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Abstract 

Alkali-activated cements (AACs) technology is being widely investigated as a 

replacement for ordinary Portland cement (OPC) for environmental benefits. Blast 

furnace slag (BFS) is one of the most well known precursors used in AACs, having 

comparable properties to those of traditional OPC-based materials. AACs require alkali 

solutions, which are commonly based on a combination of sodium or potassium 

hydroxides with sodium or potassium silicates in high concentration. These alkali 

solutions represent the use of chemical reagents, and thus can have major 

environmental, health and economic impacts. Olive-stone (also known as olive pits) 

biomass ash (OBA) is a residue mainly composed of calcium and potassium oxides. 

Rice husk ash (RHA) is a rich silica residue from the combustion of rice husk. The 

combination of both residues can produce a good activating reagent for BFS-based 

AACs. In the present work, 100% waste-based ternary alkali-activated mortars 

(TAAM) based on BFS activated by OBA and RHA were developed. The mortars were 

assessed in terms of their dosage, curing treatment and time evolution. Finally an eco-

friendly 100% waste-based TAAM with 67.39 ± 0.44 MPa after 90 days of curing at 

20ºC is obtained and a complete microstructural characterization shows a dense and 

compact matrix with binding gel products labelled as C(K)-S(A)-H and C(K)-S-H. 

Keywords: Alkali-activated cement, blast furnace slag, olive-stone biomass ash, rice 

husk ash, ternary binder. 

Abbreviations:  

AACs: Alkali-activated cements 

BAAMs: Binary alkali-activated mortars 

TAAMs: Ternary alkali-activated mortars 

TAAPs: Ternary alkali-activated cements 

BFS: Blast furnace slag 

OBA: Olive-stone biomass ash 



RHA: Rice husk ash 

 

  



1. Introduction 1 

The relationship between climate change and human activity is evident. In the last 2 

century, global warming has been the reason for great natural catastrophes. Greenhouse 3 

gas emissions, especially from burning fossil fuels, are the main causes of this global 4 

warming. 5 

The cement industry is responsible for 5–8% of the anthropogenic CO2 emissions 6 

around the world (Andrew, 2018; Turner and Collins, 2013) and, according to some 7 

estimates, it could reach 12–23% in 2050 (“World busines council for sustainable 8 

development,” n.d.). The use of alternative fuels, biomass and supplementary materials 9 

in the construction industry does not seem sufficient to reduce the CO2 emissions: thus, 10 

taking into account the binder content and the associated CO2 emissions of concrete 11 

respect to developed strength, Yang et al (2015) concluded that the value of the CO2 12 

emission intensity decreased strongly when the replacement level of clinker by 13 

supplementary cementing materials was increased up to 15–20%, and higher 14 

replacement values represented a large decrease on compressive strength beyond 15 

decreased CO2 emission intensity. Hence, studies and investigations focusing on new 16 

ecological and sustainable materials are crucial to reduce environmental problems 17 

associated with this massive industry.   18 

Nowadays, one of the great challenges in the construction industry focuses on the use 19 

of alkali-activated cements (AACs) or geopolymers. These binders can be produced 20 

without Portland cement. They are composed of two main components: an 21 

aluminosilicate material (named “precursor”, usually derived from waste materials) and 22 

an alkaline activating solution (Shirley and Black, 2011). The alkaline activating 23 

solution (usually composed of alkali hydroxides, such as NaOH or KOH, and alkali 24 

silicates) allows the dissolution of the precursor and its subsequent polymerization in 25 

order to form the different structures responsible for the mechanical AACs 26 

performance.  27 

According to the literature, the CO2 emissions associated with the AACs production 28 

can be 55–75% lower than those obtained for Portland cement. Most of these emissions 29 

are produced by the activating solution, especially when sodium or potassium silicates 30 

are employed. Concretely, the 70–90% of total emissions from AACs production are 31 

associated to the activating solution (Mellado et al., 2014; Passuello et al., 2017; Yang 32 

et al., 2013).  33 

For this reason, the replacement of commercial products by environmentally friendly 34 

activating solutions could achieve a significant reduction in the CO2 emissions 35 

associated with AACs. In recent years, researchers have been making efforts to replace 36 

synthetic (commercial chemicals) alkaline silicates by alternative silica sources. In such 37 

case, the alkaline solution is composed of NaOH/KOH solution and an amorphous 38 

silica source. The main silica sources are rice husk ash (RHA), diatomaceous earth 39 

residues (DE), glass waste, sugar cane straw ash (SCSA) and silica fume (SF), among 40 

others (Font et al., 2018; Payá et al., 2017). 41 

Several studies have been reported on the use of rice husk ash (RHA) as a source of 42 

silica (Bernal et al., 2015; Bouzón et al., 2014; Mejía et al., 2013). Bouzón et al. (2014) 43 

prepared mixtures of RHA, water and sodium hydroxide and they applied a reflux 44 

process (between 15 and 240 minutes) to achieve the alternative activating solution. 45 

The activation of the fluid catalytic cracking catalyst residue (FCC) with this alternative 46 

solution achieved mortars with 41 MPa compressive strength in only one day of curing 47 



at 65ºC. These values resulted similar than the obtained by the control FCC samples 48 

activated with an equivalent mixture of NaOH and waterglass. 49 

Mejía et al. (2016) studied two alternative sources of silica (RHA and DE) in 50 

metakaolin/fly ash (MK/FA) mixtures and they demonstrated that the strength of 51 

systems with the alternative silicate achieved 50% lower compressive strength than the 52 

commercial sodium silicate. 53 

Torres-Carrasco and Puertas (2015) described a similar preparation to obtain the 54 

activating solution. They mixed waste glass and NaOH for 6 hours at 80 ± 2 º C and 55 

then the mixture was filtered. The filtered activating reagent was combined in different 56 

proportions with fly ash (FA) as precursor. The solutions based on NaOH 10M + 57 

waterglass and NaOH 10M + waste glass were compared: mortars activated with the 58 

alternative alkali solution system yielded, after 28 days of curing, similar compressive 59 

strength than in the case where commercial waterglass was employed. 60 

Tchakouté et al. (2016) studied MK geopolymers with different activating systems by 61 

reacting NaOH with RHA or waste glass. They prepared the activator at 100ºC for 2 62 

hours. After this time, the dissolution was filtered and the liquid was stored for one 63 

week before use. The presence of calcium in the sodium silicate derived from waste 64 

glass enhances the depolymerization of metakaolin particles and the results are slightly 65 

better than those obtained using sodium silicate from RHA. 66 

Sugar cane straw ash (SCSA) can also be used as a silica source. Moraes et al. (2018) 67 

prepared different activating solutions by means of a thermal bottle and fabricated 68 

mortars using blast furnace slag as precursor. The authors analysed the influence of the 69 

time of reaction inside the thermal bottle and the influence of the SiO2/Na2O ratio (ε). 70 

The results demonstrated that the compressive strength values obtained were similar to 71 

those reached for RHA and less than the mixtures with the commercial reagent. 72 

In the last few years, greener alternative alkaline activators have been investigated. In 73 

these cases, a total absence of commercial chemical reagents is achieved. Two types of 74 

activators have been reported: materials from industrial processes and those from agro-75 

industrial processes. The wastes from industrial processes are rich in sodium 76 

compounds and the agro-industrial wastes usually contain potassium compounds. One 77 

example of industrial waste is Bayer liquor, which is produced form industrial 78 

manufacture of alumina in the Bayer process. Van Riessen et al. (2013) used this waste 79 

in mixtures with FA, and concluded that the mortars with this waste had similar strength 80 

to the reference mortar. Hu et al. (2018) investigated the use of red mud, another toxic 81 

residue from the Bayer process, as a partial precursor in fly ash geopolymers activated 82 

with sodium hydroxide and sodium silicate. The authors concluded that the high 83 

alkalinity of the red mud improve the geopolymerization but additional NaOH and 84 

waterglass was needed to achieve optimum compressive strength development. 85 

Recently, the reusing of red mud after their use in a flue gas desulfurization process 86 

(FGD) (Nie et al., 2019) as alternative activator was investigated. The activation of 87 

class C fly ash based mortars was assessed obtaining 30.3 MPa when the sulphate rich 88 

red mud (RMD) was employed as alkali source. With the use of RMD, 25% increase 89 

in strength was obtained compared to the geopolymer prepared with the original red 90 

mud. Another waste studied is the caustic solution waste from the industrial cleaning 91 

process of aluminium. This residue was used as activator in mixtures with FA 92 

(Fernández-Jiménez et al., 2017; Shirley and Black, 2011): a compressive strength 93 

similar to that obtained by mixtures activated with 8M NaOH was achieved.  94 



Cheah et al. (2015) studied a high calcium wood ash (HCWA) obtained from the use 95 

of wood ash biomass. The resulting ash had CaO as a principal oxide (61%) and a 96 

smaller proportion of K2O (12%). Different ratios of HCWA/FA were prepared and 97 

mixed with water. The mixtures achieved near to 18 MPa and the main reaction product 98 

was a potassium aluminosilicate hydrate (K-A-S-H) gel. Other hydration products 99 

formed in this reaction were tobermorite and hydrated gehlenite. 100 

In the group of agro-industrial wastes, different biomass ashes were studied. Peys et al. 101 

(2016) studied rich potassium biomass ashes. The authors prepared geopolymers with 102 

metakaolin (MK) as precursor and biomass ashes as alkaline activator. Maize salt and 103 

maize cob ashes reached around pH=13 after mixing with water and yielded the best 104 

mechanical behaviour (30 MPa) after 2 days of curing at 80ºC. 105 

Recently, Font et al. (2017) employed olive-stone (also known as olive pits) biomass 106 

ash (OBA) in mixtures with blast furnace slag (BFS) and compared these with mixtures 107 

with only water and with a 4M KOH solution. After 3 and 7 days of curing at 65ºC, the 108 

mixtures with OBA showed the best mechanical behaviour. At 7 days of curing, the 109 

mortar with OBA yielded a compressive strength of 30 MPa. The study of OBA as 110 

activator was extended with more percentages of substitution/addition in mortars with 111 

BFS by de Moraes Pinheiro et al. (2018). The mortars with the replacement of BFS by 112 

OBA yielded more than 20% higher compressive strength than the BFS-KOH systems. 113 

A compressive strength of 38 MPa was achieved when OBA was used as mineral 114 

addition (25%) for a BFS AAC system. The authors reported a comparison of OBA and 115 

kephalite (inert mineral addition) in order to distinguish the filler effect versus the 116 

chemical reaction of geopolymerization. The study concluded that the filler effect due 117 

the presence of OBA was negligible in terms of the mechanical behaviour.  118 

In the present work, new 100% waste-based ternary alkali-activated mortars (TAAMs) 119 

are designed and investigated, where no commercial reagents need to be employed. An 120 

alternative potassium silicate solution based on a mixture of olive-stone biomass ash 121 

(OBA), rice husk ash (RHA) and water is developed for blast furnace slag (BFS) 122 

activation and the mechanical and microstructural properties of these alkali-activated 123 

materials are assessed. 124 

2. Experimental procedure 125 

2.1. Materials 126 

The raw materials used in this work were an industrial by-product, blast furnace slag 127 

(BFS), and two agro-industrial residues: olive-stone (or olive pits) biomass ash (OBA) 128 

and rice husk ash (RHA). 129 

BFS was used as a precursor in all mixtures. It was supplied by Cementval (Puerto de 130 

Sagunto, Valencia, Spain) and it has a 26.0 μm mean particle diameter (D[4,3]) and 131 

17.3 µm median particle diameter (D50) after being ground in a ball mill. The olive 132 

stone biomass ash (OBA) was supplied by Almazara Candela (olive-oil company, 133 

Elche, Spain), where the resulting ash from the olive- stone combustion was collected 134 

from the bottom of the furnace. For employing the OBA in the alkali-activated system, 135 

it was necessary to grind it in a ball mill, resulting in a powder with a D[4,3] = 27.3 μm 136 

and D50 = 20.8µm (de Moraes Pinheiro et al., 2018). The rice husk ash (RHA) was 137 

supplied by DACSA S.A. (Tabernes Blanques, Spain). For the use of this ash as an 138 

alternative silica source in the activating solution, it was ground in a ball mill, resulting 139 

in a D[4,3] = 20.3 μm and D50 = 10.5µm. 140 



The chemical compositions (XRF) of these three raw materials are summarized in Table 141 

1 (Bouzón et al., 2014; de Moraes Pinheiro et al., 2018). The BFS is mainly composed 142 

of calcium oxide (40.15%) and silica (30.53%). The chemical analysis corroborated the 143 

alkaline nature of OBA, potassium (32.12%) and calcium (27.77%) oxides being the 144 

main components. Finally, for RHA it can be seen that the main composition is silica 145 

(85.58%). 146 

 147 

Table 1 

Chemical composition (XRF) of the raw materials. 

Material 
Oxide composition (wt%) 

SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O P2O5 SO3 Others LOI* 

BFS 30.53 40.15 10.55 1.29 0.87 7.43 0.57 0.26 1.93 0.89 5.53 

OBA 5.33 27.77 0.70 3.45 0.78 5.13 32.12 2.68 1.67 0.95 18.90 

RHA 85.58 1.83 0.25 0.21 - 0.50 3.39 0.67 0.26 0.32 6.99 

*Loss on ignition 

2.2. Methods 148 

The methodology applied for ternary systems (TAAMs) composed of BFS/OBA/RHA 149 

comprised the analysis of the mechanical properties and microstructural characteristics 150 

obtained in mortars and pastes. It is well known that the mechanical behaviour of alkali-151 

activated BFS depends on the slag specific surface, curing temperature, activator 152 

concentration, and the nature of the alkaline activator (Wang et al., 1995). Thus, the 153 

study is divided into two main steps with two sub-studies for each step.  154 

The amount of RHA was constant in the two steps (step 1 and step 2) and the   difference 155 

between steps was the OBA/BFS mass ratio: i) in step 1, the OBA was used as addition 156 

(A) with respect to the precursor (OBA addition system); and ii) in step 2, the OBA 157 

was used as both an addition (A) and a replacement (R) with respect to the precursor 158 

(OBA addition plus replacement system).  159 

The samples of TAAMs in step 1 were assessed in terms of their OBA addition content 160 

(sub-study 1.1) and curing temperature (sub-study 1.2). The TAAMs developed in step 161 

2 were assessed in terms of the curing process (sub-study 2.1) and curing time (sub-162 

study 2.2).  The samples are named as follows:  163 

 Sub-study 1.1: xA-B, where “x” is the % of OBA addition (“A”) in mass respect 164 

the BFS. “B” is referring to the curing treatment (B – 65ºC,). 165 

 Sub-study 1.2: 20A-y, where “y” is the curing treatment (B – 65ºC; C – 166 

20ºC/100% RH; and M = 24h B + 6d C).  167 

 Sub-study 2.1: 20A/20R-y, where OBA is used as addition (A) and replacement 168 

material (R) and “y” is the curing treatment as the previous step (sub-study 1.2). 169 

 Sub-study 2.2: 20A/20R-Cz, where all samples were cured at room temperature 170 

(C – 20ºC/100% RH) and z is the test time evaluation (3, 7, 28, 60 and 90 days).  171 

The designed mixes and the acronyms employed are summarized in Table 2.     172 

 173 

The alkaline solutions were prepared 24 hours before the preparation of mortars, by 174 

means of sealed plastic bottles to improve the dissolution rate of the particles of both 175 

ashes. The corresponding OBA quantity (addition or addition/replacement) was dry 176 

mixed with RHA followed by the addition of water. The plastic bottles were sealed 177 

with a cap and kept in a thermal bath (65ºC). For the first 6 hours, the bottles were 178 



manually shaken for one minute per hour, and were then left without agitation until the 179 

mortar was prepared. After this, the water suspensions were left at room temperature 180 

for one hour. Manufacture of the mortars consisted of mixing the precursor (BFS) with 181 

the corresponding activating solution for 60 seconds, and then addition of the sand to 182 

the obtained paste and stirring of the mixture for 180 seconds. 183 

     184 

Table 2 

TAAMs designed and studied distributed in each work step, with dosages by mass. 

 

Sample 

Alkaline activator Precursor Precursor 

/sand H2O 

(g) 

OBA 

(g) 

RHA 

(g) 

BFS 

 (g) 

S
te

p
 1

 

 

Sub-study 

1.1 

15A-B 

202.5 

67.5 

40.0 

450.0 1/3 

20A-B 90.0 

25A-B 112.5 

Sub-study 

1.2 

20A-B 

90.0 20A-C 

20A-M 

S
te

p
 2

 

Sub-study 

2.1 

20A/20R-B 

180.0 360.0 1/3.75 

20A/20R-C 

20A/20R-M 

Sub-study 

2.2 

20A/20R-C3 

20A/20R-C7 

20A/20R-C28 

20A/20R-C60 

20A/20R-C90 

 185 

The fresh mixtures were moulded and vibrated in three prismatic samples with 186 

dimensions of 40x40x160 mm3, and the following sequence was carried out, depending 187 

on the curing treatment:  188 

- B: mix, stored for 24 hours at 65ºC, demolded and stored at 65ºC until the 189 

corresponding age of mechanical test. 190 

- C: mix, stored for 48 hours at 20ºC/100% RH, demolded and stored at 191 

20ºC/100% RH until age of mechanical test. 192 

- M: mix, stored for 24 hours at 65ºC, demolded and stored at 20ºC/100% RH 193 

until age of mechanical test. 194 

For the sub-studies 1.1, 1.2 and 2.1 the curing time was 7 days, and for the sub-study 195 

2.2 the samples were tested after 3, 7, 28, 60 and 90 days. 196 

Three values for the flexural strength (Rf) and six values for the compressive strength 197 

(Rc) were obtained according to UNE 196-1 for each mixture.  198 

A microstructural study was carried out after 28 days of curing of the TAAMs in sub-199 

study 2.2 (20A/20R-C28 sample) using field emission scanning electron microscopy 200 

(FESEM) and mercury intrusion porosimetry (MIP) techniques. Finally, equivalent 201 

pastes (TAAPs) were tested by thermogravimetric analysis (TGA), powder X-ray 202 

diffraction (XRD), FESEM and MIP. TGA was carried out by means of a TGA850 203 

Mettler Toledo thermobalance instrument in N2 atmosphere (75 mL·min-1 gas flow), 204 

with temperature range 35–500ºC and heating rate 10ºC·min-1. For testing, samples of 205 



dry paste powder (heated for 30 min at 65ºC) were placed in aluminium crucibles with 206 

sealed lids, which had a micro-hole. The mass loss and derivative curves (DTG) were 207 

obtained from the thermogravimetric curves (TG). The XRD patterns were acquired by 208 

a Bruker AXS D8 Advanced with 40 kV, 20 mA and Bragg’s angle (2θ) in the 5–70º 209 

ranges. To take the FESEM images, a ZEISS Supra 55 was used, with the samples 210 

coated with carbon. An extra high tension of 20 kV and 6–8 mm of working distance 211 

were selected for the energy dispersive X-ray spectroscopy (EDS). The MIP test was 212 

carried out by means of an AutoPore IV 9500 from Micrometrics Instrument 213 

Corporation that measured pores in the 91.26 μm to 5.5 nm range.  214 

 215 

3. Results and discussion 216 

3.1. Step 1: OBA addition systems  217 

3.1.1. Sub-study 1.1: Effect of OBA addition content 218 

Three TAAMs (BFS+RHA+OBA) were prepared using different percentages of OBA 219 

addition (15, 20 and 25% by mass of BFS). The specimens were cured at 65ºC for 7 220 

days (B curing method). As can be seen in Fig. 1.a, the specimens yielded compressive 221 

strength values that increased with the OBA percentage addition, from 15% to 25%. 222 

The mechanical behaviour for the 20A-B (20% addition) sample was 38% better than 223 

the 15A-B sample. When the percentage of OBA addition was incremented by 5% 224 

(25A-B), the compressive strength increased by only 11%. The flexural strength was 225 

7.2 ± 0.1 MPa for 15A-B, 8.5 ± 0.2 MPa for 20A-B, and 9.2 ± 0.1 MPa for 25A-B. 226 

These values represent a progressive increment of 18% and 8%, respectively.  227 

In a previous work, binary alkali-activated mortars (BAAMs) of BFS activated by only 228 

OBA addition were investigated and compressive strength values of 21.5 ± 0.6, 34.7 ± 229 

1.5 and 38.4 ± 1.3 MPa for 15%, 20% and 25% respectively of OBA addition were 230 

obtained after 7 days of curing at 65ºC (de Moraes Pinheiro et al., 2018). With respect 231 

to these results, in the present work, with RHA as the silica source in the activating 232 

solution, the compressive strength increased by 77.5% in the 15% OBA addition 233 

samples, 51% in the 20% OBA addition samples and 52% in the 25% OBA addition 234 

samples. The use of RHA combined with OBA allows the dissolution of silica from the 235 

RHA, and the activation of BFS is more effective than with only OBA. The 236 

combination of 15% OBA with RHA (15A-B samples) yielded the same mechanical 237 

mortar behaviour as when only 25% OBA addition was employed (38.1 ± 0.2 MPa in 238 

TAAM with 15% OBA and 38.4 ± 1.3 MPa in BAAM) by using the same curing 239 

treatment (7 days at 65ºC).   240 

Additionally, by comparison with the mechanical results for the binary systems 241 

obtained by de Moraes Pinheiro et al. (2018), the BAAM samples presented an 242 

increment of 61% and 10% with the 5% progressive increment of OBA addition (from 243 

15 to 25%). The ternary samples produced in this work yielded a similar increment in 244 

the mechanical development, maintaining a constant amount of RHA, which revealed 245 

that the amount of potassium from OBA has a great influence on the BFS activated 246 

system. This behaviour could be attributed to the silica solubilisation from RHA, which 247 

is enhanced with increment of the OBA addition.  248 

In general, the specimens in sub-study 1.1 (15A-B, 20A-B and 25A-B samples) have a 249 

very good mechanical behaviour, surpassing strengths reported for BAAMs (de Moraes 250 

Pinheiro et al. (2018). It is notable that the mechanical evolution from the 15% to 20% 251 

addition was higher than from the 20% to 25% addition. Potassium solubilisation from 252 



OBA is more difficult as the amount of OBA increases for a fixed quantity of water. 253 

20% OBA addition is suggested as the optimal for the TAAM system. Additionally, 254 

when 25% of OBA was employed, some difficulty was found with compacting because 255 

of poor workability. In this respect, with 5% OBA or less, the 20A-B sample yielded 256 

good characteristics in the fresh state. 257 

3.1.2. Sub-study 1.2: Effect of curing temperature 258 

The aim of sub-study 1.2 was to assess the effect of the curing temperature in the 259 

TAAMs previously selected (20A-B system). The curing temperature is an important 260 

factor for both BFS alkali-activated products formation and the physical and 261 

microstructural properties of the resultant materials (Fernández-Jiménez et al., 1999). 262 

The use of a high calcium precursor, such as BFS, allows a stable matrix at lower curing 263 

temperatures than the low calcium precursors (silica-alumina based precursor) (Lee and 264 

Lee, 2013).  265 

As can be seen in Fig. 1.b, at a 65ºC curing temperature (curing method B) a higher 266 

compressive strength was reached after 7 days of curing (52.6 ± 0.4 MPa for the 20A-267 

B sample). With the same percentage of OBA addition, when the curing treatment was 268 

carried out at 20ºC with 100% RH (curing method C, 20A-C sample), the mechanical 269 

behaviour result was 49% lower than the one observed for 20A-B. The same behaviour 270 

was observed for the flexural strength, which yielded 8.5 ± 0.2 MPa for samples cured 271 

for 7 days at 65ºC (20A-B systems) and 3.8 ± 0.3 MPa for the samples cured at 20ºC 272 

(20A-C systems). These results suggested a lower reaction rate in the short term due to 273 

the low curing temperature. The BFS activation with OBA/RHA requires a high curing 274 

temperature for fast binding gel formation with a consequent increase in strength. 275 

The 20A-M sample (mixed curing method: 24 hours at 65ºC and 6 days at 20ºC) 276 

achieved similar mechanical behaviour to the 20A-C, reaching 2 MPa more in 277 

compressive strength when a previous 24 h treatment at 65ºC was applied (26.9 ± 0.3 278 

MPa for 20A-C sample and 28.3 ± 0.9 MPa for 20A-M sample) and the same growth 279 

of 2 MPa for flexural strength (3.8 ± 0.3 MPa for 20A-C sample and 5.7 ± 0.9 MPa for 280 

20A-M sample). This behaviour suggested that for good development of the binding 281 

structure, longer curing periods will be required or alternatively a high curing 282 

temperature should be used. 283 

In a previous work reported, in which OBA was used as a potassium source, three 284 

systems were compared: BFA/H2O, BFS/KOH (4 molar in KOH) and BFS/OBA (18% 285 

addition) (Font et al., 2017). The samples were cured at 65ºC, yielding after 3/7 days 286 

compressive strengths of 6.9 MPa/7.0 MPa, 12.7 MPa/16.9 MPa and 20.6 MPa/29.9 287 

MPa, respectively. With the addition of just 2% more OBA and its combination with 288 

RHA for BFS activation, a significant strength increase was reached with the same 289 

curing treatment (20A-B sample).  290 

The authors who developed alkali-activated systems with a total replacement of 291 

commercial chemical reagent obtained the following conclusions: i) Peys et al. (2016) 292 

prepared maize cob ash/MK alkali-activated systems, obtaining 30 MPa after 2 days of 293 

curing at 80ºC; ii) Van Riessen et al. (2013) used Bayer liquor for FA activation and 294 

after a mixed curing treatment (24 h at 70ºC and 27 days at room temperature) the 295 

systems yielded 43 MPa; and iii) Cheah et al. (2015) developed FA alkali-activated 296 

mortars by using wood ash (HCWA) which yielded 18 MPa after 90 days at 28ºC. 297 

Compared with these reports, the proposed TAAMs cured at room temperature (20A-298 

C samples) have competitive mechanical performance: the strength was lower than that 299 



obtained after curing at 65ºC (method B). However, we assume a very good behaviour 300 

when a green material is trying to develop, avoiding the high temperature treatment 301 

(curing) which has high-energy consumptions and environmental impacts.  302 

 303 

 

Fig. 1. Compressive strength of mortars for Step 1 after 7 days of curing: a) sub-

study 1.1 (B method: curing at 65ºC); b) sub-study 1.2 (curing in different 

conditions; B: curing at 65ºC; C: curing at 20ºC/100% RH; and M : curing 24h 

method “B” + 6days method “C”). 

 304 

3.2. Step 2: OBA addition plus replacement systems 305 

In order to increase the reactivity of the system, a second study (Step 2) was proposed: 306 

in this case, the OBA/BFS ratio was changed, maintaining a constant amount of RHA 307 

(see Table 2). In the previous study (Step 1, sub-study 1.2: OBA addition) the 308 

OBA/BFS ratio was 20/100, because OBA was added as 20% by mass of BFS. In this 309 

section, an additional part of the BFS was replaced (20% by mass), the OBA/BFS ratio 310 

thus being equal to 40/80. With this proposal, an increase in the alkalinity was achieved 311 

in order to enhance the solubilisation of the RHA and the reaction rate of the hydration 312 

process. 313 

3.2.1. Sub-study 2.1: Effect of curing temperature 314 

In this sub-study, the comparison was based on the effect of the curing temperature of 315 

the samples: methods B (65ºC, 7 days), C (20ºC, 7 days) and M (65ºC, 24 hours plus 316 

20ºC 6 days).  317 



The mechanical behaviour of the specimens is shown in Fig. 2.  318 

 

Fig. 2. Compressive strength of mortars developed in step 2: sub-study 2.1 

specimens after 7 days of curing and different curing conditions.(Method B: curing 

at 65ºC; Method C: curing at 20ºC/100% RH; and Method M : curing 24h method 

“B” + 6days method “C”). 

The samples cured in the thermal bath at 65ºC for 7 days (20A/20R-B sample) yielded 319 

52.1 ± 0.8 MPa of compressive strength after 7 days and, compared with the 20A-B 320 

sample (from the previous sub-study 1.2), no significant difference is observed (20A-321 

B yielded 52.6 ± 0.4 MPa). These 20A/20R-B systems achieved 5.1 ± 0.1 MPa of 322 

flexural strength (3 MPa less than the 20A-B sample).  The potassium increment from 323 

the OBA in the specimens does not have a relevant effect on the mechanical strength 324 

development when the high-temperature curing treatment is employed.  325 

On the other hand, the mortar cured at 20ºC (20A/20R-C sample) yielded 35.0 ± 0.4 326 

MPa of compressive strength, 23% higher with respect to the system with OBA addition 327 

(20A-C sample). This enhancement in strength is achieved with low BFS content in the 328 

mix and the better behaviour observed for the 20A/20R-C sample is attributed to the 329 

greater ability to dissolve silica from the RHA due to the higher alkalinity of the 330 

medium with respect to the 20A-C system. Qureshi and Ghosh (2013) affirmed that the 331 

compressive strength in blast furnace slag pastes cured at room temperature increases 332 

from 3 to 28 days with the increase in alkali content (%K2O) from 4% to 8%, while 333 

keeping the water to slag ratio and silica content constant. However, the authors found 334 

a compressive strength reduction after 28 days when the K2O percentage increased from 335 

8% to 10%. The value of flexural strength obtained for this system was 4.6 ± 0.6 MPa, 336 

which represents an increment of 1 MPa compared with the OBA addition systems 337 

(20A-C). 338 

Finally, for the 20A/20R-M sample, when a combined curing method was carried out 339 

(24 hours at 65°C and 6 days at 20ºC), the compressive strength was 41.6 ± 0.3 MPa, 340 

representing an increase of 45% compared with the OBA addition sample (20A-M 341 



sample). This behaviour demonstrated that the increase in the alkalinity has an 342 

important role in the development of strength at an early age, causing an important 343 

production of cementing phase. In the case of the flexural strength, for the 20A/20R-M 344 

systems this was slightly lower than that obtained for the 20A-M sample, yielding 1.2 345 

MPa less (4.6 ± 0.6 MPa for the 20A/20R-M).  346 

As previously discussed in sub-study 1.2, a lower reaction rate of the geopolymerization 347 

process and the formation of the amorphous binding gel are probably influenced by the 348 

low temperature (20ºC) of the curing treatment during the early ages of the specimens. 349 

In these proposed addition/replacement series, higher silica dissolution from the RHA 350 

is possible with increase of the potassium content from the OBA. 351 

3.2.2. Sub-study 2.2: Time evolution of strength of mortars cured at 20ºC 352 

In the last study of the TAAM system, the time evolution of the samples cured at 20ºC/ 353 

100% RH was assessed. The mechanical tests were carried out for the mortars after 3, 354 

7, 28, 60 and 90 days. 355 

 

Fig. 3. Flexural (Rf) and compressive (Rc) strength development of mortars cured at 

20ºC (Step 2: sub-study 2.2 specimens) 

As can be seen in Fig. 3, an evident progressive increase in compressive strength from 356 

7.8 ± 0.7 MPa to 67.4 ± 0.4 MPa was developed by the ternary system samples between 357 

3 and 90 days respectively (approximately nine times more in strength). When 358 

geopolymers are cured at room temperature conditions, in the early curing time the 359 

precursor particles start to slowly dissolve into the activating solution. As the 360 

dissolution continues, the dissolved precursor species rearrange themselves and 361 

gradually polymerize. Consequently, by this curing treatment, the time to present a 362 

large geopolymerization is extended. Recently, Pereira et al. (2015) presented an 363 

evolution from 5.7 MPa to 46.2 MPa in compressive strength for 3 to 90 curing days in 364 

mortars based on BFS activated by KOH 8M alkali solution. The same strength 365 

evolution over time is observed when alternative alkali solutions are investigated: 366 

Luukkonen et al. (2018) presented BFS binders activated by RHA as the silica source 367 

and NaOH, obtaining a compressive strength evolution from 18 MPa at 3 days to 39/40 368 



MPa at 90 days. BFS mortars activated by microsilica/NaOH activating solution 369 

presented a similar behaviour.  370 

The change in the flexural strength between 3 to 90 days was 5.3 MPa. After 7 days of 371 

curing 4.8 ± 0.7 MPa were achieved. These values are slightly lower than the values 372 

obtained by de Moraes Pinheiro et al. (2018) in the BAAM (BFS activated with 20% 373 

OBA addition systems), which yielded 6.8 ± 0.6 MPa after 7 days of curing. Therefore, 374 

the value obtained in the present investigation for the TAAM was higher than those 375 

obtained by these authors in the control systems of BFS activated with KOH in 4 and 8 376 

molar ratios (3.4 ± 0.2 MPa and 3.7 ± 0.5 MPa respectively after 7 days of curing). 377 

From the results of the present investigation, it is possible to confirm the effectiveness 378 

of the BFS activation by using OBA (in the addition plus replacement combination) 379 

and RHA, in room temperature conditions with the curing time. The strength reached 380 

(67.4 MPa) at 90 days at 20ºC was significantly higher than that for more extreme 381 

conditions (65ºC for 7 days, 52.1 MPa), which suggested that the development of 382 

binding gel is much more effective in mild conditions. In order to confirm this point, 383 

20A/20R-B sample was cured (three prismatic specimens) in a thermal bath at 65ºC for 384 

14 days, finding that the compressive strength did not vary respect to 7 days curing time 385 

(49.8±1.2 MPa vs 52.1±0.8 MPa). The high-temperature curing treatment reached a 386 

limit with fast gel formation, but with the low-temperature treatment a better strength 387 

contribution of the formed gel can be observed. With the curing time, at room 388 

temperature conditions, evolution of the reaction will favour the condensation of 389 

silicates and the gel formation in the TAAM matrix and a stable material will form. 390 

This behaviour suggested that the development for long-curing ages was very 391 

favourable when room curing is carried out.  392 

In this work it may be highlighted that after 28 days the mechanical behaviour was 393 

similar to that obtained for the TAAM cured at high temperature after 7 days in the 394 

previous sub-study 2.1 (20A/20R-B sample). Furthermore, for 20A/20R-C28 395 

specimens the strength was 46.2 ± 0.3 MPa, a higher result than that obtained for the 396 

same curing time in previous investigations where KOH was employed as the alkaline 397 

activator and the samples required a pre-curing treatment at high temperature. Thus, 398 

Tippayasam et al. (2016) recently presented metakaolin-based geopolymers activated 399 

by 10M KOH and a K2SiO3/KOH mass ratio of 1.5 that yielded 30.3 MPa after 24 h at 400 

40ºC and 27 days at 25ºC. The BFS-based mortars activated by using KOH reagent in 401 

8M yielded 35.5 MPa after 24 h at 25ºC, 7 h at 65ºC and storage at room temperature 402 

until 28 days (Pereira et al., 2015). The use of RHA as an alternative silica source mixed 403 

with NaOH for the activation of BFS-based geopolymers was carried out by Moraes et 404 

al. (2018) obtaining 59.7 MPa after 28 curing days at 20ºC. The investigation showed 405 

values of 54.9 MPa when SCSA was employed as a silica source under the same 406 

conditions. All these comparisons show that the activation of BFS by a mixture of OBA 407 

and RHA led to very good mechanical performance for the medium and long terms. 408 

3.3. Microstructural characterization of TAAMs 409 

XRD patterns of the TAAPs from sub-study 2.2 (pastes) are presented in Fig. 4. A 410 

baseline deviation of the Bragg’s angle in the range from 25º to 40° was observed in all 411 

cases. This baseline deviation is characteristic of geopolymerized BFS pastes, as was 412 

shown by several authors (Moraes et al., 2017; Pereira et al., 2015), and it is attributed 413 

to the gel formation. The same characteristic peaks for 20A/20R-C pastes were 414 

identified for all analyzed curing ages. The main crystalline peaks of calcite (CaCO3, 415 

PDFcard 050586), quartz (SiO2, PDFcard 331161) and hydrotalcite 416 



(Mg6Al2CO3(OH)16, PDFcard 411428) were observed. Additionally, some minor peaks 417 

corresponding to arcanite (K2SO4, PDFcard 050613), hydroxyapatite (Ca5(PO4)3(OH), 418 

PDFcard 090432) and cristobalite (SiO2, PDFcard 391425) were identified. Seeing the 419 

chemical composition of the raw materials (Table 1), it is possible to deduce that the 420 

presence of calcite as well as the crystalline quartz phases suggest the unreacted BFS 421 

and OBA particles and is probably because it did not react in the activating process 422 

(Moraes et al., 2017). Beltrán et al. (2016) identified the peaks of arcanite in the XRD 423 

spectrum of the biomass bottom ash from the olive pruning waste after combustion at 424 

403ºC. The presence of arcanite may be attributed to a combination of some OBA 425 

compounds: K2O (32.12% by weight) and SO3 (1.67% by weight). When the BFS has 426 

more than 5% by weight of MgO, the hydrotalcite peak is commonly observed as a part 427 

of the main reaction products (Adesanya et al., 2018). Thus, as is shown in Table 1, the 428 

BFS used in the present investigation has 7.43% by weight of MgO. The hydrotalcite 429 

was previously identified in pastes of BFS activated with OBA by Font et al. (2017). 430 

Finally the cristobalite peaks can be attributed to the RHA (Luukkonen et al., 2018).   431 

 

Fig. 4. XRD patterns of TAAPs from sub-study 2.2 (Key: Q = quartz; R = 

cristobalite; C = calcite; A = arcanite; P = hydroxyapatite; H = hydrotalcite). 

 432 

Derivate thermogravimetric curves (DTG) for the TAAPs from sub-study 2.2 are shown 433 

in Fig. 5. The literature shows DTG analysis for BFS pastes with the distribution of 434 

mass losses in characteristic peaks which appear in the following temperature ranges: 435 

i) between 110–140ºC corresponding to the loss of combined water from the main 436 

hydrated products C-S-H and (C-x)-S-H (with x = Na (in sodium-activated systems) or 437 

K (in potassium-activated systems)); ii) between 140–200ºC related to the dehydration 438 

of (C-x)-A-S-H (normally in the range between 140–155ºC) and C-A-S-H (in the range 439 

from 180 to 200ºC); and iii) at about 390ºC, which is commonly related with the 440 



dehydration of hydrotalcite (de Moraes Pinheiro et al., 2018; Moraes et al., 2018; 441 

Rivera et al., 2016). The thermogravimetric analysis carried out by Font et al. 442 

(2017)showed the first two characteristic peaks in pastes of BFS/water related to i) and 443 

ii) above-mentioned mass losses and the presence of the DTG peak related to the 444 

hydrotalcite in pastes of BFS/KOH 4M and BFS/OBA (18% addition). Pereira et al. 445 

(2015) found only one characteristic peak between 145–170ºC in BFS pastes activated 446 

by NaOH solution, corresponding to dehydration of the reaction gels formed. 447 

In the DTG curves obtained for the TAAPs, it can be noticed that a very similar DTG 448 

characteristic peak was found when comparing the curves (Fig. 5). In general terms, the 449 

DTG curves for the TAAPs showed only one large DTG peak at the temperature range 450 

between 128–140ºC. The mass losses corresponding to the different 451 

decomposition/dehydration of C-A-S-H and (C-K)-A-S-H were produced together in 452 

the same temperature range. These results may be due to the formation of gels with a 453 

different nature yielding a stronger matrix by the addition of a silica source in the 454 

system (from RHA) and its combination with a higher amount of potassium and 455 

calcium from OBA. Although the corresponding hydrotalcite peak was identified in the 456 

XRD patterns of the pastes, in the DTG curves it was difficult to observe: a small 457 

deviation was perceived in the range 380–420ºC.  458 

Furthermore, as indicated in Fig. 5, the total mass losses (35–500ºC) increased from 3 459 

to 90 days of curing, suggesting that the quantity of hydrated compounds was increasing 460 

during the curing of the pastes.  461 

 

Fig. 5. DTG curves of TAAPs from sub-study 2.2 (20ºC curing). Percentages on the 

right indicate the total mass loss in the 35–500ºC range. 

 462 

 463 

By comparing the results of the total mass losses from the TGA and the TAAMs 464 

mechanical behaviour discussed above (Fig. 3) in sub-study 2.2, a sample evolution 465 

with age can be observed in both cases: mass loss as well as compressive strength 466 



increased with curing time. With the progress of the BFS alkaline activation, more 467 

hydrated products are formed and consequently the mortars developed better 468 

compressive strength behaviour. Between 3 and 90 days there is an increase of ≈ 88.5% 469 

in compressive strength and ≈ 30.8% in total mass loss. A linear relationship between 470 

the compressive strength and the mass loss was obtained (Fig. 6). 471 

 

Fig. 6. Linear fit model between compressive strength and thermogravimetric mass 

loss for 20A/20R-C sample (curing ages: 3, 7, 28 and 90 days). 

A similar linear relationship between the compressive strength and the 472 

thermogravimetric mass loss with the curing time was obtained by Moraes et al. (2018) 473 

in pastes of BFS and BFS with SCSA in 25% replacement, activated by NaOH or 474 

NaOH/commercial waterglass solutions. The results obtained for 20A/20R-C pastes 475 

suggested that, with the OBA/RHA blending for BFS activation, it is possible to obtain 476 

the synthesis of the traditional gel forms for slag.  477 

The MIP curves of the 20A/20R TAAM and TAAP cured for 28 days are shown in Fig. 478 

7, where the accumulated distribution of the intruded Hg volume per gram of material 479 

is represented as a function of the pore size diameter. Inserted in these graphs are tables 480 

with the porosimetry parameters obtained for TAAM and TAAP of 20/20R-C28 481 

samples. In the curves, vertical lines mark the pore structure differentiation into gel 482 

pores, capillary pores and air voids, according to the authors (Aligizaki, 2006; Neville, 483 

1982) .  484 

For the TAAM sample, the total porosity was 12.48%, of which 40.60% correspond to 485 

gel pores, 56.65% correspond to capillary pores and the remaining 2.75% correspond 486 

to air voids. In the case of the paste (TAAP), as expected, the total porosity was higher 487 

than the mortar one (21.22%) due to the absence of sand in the sample, and 488 

consequently the volume of paste analysed was higher. In the TAAP sample, 39.00% 489 

of the porosity corresponds to the gel pores, 59.88% to the capillary pores and 1.12% 490 



to the air voids. It can be seen that the proportions of the different kinds of pores for 491 

mortar and paste were equivalent. de Moraes Pinheiro et al. (2018) affirmed that the 492 

increment of the OBA addition in the BFS pastes causes a reduction of total porosity, 493 

which was correlated with the compressive strength increment in mortars. The pastes 494 

based on BFS/OBA systems resulted in a total porosity of 42.85% when 10% of OBA 495 

was added and of 29.16% when 25% of OBA was added. In the present work the TAAP 496 

resulted in a lower total porosity because of the higher total OBA employed (40%, 497 

which is equivalent to 20% addition plus 20% substitution) and the chemical effect of 498 

RHA dissolution and reaction towards BFS.  499 

 

 

Fig. 7. Results from MIP for: a) 20A/20R-C28 mortar (TAAM); b) 20A/20R-C28 

paste (TAAP). 



 500 

FESEM micrographs of the TAAP after 28 days at 20ºC (20A/20R-C28 sample) are 501 

shown in Figs. 8 and 9. In the selected micrographs the most representative topography 502 

and gel particles and their details can be observed. As can be appreciated, the paste 503 

matrix presented three different particle morphologies in terms of shape.  504 

The first micrograph (Fig. 8a) shows an overview of the paste surface with a dense and 505 

compact topography without large pores. In the previous investigation of binary pastes 506 

based on BFS/OBA, a highly porous surface was observed (de Moraes Pinheiro et al., 507 

2018). The incorporation of RHA in the ternary systems allows the reduction of the 508 

matrix micro-porosity by the silicates reaction forming inter-clustered gels. Two main 509 

structures can be distinguished in this micrograph as shown in Figs 8b and 8c: 510 

i) A particle of BFS appears in the centre of Fig. 8a and the first detail shown in Fig. 511 

8b corresponds to hydration products (0.1–0.5 µm in size) formed on the BFS particles. 512 

The EDS analysis yielded MgO = 3.1 ± 1.3%, Al2O3 = 5.3 ± 1.7%, SiO2 = 16.1 ± 3.8%, 513 

K2O = 20.1 ± 4.7% and CaO = 53.1 ± 6.3% as principal oxides. The presence of MgO 514 

can be attributed to the BFS. The gel can be identified as C(K)-S(A)-H. 515 

ii) The second detail of the micrograph (Fig. 8c) corresponds to a different 516 

crystallization pattern where the matrix is less dense than the other zone (Fig. 8b) and 517 

no magnesium or aluminium were in the chemical composition determined by EDS. 518 

The EDS analysis of the zone yielded a lower amount of silica (6.2 ± 0.9%) and CaO 519 

(42.9 ± 3.3%) and a higher amount of K2O (48.3 ± 3.5%). The gel can be labelled as 520 

C(K)-S-H. A similar morphology of the particles was found by de Moraes Pinheiro et 521 

al. (2018) in pastes of BFS/OBA binary systems. 522 

 

Fig. 8. FESEM micrographs of pastes from sub-study 2.2 samples cured for 28 days 

at 20ºC (20A/20R-C28 paste): a) general view in 2000x magnification; b) detail of 

the one characteristic zone from the above micrograph in 8000x magnification; and 



c) detail of the other characteristic zone from micrograph a) in 10000x 

magnification. 

In the other micrograph (Fig. 9) thinner and more isolated microcrystals can be 523 

observed in the dense matrix of the material. These microcrystals have flat flake 524 

morphology, as shown in the detail of the zone where they are located (Fig. 9b). In 525 

other investigations, these characteristic formations were attributed to the formation of 526 

Mg-Al-CO3-hydrotalcite microcrystals (Liao et al., 2012). As discussed above, in the 527 

XRD section, the patterns of the 20A/20R-C28 paste presented hydrotalcite peaks.  528 

 

Fig. 9. FESEM micrographs of pastes from sub-study 2.2 samples cured for 28 days 

at 20ºC (20A/20R-C28 paste): a) general view in 2000x magnification; b) detail of 

the microcrystals from the above micrograph in 6000x magnification. 

 529 

4. Conclusions  530 

The main conclusion from the present investigation is the successful development of 531 

new ternary alkali-activated systems that are 100% waste based on: blast furnace slag 532 

(BFS), olive-stone biomass ash (OBA) and rice husk ash (RHA).  533 

Respect the mechanical test on TAAMs, the following statements can be done: 534 

 The ternary alkali-activated mortars (TAAM), where the OBA/BFS ratio 535 

was changed while keeping the amount of RHA constant, showed an 536 

enhanced strength development when the OBA proportion in the BFS 537 

weight addition was increased from 15% to 25%.  538 

 Focusing the study on the TAAMs’ behaviour with respect to different 539 

curing conditions, the high temperature (65ºC) produced a fast reaction in 540 

the binder gel formation. The combined curing method (65ºC for 24 hours 541 

plus 20ºC for 6 days) does not produce remarkable differences in the 542 

mechanical behaviour of the TAAMs. A 20ºC curing temperature produced 543 

the hydration products gently and consequently the mechanical strength 544 

development is slower.  545 

 The use of OBA as addition plus the replacement of BFS by OBA (where 546 

the OBA/BFS ratio was increased from 0.25 to 0.5) made it possible to 547 

obtain excellent strength development, especially for mortars cured at 20ºC. 548 

For the TAAMs with 0.5 OBA/BFS ratio, very good performance of the 549 

mortars was produced after 28 and 90 days of curing: 46 and 67 MPa were 550 



reached respectively. It is highlighted that these values were significantly 551 

better than those previously obtained for binary alkali-activated systems of 552 

BFS/OBA, suggesting that the RHA has an important role in the 553 

development of these alternative materials.  554 

From the microstructural characterization of BFS/OBA/RHA system with 0.5 555 

OBA/BFS ratio, the following is concluded: 556 

 The reaction of the OBA with the RHA dissolved part of the potassium and 557 

the silica, forming potassium silicate. This potassium silicate enhanced the 558 

alkali activation of the BFS. The microstructural results demonstrated that 559 

a large amount of gel was formed during the curing of the ternary 560 

BFS/OBA/RHA system. 561 

 In XRD patterns of the ternary pastes (TAAP), the main crystalline peaks of 562 

calcite, quartz and hydrotalcite were identified and some minor peaks 563 

corresponding to arcanite, hydroxyapatite and cristobalite were also 564 

identified. 565 

 The DTG curves showed a large peak corresponding to the 566 

decomposition/dehydration of C(K)-S-H and (C(K)-S(A)-H gels together. 567 

The combination of silica from RHA and potassium from OBA allows a 568 

strong gel matrix development. 569 

 The corresponding hydrotalcite peak identified in the XRD patterns was 570 

difficult to observe in DTG curves. 571 

 For TAAM, the total porosity was 12.48 % and for TAAP was 21.22 %. The 572 

main type of pores found in both samples (TAAM and TAAP) was the 573 

capillary pore. 574 

 The FESEM micrographs showed an important dense matrix with the 575 

presence of two types of microcrystals. The EDS results demonstrated that 576 

a large amount of gel was formed during the curing of the ternary pastes. 577 

Two types of gel were identified, one of them containing mainly Ca/K/Si/Al 578 

(C(K)-S(A)-H gel) and the other containing Ca/K/Si (C(K)-S-H gel).  579 

As final conclusion, the mixing of OBA and RHA is an interesting proposal for 580 

increasing the alkali activation rate of BFS. 581 
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