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Abstract 26 

The objective of this study was to evaluate the effects of potassium extraction on the 27 

pozzolanicity of sugar cane bagasse ash (SCBA), with the aim of producing reactive ash for use 28 

in cementitious composites. The sugar cane bagasse ashes were produced at 600ºC for 60 min, 29 

with a heating rate of 4ºC/min. The ashes were then ground and washed for potassium 30 

extraction. In order to assess the ash behaviour before and after potassium extraction, the 31 

following procedures were performed: energy-dispersive spectroscopy (EDS), loss on ignition 32 

(LOI), particle size distribution, x-ray powder diffraction (XRD), x-ray diffraction in calcium 33 

hydroxide paste, analysis of lime fixation by thermogravimetry, and evaluation of pozzolanic 34 

reactivity analyses. Results show that the extraction of potassium, increases the concentration 35 

of silica causing a greater pozzolanic reactivity of the ashes. 36 

Keywords: mineral addition; sugar cane ash; pozzolanic reactivity; cement. 37 
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1. Introduction 51 

The current worldwide production of sugar cane (Saccharum spp.) is approximately 1.84 52 

billion tons per year [1], with Brazil being the largest producer in the world. In the 2018/2019 53 

Brazilian harvest, approximately 620 million tons of sugar cane were produced, representing 54 

34% of world production, with 29 million tons of sugar and 33 million m³ of ethanol extracted 55 

[2-4]. 56 

Bagasse is one of the by-products generated from sugar and ethanol production processes. 57 

It is estimated that each ton of sugar cane generates 300 kg of bagasse [5]. A large amount of 58 

this bagasse is burned in boilers for electric energy generation, leading to a decrease in industry 59 

energy costs, thus increasing sustainability in the sector. In 2017, 6.07% of all electricity 60 

generation in the country came from sugar cane bagasse burning, and there is an expectation of 61 

an increase in future years [3,6,7].  62 

Each ton of bagasse burned generates approximately 25 kg of ash [8-10]. In Brazil, it is 63 

believed that 4 million tons of ash can be generated from sugar cane bagasse per year, composed 64 

of organic materials (not-burned bagasse and straw) and residual inorganic materials, which are 65 

partially used as fertilizer or discarded, and accumulate in industries, waiting for alternative 66 

uses [11-13]. 67 

The chemical composition of sugar cane bagasse ash can vary according to some factors, 68 

such as plant variety, soil composition, crop management, burning conditions, and presence of 69 

contaminants such as soil [8,14,15] . 70 

Bagasse composition contains most nutrients absorbed by the plant during growth, thus 71 

presenting significant amounts of potassium and silica [15, 16]. Potassium (K) is one of the 72 

main nutrients necessary for plant development. It plays a fundamental role in several 73 

physiological processes and is present in all crop cycles, it is a macronutrient absorbed by plants 74 

during the vegetative growth stage [17]: potassium participates in the synthesis of sugars and 75 
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proteins during the photosynthesis process to obtain energy, in the translocation of 76 

carbohydrates and proteins, and in water absorption [18]. 77 

The high levels of SiO2 in SCBA are due to silicon absorbed from the soil by sugar cane 78 

roots in the form of monosilic acid (H4SiO4) as it accumulates on the outer wall of epidermal 79 

cells as silica gel after water leaves the plant by transpiration. In addition, there is contamination 80 

of sugar cane by sand in the harvesting process, resulting in the presence of crystalline silica 81 

[16, 19, 20]. 82 

Several studies show that sugar cane ash has a chemical element suitable for use as a 83 

pozzolanic mineral addition to Portland cement composites, mainly because of its high levels 84 

of silicon dioxide (SiO2) [12, 15, 16, 20-22].  85 

Rossignolo et al., (2018) [12] evaluated the influence of calcination in a microwave oven 86 

on the pozzolanic reactivity of sugar cane ash. Calcination in a microwave oven resulted in 87 

more reactive ash, with a higher content of amorphous silica, and a more efficient and faster 88 

burning process. 89 

Cordeiro and Kurtis (2017) [15] evaluated the influence of particle size on the 90 

pozzolanicity of sugar cane ash and observed that the increase in specific surface area 91 

contributed to the pozzolanic activity, due to portlandite consumption and physical effects. 92 

Cordeiro, Toledo filho and Fairbairn (2009) [16] studied the effect of calcination 93 

temperature on the pozzolanic activity of sugar cane ash. Concluding that the calcination 94 

temperature is a very important parameter for the reactivity of the ashes, and that the 95 

temperature of 600 º C, provides ashes with amorphous silica, low organic matter, high specific 96 

surface area and considerable pozzolanic activity. 97 

The presence of amorphous silica is a necessary factor for the pozzolanic reaction to 98 

occur, although it is not the only one. Factors such as burning temperature, particle size, and 99 

amount of organic matter also play a role [23]. 100 
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The application of by-products in the production of cementitious composites reduces the 101 

problem of the disposal of these ashes and provides a reduction in the use of clinker, the main 102 

component of Portland cement, which has high energy demand with consequent emission of 103 

greenhouse gases such as CO2 [24]. It is estimated that 800 kg of CO2 are generated for each 104 

ton of clinker. These emissions correspond to 5 to 8% of the carbon dioxide generated 105 

worldwide [25-31]. According to Fairbairn et al. (2010, 2012) [32, 33], sugar cane ash use is 106 

attractive because it is a by-product that possibly reduces CO2 emissions into the atmosphere, 107 

thus indicating the possibility the production of environmentally friendly pozzolans. 108 

The high potassium content in the ash can promote the degradation process of cement 109 

matrices, as the alkali-aggregate reaction occurs in concrete. This reaction is the chemical attack 110 

of the reactive minerals of the aggregates by compounds resulting from the alkalis present in 111 

the internal structure of the concrete, it has an expansive character and this expansion is one of 112 

the main cause of the degradation of the concrete [34, 35]. An alternative is the extraction of 113 

potassium from ash, potentially reusing it as fertilizer in soil, and the ash as a mineral addition 114 

in cementitious materials [36, 37]. 115 

The study of the reactivity of ash from the burning of energy cane is important because 116 

they do not have an adequate destination, being necessary the valorization of this agroindustrial 117 

by-product as well as the availability of a pozzolan to be added to the cement, seeking to reduce 118 

the emission of CO2 by the cement industries, in addition this research proposes the use of 119 

potassium extracted from ashes as fertilizers, in order to reduce the consumption of potassium 120 

from a primary source, in addition to giving a destination to the potassium extracted in the 121 

washing process. 122 

Therefore, the goal of this work was to investigate the effects of potassium extraction on 123 

the pozzolanicity of pure sugar cane bagasse ash – i.e., without soil contamination – seeking to 124 

produce reactive ash to utilize in cementitious composites. 125 
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Thus, in order to assess the behavior of the ash before and after potassium extraction, 126 

physical and chemical characterizations of the ash were carried out by dispersive energy 127 

spectroscopy (EDS), loss by ignition (LOI), particle size distribution, diffraction of X-ray 128 

powder (XRD), and analysis of ash reactivity by means of X-Ray diffraction in calcium 129 

hydroxide paste, analysis of lime fixation by thermogravimetry and evaluation of pozzolanic 130 

reactivity. 131 

 132 

 133 

 134 

2. Materials and Methods 135 

 136 

2.1. Materials 137 

Sugar cane was provided by a sugar and ethanol business in the city of Pirassununga, São 138 

Paulo, Brazil. RB867515 was the chosen variety because it is the most commonly planted in 139 

the state of São Paulo (about 21%) and in Brazil (25%) [37]. Calcium hydroxide (CH) (Panreac 140 

S.A. – 95% purity) was used to prepare CH:ash paste for thermogravimetry and x-ray 141 

diffraction analyses and to produce aqueous suspensions for reactivity analyses. 142 

 143 

2.2. Methods 144 

 145 

2.2.1. Ash preparation from sugar cane bagasse 146 

The sugar canes were washed with water to eliminate residual soil contamination and 147 

ground to extract juice, thus obtaining bagasse. This bagasse was dried at 100°C ± 5°C for 24 148 

h and ground in a knife mill to reduce particle size. 149 
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The sugar cane bagasse was calcined in a Jung-10013 resistive oven with a power of 7000 150 

W, at 600ºC for 60 min, with a heating rate of 4ºC/min. The choice of burning temperature is 151 

because up to 600 ºC there is a loss of organic matter and without the transformation of 152 

amorphous silica into crystalline silica [8,16]. The ashes were taken out immediately after 153 

calcination and cooled at room temperature (25°C ± 2°C). 154 

After cooling, the ashes were again ground in a vibrating mill (Micro Mill Pulverisette 0, 155 

Fritsch), for 30 min with a volume of 200 cm³ and a grinding goal of 50 mm in diameter and 156 

370 g in mass. After grinding, the ashes were subjected to a treatment of potassium extraction 157 

in batches of 5 g, they were washed with 500 ml of deionized water at 60ºC and filtered. 158 

Afterwards, a second wash occurred, in which the ashes were stirred with 200 ml of deionized 159 

water at 60ºC for 3 h, filtered, and dried in an oven at 60ºC for 24 h. The washing was carried 160 

out with water, so that the potassium solution can be reused in fertigation, the water heating 161 

occurred to facilitate potassium solubilization. This process was carried out twice so that a 162 

greater extraction occurred. No tests were performed on washing solutions to examine their 163 

compositions. Ashes before washing are referred to as SCBA and, after washing, as SCBA-W. 164 

Both ashes were homogeneized, in order to take a representative sample for the tests. One 165 

sample of SCBA and SCBA-W was used for each test performed. 166 

 167 

2.2.2. Material characterization  168 

The morphological and chemical characterization of the ashes was performed in a Zeiss 169 

ULTRA 55 scanning electron microscope (SEM). Chemical analyses of oxides present in the 170 

ashes were carried out by energy-dispersive spectroscopy (EDS) in 10 different areas of 115 171 

μm × 85 μm at 15 kV, without coating, to measure mean values and their standard deviations. 172 

Loss on ignition (LOI) was carried out at 950ºC for 60 min, with a heating rate of 10ºC/min.  173 
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Particle size distribution was determined using a laser particle size analyser (LDA; 174 

Malvern Mastersizer 2000). Particles were dispersed in deionized water as a non-reactive liquid.  175 

The mineralogical analyses of the ashes were carried out in an x-ray diffractometer (DRX; 176 

Bruker AXS D8 Advance) with CuK radiation, operating at 40 kV/20 mA, using a scanning 177 

angle of 5°≤ 2θ ≤70° at a 0.01º/s step.  178 

 179 

2.2.3. Mineralogical analysis of pastes 180 

A DRX (Bruker AXS D8 Advance) with CuK radiation, operating at 40 kV/20 mA, 181 

using a scanning angle of 5° ≤ 2θ ≤70° and a 0.01º/s step, performed the mineralogical analysis 182 

of pastes. 183 

The calcium hydroxide/hydrated ash pastes were prepared using the proportions of 1:1 184 

(by mass) of CH:ash, keeping a water/solid ratio of 0.8. X-ray diffraction analyses took place 185 

after 28 days of curing at 23°C with 100% relative humidity (RH). In order to prepare the 186 

samples for analysis, the pastes were crushed with acetone, filtered, and placed in an oven at 187 

60°C for 30 min. Next, the samples were submitted to an 80 μm sieve. 188 

 189 

2.2.4. Lime fixation analysed through thermogravimetry 190 

A thermogravimetric analyser (Mettler-Toledo TGA850) was used to examine thermal 191 

decomposition (DTG) at a heating rate of 10°C/min, from 35 to 600°C, in a nitrogen 192 

atmosphere. For the analysis, 100 mL sealed aluminium crucibles with perforated lids were 193 

used. 194 

The calcium hydroxide/hydrated pozzolan pastes were prepared following the 195 

methodology used in the x-ray diffraction analysis. Thermogravimetric analyses took place 196 

after 7 and 28 days of curing at 23°C with 100% relative humidity (RH).  197 

 198 
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2.2.5. Evaluation of pozzolanic reactivity  199 

To evaluate pozzolanic reactivity of the ashes, the modified Lúxan method was used. 200 

Unsaturated aqueous suspensions of ash and calcium hydroxide (CH) were prepared with a 201 

concentration of 20 mg of CH and 50 ml of water [39, 40]. For the dilution of CH in the aqueous 202 

solution, a temperature of 80ºC was used for 1 h. Then, 1 g of ash was inserted, and the 203 

temperature was reduced to 60ºC. The reduction in the electrical conductivity values after the 204 

addition of ash is due to the progress of the pozzolanic reaction of ash with CH. This electrical 205 

reduction is due to the reaction of Ca+2 and OH- ions dissolved in the water with amorphous 206 

silica particles present in the ashes to form stable and insoluble products [41]. An electrical 207 

conductometer monitored the progress of the pozzolanic reaction (Crison micro CM2201).  208 

 209 

3. Results and Discussion 210 

In Fig. 1, one can observe the presence of potentially soluble solids, such as potassium 211 

in SCBA. Because potassium is extremely important in the physiologic processes in the plant 212 

[18] one can expect that sugar cane bagasse ash, when not contaminated by soil, will present 213 

large amounts of potassium. 214 
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 215 

Fig. 1. SEM micrograph of SCBA, obtained through secondary electron detectors, and EDS 216 

composition from a spot. 217 

 218 

Table 1 presents the mean values of ash chemical composition before and after washing. 219 

SCBA before washing showed a high content of potassium oxide (K2O) (37.50%). This result 220 

was expected, because potassium (K) is the most abundant cation in plant tissues, being 221 

absorbed from the soil in large quantities. Some crops can absorb amounts of potassium 222 

superior to their needs [42]. Sodium and potassium oxides (Na2O and K2O), when present in 223 

high content in a cementitious matrix, can react with other materials and cause the material to 224 

disintegrate, as the alkali-aggregate reaction occurs in concrete. The maximum content of 225 

alkalis available in Na2O must be 1.5% [35]. 226 

The silicon dioxide (SiO2) present in SCBA before washing was 13.90%; this came from 227 

sugar cane cell walls because the residual soil particles from the harvesting process were 228 

removed. SCBA after washing (SCBA-W) presented a low K2O content (3.20%), which 229 

indicates that the washing process was efficient in extracting potassium from the ashes. With 230 
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the removal of potassium, other elements were found to be concentrated in the ashes – e.g., 231 

SiO2, which presented average values of 50.20%. Magnesium and calcium oxide (MgO and 232 

CaO, respectively) levels increased after washing, which suggests that magnesium and calcium 233 

ions are present in the form of insoluble salts, such as carbonates. Phosphorus content (P2O5) 234 

also increased after washing, suggesting that it may be present in ash in the form of calcium 235 

phosphate, which is also insoluble. Sulphur (SO3) was completely removed after washing, 236 

suggesting that its presence in ash may be in the form of potassium sulphate. SCBA, calcined 237 

at 600ºC for 120 min, presented an LOI of 13.4% and SCBA-W of 16.8%. This result suggests 238 

that washing did not significantly change the content of organic material in the ashes. 239 

 240 

Ash Types Parameters SiO2 K2O CaO SO3 MgO P2O5 

 

 

SCBA 

Mean value  13.90 43.30 10.50 14.30 9.70 8.30 

Std. Dev.  1.80 3.10 0.60 0.90 1.00 0.80 

Max.  17.20 49.20 11.20 15.80 11.40 9.20 

Min. 11.40 40.50 9.90 12.90 8.00 7.10 

 

 

SCBA-W 

Mean value  50.20 3.20 14.50 - 14.90 10.6 

Std. Dev.  3.10 0.40 1.50 - 1.50 1.10 

Max.  55.90 3.80 16.80 - 16.90 11.30 

Min. 47.60 2.50 12.30 - 12.50 8.50 

Table 1 Mean values regarding chemical composition of sugar cane bagasse ash. Values were 241 

calculated from ten EDS analyses in a 115 µm × 85 µm area. 242 

Std. Dev. = standard deviation; Max. = maximum recorded value; Min. = minimum recorded 243 

value. 244 

 245 
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SCBA and SCBA–W showed mean particle size values (Table 2) of 16.87 and 23.99 µm, 246 

respectively. The difference between particle sizes indicates that potassium comprises part of 247 

the small particles, which contributes to the reduction in all sizes of SCBA (i.e., mean size, D10, 248 

D50, and D90).  249 

 250 

Ash Types *Dmea (µm) D10 (µm) D50 (µm) D90 (µm) 

SCBA 16.87 1.88 8.65 36.87 

SCBA-W 23.99 6.31 19.88 47.64 

Table 2 Distribution of ash particle size. 251 

* Dmea = mean particle size; D10, D50, and D90 are the maximum particle sizes that compose 252 

10%, 50%, and 90% of sample volume, respectively. Source: own authorship. 253 

 254 

Fig. 2 and Table 3 present the x-ray diffractograms and mineralogical components of 255 

SCBA and SCBA-W, respectively. They show the presence of arcanite (K2SO4), calcite 256 

(CaCO3), anhydrite (CaSO4), calcium potassium phosphate (KCaPO4), quartz (SiO2), sylvine 257 

(KCl), and hydroxyapatite (Ca5(PO4)3(OH)). SCBA presented major peaks of sylvine and 258 

arcanite, which indicates the presence of potassium and is thus consistent with the chemical 259 

composition shown in Table 1. 260 

SCBA showed major peaks of quartz and calcite. The washing process eliminated the 261 

soluble crystalline material – all sylvine – and a large proportion of arcanite, resulting in 262 

crystalline impurities from possible soil contamination (not removed by washing) being better 263 

detected. In addition, there was a significant increase in the deviation from baseline, which 264 

indicates the presence of amorphous material.  265 

Crystalline silicas produced in the burning process, such as tridymite and cristobalite, 266 

were not observed, indicating that the temperature of 600ºC does not promote silica 267 

crystallization. As a result, present silica, with the exception of quartz, is probably reactive 268 
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silica in an amorphous form. There were also no crystalline magnesium compounds, which 269 

suggests that this cation is combined in the form of amorphous or poorly crystallized 270 

substances, such as MgO or Mg(OH)2 or hydromagnesite. 271 

 272 

Fig. 2. X-ray diffractograms of SCBA and SCBA-W. 273 

 274 

SCBA 

Abbreviation Mineralogical name Chemical formula Comments 

S Sylvine KCl Major 

A Arcanite K2SO4 Major 

N Anhydrite CaSO4 Minor 

P Calcium Potassium Phosphate KCaPO4 Minor 

C Calcite CaCO3 Traces 

Q Quartz SiO2 Traces 

SCBA – W 
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Abbreviation Mineralogical name Chemical formula Comments 

C Calcite CaCO3 Major 

Q Quartz SiO2 Major 

H Hydroxyapatite Ca5(PO4)3(OH) Major 

A Arcanite K2SO4 Traces 

Table 3 Mineralogical composition of SCBA and SCBA-W crystalline solids. 275 

 276 

Figure 3 and Table 4 present x-ray diffractograms and mineralogical components for 277 

CH:ash paste (1:1) after 28 days of curing, respectively. The SCBA paste presented arcanite 278 

and sylvine in its composition, due to the presence of potassium in the ashes before washing. 279 

The identified hydroxyapatite was formed as a result of the reaction between calcium and 280 

magnesium phosphate in an alkaline medium. In this sample, the pozzolanic reaction between 281 

Ca(OH)2 and amorphous silica resulted in the formation of 14Å tobermorite.  282 

In the SCBA-W paste, the presence of arcanite or silvine is not observed, which is in 283 

accordance with the effectiveness of ash washing. In this paste, the pozzolanic reaction 284 

produced hydrated calcium silicate (CSH, xonotlite) different from the previous case. The form 285 

generated is probably different; in the first case, there is a large amount of soluble salts 286 

(potassium chloride and sulphate) that stabilize the 14 Å tobermorite form. In the second case, 287 

a different hydrate stabilizes, and its strongest peak coincides with the most characteristic peak 288 

of calcite (~29º), resulting in a wider peak. 289 
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One can observe intense signs attributed to the presence of Portlandite in both pastes, 290 

which indicates that CH was not completely consumed for the proportion CH:ash (1:1).    291 

 292 

Fig. 3. X-ray diffractograms of SCBA and SCBA-W pastes with lime (CH:ash 1:1, 28 days). 293 

 294 

SCBA 

Abbreviation Mineralogical name Chemical formula Comments 

R Portlandite Ca(OH)2 Major 

S Sylvine KCl Minor 

A Arcanite K2SO4 Minor 

T Tobermorite 14Å Ca5Si6O16(OH)2
.7H2O Traces 

H Hydroxyapatite Ca5(PO4)3(OH) Traces 

SCBA – W 

Abbreviation Mineralogical name Chemical formula Comments 

R Portlandite Ca(OH)2 Major 
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C Calcite CaCO3 Minor 

H Hydroxyapatite Ca5(PO4)3(OH) Minor 

X Xonotlite Ca6Si6O17(OH)2 Minor 

P Magnesium hydrogen phosphate hydrate MgHPO4
.7H2O Traces 

Table 4 Mineralogical composition of crystalline solids of SCBA and SCBA-W pastes with 295 

lime (CH:ash 1:1, 28 days). 296 

 297 

Figures 4 and 5 present the differential thermal and thermal analyses of SCBA and 298 

SCBA-W pastes cured for 7 and 28 days. All pastes showed peaks in the DTG curve between 299 

110 and 180ºC, indicating dehydration of calcium silicate hydrate (CSH or tobermorite). CSH 300 

is produced as a result of the pozzolanic reaction between the material’s amorphous silica and 301 

calcium hydroxide.  302 

The two peaks between 350 and 520ºC are attributed to magnesium compounds. It can be 303 

noted that both SCBA and SCBA-W contain significant amounts of magnesium (such as MgO: 304 

9.7% and 14.9%, respectively). There was probably a reaction between magnesium compounds, 305 

such as MgO and the amorphous silica present in the ashes, producing hydrated magnesium 306 

silicate M-S-H [43]. These hydrates are very amorphous and cannot be detected by XRD, but 307 

their presence can be identified by the thermal decomposition that occurs from 430ºC [44] and 308 

is attributed to the removal of hydroxyl groups from the gel (Mg-OH and Si-OH). In our case, 309 

the peak of maximum decomposition speed appears after 500ºC. Likewise, the peak located to 310 

the left of 430ºC is probably due to thermal decomposition of hydromagnesite 311 

(Mg5(CO3)4(OH)2
.4H2O) [44], which was formed as a result of the combination of magnesium 312 

salts with a carbonate anion in an alkaline medium. No presence of brucite, Mg(OH)2, was 313 

found in the DTG analysis (440ºC is the decomposition temperature for brucite in the same 314 

experimental conditions of TG analysis) of pastes and XRD diffractograms of ashes, which 315 
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means that magnesium in the ash was not in the form of reactive periclase and dimensional 316 

stability of the paste/mortar/concrete is reached (further studies must be carried out to confirm 317 

this statement). Probably the MgO in the ash was in amorphous phase and it reacted towards 318 

silica to form M-S-H. 319 

There are endothermic peaks between 520 and 580ºC related to the decomposition of the 320 

remaining Ca(OH)2. SCBA total mass loss was 18.2% for 7 days and 18.9% for 28 days. For 321 

SCBA-W, total mass loss was 17.3% for 7 days and 19.4% for 28 days. These data are related 322 

to the pozzolanic reaction, which indicates that most of the reaction products were produced in 323 

the first 7 days of hydration.   324 

 325 

Fig. 4. Thermal analysis and differential thermal analysis of pastes curated for 7 days of a) 326 

SCBA and b) SCBA-W, and for 28 days c) SCBA and d) SCBA-W. Temperatures 327 

corresponding to DTG main curve peaks have been indicated. 328 

 329 
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Based on the loss of mass due to calcium hydroxide (Ca(OH)2) dehydration in the pastes 330 

in a temperature range from 520  to 580ºC, the fixed lime was quantified by means of the 331 

pozzolanic reaction. This value is defined by Eq. (3), where CH0 and CHAsh are, respectively, 332 

the initial and final amounts of calcium hydroxide in the CH:ash pastes [45]. 333 

 334 

Ca(OH)2 =  
(CH)0−(CH)Ash

(CH)0
 x 100                                                (1) 335 

 336 

Evaluation of calcium hydroxide fixation by the ashes (Fig. 6) indicates that the extraction 337 

of potassium increased the material’s capacity of fixation, forming CSH in the pastes. SCBA 338 

showed a fixation of 68 % at 7 days and 75% at 28 days, whereas SCBA-W presented a fixation 339 

of 83% at 7 days and 90% at 28 days. This was probably due to the higher concentration of 340 

amorphous silica in SCBA-W. In any case, the fixation of Ca(OH)2 in SCBA was relatively 341 

high, which is attributed to the presence of alkalis (specifically potassium). It has been reported 342 

[46] that the formation of C-S-H in the presence of sodium chloride solution produces a partial 343 

replacement of calcium, forming C(N)-S-H gel. Obviously, in the presence of K+, released from 344 

the dissolution of arcanite and silvine, the gel produced from the pozzolanic reaction would 345 

contain this cation and the gel would be described as C(K)-S-H. The Ca+2/K+ exchange bring 346 

on the releasing of calcium and more C-S-H would be produced.  347 

Calcium hydroxide fixation of SCBA and SCBA-W can be compared to the one for 348 

metakaolin (MK) and spent FCC catalyst [47]: in the previously reported paper, CH:MK pastes 349 

with ratios of 7:3 and 3:7 were assessed by thermogravimetric analysis: the fixed percentages 350 

were 47% and 76% for 7:3 ratio after 7 and 18 days of curing respectively, and 86& and 100% 351 

for 3:7 ratio for the same curing ages. Interpolating these values, the calcium hydroxide fixation 352 

for a 5:5 mixture would be 66% and 88% for 7 and 28 curing days respectively. Similar 353 

calculation was carried out for spent FCC catalyst: in this case the corresponding fixation values 354 
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would be 70 and 82% for 7 and 28 curing days. These results are similar to those found for 355 

SCBA; the results obtained for SCBA-W were superior, which means that the reactivity should 356 

be considered very high. 357 

 358 

Fig. 5. Fixed calcium hydroxide in CH:ash (1:1) pastes cured for 7 and 28 days. 359 

 360 

In order to measure the loss of electrical conductivity (LC)(%) of ash and calcium 361 

hydroxide aqueous suspensions, Eq. (2) and (3) were employed, where C0 is electrical 362 

conductivity of an unsaturated hydroxide solution of calcium before adding ash, Ct is electrical 363 

conductivity measured over t seconds, Ct,ash is electrical conductivity of ash measured in 364 

deionized water over t seconds, and Ct,C is electrical conductivity corrected over t seconds. 365 

 366 

LC (%) =  
C0−Ct,C

C0
 x 100                                                             (2) 367 

Ct,C =  Ct − Ct,ash                                                                        (3) 368 

 369 

Fig. 7 shows the LC (%) conductivity loss curves for aqueous CH:ash suspensions. SCBA 370 

presented a loss of conductivity of 65% at 100 s, 75% at 1000 s, and 78% at 10,000 s (end of 371 

procedure). SCBA-W, on the other hand, presented a greater loss of conductivity and, 372 
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consequently, a greater pozzolanic reactivity, with 88% at 100 s, 92% at 1000 s, and 93% at 373 

10,000 s. This greater reactivity is due to a higher concentration of amorphous silica after 374 

potassium extraction. The greatest losses of conductivity occurred in the first 100 s, which 375 

indicates that the pozzolanic reaction occurred quickly. Similar reactivity was found for spent 376 

FCC catalyst [48]: for 40ºC test, 60% of electrical conductivity was reached after 100 s and for 377 

80ºC test this value was 80%. Spent FCC catalyst was considered a high reactive pozzolan [49] 378 

and SCSA-W would also be considered as highly reactive supplementary cementing admixture. 379 

In similar experimental conditions (60ºC) [39], fly ash reached only 36% of electrical 380 

conductivity loss, which means that SCBA shows higher reactivity. 381 

 382 

Fig. 6. Loss of conductivity (%) for CH:ash aqueous suspensions tested for 2.8 h. 383 

 384 

4. Conclusions 385 

 This research compared the pozzolanic reactivity of pure ash from sugar cane bagasse, 386 

before and after potassium extraction. Based on the obtained results, it is possible to conclude 387 

that potassium extraction from the ashes of sugar cane bagasse benefits pozzolanic reactivity 388 

and can generates potassium as a fertilizer for agriculture. More specifically, 389 

- the adopted ash-washing process was efficient in removing potassium, reducing the 390 

K2O content of ash from 37.5% (before washing) to 2.65% (after washing); 391 
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- potassium extraction significantly increased the concentration of silica in the ashes; 392 

- the calcination temperature of 600ºC was adequate to avoid crystalline silica 393 

formation in the ashes; and 394 

- SCBA after washing (SCBA-W) presented better performance regarding pozzolanic 395 

reactivity. 396 

Suggestions for future research: 397 

- Evaluation of cementitious composites with partial substitutions of sugar cane ash and 398 

the comparison with commercial and non-commercial pozzolans, such as silica fume 399 

or rice husk ash; 400 

- Use, in agriculture, of the potassium-rich solution extracted from the washing process. 401 

The washing procedure of ashes would be interesting if the released water is reused for 402 

fertilizing. In this case, the modified remaining ash would be much more interesting as 403 

component in cementing materials because the washed ash showed more pozzolanic 404 

reactivity.  405 

 406 

Acknowledgements 407 

Funding: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal 408 

de Nível Superior - Brasil (CAPES) - Finance Code 001. 409 

 410 

References 411 

[1] FAO – Food and Agriculture Organization of the United Nations. World Food and 412 

Agriculture – Statistical Pocketbook. Roma, Italia, (2019) 254 p. 413 

  414 



22 
 

[2] D. V. Ribeiro, M. R. Morelli, Effect of calcination temperature on the pozzolanic activity 415 

of Brazilian sugar cane bagasse ash (SCBA). Mater. Res. 17 (2014) 974-981. 416 

http://dx.doi.org/10.1590/s1516-14392014005000093. 417 

 418 

[3] Conab – Companhia Nacional de Abastecimento: Monitoring of the Brazilian sugar 419 

cane harvest. http://www.conab.gov.br (2017). Accessed 02 March 2020 (In Portuguese) 420 

 421 

[4] Única – União da Indústria de cana-de-açúcar, 2020. Sugar cane milling and sugar and 422 

ethanol production. http://www.unicadata.com.br/historico-de-producao-423 

moagem.php?idMn=32&tipoHistorico=4 (2020). Accessed 30 March 2020 (In Portuguese) 424 

 425 

[5] P. S. Gar, N. Suresh, V. Bindiganavile, Sugar cane bagasse ash as a pozzolanic admixture 426 

in concrete for resistance to sustained elevated temperatures. Constr. Build. Mater. 153 427 

(2017) 929-936. http://dx.doi.org/10.1016/j.conbuildmat.2017.07.107. 428 

 429 

[6] G. C. Cordeiro, L. M. Tavares, R. D. Toledo Filho, Improved pozzolanic activity of sugar 430 

cane bagasse ash by selective grinding and classification. Cem. Concr. Res. 89 (2016) 269-431 

275. http://dx.doi.org/10.1016/j.cemconres.2016.08.020. 432 

 433 

[7] Epe - Empresa de Pesquisa Energética (Brasil): National Energy Balance 2018: Base 434 

year 2017/ Empresa de Pesquisa Energética. Rio de Janeiro (2018). (In Portuguese) 435 

 436 

[8] M. Frías, E. Villar, H. Savastano, Brazilian sugar cane bagasse ashes from the 437 

cogeneration industry as active pozzolans for cement manufacture. Cem. Concr. Compos. 33  438 

(2011) 490-496.  http://dx.doi.org/10.1016/j.cemconcomp.2011.02.003. 439 

http://www.conab.gov.br/
http://www.unicadata.com.br/historico-de-producao-moagem.php?idMn=32&tipoHistorico=4
http://www.unicadata.com.br/historico-de-producao-moagem.php?idMn=32&tipoHistorico=4
http://dx.doi.org/10.1016/j.cemconres.2016.08.020
http://dx.doi.org/10.1016/j.cemconcomp.2011.02.003


23 
 

 440 

[9] L. Kawa, Residues from sugar cane production.  441 

https://bv.fapesp.br/namidia/noticia/109777/residuos-producao-cana-acucar (2015). Accessed 442 

02 Sept. 2019 (In Portuguese) 443 

 444 

[10] A. Joshaghani, M. A. Moeini, Evaluating the effects of sugar cane bagasse ash (SCBA) 445 

and nanosilica on the mechanical and durability properties of mortar. Constr. Build. Mater. 446 

152 (2017) 818-831. http://dx.doi.org/10.1016/j.conbuildmat.2017.07.04. 447 

 448 

[11] J. P. Moretti, S. Nunes, A. Sales, Self-compacting concrete incorporating sugarcane 449 

bagasse ash. Constr. Build. Mater. 172 (2018) 635-649. 450 

http://dx.doi.org/10.1016/j.conbuildmat.2018.03.277. 451 

 452 

[12] J. A. Rossignolo, M. V. Borrachero, L. Soriano, J. Payá, Influence of microwave oven 453 

calcination on the pozzolanicity of sugar cane bagasse ashes (SCBA) from the cogeneration 454 

industry. Constr. Build. Mater. 187 (2018) 892-902. 455 

http://dx.doi.org/10.1016/j.conbuildmat.2018.08.016. 456 

 457 

[13] Q. Xu, T. Ji, S. Gao, Z. Yang, N. Wu, Characteristics and applications of sugar cane 458 

bagasse ash waste in cementitious materials. Materials. 12 (2018) 39-57. 459 

http://dx.doi.org/10.3390/ma12010039. 460 

 461 

[14] J. Pesonen, V. Kuokkanen, T. Kuokkanen, M. Illikainen, Co-granulation of bio-ash with 462 

sewage sludge and lime for fertilizer use. J. Environ. Chem. Eng. 4 (2016) 4817-4821. 463 

http://dx.doi.org/10.1016/j.jece.2015.12.035. 464 

https://bv.fapesp.br/namidia/noticia/109777/residuos-producao-cana-acucar
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.04
http://dx.doi.org/10.1016/j.conbuildmat.2018.08.016
http://dx.doi.org/10.3390/ma12010039
http://dx.doi.org/10.1016/j.jece.2015.12.035


24 
 

 465 

[15] G. C. Cordeiro, K. E. Kurtis, Effect of mechanical processing on sugar cane bagasse ash 466 

pozzolanicity. Cem. Concr. Res. 97 (2017) 41-49. 467 

http://dx.doi.org/10.1016/j.cemconres.2017.03.008. 468 

 469 

[16] G. C. Cordeiro, R. D. Toledo Filho, E. M. R. Fairbairn, Effect of calcination temperature 470 

on the pozzolanic activity of sugar cane bagasse ash. Constr. Build. Mater. 23 (2009) 3301-471 

3303. http://dx.doi.org/10.1016/j.conbuildmat.2009.02.013. 472 

 473 

[17] A. Amtmann, F. Rubio, Potassium in Plants. Els. (2012) 1-10. 474 

http://dx.doi.org/10.1002/9780470015902.a0023737. 475 

 476 

[18] M. A. G. Silveira, N. H. Medina, Potassium Distribution in Sugar cane. Braz. J. Radiat. 477 

Sci. 3 (2015) 1-8. http://dx.doi.org/10.15392/bjrs.v3i1a.138. (In Portuguese) 478 

 479 

[19] F. Guntzer, C. Keller, J. Meunier, Benefits of plant silicon for crops: a review. Agron. 480 

Sustain. Dev. 32 (2011) 201-213. http://dx.doi.org/10.1007/s13593-011-0039-8. 481 

 482 

[20] S. M. S. Kazmi, M. J. Munir, I. Patnaikuni, Y. Wu, Pozzolanic reaction of sugarcane 483 

bagasse ash and its role in controlling alkali silica reaction. Constr. Build. Mater. 148 (2017) 484 

231-240. http://dx.doi.org/10.1016/j.conbuildmat.2017.05.025. 485 

 486 

[21] V. N. Castaldelli, J. C. B. Moraes, J. L. Akasaki, J. L. P. Melges, J. Monzó, M. V. 487 

Borrachero, L. Soriano, J. Payá, M. M. Tashima, Study of the binary system fly ash/sugarcane 488 

http://dx.doi.org/10.1002/9780470015902.a0023737
http://dx.doi.org/10.1007/s13593-011-0039-8


25 
 

bagasse ash (FA/SCBA) in SiO2/K2O alkali-activated binders. Fuel. 174 (2016) 307-316. 489 

http://dx.doi.org/10.1016/j.fuel.2016.02.020. 490 

 491 

[22] L. Rodier, E. Villar-Cociña, J. M. Ballesteros, H. Savastano Junior, Potential use of 492 

sugarcane bagasse and bamboo leaf ashes for elaboration of green cementitious materials. J. 493 

Clean. Prod. 231 (2019a) 54-63. http://dx.doi.org/10.1016/j.jclepro.2019.05.208. 494 

 495 

[23] J. Roselló, L. Soriano, M. P. Santamarina, J. L. Akasaki, J. Monzó, J. Payá, Rice straw 496 

ash: a potential pozzolanic supplementary material for cementing systems. Ind. Crops. Prod. 497 

103 (2017) 39-50. http://dx.doi.org/10.1016/j.indcrop.2017.03.030. 498 

 499 

[24] L. Rodier, K. Bilba, C. Onésippe, M.-A. Arsène, Utilization of bio-chars from sugarcane 500 

bagasse pyrolysis in cement-based composites Ind. Crops. Prod. 141 (2019b) 111731-501 

111739. http://dx.doi.org/10.1016/j.indcrop.2019.111731. 502 

 503 

[25] R. J. Flatt, N. Roussel, C. R. Cheeseman, Concrete: An eco material that needs to be 504 

improved. J. Eur. Ceram. Soc. 32 (2012) 2787-2798. 505 

http://dx.doi.org/10.1016/j.jeurceramsoc.2011.11.012. 506 

 507 

[26] H. U.S. Van Oss, Geological Survey, Mineral Commodity Summaries. USGS (2014). 508 

 509 

[27] B. Cai, J. Wang, J. He, Y. Geng, Evaluating CO2 emission performance in China’s 510 

cement industry: an enterprise perspective: An enterprise perspective. Appl. Energy. 166 511 

(2016) 191-200. http://dx.doi.org/10.1016/j.apenergy.2015.11.006. 512 

 513 

http://dx.doi.org/10.1016/j.fuel.2016.02.020
http://dx.doi.org/10.1016/j.jclepro.2019.05.208
http://dx.doi.org/10.1016/j.indcrop.2017.03.030
http://dx.doi.org/10.1016/j.jeurceramsoc.2011.11.012


26 
 

[28] K. Celik, C. Meral, A. P. Gursel, P. K. Mehta, A. Horvath, P. J. M. Monteiro, 514 

Mechanical properties, durability, and life-cycle assessment of self-consolidating concrete 515 

mixtures made with blended Portland cements containing fly ash and limestone powder. Cem. 516 

Concr. Compos. 56 (2015) 59-72. http://dx.doi.org/10.1016/j.cemconcomp.2014.11.003. 517 

 518 

[29] W. K. Part, M. Ramli, C. B. Cheah, An overview on the influence of various factors on 519 

the properties of geopolymer concrete derived from industrial by-products. Constr. Build. 520 

Mater. 77 (2015) 370-395. http://dx.doi.org/10.1016/j.conbuildmat.2014.12.065. 521 

 522 

[30] H. Lee, X. Wang, Evaluation of the carbon dioxide uptake of slag-blended concrete 523 

structures, considering the effect of carbonation. Sustainability. 8 (2016)312-329. 524 

http://dx.doi.org/10.3390/su8040312. 525 

 526 

[31] S. Supino, O. Malandrino, M. Testa, D. Sica, Sustainability in the EU cement industry: 527 

the Italian and German experiences. J. Clean. Prod. 112 (2016) 430-442. 528 

http://dx.doi.org/10.1016/j.jclepro.2015.09.022. 529 

 530 

[32] E. M. R. Fairbairn, B. B. Americano, G. C. Cordeiro, T. P. Paula, R. D. Toledo Filho, M. 531 

M. Silvoso, Cement replacement by sugar cane bagasse ash: CO2 emissions reduction and 532 

potential for carbon credits. J. Environ. Manage. 9 (2010)1864-1871. 533 

http://dx.doi.org/10.1016/j.jenvman.2010.04.008. 534 

 535 

[33] E. M. R. Fairbairn, T. P. Paula, G. C. Cordeiro, B. B. Americano, R. D. Toledo Filho, 536 

Evaluation of partial clinker replacement by sugar cane bagasse ash: CO2 emission reductions 537 

and potential for carbon credits. Rev. IBRACON Estrut. Mater. 5 (2012) 229-251.  538 

http://dx.doi.org/10.3390/su8040312
http://dx.doi.org/10.1016/j.jclepro.2015.09.022


27 
 

 539 

[34] V. M. John, M. A. Cincotto, M. G. da. Silva, Alternative ash and binders. In: 540 

Alternative construction technologies and materials (2003). (In Portuguese) 541 

 542 

[35] ASTM C618-19. Standard Specification for Coal Fly Ash and Raw or Calcined Natural 543 

Pozzolan for Use in Concrete, ASTM International, West Conshohocken, PA, (2019). 544 

 545 

[36] Y. Zhang, F. He, Z. Gao, Y. You, P. Sun, Effects of ash-forming temperature on 546 

recycling property of bottom ashes from rice residues. Fuel. 162 (2015) 251-257. 547 

http://dx.doi.org/10.1016/j.fuel.2015.09.025. 548 

 549 

[37] Z.  Zhang, F. He, Y. Zhang, R. Yy, Y. Li, Z. Zheng, Z. Gao, Experiments and modelling 550 

of potassium release behavior from tablet biomass ash for better recycling of ash as eco-551 

friendly fertilizer. J. Clean. Prod. 170 (2017) 379-387. 552 

http://dx.doi.org/10.1016/j.jclepro.2017.09.150. 553 

 554 

[38] M. Guerra, Exclusive: The largest varietal census ever made on sugar cane. Revista 555 

Canavieiros. 1 (2018) 38-40. (In Portuguese) 556 

 557 

[39] J. Payá, M. V. Borrachero, J. Monzó, E. Peris-Mora, F. Amahjour, Enhanced 558 

conductivity measurement techniques for evaluation of fly ash pozzolanic activity. Cem. 559 

Concr. Res. 31 (2001) 41-49. http:// dx.doi.org/10.1016/s0008-8846(00)00434-8. 560 

 561 

http://dx.doi.org/10.1016/j.fuel.2015.09.025
http://dx.doi.org/10.1016/j.jclepro.2017.09.150


28 
 

[40] S. Velázquez, J. Monzó, M. V. Borrachero, J. Payá, Assessment of the pozzolanic 562 

activity of a spent catalyst by conductivity measurement of aqueous suspensions with calcium 563 

hydroxide. Materials. 7 (2014) 2561-2576. http://dx.doi.org/10.3390/ma7042561. 564 

 565 

[41] M. P. Luxán, F. Madruga, J. Saavedra, Rapid evaluation of pozzolanic activity of natural 566 

products by conductivity measurement. Cem. Concr. Res. 19 (1989) 63-68. 567 

http://dx.doi.org/10.1016/0008-8846(89)90066-5. 568 

 569 

[42] E.J. Meurer, Potássio. In: M.S. Fernandes, Mineral plant nutrition. Viçosa, MG, 570 

Universidade Federal de Viçosa (2006). (In Portuguese) 571 

 572 

[43] T. Zhang, J. Zou, B. Wang, Z. Wu, Y. Jia, C. Cheeseman, Characterization of 573 

magnesium silicate hydrate (MSH) gel formed by reacting MgO and silica fume. Materials. 574 

11 (2018) 909-923. http://dx.doi.org/10.3390/ma11060909. 575 

 576 

[44] L. A. Hollingbery, T. R. Hull, The thermal decomposition of huntite and hydromagnesite 577 

– A review. Thermochim. Acta. 509 (2010) 1-11. 578 

http://dx.doi.org/10.1016/j.tca.2010.06.012. 579 

 580 

[45] J. Payá, J. Monzó, M. V. Borrachero, L. Díaz-Pinzón, L.  M. Ordóñez, Sugar-cane 581 

bagasse ash (SCBA): studies on its properties for reusing in concrete production. J. Chem. 582 

Technol. Biotechnol. 77 (2002) 321-325. http://dx.doi.org/10.1002/jctb.549. 583 

 584 

http://dx.doi.org/10.3390/ma7042561
http://dx.doi.org/10.1016/0008-8846(89)90066-5
http://dx.doi.org/10.3390/ma11060909
http://dx.doi.org/10.1016/j.tca.2010.06.012
http://dx.doi.org/10.1002/jctb.549


29 
 

[46] Sugiyama, D. Chemical alteration of calcium silicate hydrate (C–S–H) in sodium 585 

chloride solution. Cem. Concr. Res. 38 (2008) 1270-1275. 586 

https://doi.org/10.1016/j.cemconres.2008.06.002. 587 

 588 

[47] J. Payá, J. Monzó, M.V. Borrachero, S. Velázquez, M. Bonilla. Determination of the 589 

pozzolanic activity of fluid catalytic cracking residue. Thermogravimetric analysis studies on 590 

FC3R–lime pastes. Cem. Concr. Res. 33 (2003) 1085-1091. https://doi.org/10.1016/S0008-591 

8846(03)00014-0. 592 

 593 

[48] S. Velázquez, J.M. Monzó, M.V. Borrachero, J. Payá. Assessment of the pozzolanic 594 

activity of a spent catalyst by conductivity measurement of aqueous suspensions with calcium 595 

hydroxide. Materials 7 (2014) 2561-2576. https://doi.org/10.3390/ma7042561 596 

 597 

[49] F. Ferella, V. Innocenzi, F. Maggiore, Oil refining spent catalysts: A review of possible 598 

recycling technologies. Res. Cons. Rec. 108 (2016) 10-20. 599 

https://doi.org/10.1016/j.resconrec.2016.01.010. 600 

 601 

https://doi.org/10.1016/j.cemconres.2008.06.002
https://doi.org/10.1016/S0008-8846(03)00014-0
https://doi.org/10.1016/S0008-8846(03)00014-0
https://doi.org/10.3390/ma7042561
https://doi.org/10.1016/j.resconrec.2016.01.010

