2, classified as medium
383  reactive [41].

384
385 Figure 7 - Template filled for proportions at which Lc reached values higher than 30%o at different
386 temperatures
40°C 50°C 60°C
2:8
25:75 x
7 [ X | X
35:65 K | M ) ¢
4:6 X | X
45:55 ) ¢ X
387
388
389
390 4.2.2 Frattini Test
391

392  Figure 8 shows the results obtained from Frattini Method [42]. The graph presents (for 8
393  days testing time), for each percentage of OPC substitution with BLA (by mass), the
394  remaining concentration of calcium ions, expressed as calcium oxide, versus the
395 remaining concentration of hydroxyl ions in the sample solutions kept in a sealed
396 container at 40 °C. Those values are compared with a curve which represents a saturated
397  solution with the mentioned ions. All the replacement percentages, except 5%, presented
398  points under the curve after just 8 days, which indicated a high pozzolanic reactivity for
399 theash. Ingeneral, the increase in the replacement percentage decreases the concentration
400 of the ions, which indicates more consumption of the ions. After 15 days, all the
401  replacement percentages presented points below the saturated curve.

402
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Figure 8 - Frattini tests at 8 days
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4.2.3 Analysis of calcium hydroxide/BLA pastes

Thermogravimetric and FTIR analysis were employed to analyse the performance of
BLA as pozzolan in systems calcium hydroxide/BLA. Figure 9 shows the FTIR spectra
for pastes prepared with CH and BLA with CH/BLA proportions of 3:7, 5:5 and 7:3 after
3, 7, 28 and 90 days of curing at 25 °C. The band at 3641 cm™ present in the calcium
hydroxide sample is related to its OH bonds. For pastes with a 3:7 proportion (Fig 9a),
this band disappeared, which represents a complete consumption of the calcium
hydroxide. As opposed to the 3:7 paste spectra, the band related to the OH bonds from
CH (3641 cm ) was not entirely consumed, only decreases with curing time for samples
with 5:5 (Fig 9b) and 7:3 (Fig 9c) proportions. Another confirmation of the pozzolan
reaction for all proportions is the diminution in intensity of the band at 1035 cm™,
associated with the vibrations of asymmetric stretching of Si — O — Si and Si — O — Al,
and the appearance of a new band at 960 cm™, attributed to the calcium silicate hydrate
resulting from the pozzolanic reaction [15].

The bands at 1415 cm™ and 875 cm™ are associated with the asymmetric stretching from
the O-C-O bonds of the COs groups, the carbonates probably the calcium carbonate
[18]. The bands at 796 cm™, 777 cm™, 694 cm™ and 451 cm* represent Si-O-Si stretching
from quartz since they do not change when comparing the bands of ash and pastes. These
results also confirm the presence of amorphous and crystalline silica as seen in the BLA
characterization.
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Figure 9 - FTIR spectra for pastes with CH:BLA ratios of: a) 3:7; b) 5:5; and ¢) 7:3. FTIR curves
for CH and BLA are also depicted
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These pastes, with the same CH:BLA ratios, were also assessed by thermogravimetric
analysis (TGA), Figure 10 shows the derivative thermogravimetric (DTG) curves of the
pastes. There was a great consumption of the CH from 3 to 7 days for pastes with a
CH:BLA ratio of 3:7, since the peak near 550 ° C decreases significantly until its complete
consumption from 7 to 28 days, making a 90 days analysis unnecessary. The peaks related
to the hydrated products for this proportion increased with curing age; for early ages the
peaks concentrated near 120 — 130 °C, which is attributed to the dehydration of the C-S-
H gel. After 7 days of curing, the gels spread through a 120 — 250 °C temperature range,
which is characteristic of the dehydrationof C-S-H,C-A-S-Hand C- A -H gels
[43].

The DTG curves for pastes with a 5:5 proportion show that there was no total
consumption of calcium hydroxide since peaks close to 550 °C remained, but the intensity
of the peak decreased as the curing age increased. These DTG curves also presented peaks
related to the formation of hydrated calcium silicates and calcium aluminates. At early
curing ages, the peaks are also concentrated near the temperatures associated with the
dehydration of the C-S-H gel. After 28 days of curing, the gels rearranged and presented
dehydration peaks with a range of 120 — 250 °C.

Due to the high amount of calcium hydroxide compared to pozzolan, the pastes with a
CH:BLA ratio of 7:3 presented large peaks close to 550 °C for all curing ages tested.
Peaks near 120 — 130 °C and 215 °C are found, indicating the formation of calcium silicate
and calcium aluminate hydrated products and their rearranging over the curing ages.
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458 Figure 10 - DTG curves for pastes of CH/BLA ratio of a) 3:7; b) 5:5; and ¢) 7:3
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461 The pastes assessed by TGA underwent two dehydration processes, one during the
462  dehydration of the pozzolan reaction resulting products (Prz) and the other during the
463  dehydration of the unconsumed lime (Pch), which allows the determination of the amount
464  of lime fixation [43]. Table 2 shows these values as percentages.

465

466

467
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Table 2 - Mass loss (%) relative to the dehydration of the pozzolanic reaction products (Prz), the
dehydration of the unconsumed lime (Pcn) and the lime fixation for the CH/BLA pastes

CTAE(I)_A Cuzjr;%/;;me Pez (%)  Pon (%) lee(g/lO);atlon

3 5.25 2.76 62.14

3:7 7 8.88 0.68 90.70
28 13.33 0.00 100.00

3 8.79 5.12 57.90

5.5 7 11.05 3.98 67.28
28 11.51 2.78 77.18

90 10.76 1.74 85.70

3 7.13 10.11 40.62

7.3 7 7.97 7.74 54,54
’ 28 8.35 7.70 54.78
90 8.73 7.04 58.64

As seen in The FTIR analysis for pastes with a 3:7 proportion, a high consumption of the
CH in early ages occurred until its complete fixation after 28 days of curing, which
consequently causes an increase in the percentages of hydrated products over the curing
ages, confirming once more the fast pozzolan reaction. Pastes with the same proportion
of lime and metakaolin(this pozzolan is considered a high reactive pozzolan) [43],
presented similar, however lower, lime fixation percentages than the lime/BLA pastes
from this study. The pastes reached the values of 58.20% and 87.53%, after 3 and 7 days
of curing, respectively, and a complete lime fixation (100%) between 7 and 28 days of
curing. Sugar Cane Straw Ash, also a high reactive agroindustry-derived pozzolan [15],
achieved a complete lime fixation (100%) after 3 days of curing, for pastes with the same
CH:pozzolan ratio.

In pastes with the same amount of lime and BLA (5:5), the ash consumed more than 50%
of the calcium hydroxide in only 3 days, as was also shown by the FTIR due to the large
decrease of 3641 cm™ for CH at three days. As seen in the FTIR, the pozzolanic reaction
occurs at early ages and the formation of hydrated products increased with curing time,
except for the age of 90 days, was probably due to the rearrangement of the hydrated
products, as seen in the DTG curves, or a slightly carbonation, as seen in the FTIR results.
The lime fixation increased from 57.90% at 3 days of curing to 85.31% at 90 days,
showing that the pozzolanic reaction was fast and the reactivity was maintained during
the testing period due to the presence of CH in the medium. However, for the 7:3 system,
the lime fixation was very high after 3 days (40.62%), but it only increased slightly from
7 days (54.54%) to 90 days (58.64%) despite the excess of CH; this behaviour suggests
that the main part of amorphous silica in BLA reacted in the first stage of the curing
period.

4.2.4 Analysis of OPC/BLA pastes

The pastes with OPC/BLA ratio of 100/0 and 85/15 were assessed at 28 days of curing
using an FESEM and at 3, 7, 28 and 90 days of curing using a TGA.
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The DTG curves resulting from the TG analysis of the OPC/BLA pastes are shown in
Figure 11. All the samples presented peaks between 120 °C and 150 °C, which means
that ettringite (AFt) and C-S-H hydration products have been formed, and peaks near 220
°C, indicating the formation of hydrated products derived of aluminate (C-A-H, AFm).
After 90 days of curing, the peak distribution attributed to the hydrated products changed,
which may indicate a small rearrangement of the gels.

Figure 11 - DTG curves for OPC/BLA pastes
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Table 3 shows the mass loss attributed to the dehydration of the products derived from
the OPC hydration and the pozzolanic reaction (Porc +pz), the dehydration of portlandite
(PcH, which was produced by OPC hydration), lime fixation [44] and lime consumption
for the BLA containing pastes.

After 3 curing days, the control paste presented a higher amount of hydrated products,
but at 7 days the paste with BLA exceeded the control paste and maintained a higher
amount of hydrated product formation up to 90 days. The decrease of the mass loss
percentage in the hydrated gels at 90 days may be due to the rearrangement of the hydrated
products, as seen in Figure 11, and also to a slight carbonation of the hydrated products.
Pch values are lower for BLA containing samples at all curing ages, which may result
from two factors: due to the pozzolanic reaction (pozzolanic contribution) and to the
decrease in the amount of cement (dilution contribution), which causes a lower production
of portlandite. The lime fixation and the lime consumption values indicated a high
reactivity of the BLA, even for short curing ages.
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532 Table 3 - Mass loss (%) relative to the dehydration of the OPC and pozzolanic reaction products

533 (Porc +pz), the dehydration of portlandite (Pch), lime fixation and lime consumption for the
534 OPC/BLA paste for each curing time tested
Ctlijrrr:zg Popc «pz (%) Pen (%) fitlar':i]gn Consll_JIr:]nriion*
(days) Control 15% BLA Control 15% BLA (%)
3 15.75 14.67 291 1.59 35.70 0.36
7 14.87 15.02 2.54 1.58 26.82 0.24
28 17.43 18.04 3.37 1.95 31.92 0.38
90 14.90 15.56 2.65 1.66 32.95 0.24
535  *g of fixed Ca(OH)2/ g of BLA
536
537

538  Figure 12 shows the FESEM image for OPC/BLA ratio of 100/0 at 28 curing days. Note
539 the amorphous gel and the presence of ettringite, which has the typical needle-like
540  morphology.

541

542 Figure 12 - FESEM image of the control OPC paste at 28 curing days

g -,

543
544

545  Figure 13 shows the FESEM image of the paste with 15% OPC replacement by BLA.
546  The image also shows the amorphous gel of the hydrated products and part of a portlandite
547  that was not totally consumed by the pozzolanic reaction. This analysis confirms the
548  incomplete lime fixation by BLA.

549
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Figure 13 - FESEM image of the OPC/BLA paste with 85/15 ratio at 28 curing days (the unreacted
portlandite is highlighted)

The assessment of the CH and OPC containing BLA pastes and the Frattini analysis
corroborated the classification of the BLA as highly reactive pozzolan obtained by means
of the pH and conductivity analysis, indicating also that the auto-combustion method of
production is successful even without a controlled temperature. The other bamboo leaf
ashes present in the literature also showed high reactivity [34, 35], similar to silica fume
and higher than other ash-derived agro-wastes such as rice husk ash (RHA), sugar cane
straw ash (SCSA) and sugarcane bagasse ash (SCBA), however they were obtained by
controlled temperature methods.

4.3 Mercury Intrusion Porosimetry (MIP)

Table 4 summarizes the results of the MIP analysis and Figure 14 shows the curves of the
accumulated intruded volume and the differential volume intruded for the pastes with
OPC/BLA ratios of 100/0, 90/10, 80/10 and 70/10 after 90 days of curing. The results
show that the paste with 20% OPC replacement by BLA presented the lowest total
porosity followed by the control and the pastes with 30% BLA and 10% BLA.

The pore size distribution shown in Table 4 divided the intruded volume in each range of
diameters which are classified: pores attributed to gel (< 10 nm), medium capillaries (10—
50 nm), large capillaries (50 nm -1 pm) and air voids (> 1 um).

The pastes with OPC replacement presented higher percentages of pores attributed to gels
(< 10 nm), the pastes with 20% and 30% BLA presented a ratio of 21.26% and 24.61%,
respectively, while the control paste achieved a ratio of 11.64%, which agrees with the
reactivity study, which classified the BLA as highly reactive. The pozzolan also reduced
the percentage of pores attributed to the capillarity (10 nm — 1 pm). The control paste
presented a total of 84.96% capillary pores, while the paste with 20% BLA presented a
total of 75.17%, about 10% of reduction.

In terms of durability, OPC replacement by BLA resulted in an improvement, since the
total retained volume (Table 4) for the pastes with 20% and 30% BLA suggested less
connected pores, leading to a higher tortuosity and consequently making the penetration
of external agents into the matrices difficult.
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587

588  Ingeneral, the MIP analyses showed how the pozzolanic reaction, the filler effect and the
589  nucleation effect produced by the BLA improved the cementitious matrices.
590
591 Table 4 - MIP results of the OPC/BLA pastes after 90 curing days
. Total Porosity  Total Retained VVolume Pore size distribution (mL of Hg/ g of paste and percentage)
Specimen 0 o
(%) after extrusion (%) <10 nm 10nm-50nm 50 nm - 1pm >1um
0.0209 0.0532 0.0993 0.0061
Control 2764 46.78 (11.64%) (29.64%) (55.32%) (3.40%)
0.0402 0.0591 0.0983 0.0031
0,
10% BLA 29.50 44.56 (20.03%) (29.45%) (48.98%) (1.54%)
0.0388 0.0541 0.0831 0.0065
0,
20%BLA 2614 55.70 (21.26%) (29.64%) (45.53%) (3.56%)
0.0526 0.0655 0.0811 0.0145
0,
30% BLA 28.90 5555 (24.61%) (30.65%) (37.95%) (6.79%)
592
593 Figure 14 - MIP results of the OPC/BLA pastes after 90 days of curing: a) cumulative volume
594 intruded and b) differential volume intruded
— a-) - \M Control
20% BLA
30% BLA
30% BLA
}M e Al ) :| 0.2 Differencial volume intruded (mL of Hg / g of paste)
595 Pore Size Diameter (nm) Pore Size Diameter (nm)
596
597 4.4  Influence of BLA on the mechanical behaviour of cementitious matrices
598
599  The influence of the BLA on the mechanical behaviour of cementitious matrices was
600  assessed by means of a compressive strength analysis using mortar samples with OPC
601  mass replacement by BLA, in percentages of 0 (control), 5, 10, 15, 20, 25 and 30%. Table
602 5 shows the values of the compressive strength results in MPa for the samples at 3, 7, 28
603 and 90 days of curing and the relative compressive strength of the pozzolan-containing
604  systems regarding the control.
605
606 Initially, at early ages, almost all the BLA containing mortars presented very similar
607  compressive strength in comparison with the control, except the mortars with replacement
608  ratios of 25% and 30%. However, after 7 days of curing, the pozzolan-containing systems
609 the presented very similar compressive strength in comparison with the control the for all
610  curing ages, even with high rates of OPC replacement such as 25 and 30%, considering
611 the standard deviation. This is a confirmation of the high reactivity of the BLA as seen in
612  the reactivity analyses. After 28 days of curing, all the relative compressive strength is
613 above 100%, which means that although the compressive strength is similar in
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comparison with the control, the BLA slightly improved the mechanical behaviour of the
matrices for later curing ages.

Table 5 - Evolution of the compressive strength of the assessed mortars after 3, 7, 28 and 90 days of
curing at 25 °C. Relative strengths (in %) for BLA containing mortars are given in parentheses.

Dosage/Curing age 3 days 7 days 28 days 90 days

Compressive Strength (Relative Compressive Strength)

Control 32.75+0.3  3547+1.6  43.47+1.1 46.69+ 1.8
323+1.4 35.0+1.5 47.3+2.4 48.4+0.3
5% BLA
(98.5%) (98.6%) (108.7%) (103.6%)
30.1+1.1 36.0+1.0 46.7+1.9 48.3+1.1
10% BLA
(91.8%) (101.4%) (107.4%) (103.4%)
33.0£0.8 38.2+1.4 45.6+1.3 52.6+2.0
15% BLA
(100.6%) (107.6%) (104.8%) (112.6%)
32.2+1.1 39.2+1.7 46.8+1.7 53.2+2.3
20% BLA
(98.2%) (110.4%) (107.6%) (113.9%)
29.7+0.6 37.6+1.4 49.2+1.9 54.1+1.9
25% BLA
(90.5%) (105.9%) (113.1%) (115.8%)
30% BLA 26.7+0.8 34.5+1.2 43.8+2.1 51.0+2.6

The mortars with 10% and 20% OPC mass replacement by BLA assessed by Frias et al.
[35] presented a compressive strength lower, but very similar to the control after 28 and
90 days of curing. These mortars were tested for 4 x 4 x 16 cm?® specimens, with a
water/binder ratio of 0.5 and a sand/binder of 3/1.

The results of the compressive strength agree with the MIP analysis. The total porosity of
the control paste and the BLA containing pastes are similar at 90 days of curing. In
addition, the control paste presented a lower percentage of pores attributed to gels
compared to the pastes containing BLA. In combination with the total porosity, this
explains the similarity in the compressive strength results.

The improvement of the matrices by replacing OPC with BLA is even more noticeable
when the compressive strength gain (SG) is calculated [47], SG is a parameter which
compares the compressive strength of the control mortars, and a correction based on the
replacement ratio, with the mortars with OPC replaced by BLA. The SG was calculated
according to Equation (2) [47]:
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R; ‘[Ro *%]
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SG = L

w
[Ro N cem ]
Wcem + Wpoz

*100

Where Riis the compressive strength of the pozzolan containing mortar at a determined
curing age the same as the control, Ro is the compressive strength of the control mortar,
Weem is the OPC mass in the pozzolan containing mortar and (Wcem + Wpoz) is the binder
mass in the the pozzolan containing mortar.

Figure 15 shows the results of SG for the assessed mortars. The SG is positive for all the
replacement ratios at all curing ages, which means the compressive strength remains the
same or even improved due to the BLA reactivity even with less OPC. The SG is lower
at 3 days of curing and higher after 90 days of curing for all the studied replacements, for
90 days of curing the mortar with the highest SG is the 30% BLA, with a calculated value
of almost 56%; which shows not only that the BLA improves the mechanical behaviour,
but also that BLA is a very sustainable alternative since a 30% OPC replacement becomes
a significant OPC saving and would result in reduced environmental impacts.

Figure 15 - Strength gain (SG) of the BLA containing mortars after 3, 7, 28 and 90 curing days
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5. Conclusion

The auto-combustion produced BLA was chemically and physically characterized by
means of XRF, determination of amorphous silica content, XRD, FTIR, laser
granulometry and FESEM. The results showed that the assessed BLA presents a high
silica content (74.23%), of which 92.33% of this oxide is amorphous silica, and obtained
an 11.34% LOI, attributed to the organic matter content. The XRD corroborates the
amorphous nature of the BLA by showing a baseline deviation between 26 = 15° and 26
= 35°, the XRD also showed the presence of quartz.
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The BLA reactivity analysis the was carried out by means of pH and conductivity in
agueous Ca(OH)2 medium, Frattini analysis, an FTIR study of CH:pozzolan pastes and
FESEM and Thermogravimetric analysis of CH:pozzolan and OPC/pozzolan pastes. The
BLA was classified as highly reactive, which means that the auto-combustion method,
even though simpler (without temperature control), was successful.

The high reactivity of the BLA contributed to improved mechanical behaviour and
durability of the cementitious matrices containing BLA. The pastes with 20% and 30%
BLA presented less total retained volume (%) than the control paste in the MIP analysis.
The mortars with OPC replacement presented very similar compressive strength after 7
curing days; the mortar with 30% BLA presented a strength gain (SG) of 56% at 90 days
of curing.

BLA is a suitable and sustainable alternative for partial OPC replacement in cementitious
matrices.
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