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Abstract  15 
 16 
In the context of world concern with the environment, this study aims to characterize an 17 
auto-combustion produced bamboo leaf ash (BLA) by its pozzolanic behaviour, reactivity 18 
and its influence in the total porosity, pore size distribution, tortuosity and mechanical 19 
behaviour of cementitious matrices. The chemical and physical characterization of the 20 
BLA was carried using X-ray fluorescence, determination of amorphous silica content, 21 
X-ray diffraction, Fourier Transform Infrared Spectrophotometry (FTIR), laser 22 
granulometry and field emission scanning electron microscopy (FESEM). The assessed 23 
BLA is a siliceous material (74.23%) with an amorphous nature due to the amorphous 24 
silica content, which represents 92.33% of the total silica. The BLA was classified as 25 
highly reactive by assessing its pH and conductivity in a saturated calcium hydroxide 26 
(CH) medium for different proportions and temperatures. Frattini analysis, the study of 27 
CH:BLA pastes (Thermogravimetric analysis and FTIR) and Portland cement (OPC) 28 
/pozzolan pastes (Thermogravimetric analysis and FESEM) are in agreement with this 29 
classification. The replacement of OPC by BLA improved the mechanical behaviour of 30 
the cementitious matrices, as well their durability. All the mortars containing BLA 31 
presented very similar compressive strength to a control mortar (100% OPC) after only 3 32 
days of curing and at the following tested curing ages: 7, 28 and 90 days. In the mercury 33 
intrusion porosimetry analysis, the pastes with 20 and 30% BLA content presented higher 34 
tortuosity or fewer connected pores than the control paste. Thus, the auto-combustion 35 
method proved to be successful and BLA is a suitable alternative for sustainable high-36 
performance matrices. 37 
Keywords: bamboo leaf ash, sustainable cementitious matrices, pozzolan, auto-38 
combustion 39 
 40 
 41 
1. Introduction  42 
 43 
The Stockholm Conference in 1972 was a milestone in history because it was the first 44 
time in which scientists and world leaders met to discuss and find solutions regarding 45 
environmental problems, such as air pollution. Since this event, the environment and its 46 
degradation became a rising worldwide concern. In 1987, the term sustainable 47 
development was defined and popularized by the World Commission on Environment 48 
and Development, a special commission created by the United Nations [1–2]. In 1988, 49 
the Intergovernmental Panel on Climate Change (IPCC) was created [3]. In this way, the 50 
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greenhouse effect became a worldwide preoccupation and the theme of several 51 
conferences, whose focus was to establish measures to decrease the gases which cause 52 
the greenhouse effect, carbon dioxide (CO2) being one of the main concerns.  53 
 54 
The world concern about both, environmental degradation and greenhouse gas emissions, 55 
highlighted the importance of research in finding new sustainable alternatives to some 56 
products, among them Portland cement (OPC). OPC is responsible for high levels of 57 
carbon dioxide emission, one ton of its production generates 0.9 tons of CO2 [4], about 58 
7% of the global carbon dioxide emission is due to OPC manufacture [5].  59 
 60 
One of the research solutions found to mitigate the environmental impacts caused by OPC 61 
production is its partial replacement by pozzolans derived from anthropogenic activities. 62 
These pozzolans are byproducts and wastes which end up having no appropriated function 63 
and are often wrongly discarded, causing more environmental damage.    64 
   65 
It is well known that pozzolans improve the mechanical behaviour and durability of 66 
cementitious matrices by acting chemically and physically. The pozzolanic chemical 67 
reaction consists of the interaction between the amorphous silica and alumina present in 68 
the material and the portlandite (the composition of which includes calcium hydroxide) 69 
derived from Portland cement hydration, forming more hydrated silicates and calcium 70 
aluminates and improving the mechanical properties of the matrix [6–8]. It is essential 71 
that those oxides present an amorphous network for the reaction to occur; thus, the 72 
reached temperature and the cooling process in pozzolan production are of extreme 73 
importance. High temperatures and long periods of thermal treating, as well as the method 74 
of heating/cooling, can lead to a crystallization of the material particles [8–10].   75 
 76 
Related to the physical effect of pozzolans, their fine particles fill the empty spaces in the 77 
matrices, which is called the filler effect, generating a more cohesive material. The 78 
nucleation effect, also associated with the particle fineness, allows a greater hydration of 79 
the Portland cement particles, increasing the amount of hydrated products [11–13].   80 
 81 
Most pozzolans already in widespread use in civil construction, such as pulverized fly 82 
ash and silica fume, are derived from industries [14]. Agroindustry-derived pozzolans, 83 
often associated with the food industry and biomass, are widely researched and present 84 
satisfactory results. Their use in OPC blends improves the mechanical behaviour and 85 
durability of cementitious matrices [15–28]. However, their potential is not reflected in 86 
their commercial use in civil construction, which is an unrealized opportunity since the 87 
amount of agroindustry waste is greater than the industrial ones, especially in emerging 88 
countries. 89 
 90 
Bamboo stands out among several tree species for several reasons: it is a fast-growing 91 
plant, it has the capability to grow in degraded places, it is a natural resource with multiple 92 
purposes (from food to architecture), and it has a high sequestration capacity for carbon 93 
dioxide. Bamboo is found in many regions of the world, with a total area estimated in 94 
31.5 million hectares worldwide, with 17.36 million hectares located in Asia [29]. 95 
Nevertheless, the bamboo cultivation generates a waste: bamboo leaves, which are burned 96 
in landfills generating bamboo leaf ash (BLA) that does not have an adequate purpose, 97 
becoming a source of pollution [30 – 31]. 98 
 99 
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Nevertheless, research has been undertaken to transform this waste into a sustainable 100 
alternative for civil construction. The first researchers to study this material were Dwivedi 101 
et al. [32], and Singh et al. [33], followed by Villar-Cociña et al. [34], Frías et.al [35], 102 
Roselló et al. [36] and Villar-Cociña et al. [37]. These researches concluded that the 103 
bamboo leaf ash have good pozzolanic behaviour and high reactivity. Rodier et al. [38] 104 
conducted a study with bamboo stem ash, obtained through calcination at a controlled 105 
temperature (600 °C). The ash presented silica as the main component (68.74%) and had 106 
an amorphous nature and pozzolanic behaviour. However, these studies do not present a 107 
wide range of analysis regarding the BLA characterisation and the ash reactivity, also 108 
neither of them performed an analysis of the influence of the BLA on the durability of 109 
cementitious matrices. 110 
 111 
As opposed to previous studies [32–37], this BLA was produced through an auto-112 
combustion process in a furnace with no controlled temperature, a simple method like 113 
that applied in a thermoelectric plant, without consuming power. This production method 114 
yields a more realistic ash for further uses than those obtained using an electric furnace 115 
with temperature control. The BLA was characterized by its chemical composition, 116 
mineralogy, granulometric distribution and particle morphology. The reactivity of the 117 
BLA was analysed by means of different methods, such as pH and conductivity in 118 
saturated calcium hydroxide medium, the Frattini test, and the study of CH:pozzolan 119 
pastes (Thermogravimetry analysis and FTIR) and OPC/pozzolan pastes 120 
(Thermogravimetry analysis and field emission scanning electron microscopy (FESEM)). 121 
A mercury intrusion porosimetry (MIP) analysis of pastes with different OPC/BLA ratios 122 
was performed to study the influence of the addition of BLA on the total porosity and 123 
pore size distribution. The assessment of the BLA’s influence on the behaviour of 124 
cementitious matrices was carried out a compressive strength analysis in mortars with 125 
partial mass replacement of OPC by BLA.  126 
 127 
2. Materials  128 
 129 

2.1  Materials  130 
 131 
The BLA was produced through an auto-combustion process in a furnace with no 132 
controlled temperature, only monitored using thermocouples. For this method, an initial 133 
thermal energy is provided until the leaves start to burn by itself in the furnace, then the 134 
autocombustion process begins, differently from the electric furnace, this method does 135 
not consume power.  The bamboo leaves were collected from a bamboo plantation in the 136 
surroundings of the city of Ilha Solteira, Brazil. After 15 minutes of auto-combustion, the 137 
leaves achieved a maximum burning temperature of 738 °C. The BLA obtained was then 138 
sieved (300 µm), to eliminate unburned materials, and then milled for 50 minutes.    139 
 140 
The cement used to produce the pastes and mortars was Brazilian Portland cement type 141 
CPV ARI, this cement presents no pozzolan and is more than 95% composed of clinker. 142 
The OPC used for the pastes and mortars analysis, the Brazilian CP V ARI, presented a 143 
specific surface area of about 4800 cm2/g (Blaine method), with 0.05% retained in the 144 
sieve of 75 µm and 0.58% retained in the sieve of 45 µm. For the Frattini test Spanish 145 
Ordinary Portland cement type CEM I 52.5R was used. The calcium hydroxide (Ca(OH)2) 146 
used in the CH/BLA pastes and in the pH and conductivity analysis had more than 96% 147 
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purity. The siliceous sand for the mortars showed a specific mass of 2.58 g/cm3 and 148 
fineness modulus of 2.12. 149 

3. Methods 150 
 151 
3.1 Bamboo Leaf Ash Characterization 152 
 153 
The bamboo leaf ash was chemically characterized by XRF using an XRF Philips Magix 154 
Pro. An additional chemical analysis was performed to complement the XRF chemical 155 
characterization, the determination of the amorphous silica content. The determination of 156 
the BLA amorphous silica content was based on UNE 80225 (1993) [39] with the 157 
improvement developed and proposed by Payá et al. (2001) [40]. XRD analysis was 158 
carried out to determine the material mineralogy; the instrument used was a Shimadzu 159 
XRD - 6000, with diffractogram records in the interval of 2θ between 5° and 70°, using 160 
Cu-Ka radiation with a wavelength of 1.54056Å. An FTIR analysis was performed using 161 
a Bruker TENSOR 27 in the spectrum range of 4000–400 cm-1. The influence of the 162 
milling process on the particle distribution was assessed by Laser Granulometry 163 
(Mastersizer 2000 from Malvern Instruments, working in water suspension): it was 164 
possible to determine the granulometric distribution, the main diameter (Dmed) and the 165 
median particle diameter (D50). The particle morphology of the BLA, before and after 166 
milling was determined by FESEM (ZEISS ULTRA 55).  167 
 168 
3.2 Pozzolanic Reactivity Tests 169 
 170 
3.2.1 Electrical Conductivity and pH measurements 171 
 172 
The use of electrical conductivity and pH measurements is a rapid and simple method to 173 
assess pozzolan reactivity [41]. The unsaturation of the system, which means the total 174 
dissolution of the CH in solid state, causes a reduction on pH and electrical conductivity 175 
values due to the pozzolan reaction with the Ca+2 and OH- dissolved ions in order to form 176 
stable and insoluble products [41].The test was performed with eight different calcium 177 
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) 178 
and three working temperatures (40, 50 and 60 °C), using a JULABO - SW22 shaking 179 
water bath in the temperature range from 20 – 99.9 °C for temperature control and a 180 
Crison micro PH2001 pHmeter and Crison micro CM2201 electrical conductometer for 181 
the pH and electrical conductivity measurements, respectively.  182 
 183 
The electrical conductivity results will be represented in terms of loss of conductivity (Lc 184 
(%)), calculated as proposed by Tashima et al. [41]. In this method, the pozzolan 185 
reactivity is classified into three different categories: low, medium and high. After 7 days, 186 
when the loss of loss of conductivity (Lc, in %) for a determinate CH:BLA proportion 187 
reaches a value greater than 30%, a mark is placed in the proposed template (Figure 1) 188 
for the corresponding proportion and temperature. A mark placed in Zone 3 shows that 189 
the pozzolan is highly reactive; whereas Zone 2 and Zone 1 represent medium and low 190 
reactivity, respectively.  191 
 192 
 193 
 194 
 195 

 196 
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Figure 1 - Template for classification of pozzolan reactivity (modified from Tashima et al. [41]) 197 
. 198 

 199 
 200 
 201 
3.2.2 Frattini Test  202 
 203 
The Frattini test analyses the pozzolanic activity and was carried out according to the 204 
procedure specified in EN 196-5 [42]. In this method, 100 mL of freshly boiled water is 205 
poured into a polyethylene container, which is sealed and placed in a thermostatic bath at 206 
40ºC. After the thermal equilibrium is achieved, 20g of a test sample containing Portland 207 
cement CEM-I and BLA is prepared and mixed with the distilled water. The following 208 
percentages of OPC/BLA were assessed: 95/5, 90/10, 85/15, 80/20, 75/25 and 70/30. 209 
After preparation, the samples were kept for 8 and 15 days in a sealed container at 40 °C. 210 
After these periods, samples were vacuum filtered, sealed and the filtrate was cooled to 211 
room temperature. Then, the filtrate was analysed for [OH-] by titration against diluted 212 
HCl (0.1 mol L-1) with methyl orange indicator and for [Ca+2] by pH adjustment to 12.50, 213 
followed by titration with 0.03 mol.L-1 EDTA solution using calcon indicator.  214 
 215 
The results will be placed in a graph of [Ca2+], expressed as equivalent CaO (mmol/L), 216 
versus [OH-], in mmol/L. They will be compared to a curve which represents a saturated 217 
solution of the mentioned ions. Results below the curve of calcium oxide saturation 218 
concentration indicates removal of Ca2+ from the solution which is attributed to 219 
pozzolanic activity, results lying on or above the line indicates negligible pozzolanic 220 
activity. 221 
 222 
3.2.3 Preparation and assessment of CH/BLA and OPC/BLA pastes 223 
 224 
Pastes with three different CH:BLA proportions were prepared (3:7, 5:5 and 7:3) with a 225 
water/binder ratio of 0.8 and cured at 25 °C. For the OPC/BLA paste assessment by 226 
thermogravimetric analysis (TGA) and FESEM, a pastes were produced with no pozzolan 227 
addition and with a 15% mass replacement of OPC by BLA, both with a water/binder 228 
ratio of 0.5 and cured at 25 °C.  229 
 230 
The CH/BLA pastes were assessed after 3, 7, 28 and 90 days of curing using FTIR 231 
(Bruker TENSOR 27 with a spectrum range of 4000 - 400 cm-1) and the CH/BLA and 232 
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OPC/BLA pastes were assessed after 3, 7, 38 and 90 days of curing days by 233 
thermogravimetric analysis (TGA 850 Mettler-Toledo), in which the samples were cast 234 
in an aluminium crucible at a temperature range from 35 to 600 °C, with a heating rate of 235 
10 °C.min-1, in an N2 atmosphere with 75 ml.min -1 continuous gas flow and ambient 236 
pressure. The OPC/BLA pastes were analysed by FESEM (ZEISS ULTRA 55) after 28 237 
days of curing.  238 
 239 
The TGA enables the determination of fixed calcium hydroxide, calculated according to 240 
Payá et al. [43] for CH:BLA pastes and according to Payá et al. [44] for OPC/BLA pastes. 241 
For the OPC/BLA pastes lime consumption was also determined using Equation (1):  242 

 243 

Lime Consumption = 
(CHC * C) - CHT

100
 * (1 + w/b)

(1−C)
                                                                                                                      244 

where CHc is the lime amount in the control paste, C is the OPC proportion in the pozzolan 245 
containing paste, CHt is the amount of CH in the pozzolan containing paste at a 246 
determined curing age the same as the control and w/b is the water/binder ratio of the 247 
paste. 248 
  249 
3.3 Mercury Intrusion Porosimetry (MIP) 250 
 251 
The MIP analysis was carried out in cement pastes with water/binder ratio of 0.5 and 252 
OPC/BLA proportions of 100/0, 90/10, 80/20 and 70/30 at a curing age of 90 days at 25 253 
ºC using an AutoPore IV 9500 porosimeter from Micrometrics Instrument Corporation 254 
with a pressure range from 13782 Pa to 227.4 MPa. The samples were evaluated at a 255 
pressure of 0.21 MPa in the low-pressure port, and 227.4 MPa in the high-pressure port.  256 
 257 
3.4 Compressive strength of mortars 258 
 259 
Mortars with OPC replacement by BLA in percentages of 0 (control), 5, 10, 15, 20, 25 260 
and 30%, by mass, a water/binder ratio of 0.5 and binder:sand proportion of 1:2.5 were 261 
assessed by their compressive strength. The mortars were cast in 4 cm x 4 cm x 16 cm 262 
prismatic moulds. Samples were tested after 3, 7, 28 and 90 days of curing at 25 ºC, they 263 
were stored in full immersion in a hydrated lime saturated solution. The compressive 264 
strength was assessed following NBR 13259 [45] using an EMIC Universal Machine with 265 
a 2000 kN load limit. 266 
 267 
4. Results 268 
 269 
4.1 Bamboo Leaf Ash (BLA) Characterization 270 
 271 
The chemical characterization of the BLA was obtained using an XRF and is summarized 272 
in Table 1. The ash presented a siliceous nature since it was composed mainly of silica 273 
(74.23%) and had a low quantity of Al2O3 (2.27%). The BLA also presented a high value 274 
of loss on ignition (LOI, 11.34%), which is attributed to the organic matter content, 275 
carbon and carbonates, present in the material. The LOI value suggested that the burning 276 
process did not completely remove the organic content of the leaves. The high value of 277 
LOI might interfere in the hydration reactions, reduce the workability of the cementitious 278 
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matrices which leads to an increase of water demand and probably a decrease of the 279 
compressive strength.  280 
 281 

Table 1 - Chemical characterization of bamboo leaf ash (%, by mass) 282 

SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 P2O5 Cl TiO2 MnO Others LOI 

74.23 2.27 2.34 3.30 1.46 2.11 0.84 1.02 0.39 0.46 0.15 0.09 11.34 

 283 
Other BLAs also derived from Brazilian bamboo [34, 35] presented silica as the main 284 
component as well, however with higher percentages: 80.4% and 78.71%, respectively, 285 
followed by CaO and K2O. The ashes presented lower values of LOI (8.04% and 3.83%, 286 
respectively) and Al2O3 (1.22% and 1.01%, respectively), which shows a similar chemical 287 
composition but with differences that may be due to the type and composition of the soil 288 
and climate. Cuban ash calcinated at 700 °C [37] presented a more distinctive chemical 289 
composition, with an LOI of 3.98% and SiO2, K2O, CaO and SO3 percentages of 74.7%, 290 
5.14%, 4.48% and 4.18%, respectively. 291 
  292 
By carrying out the procedures dictated by UNE 80225 (1993) [39] with the improvement 293 
developed by Payá et al. (2001) [40], it was possible to determine the total silica content 294 
in percentage (69.85%), which is near the XRF result (74.23%), and the total amorphous 295 
silica percentage (64.50%), which means that 92.33% of the total silica presented in BLA 296 
was in an amorphous state. This means that the potential pozzolanic reactivity of BLA is 297 
high.  298 
 299 
The XRD analysis allows the qualitative determination of the BLA mineralogy, which 300 
means that is possible to verify if the ash presents crystalline phases, represented by 301 
characteristic peaks in the diffractogram, and if it possesses amorphousness, characterized 302 
by a deviation of the baseline between 2θ = 15° and 2θ = 35°. The XRD pattern for BLA 303 
is shown in Figure 2; the ash presented a deviation in the baseline, which is best seen in 304 
the magnification located in the top right corner of Figure 2, which means that the BLA 305 
was amorphous in nature. However, the material also presents peaks corresponding to 306 
quartz (SiO2, PDF Card # 0000789), the presence of this mineral is probably due to 307 
contamination of the material by soil since the leaves were collected from the ground.  308 
 309 
The XRD results agree with the analysis of amorphous silica content since the silica 310 
presented a high content of amorphous silica which resulted in the baseline deviation and 311 
the crystalline peaks of quartz represents the remaining crystalline silica, 7.67% of the 312 
total amount of silica. The BLA found in literature showed a deviation in the baseline 313 
characteristic of an amorphous material [34,35,37], as well as quartz [37], calcite and 314 
cristobalite [35,37] and calcium sulfate [35]. 315 
  316 
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Figure 2 - X-ray diffractogram pattern for the bamboo leaf ash317 

 318 
 319 
Figure 3 shows the FTIR spectrum of the BLA; it is possible to observe two bands 320 
characteristic of silicoaluminous materials, 1035 cm-1 and 451 cm-1. The first band (1035 321 
cm-1) is associated with the vibrations from the asymmetric stretching of Si – O – Si and 322 
Si – O – Al, the second one (451 cm-1) is due to the bending of Si – O – Si. The bands at 323 
796, 777 and 694 cm-1 indicate the symmetric bond of Si – O – Si. The FTIR spectrum 324 
confirms the siliceous nature of the material, as seen in the XRF and the determination of 325 
amorphous silica content analysis [18, 35, 46]. 326 
 327 

Figure 3 - FTIR spectrum of the bamboo leaf ash328 

 329 
 330 
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The fineness of the ash has a direct influence on its physical and chemical behaviour in 331 
the cementitious matrix; thus, the particle size distribution of the ash, after 15 kg milled 332 
for 50 minutes in a ball mill, is shown in Figure 4.  333 
 334 

Figure 4 - Particle size distribution of the BLA, milled for 50 minutes 335 

 336 
 337 
The ash presented a regular distribution: the mean particle diameter (Dmed) was 26.1 µm, 338 
10% of the particle volume was above 3.0 µm, 90% below 59.1 µm and the median 339 
particle diameter (D50) was 20.0 µm. The influence of the milling process was also 340 
assessed by FESEM: Figure 5 shows the particle morphology of BLA before and after 50 341 
minutes of milling. Macrostructures, such as a phytolith, can be observed in Figure 5a 342 
(spodogram or ash skeleton [36]), while in Figure 5b (milled ash) these structures are no 343 
longer present and the BLA particles showed an irregular, porous, rough form.  344 
 345 

Figure 5 - FESEM micrographs of the BLA: a) before milling; b) after 50 minutes milling. The 346 
phytoliths are marked with arrows. 347 

 348 

Roselló et al. [36] also observed the presence of phytoliths in BLA calcined at high 349 
temperatures and they are related to the high content of silica in the ash. Thus, the high 350 
silica content of BLA (74.23%) shown by the XRF analysis can be related to the 351 
phytoliths observed by SEM. 352 
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 353 
4.2 Pozzolanic Reactivity 354 
 355 
4.2.1 Electrical Conductivity and pH in aqueous CH/BLA suspensions. 356 
 357 
This method consists of preparing a saturated lime suspension with an excess of solid CH 358 
and mixing with the pozzolan. The consumption of the calcium hydroxide by the pozzolan 359 
would reach unsaturation with respect to CH, causing a reduction of the pH and electrical 360 
conductivity of the suspension. Eight proportions of CH:BLA were assessed at three 361 
different temperatures (40, 50 and 60 °C). As expected, the increase in the temperature 362 
caused an increase in the lime consumption for almost every sample proportion. Another 363 
expected event was that the samples with a higher percentage of CH in the proportions 364 
obtained lower values of Lc. After seven days of reaction at 60 °C, the proportions of 1:9 365 
and 4.5:5.5 achieved an Lc of 99.08 and 31.73%, respectively; at 50 °C these proportions 366 
yielded Lc values of 98.54 and 30.87%; and at 40 °C, the values were 99.21 and 27.29%. 367 
Figure 6 shows the results of Lc as a function of time for the samples assessed at the three 368 
temperatures.  369 
 370 
Figure 6 – Loss of electrical conductivity, Lc (%), for suspensions at: a) 60 ºC; b) 50 ºC and c) 40 ºC 371 

 372 
 373 
This method of analysis also enables the classification of the pozzolan as low, medium or 374 
high reactivity [41]. After seven days, when the Lc reaches a value greater than 30%, a 375 
mark is placed for the corresponding proportion and temperature in the proposed 376 
template, Figure 1. Figure 7 shows the marks placed for the proportions of CH:BLA 377 
which reached the required Lc for the three different temperatures. According to Figure 378 
1, the BLA is placed in Zone 3, which means that the material is classified as “\high 379 
reactivity. The BLA studied was placed in the same Zone 3 which was placed an 380 
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amorphous (99% of amorphous silica) rice husk ash (RHA), a very reactive pozzolan, 381 
while a low densified silica fume (DSF-L) was placed in Zone 2, classified as medium 382 
reactive [41]. 383 
 384 
Figure 7 - Template filled for proportions at which Lc reached values higher than 30% at different 385 

temperatures 386 

 387 
 388 

 389 
4.2.2 Frattini Test  390 
 391 
Figure 8 shows the results obtained from Frattini Method [42]. The graph presents (for 8 392 
days testing time), for each percentage of OPC substitution with BLA (by mass), the 393 
remaining concentration of calcium ions, expressed as calcium oxide, versus the 394 
remaining concentration of hydroxyl ions in the sample solutions kept in a sealed 395 
container at 40 °C. Those values are compared with a curve which represents a saturated 396 
solution with the mentioned ions. All the replacement percentages, except 5%, presented 397 
points under the curve after just 8 days, which indicated a high pozzolanic reactivity for 398 
the ash. In general, the increase in the replacement percentage decreases the concentration 399 
of the ions, which indicates more consumption of the ions. After 15 days, all the 400 
replacement percentages presented points below the saturated curve.  401 
 402 
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Figure 8 - Frattini tests at 8 days 403 

 404 
 405 
4.2.3 Analysis of calcium hydroxide/BLA pastes  406 
 407 
Thermogravimetric and FTIR analysis were employed to analyse the performance of 408 
BLA as pozzolan in systems calcium hydroxide/BLA. Figure 9 shows the FTIR spectra 409 
for pastes prepared with CH and BLA with CH/BLA proportions of 3:7, 5:5 and 7:3 after 410 
3, 7, 28 and 90 days of curing at 25 °C. The band at 3641 cm-1 present in the calcium 411 
hydroxide sample is related to its OH bonds. For pastes with a 3:7 proportion (Fig 9a), 412 
this band disappeared, which represents a complete consumption of the calcium 413 
hydroxide. As opposed to the 3:7 paste spectra, the band related to the OH bonds from 414 
CH (3641 cm -1) was not entirely consumed, only decreases with curing time for samples 415 
with 5:5 (Fig 9b) and 7:3 (Fig 9c) proportions. Another confirmation of the pozzolan 416 
reaction for all proportions is the diminution in intensity of the band at 1035 cm-1, 417 
associated with the vibrations of asymmetric stretching of Si – O – Si and Si – O – Al, 418 
and the appearance of a new band at 960 cm-1, attributed to the calcium silicate hydrate 419 
resulting from the pozzolanic reaction [15].  420 
 421 
The bands at 1415 cm-1 and 875 cm-1 are associated with the asymmetric stretching from 422 
the O-C-O bonds of the CO3-2 groups, the carbonates  probably the calcium carbonate 423 
[18]. The bands at 796 cm-1, 777 cm-1, 694 cm-1 and 451 cm -1 represent Si-O-Si stretching 424 
from quartz since they do not change when comparing the bands of ash and pastes. These 425 
results also confirm the presence of amorphous and crystalline silica as seen in the BLA 426 
characterization.   427 
 428 
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Figure 9 - FTIR spectra for pastes with CH:BLA ratios of: a) 3:7; b) 5:5; and c) 7:3. FTIR curves 429 
for CH and BLA are also depicted 430 

 431 
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These pastes, with the same CH:BLA ratios, were also assessed by thermogravimetric 432 
analysis (TGA), Figure 10 shows the derivative thermogravimetric (DTG) curves of the 433 
pastes. There was a great consumption of the CH from 3 to 7 days for pastes with a 434 
CH:BLA ratio of 3:7, since the peak near 550 ° C decreases significantly until its complete 435 
consumption from 7 to 28 days, making a 90 days analysis unnecessary. The peaks related 436 
to the hydrated products for this proportion increased with curing age; for early ages the 437 
peaks concentrated near 120 – 130 °C, which is attributed to the dehydration of the C-S-438 
H gel. After 7 days of curing, the gels spread through a 120 – 250 °C temperature range, 439 
which is characteristic of the dehydration of C – S – H, C – A – S – H and C – A – H gels 440 
[43]. 441 
 442 
The DTG curves for pastes with a 5:5 proportion show that there was no total 443 
consumption of calcium hydroxide since peaks close to 550 °C remained, but the intensity 444 
of the peak decreased as the curing age increased. These DTG curves also presented peaks 445 
related to the formation of hydrated calcium silicates and calcium aluminates. At early 446 
curing ages, the peaks are also concentrated near the temperatures associated with the 447 
dehydration of the C-S-H gel. After 28 days of curing, the gels rearranged and presented 448 
dehydration peaks with a range of 120 – 250 °C.  449 
 450 
Due to the high amount of calcium hydroxide compared to pozzolan, the pastes with a 451 
CH:BLA ratio of 7:3 presented large peaks close to 550 °C for all curing ages tested. 452 
Peaks near 120 – 130 °C and 215 °C are found, indicating the formation of calcium silicate 453 
and calcium aluminate hydrated products and their rearranging over the curing ages. 454 
   455 
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 456 
 457 

Figure 10 - DTG curves for pastes of CH/BLA ratio of a) 3:7; b) 5:5; and c) 7:3458 

 459 
 460 

The pastes assessed by TGA underwent two dehydration processes, one during the 461 
dehydration of the pozzolan reaction resulting products (PPZ) and the other during the 462 
dehydration of the unconsumed lime (PCH), which allows the determination of the amount 463 
of lime fixation [43]. Table 2 shows these values as percentages.  464 
 465 
 466 

 467 
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Table 2 - Mass loss (%) relative to the dehydration of the pozzolanic reaction products (PPZ), the 468 
dehydration of the unconsumed lime (PCH) and the lime fixation for the CH/BLA pastes  469 

CH:BLA 
ratio 

Curing time  
(days) PPZ (%) PCH (%) Lime fixation 

(%) 

3 : 7 
3 5.25 2.76 62.14 
7 8.88 0.68 90.70 

28 13.33 0.00 100.00 

5 : 5 

3 8.79 5.12 57.90 
7 11.05 3.98 67.28 

28 11.51 2.78 77.18 
90 10.76 1.74 85.70 

7 : 3 

3 7.13 10.11 40.62 
7 7.97 7.74 54.54 

28 8.35 7.70 54.78 
90 8.73 7.04 58.64 

 470 
 471 
As seen in The FTIR analysis for pastes with a 3:7 proportion, a high consumption of the 472 
CH in early ages occurred until its complete fixation after 28 days of curing, which 473 
consequently causes an increase in the percentages of hydrated products over the curing 474 
ages, confirming once more the fast pozzolan reaction. Pastes with the same proportion 475 
of lime and metakaolin(this pozzolan is considered a high reactive pozzolan) [43], 476 
presented similar, however lower, lime fixation percentages than the lime/BLA pastes 477 
from this study. The pastes reached the values of 58.20% and 87.53%, after 3 and 7 days 478 
of curing, respectively, and a complete lime fixation (100%) between 7 and 28 days of 479 
curing.  Sugar Cane Straw Ash, also a high reactive agroindustry-derived pozzolan [15], 480 
achieved a complete lime fixation (100%) after 3 days of curing, for pastes with the same 481 
CH:pozzolan ratio. 482 
  483 
In pastes with the same amount of lime and BLA (5:5), the ash consumed more than 50% 484 
of the calcium hydroxide in only 3 days, as was also shown by the FTIR due to the large 485 
decrease of 3641 cm-1 for CH at three days. As seen in the FTIR, the pozzolanic reaction 486 
occurs at early ages and the formation of hydrated products increased with curing time, 487 
except for the age of 90 days, was probably due to the rearrangement of the hydrated 488 
products, as seen in the DTG curves, or a slightly carbonation, as seen in the FTIR results. 489 
The lime fixation increased from 57.90% at 3 days of curing to 85.31% at 90 days, 490 
showing that the pozzolanic reaction was fast and the reactivity was maintained during 491 
the testing period due to the presence of CH in the medium. However, for the 7:3 system, 492 
the lime fixation was very high after 3 days (40.62%), but it only increased slightly from 493 
7 days (54.54%) to 90 days (58.64%) despite the excess of CH; this behaviour suggests 494 
that the main part of amorphous silica in BLA reacted in the first stage of the curing 495 
period. 496 
 497 
4.2.4 Analysis of OPC/BLA pastes   498 
 499 
The pastes with OPC/BLA ratio of 100/0 and 85/15 were assessed at 28 days of curing 500 
using an FESEM and at 3, 7, 28 and 90 days of curing using a TGA.  501 
 502 
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The DTG curves resulting from the TG analysis of the OPC/BLA pastes are shown in 503 
Figure 11. All the samples presented peaks between 120 °C and 150 °C, which means 504 
that ettringite (AFt) and C-S-H hydration products have been formed, and peaks near 220 505 
°C, indicating the formation of hydrated products derived of aluminate (C-A-H, AFm). 506 
After 90 days of curing, the peak distribution attributed to the hydrated products changed, 507 
which may indicate a small rearrangement of the gels.   508 
 509 

Figure 11 - DTG curves for OPC/BLA pastes 510 

 511 
 512 

Table 3 shows the mass loss attributed to the dehydration of the products derived from 513 
the OPC hydration and the pozzolanic reaction (POPC + PZ), the dehydration of portlandite 514 
(PCH, which was produced by OPC hydration), lime fixation [44] and lime consumption 515 
for the BLA containing pastes. 516 
 517 
After 3 curing days, the control paste presented a higher amount of hydrated products, 518 
but at 7 days the paste with BLA exceeded the control paste and maintained a higher 519 
amount of hydrated product formation up to 90 days. The decrease of the mass loss 520 
percentage in the hydrated gels at 90 days may be due to the rearrangement of the hydrated 521 
products, as seen in Figure 11, and also to a slight carbonation of the hydrated products. 522 
PCH values are lower for BLA containing samples at all curing ages, which may result 523 
from two factors: due to the pozzolanic reaction (pozzolanic contribution) and to the 524 
decrease in the amount of cement (dilution contribution), which causes a lower production 525 
of portlandite. The lime fixation and the lime consumption values indicated a high 526 
reactivity of the BLA, even for short curing ages.  527 
 528 
 529 
 530 
 531 
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Table 3 - Mass loss (%) relative to the dehydration of the OPC and pozzolanic reaction products 532 
(POPC + PZ), the dehydration of portlandite (PCH), lime fixation and lime consumption for the 533 

OPC/BLA paste for each curing time tested 534 

Curing 
time POPC + PZ (%) PCH (%) Lime 

fixation 
Lime 

Consumption* 
(days) Control 15% BLA Control 15% BLA (%)   

3 15.75 14.67 2.91 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 

*g of fixed Ca(OH)2 / g of BLA 535 
 536 
 537 
Figure 12 shows the FESEM image for OPC/BLA ratio of 100/0 at 28 curing days. Note 538 
the amorphous gel and the presence of ettringite, which has the typical needle-like 539 
morphology. 540 
 541 

Figure 12 - FESEM image of the control OPC paste at 28 curing days542 

 543 
 544 
Figure 13 shows the FESEM image of the paste with 15% OPC replacement by BLA. 545 
The image also shows the amorphous gel of the hydrated products and part of a portlandite 546 
that was not totally consumed by the pozzolanic reaction. This analysis confirms the 547 
incomplete lime fixation by BLA. 548 
 549 
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Figure 13 - FESEM image of the OPC/BLA paste with 85/15 ratio at 28 curing days (the unreacted 550 
portlandite is highlighted) 551 

  552 
 553 

The assessment of the CH and OPC containing BLA pastes and the Frattini analysis 554 
corroborated the classification of the BLA as highly reactive pozzolan obtained by means 555 
of the pH and conductivity analysis, indicating also that the auto-combustion method of 556 
production is successful even without a controlled temperature. The other bamboo leaf 557 
ashes present in the literature also showed high reactivity [34, 35], similar to silica fume 558 
and higher than other ash-derived agro-wastes such as rice husk ash (RHA), sugar cane 559 
straw ash (SCSA) and sugarcane bagasse ash (SCBA), however they were obtained by 560 
controlled temperature methods.  561 
 562 
4.3 Mercury Intrusion Porosimetry (MIP) 563 
 564 
Table 4 summarizes the results of the MIP analysis and Figure 14 shows the curves of the 565 
accumulated intruded volume and the differential volume intruded for the pastes with 566 
OPC/BLA ratios of 100/0, 90/10, 80/10 and 70/10 after 90 days of curing. The results 567 
show that the paste with 20% OPC replacement by BLA presented the lowest total 568 
porosity followed by the control and the pastes with 30% BLA and 10% BLA.  569 
 570 
The pore size distribution shown in Table 4 divided the intruded volume in each range of 571 
diameters which are classified: pores attributed to gel (< 10 nm), medium capillaries (10–572 
50 nm), large capillaries (50 nm –1 µm) and air voids (> 1 µm).  573 
 574 
The pastes with OPC replacement presented higher percentages of pores attributed to gels 575 
(< 10 nm), the pastes with 20% and 30% BLA presented a ratio of 21.26% and 24.61%, 576 
respectively, while the control paste achieved a ratio of 11.64%, which agrees with the 577 
reactivity study, which classified the BLA as highly reactive. The pozzolan also reduced 578 
the percentage of pores attributed to the capillarity (10 nm – 1 µm). The control paste 579 
presented a total of 84.96% capillary pores, while the paste with 20% BLA presented a 580 
total of 75.17%, about 10% of reduction.  581 
 582 
In terms of durability, OPC replacement by BLA resulted in an improvement, since the 583 
total retained volume (Table 4) for the pastes with 20% and 30% BLA suggested less 584 
connected pores, leading to a higher tortuosity and consequently making the penetration 585 
of external agents into the matrices difficult.  586 
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 587 
In general, the MIP analyses showed how the pozzolanic reaction, the filler effect and the 588 
nucleation effect produced by the BLA improved the cementitious matrices.  589 
   590 

Table 4 - MIP results of the OPC/BLA pastes after 90 curing days 591 

Specimen Total Porosity 
(%) 

Total Retained Volume 
after extrusion (%) 

Pore size distribution (mL of Hg/ g of paste and percentage) 
< 10 nm 10 nm - 50 nm 50 nm - 1µm >1µm 

Control 27.64 46.78 0.0209 
(11.64%) 

0.0532 
(29.64%) 

0.0993 
(55.32%) 

0.0061 
(3.40%) 

10% BLA 29.50 44.56 0.0402 
(20.03%) 

0.0591 
(29.45%) 

0.0983 
(48.98%) 

0.0031 
(1.54%) 

20% BLA 26.14 55.70 0.0388 
(21.26%) 

0.0541 
(29.64%) 

0.0831 
(45.53%) 

0.0065 
(3.56%) 

30% BLA 28.90 55.55 0.0526 
(24.61%) 

0.0655 
(30.65%) 

0.0811 
(37.95%) 

0.0145 
(6.79%) 

 592 

Figure 14 - MIP results of the OPC/BLA pastes after 90 days of curing: a) cumulative volume 593 
intruded and b) differential volume intruded 594 

 595 

 596 
4.4 Influence of BLA on the mechanical behaviour of cementitious matrices  597 
 598 
The influence of the BLA on the mechanical behaviour of cementitious matrices was 599 
assessed by means of a compressive strength analysis using mortar samples with OPC 600 
mass replacement by BLA, in percentages of 0 (control), 5, 10, 15, 20, 25 and 30%. Table 601 
5 shows the values of the compressive strength results in MPa for the samples at 3, 7, 28 602 
and 90 days of curing and the relative compressive strength of the pozzolan-containing 603 
systems regarding the control.  604 
 605 
Initially, at early ages, almost all the BLA containing mortars presented very similar 606 
compressive strength in comparison with the control, except the mortars with replacement 607 
ratios of 25% and 30%. However, after 7 days of curing, the pozzolan-containing systems 608 
the presented very similar compressive strength in comparison with the control the for all 609 
curing ages, even with high rates of OPC replacement such as 25 and 30%, considering 610 
the standard deviation. This is a confirmation of the high reactivity of the BLA as seen in 611 
the reactivity analyses. After 28 days of curing, all the relative compressive strength is 612 
above 100%, which means that although the compressive strength is similar in 613 
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comparison with the control, the BLA slightly improved the mechanical behaviour of the 614 
matrices for later curing ages.  615 
 616 
 617 
Table 5 - Evolution of the compressive strength of the assessed mortars after 3, 7, 28 and 90 days of 618 

curing at 25 ºC. Relative strengths (in %) for BLA containing mortars are given in parentheses. 619 

 620 

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

 Compressive Strength (Relative Compressive Strength) 

Control 32.75 ± 0.3 35.47 ± 1.6 43.47 ± 1.1 46.69 ± 1.8 

5% BLA 
32.3 ± 1.4 35.0 ± 1.5 47.3 ± 2.4 48.4 ± 0.3 

(98.5%) (98.6%) (108.7%) (103.6%) 

10% BLA 
30.1 ± 1.1 36.0 ± 1.0 46.7 ± 1.9 48.3 ± 1.1 

(91.8%) (101.4%) (107.4%) (103.4%) 

15% BLA 
33.0 ± 0.8 38.2 ± 1.4 45.6 ± 1.3 52.6 ± 2.0 

(100.6%) (107.6%) (104.8%) (112.6%) 

20% BLA 
32.2 ± 1.1 39.2 ± 1.7 46.8 ± 1.7 53.2 ± 2.3 

(98.2%) (110.4%) (107.6%) (113.9%) 

25% BLA 
29.7 ± 0.6 37.6 ± 1.4 49.2 ± 1.9 54.1 ± 1.9 

(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 

 621 

 622 
The mortars with 10% and 20% OPC mass replacement by BLA assessed by Frías et al. 623 
[35] presented a compressive strength lower, but very similar to the control after 28 and 624 
90 days of curing. These mortars were tested for 4 x 4 x 16 cm3 specimens, with a 625 
water/binder ratio of 0.5 and a sand/binder of 3/1. 626 
 627 
The results of the compressive strength agree with the MIP analysis. The total porosity of 628 
the control paste and the BLA containing pastes are similar at 90 days of curing. In 629 
addition, the control paste presented a lower percentage of pores attributed to gels 630 
compared to the pastes containing BLA. In combination with the total porosity, this 631 
explains the similarity in the compressive strength results. 632 
 633 
The improvement of the matrices by replacing OPC with BLA is even more noticeable 634 
when the compressive strength gain (SG) is calculated [47], SG is a parameter which 635 
compares the compressive strength of the control mortars, and a correction based on the 636 
replacement ratio, with the mortars with OPC replaced by BLA. The SG was calculated 637 
according to Equation (2) [47]: 638 
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 639 

SG  =  
Ri -�𝑅𝑅𝑜𝑜 ∗ 𝑤𝑤𝑐𝑐𝑒𝑒𝑒𝑒

𝑤𝑤𝑐𝑐𝑒𝑒𝑒𝑒 + 𝑤𝑤𝑝𝑝𝑜𝑜𝑝𝑝
�

�𝑅𝑅𝑜𝑜 ∗ 𝑤𝑤𝑐𝑐𝑒𝑒𝑒𝑒
𝑤𝑤𝑐𝑐𝑒𝑒𝑒𝑒 + 𝑤𝑤𝑝𝑝𝑜𝑜𝑝𝑝

�
  * 100                                                                                              640 

 641 
Where Ri is the compressive strength of the pozzolan containing mortar at a determined 642 
curing age the same as the control, Ro is the compressive strength of the control mortar, 643 
wcem is the OPC mass in the pozzolan containing mortar and (wcem + wpoz) is the binder 644 
mass in the the pozzolan containing mortar.  645 
 646 
Figure 15 shows the results of SG for the assessed mortars. The SG is positive for all the 647 
replacement ratios at all curing ages, which means the compressive strength remains the 648 
same or even improved due to the BLA reactivity even with less OPC. The SG is lower 649 
at 3 days of curing and higher after 90 days of curing for all the studied replacements, for 650 
90 days of curing the mortar with the highest SG is the 30% BLA, with a calculated value 651 
of almost 56%; which shows not only that the BLA improves the mechanical behaviour, 652 
but also that BLA is a very sustainable alternative since a 30% OPC replacement becomes 653 
a significant OPC saving and would result in reduced environmental impacts.  654 
 655 

Figure 15 - Strength gain (SG) of the BLA containing mortars after 3, 7, 28 and 90 curing days 656 

 657 
 658 

 659 

5. Conclusion 660 
 661 
The auto-combustion produced BLA was chemically and physically characterized by 662 
means of XRF, determination of amorphous silica content, XRD, FTIR, laser 663 
granulometry and FESEM. The results showed that the assessed BLA presents a high 664 
silica content (74.23%), of which 92.33% of this oxide is amorphous silica, and obtained 665 
an 11.34% LOI, attributed to the organic matter content. The XRD corroborates the 666 
amorphous nature of the BLA by showing a baseline deviation between 2θ = 15° and 2θ 667 
= 35°, the XRD also showed the presence of quartz.  668 
 669 
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The BLA reactivity analysis the was carried out by means of pH and conductivity in 670 
aqueous Ca(OH)2 medium, Frattini analysis, an FTIR study of CH:pozzolan pastes and 671 
FESEM and Thermogravimetric analysis of CH:pozzolan and OPC/pozzolan pastes. The 672 
BLA was classified as highly reactive, which means that the auto-combustion method, 673 
even though simpler (without temperature control), was successful. 674 
 675 
The high reactivity of the BLA contributed to improved mechanical behaviour and 676 
durability of the cementitious matrices containing BLA. The pastes with 20% and 30% 677 
BLA presented less total retained volume (%) than the control paste in the MIP analysis. 678 
The mortars with OPC replacement presented very similar compressive strength after 7 679 
curing days; the mortar with 30% BLA presented a strength gain (SG) of 56% at 90 days 680 
of curing. 681 
 682 
BLA is a suitable and sustainable alternative for partial OPC replacement in cementitious 683 
matrices. 684 
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