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 10 

Abstract  11 

This study evaluated the compressive strength performance and microstructure of binary blast furnace slag-12 

sewage sludge ash (BFS-SSA) alkali-activated mortars, in which rice husk ash (RHA) was dissolved in 13 

NaOH to replace commercial sodium silicate. The dissolution of RHA, performed in a thermal bottle with 14 

NaOH solution, enhanced the compressive strength of the alkali-activated mortars based on BFS up to 4.5-15 

fold. BFS-SSA based mortars (10-40% SSA), activated with NaOH/RHA-based sodium silicate 16 

suspensions, reached a compressive strength up to 30 MPa after 28 curing days at 20ºC. The RHA 17 

dissolution enhanced the strength and sustainability of the BFS-SSA alkali-activated mortars. 18 

Keywords: Alkaline activation, Rice husk ash, Sodium silicate suspensions, Sewage sludge ash, Blast 19 

furnace slag, Microstructure 20 

 21 

Highlights 22 

- Blast furnace slag (BFS) and sewage sludge ash (SSA) mixtures were used as precursors 23 

- The strength of BFS-SSA alkali-activated mortars is enhanced using NaOH/RHA-based sodium 24 

silicate suspensions 25 

- Compressive strength above 30 MPa was achieved for the BFS-SSA alkali-activated mortars 26 

- The main gel formation in the BFS-SSA alkali-activated materials was C-(N)-A-S-H 27 

- SSA increased the occurrence of porous C-(N)-A-S-H gel type 28 



 29 

1. Introduction. 30 

Attention to alkali-activated materials (AAMs) is spreading worldwide, mainly due to environmental issues 31 

like waste management and carbon footprint reduction. AAMs are mostly produced by alkali-activation of 32 

calcium-aluminosilicate by-products or wastes from agriculture and industry [1–3], being branded as a low 33 

carbon footprint alternative to Portland cement according to life cycle assessment (LCA) studies [4–6]. 34 

However, some studies have warned that the carbon footprint of AAMs strongly depends on factors such 35 

as type and quantity of alkaline activators used (NaOH and Na2SiO3, for example) for their production. The 36 

CO2 emission rates of AAMs reported in the literature are divergent but are in line with the attribution of 37 

the activator that most contributes to the carbon footprint of AAMs to Na2SiO3[4,7]. Therefore, reducing 38 

the carbon footprint of activators is the most representative challenge faced by AAMs production [8,9], 39 

exceeding the necessity of searching for alternative precursors. 40 

Interesting AAMs that have been recently studied are produced with sewage sludge ash (SSA), which is 41 

from sewage sludge incineration in wastewater treatment plants [10], and blast furnace slag (BFS). 42 

According to the Ecoinvent Life Cycle Inventory database, the environmental emission factor for BFS (as 43 

a by-product) is estimated at 19.2 kgCO2eq/t [7], considering only its secondary production, which includes 44 

solidification (granulated BFS) and grinding (BFS). For SSA, no CO2 emissions are attributed, except for 45 

its conditioning pre-treatment and transport emissions, which can vary depending on their employment. 46 

Therefore, BFS and SSA are interesting raw materials for AMMs production, and the sustainability 47 

enhancement of this kind of AMMs should be of common interest. 48 

Tashima et al. [11] reported a study on BFS-SSA alkali-activated mortars using NaOH as the activator. The 49 

best results were obtained for mortars with 20 wt.% of SSA and 80 wt.% of BFS, activated with an optimized 50 

solution of 6 mol.kg-1 NaOH, whose compressive strength at 90 curing days and 20°C was 31 MPa. 51 

Chakraborty et al. [12] combined SSA (70 wt.%), quicklime (20 wt.%) and BFS (10 wt.%), using NaOH as 52 

an alkaline activator, to achieve a maximum compressive strength of 31.3 MPa for 28 curing days at room 53 

temperature. However, in this case, a higher NaOH aqueous solution concentration (12 mol.kg-1) was 54 

required to prepare this system with a high SSA content, which gave a less sustainable binder. Chen et al. 55 

[13] evaluated the compressive strength and microstructure of AAMs containing 50 wt.% of SSA and 50 56 

wt.% of BFS (water/precursor ratio of 0.2, dry-mixed method). However, to achieve good compressive 57 

strength, a mixed alkaline solution composed of NaOH and Na2SiO3 was required. These authors pointed 58 

out that the SiO2/Na2O molar ratio was a significant factor in developing the compressive strength for the 59 

BFS-SSA alkali-activated material. The highest compressive strength (32.8 MPa; 28 curing days at room 60 

temperature) was optimized for a Na2O content and SiO2/Na2O molar ratio of 4% and 0.95, respectively 61 



[13]. Nevertheless, as previously presented, sodium silicate use implied a higher carbon footprint for these 62 

AAMs type. Therefore, to obtain good mechanical development and better sustainability for this system 63 

type, which is an important alternative for managing SSA, a more environmental-friendly sodium silicate 64 

source is required apart from low NaOH consumption.  65 

As reported in the literature, an alternative silica source to produce sodium silicate activators is rice husk 66 

ash (RHA) [14,15]. RHA is a residue obtained from incinerating rice husk to produce energy, and it is a 67 

type of residue that is largely generated worldwide [16]. For example, the world rice crop production in 68 

2018/19 was 496.5 million tonnes, which could estimate the generation of approximately 25.0 million 69 

tonnes of RHA in one year [17]. Many studies have pointed out the effectiveness of RHA dissolution in 70 

alkaline solution (NaOH or KOH solution). Hydrothermal methods, or even simple methods as mixing the 71 

materials with water at room temperature, can be used to produce a sodium silicate suspension, by means 72 

of RHA dissolution, as a substitute for the commercial reagent [14,16–20]. RHA dissolution is optimized 73 

with the thermal processes depending on the time and temperature of treatment [14,21], inclusively 74 

dissolving the crystalline silica, apart from the amorphous silica content, as pointed out by Mejía et al. [15] 75 

that evaluated the dissolution of RHA composed of high crystalline phases content as cristobalite and quartz. 76 

However, those thermal processes could increase the energy consumption required to produce the AAMs, 77 

which is not suitable for a more sustainable AMMs development. A notable method found in literature, 78 

used to solubilize the silica from sugarcane straw ash, is a thermal-bottle method, that harnesses energy 79 

released from the NaOH dissolution to improve the silica dissolution [22]. This is a thermal method with 80 

less energy consumption that could also be applied to solubilize the silica from RHA. 81 

Although RHA has been used as a silica source for obtaining more environmentally friendly alkaline 82 

activators [19] for AMMs production, the mechanical performance of BFS-SSA based AAMs prepared with 83 

this kind of alkaline activator has never been evaluated. Hence, the novelty of the current study is related to 84 

using non-conventional sodium silicate activators made with NaOH and RHA, which apart from being more 85 

sustainable than using commercial Na2SiO3, could offer significant compressive strength improvement for 86 

BFS-SSA alkali-activated mortars, reaching higher performance than one displayed when used NaOH 87 

activators. Such strength enhancement might assure high SSA incorporation content in alkali-activated 88 

mortars with satisfactory mechanical performance. Therefore, the present study aims to evaluate the 89 

compressive strength and microstructural development of the BFS-SSA alkali-activated mortars, in which 90 

RHA is previously dissolved with NaOH using the thermal-bottle method. By considering this goal, 91 

compressive strength tests, mercury intrusion porosimetry (MIP), thermogravimetry (TGA/DTG), X-ray 92 

diffraction (XRD), X-ray fluorescence (XRF), and field emission scanning electron microscopy (FESEM) 93 

studies were performed to characterise the raw materials and BFS-SSA alkali-activated pastes or mortars. 94 



 95 

2. Material and methods. 96 

2.1. Materials. 97 

BFS was supplied by the Cementval company (Puerto de Sagunto, Valencia, Spain) and used as a precursor 98 

to produce AAMs. In the Speedy model ball mill of Nannetti, BFS was ground (BFS/ball mass ratio of 0.36, 99 

2 cm diameter balls, 30-minute grinding). SSA, used as precursor replacement of BFS, was collected in the 100 

Pinedo wastewater treatment plant (Valencia, Spain) from the electrostatic precipitator in the fluidised bed 101 

incinerator. The Dacsa company (Tabernes Blanques, Spain) supplied RHA, which was ground in an 102 

industrial mill. Sodium silicate suspensions (sodium silicate + undissolved RHA) were prepared with RHA 103 

and NaOH pellets (98% purity). Siliceous sand was used to prepare mortars. 104 

 105 

2.2. Methods. 106 

Firstly, physicochemical characterisation of the raw materials was carried out (see Section 2.2.1). Secondly, 107 

the influence of the NaOH concentration of the alkaline activator was analysed on the BFS alkali-activated 108 

mortars, in which RHA was added in two different ways (see Section 2.2.2). Thirdly, the influence of BFS 109 

replacement with SSA on the mechanical strength of binary (BFS-SSA) alkali-activated mortars was 110 

assessed (see Section 2.2.3). The mortars in sections 2.2.2 and 2.2.3 were mechanically evaluated by means 111 

of compressive strength tests (see Section 2.2.4). Finally, physicochemical characterisation was conducted 112 

on pastes and mortars according to the findings in the previous steps (see Section 2.2.5). 113 

 114 

2.2.1. Physicochemical characterisation of raw materials 115 

All raw materials (BFS, SSA and RHA) were characterised by means of Malvern Mastersizer 2000 laser 116 

granulometer in water suspension, Philips MagiX Pro Spectrometer (X-ray fluorescence, XRF), Bruker 117 

AXS D8 Advanced diffractometer (X-ray diffraction, XRD), where was used a current intensity of 20 mA 118 

at 40 kV, a step angle of 0.02º, a step time of 2.0 s/step with Cu-Kα radiation, and a Ni filter within the 5–119 

70º range), and finally by means of ZEISS Supra 55 microscopy (field emission scanning electron 120 

microscopy, FESEM) using carbon to coat samples. An extractive treatment method with hydrochloric acid 121 

and 4 M KOH, for an optimized extraction time treatment of 3 min, was applied to distinguish between the 122 

reactive silica and insoluble residue [23] of RHA. 123 

 124 

2.2.2. Production of BFS alkali-activated mortars with addition of RHA. 125 



The mix proportions of alkali-activated mortars are presented in Table 1. The NaOH concentration of the 126 

activator was 4 or 8 mol.kg-1. Samples A0-m and D0-m were produced as reference mortars, which were 127 

prepared by mixing BFS, sand and NaOH solution. The inclusion of RHA, carried out in addition to binder 128 

mass (BFS), was performed in two different ways: a) as solid RHA mixed with BFS (samples B0-m and 129 

C0-m); b) as dissolved RHA (samples PB0-m, PC0-m and PD0-m), following the method used to produce 130 

sodium silicate suspensions described by Moraes et al. [22]. The heat released from the NaOH dissolution 131 

inside a thermal bottle improves the silica dissolution present in RHA. Adding RHA in a sufficient content 132 

gave an equivalent theoretical SiO2/Na2O molar ratio (ε) to 1.5 or 3 when considering both crystalline and 133 

amorphous silica phases which could dissolve during the dissolution of RHA [15]. The sodium silicate 134 

suspensions were prepared 24 h before mortars were produced. The insoluble content from the RHA 135 

dissolution was maintained in the suspension. The water/binder (w/b) ratio and the sand/binder (s/b) mass 136 

ratio of the mortars was set at 0.5 and 3, respectively, and the BFS mass was the binder. Mixing mortar 137 

proceeding was: 30 sec for sodium silicate suspensions stirring; 30 sec for adding the binder; 120 min 138 

mixing the paste; 30 sec for adding sand; and 60 min mixing the final mixture. Fresh mortars were cast into 139 

a prismatic mould of 40 × 40 × 160 mm3 and vibrated for 100 sec. Moulds were sealed with low-density 140 

polyethylene (LDPE) plastic film to avoid excessive water loss during curing. The alkali-activated mortars 141 

were cured in a thermal bath at 65ºC, being demoulded after 4 h, and remained sealed with LDPE plastic 142 

film in the thermal bath until compressive strength testing. 143 

 144 

Table 1. Mix proportion of the BFS alkali-activated mortars 145 

Identification NaOH 
[mol.kg-1] ε# water/binder sand/binder BFS  

(binder, wt.%) 
Addition of RHA 
(wt.% vs. BFS) 

A0-m 

4 

-- 

0.5 3 100 

0 
B0-m 

1.5 
*10   

PB0-m **10 
C0-m 

3.0 
*20 

PC0-m **20 
D0-m 

8 
-- 0 

PD0-m 0.7 **10 
# ε: theoretical SiO2/Na2O molar ratio. RHA was added as (*) solid RHA and as (**) dissolved RHA. 146 

 147 

2.2.3. Production of the binary BFS-SSA alkali-activated mortars. 148 

In order to assess the effect of SSA, and to achieve its maximum incorporation by replacing BFS 149 

(maintaining the same amount of water), different solid BFS-SSA mixtures were prepared by considering 150 



the dose that displayed better mechanical performance from the study carried out in the previous step: this 151 

dose was taken as the reference. The limit replacement of BFS by SSA was set by the critical workability 152 

to the casting of the mortars (with a fixed amount of water) using a vibration table. The w/b ratio and the 153 

s/b ratio were set at 0.5 and 3, respectively. In this step, the binder was the sum of BFS and SSA. The mixing 154 

mortar proceeding was the same previously reported in item 2.2.2. Fresh mortars were also cast in a 155 

prismatic mould (40 × 40 × 160 mm3) that was vibrated for 100 s. After sealing with LDPE film, samples 156 

were cured in a thermal bath at 65ºC or in a moist room (>95%) at 20ºC. They were demoulded after 4 h 157 

when cured at 65ºC or after 24 h when cured at 20ºC. All the samples remained sealed with LDPE plastic 158 

film in these environments until the compressive strength tests. 159 

 160 

2.2.4. Compressive strength test. 161 

The mechanical performance of mortars was evaluated by means of compressive strength according to UNE 162 

196-1:2018 [24] by means of Universal Machine Ibertest (model MEH-3000-LCMD2W, 3000 kN). The 163 

compressive strength for each mortar was the average of at least five values. The compressive strength test 164 

ages of mortars were 3 and/or 7 days when cured at 65ºC, and 7, 28 and 91 days when cured at 20ºC. 165 

 166 

2.2.5. Physicochemical characterization of alkali-activated pastes or mortars 167 

Thermogravimetry analysis (TG/DTG), XRD, and field emission scanning electron microscopy with energy 168 

dispersive X-ray spectroscopy (FESEM-EDX) were carried out for the characterisations of the pastes, and 169 

mercury intrusion porosimetry (MIP) were carried out for characterisations of both pastes and mortars. For 170 

XRD and TG/DTG analyses, at each curing age, the pastes were jointly grinding with acetone in an agate 171 

mortar to stop the reactions, filtered and then dried during 30 min in an oven at 65°C. These analyses were 172 

carried out on the sieved solid part with particle diameter under 125 µm. For FESEM-EDX analyses, 173 

fractured surfaces of the pastes were obtained and immersed at acetone for 1 h, to stop the reactions, being 174 

afterwards dried in an oven at 65°C for 30 min. For MIP analyses, at the test age, undamaged mortar and 175 

paste fragments with approximately 1 cm3 were immersed into acetone for 24 h to stop the reactions and 176 

then dried for 2 h in an oven at 65°C. The XRD diffractograms were obtained as mentioned in item 2.2.1. 177 

The TGA curves were acquired at a temperature range of 35-600ºC, where the sample was heated in a 178 

sealed-pinholed aluminium crucible at a heating rate of 10ºC.min-1 in an N2 atmosphere (75 mL.min−1 gas 179 

flow) by means of a Mettler Toledo TGA850 thermobalance. The FESEM micrographs of the fractured 180 

surface pastes were taken using a ZEISS Supra 55. Carbon was used to coat samples. For EDX analyses of 181 

small areas were applied an extra high tension of 20 kV and a 6–8 mm working distance, while to capture 182 



the FESEM micrographs were applied tension of 2 kV and a 4-6 mm working distance. The pore distribution 183 

in the MIP tests (range of 91.2-5.5 nm, the equivalent to pressures between 2 psia and 32989 psia) was 184 

measured by an Autopore IV 9500 from Micromeritics Instrument Corporation. 185 

 186 

3. Results and Discussion. 187 

 188 

3.1. Physicochemical characterisation of the raw materials 189 

 190 

BFS was ground to obtain a mean particle diameter of 30.4 µm, with d(0.1), d(0.5) and d(0.9) being 1.8 µm, 191 

20.9 µm and 73.0 µm, respectively. The mean particle diameter of SSA was 30.5 µm, with d(0.1), d(0.5) 192 

and d(0.9) being 3.0 µm, 25.9 µm and 65.4 µm, respectively. The mean particle diameter of RHA was 20.3 193 

µm, with d(0.1), d(0.5) and d(0.9) being 2.5 µm, 10.5 µm and 41.3 µm, respectively. The chemical 194 

compositions of BFS, SSA and RHA are summarised in Table 2. Both BFS and SSA are mainly composed 195 

of SiO2, CaO and Al2O3, in agreement with the literature [10,25]. The XRD analyses of BFS and SSA are 196 

shown in Fig. 1. Although SSA is composed of crystalline phases, such as quartz, anhydrite, lime, 197 

portlandite, hydroxylapatite, albite and forsterite, a diffuse hump within the 24-36° 2θ range showed that a 198 

small part of SSA was amorphous. In the XRD diffractogram of BFS, a remarkable diffuse hump within 199 

the 20-40° 2θ range was seen, which is characteristic of this slag [26]. Besides the crystalline peaks of quartz 200 

in BFS, calcite was also identified, which is likely due to the carbonation that occurred while storing the 201 

slag [27]. The presence of calcite in BFS composition could justify the unusual high loss on ignition (LOI) 202 

of 5.53%, apart from possibly a little moisture. The morphology of particles for each raw material (BFS, 203 

SSA and RHA) is observed in Fig. 2. All the materials presented irregular particle shapes, and SSA was 204 

also composed of some rounded particles. Furthermore, SSA particles are porous with notable roughness, 205 

which could significantly affect the water absorption in binders [28]. Although RHA presented a rich silica 206 

content (85.58%), the amorphous RHA content was calculated to be 31.5%, a similar value to the one (27%) 207 

report by Mejía et al., that evaluated the dissolution of RHA with high crystalline content [15]. According 208 

to the XRD pattern of RHA, such a crystalline part is composed of mineral phases as quartz, tridymite and 209 

cristobalite. 210 

 211 

 212 

 213 

 214 

 215 



Table 2. Chemical composition of precursors (BFS and SSA) and RHA. 216 

 Oxide composition (%)  

Material SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O P2O5 SO3 Cl Others LOI 
BFS 30.53 40.15 10.55 1.29 0.87 7.43 0.57 0.26 1.93 0.06 0.83 5.53 
SSA 26.43 31.96 10.39 7.66 0.40 2.63 2.00 5.92 8.57 0.13 1.7 2.20 
RHA 85.58 1.83 0.25 0.21 - 0.50 3.39 0.67 0.26 0.32 - 6.99 

 217 

 218 

 219 

 220 

Fig. 1. XRD diffractogram of precursor materials (BFS and SSA). Q - quartz (SiO2, PDFcard 331161), D - 221 

anhydrite (CaSO4, PDFcard 371496), L - lime (CaO, PDFcard 371497), P - portlandite (Ca(OH)2, 222 

PDFcard 040733), H - hydroxylapatite (Ca5(PO4)3(OH), PDFcard 090432), B - albite (NaAlSi3O8, 223 

PDFcard 200572), F - forsterite (Mg2SiO4, PDFcard 340187), C - calcite (CaCO3, PDFcard 050586), Tr – 224 

trydimite (SiO2, PDFcard 181170), Cr – cristobalite (SiO2, PDFcard 391425), and S – silvine (KCl, 225 

PDFcard 411476). 226 

 227 



 228 

Fig. 2. FESEM micrographs of BFS (a), SSA (b) and RHA (c). 229 

 230 

3.2. Compressive strength of the BFS alkali-activated mortars with RHA addition. 231 

The compressive strength values of the reference alkali-activated mortars (NaOH as the activating reagent, 232 

A0-m for 4 mol.kg-1 NaOH and D0-m for 8 mol.kg-1 NaOH) and the alkali-activated mortars containing 233 

RHA (B0-m, PB0-m, C0-m, PD0-m) are depicted in Fig. 3. No significant difference in compressive 234 

strength (14% improvement when increasing from 4 to 8 mol.kg-1) appeared for the reference mortars at 235 

different NaOH concentrations. Both reference mortars A0-m and D0-m developed low compressive 236 

strength, with 11.4 and 13.0 MPa, respectively, after 7 curing days at 65ºC. These values implied that the 237 

NaOH concentration of 4 mol.kg-1 was the better option bearing in mind that it involved less alkali 238 

consumption, which led to a more environmentally friendly binder [4]. Tashima et al. [11] reported a higher 239 

compressive strength of 24.6 MPa for BFS-based mortars (for 28 curing days at 25°C, sand/BFS mass ratio 240 

of 2.5, w/b of 0.45) activated with NaOH aqueous solution of 6 mol.kg-1, which corroborates that superior 241 

compressive strength performance cannot be obtained with high NaOH concentration, taking into account 242 

that a compressive strength loss occurred when increasing the NaOH concentration from 6 to 10 mol.kg-1. 243 



 244 

Fig. 3. Compressive strength of BFS alkali-activated mortars, cured for 7 days at 65ºC, without the 245 

addition of RHA and with the addition of solid RHA or dissolved RHA. 246 

 247 

The comparison made between the compressive strength values of mortars A0-m and B0-m revealed that 248 

adding RHA with no previous dissolution had no significant influence on compressive strength of mortars. 249 

Furthermore, when doubling the amount of solid RHA in the mortar C0-m mix, compressive strength 250 

increased only by 3.1 MPa (from 10.4 to 13.5 MPa). This slight increase (29.8%) in compressive strength 251 

was hard to distinguish and it could have been due to a physical or chemical effect of RHA, or to both. 252 

Mortars PB0-m and PC0-m were produced in the same mix proportion as those proposed for mortars B0-m 253 

and C0-m, but in this case, RHA was previously dissolved in a thermal bottle with NaOH solution (4 mol.kg-254 
1 of NaOH and ε of 1.5) for 24 h, in which part of the silica from RHA was dissolved as sodium silicate 255 

[21]. The formulated sodium silicate suspension contributed significantly to developing the compressive 256 

strength of mortar PB0-m. The compressive strength of this mortar (46.9 MPa) was approximately 4.5-fold 257 

superior to that of mortar B0-m (10.4 MPa). The RHA dissolution increased silicate availability at the start 258 

of the reaction, improving the precipitation of silicate-containing hydrates products, which led to greater 259 



compressive strength [14,18,20]. With an equivalent mortar to C0-m, for which a higher dissolved RHA 260 

addition content was used (ε=3), mortar workability problems occurred due to the higher viscosity of the 261 

alkaline suspension (PC0-m in Table 1). As the amount of RHA increased when preparing the sodium 262 

silicate suspension, the viscosity of the final suspension was probably higher due to both the effect of water 263 

absorption by the undissolved RHA particles and the silicate concentration [29]. So, it was not possible to 264 

cast this mortar. 265 

In order to verify whether a higher NaOH concentration would improve RHA dissolution and, consequently, 266 

silicate concentration in the alkaline suspension, mortar PD0-m was produced using the same mix 267 

proportion as that employed for mortar PB0-m, but dissolving RHA in a solution with 8 mol.kg-1 NaOH 268 

(ε=0.7). The comparison between the compressive strength of mortars PB0-m and PD0-m showed that the 269 

rise in the NaOH concentration from 4 to 8 mol.kg-1 did not considerably improve compressive strength 270 

development. Both mortars PB0-m and PD0-m obtained similar compressive strength values, 46.9 and 48.6 271 

MPa, respectively. Although temperature can affect the dissolution rate of RHA in alkaline medium [14], 272 

and as the initial temperature during the reaction of RHA depended on the heat released from the NaOH 273 

dissolution [22], using 8 mol.kg-1 did not offer better results. According to Tong et al. [14], the dissolution 274 

of RHA could reach a maximum with 2-3 M NaOH, but this also depends on temperature and dissolution 275 

time. 276 

 277 

3.3. Compressive strength of the binary BFS-SSA alkali-activated mortars. 278 

In line with the study carried out on the BFS-based systems, sample PB0-m, which was prepared with the 279 

previous dissolution of RHA in a solution with 4 mol.kg-1 of NaOH (ε=1.5), was established as a standard 280 

mix proportion to carry out developing binary BFS-SSA alkali-activated mortars. The maximum 281 

replacement of BFS with SSA, for a workability limit to cast mortars using a vibration table, was 40 wt.%, 282 

by maintaining the same amount of water as in the mix proportion. Thus, mortars with 10 wt.% (PB10-m), 283 

20 wt.% (PB20-m), 30 wt.% (PB30-m) and 40 wt.% (PB40-m) were produced. The compressive strengths 284 

of these mortars cured in a thermal bath (65ºC; 3 and 7 days) and at room temperature (20ºC; 7, 28 and 90 285 

days) are depicted in the Fig. 4.  286 

The compressive strength data were adjusted by a linear fit model, where adjustment parameter R2 of the 287 

equations was 0.95 and 0.98 at 3 and 7 curing days, respectively, for the mortars cured at 65ºC, and was 288 

0.98 at 7 and 28 days, and 0.85 at 91 days for the mortars cured at 20ºC. As the amount of SSA increased, 289 

a proportionally decreasing trend of compressive strength was noticed for both curing conditions. 290 

Compressive strength generally decreased in proportion and came close to the percentage of the replaced 291 



BFS. However, according to the slope of the linear adjustment equations, SSA negatively affected 292 

compressive strength development for longer curing ages; that is, the fitted lines of the compressive strength 293 

at 7 days/65ºC and 91 days/20ºC had higher slope values (in absolute values) than those for early curing 294 

ages. When the compressive strength values obtained from the linear regression equations of the mortars 295 

cured at 65ºC (see in Fig. 4) and at 20°C (see in Fig. 4b) were employed, the relative compressive strength 296 

gain (CSG) [30] was calculated and is depicted in  Fig. 5. The CSG quantifies the compressive strength 297 

supplied by replacing the original binder (BFS as the precursor in this case) by a tested material (SSA in 298 

this case), and by comparing to the hypothetical behaviour of the mortar made by replacing the binder with 299 

an inert material at the same proportion. Generally, as the percentage of the SSA increased, the CSG also 300 

increased. However, it was noted that SSA supplied more significant CSG values for the mortars cured at 301 

65ºC, which could be attributed to the effect of temperature on the reactivity of the mineral admixtures [31]. 302 

For the mortars cured at 20ºC, it was noted that the CSG was only substantial at the 28-day curing age 303 

compared to those cured at 65ºC. Despite the slight reactive behaviour highlighted by the CSG, it is 304 

important to consider that SSA can also play a significant role as a filler [32,33]. Even though the 305 

replacement of BFS with SSA resulted in lower compressive strength, SSA did not affect the alkaline 306 

activation of the remaining BFS using the sodium silicate suspension produced with RHA. Even with the 307 

highest SSA contents (30% and 40%), the mortars developed compressive strengths that came close to 30 308 

MPa. In addition, the curing of the BFS-SSA alkali-activated mortars at 20ºC was an excellent condition to 309 

produce mortars as compressive strength performance came close to (at 28 days), or was even superior (at 310 

90 days), then those cured at 65ºC for 7 days. Furthermore, curing at room temperature leads to a more 311 

environmentally friendly alkali-activated mortar as it uses less energy than thermal-bath curing. 312 

In order to verify if a higher NaOH concentration would increase the compressive strength of the binary 313 

systems, a test was run by preparing a mortar with a similar mix proportion to mortar PD0-m (Table 1), but 314 

by replacing 30 wt.% of BFS with SSA, which was cured for 7 days at 65ºC. When increasing the NaOH 315 

concentration (to 8 mol.kg-1), compressive strength dropped to 28.7±1.9 MPa: the comparison to the binary 316 

system sample with the same proportion of SSA (30%) and under the same curing condition, but prepared 317 

with 4 mol.kg-1 NaOH (PB30-m, which reached 34.7 MPa after 7 days at 65ºC, see Fig. 4), showed that the 318 

increase in NaOH did not offer any advantage. Thus, a lower NaOH concentration in the binary BFS-SSA 319 

mortars led to better performance and a more sustainable alternative. 320 

  321 

 322 



 323 

Fig. 4. Compressive strengths of the binary BFS-SSA alkali-activated mortars cured in a thermal bath at 324 

65ºC (a) and room temperature (20°C) (b). 325 



 326 

Fig. 5. Relative Compressive Strength Gain (CSG) supplied by SSA in the binary BFS-SSA alkali-327 

activated mortars. The compressive strength values for each curing condition (65ºC or 20ºC) and each 328 

curing time (t) were calculated by taking into account the fitting equations listed in Fig. 4. 329 

 330 

Comparing the compressive strength of the mortar with the highest SSA content (PB40-m) with the 331 

literature results, which present different BFS-SSA alkali-activated systems, it was found that this SSA 332 

content was 2-fold higher than that reported by Tashima et al. [11] by, for instance, reaching the same 333 

compressive strength level. Although comparing the compressive strengths of pastes and mortars is not 334 

suitable, Chen et al. [13] also reached the same compressive strength level by following a dry-mixed process 335 

to produce BFS-SSA alkali-activated pastes at the 1:1 proportion. However, they used commercial sodium 336 

silicate solutions, which resulted in a less environmentally friendly contribution given the carbon footprint 337 

attributed to sodium silicate [34]. Furthermore, the dry-mixed process required an external compressive 338 

force to compact samples, which differentiates the application of this material compared to a fluid one. Even 339 

though Chakraborty et al. [12] developed a ternary system containing SSA (70 wt.%), quicklime (20 wt.%) 340 

and BFS (10 wt.%), to reach the same compressive strength of approximately 30 MPa, a large amount of 341 

NaOH was required, which was 3-fold more than that the amount used in the present study. Therefore, the 342 

binary BFS-SSA system, prepared with sodium silicate suspension obtained by RHA dissolution in NaOH 343 



solution, proved an outstanding alternative to incorporate large amounts of SSA (40 wt.%), maintained 344 

satisfactory compressive strength (~30 MPa), reduced the carbon footprint by removing the commercial 345 

sodium silicate and used less NaOH [7]. 346 

 347 

3.4. Microstructural characterisation of the binary BFS-SSA alkali-activated systems. 348 

3.4.1. Thermogravimetry analyses. 349 

Thermogravimetry analyses were carried out with the binary BFS-SSA alkali-activated pastes, for two 350 

different SSA contents (10 and 40 wt.% SSA), identified as PB10-p and PB40-p (equivalents to mortars 351 

PB10-m and PB40-m, respectively). Furthermore, a thermogravimetry analysis was also conducted on 352 

pastes BFS (B0-p and PB0-p), the equivalents to mortars B0-m and PB0-m, taken as the reference samples, 353 

respectively. The TG curves of the pastes cured at 65ºC (7 days) and 20ºC (7 and 28 days) are depicted in 354 

Fig. 6, and the total mass of those ones are summarised in Table 3. The derivative thermogravimetric curves 355 

(DTG) of the pastes cured at 65ºC (7 days) and 20ºC (7 and 28 days) are represented in Fig. 7 and Fig. 8, 356 

respectively. Regardless of temperature and curing ages, the major mass loss occurred between 100ºC and 357 

300ºC in all the samples. Therefore, the minor mass loss within the range from 100ºC to 140ºC (R1 zone) 358 

could be attributed to release physico-chemical bonded water, which came from the structure of the C-S-H 359 

and/or C-(N)-S-H gel types. However, the most important gel formation was of the C-A-S-H and/or C-(N)-360 

A-S-H type, with dehydration within the range from 140ºC to 300ºC (R2 zone) [20,22]. This agrees with 361 

the literature, which reports that the main reaction products formed in the high-calcium AAMs were C-S-362 

H, C-(𝑥𝑥)-S-H, C-A-S-H and C-(𝑥𝑥)-A-S-H, where 𝑥𝑥 would be Na+ incorporated as part of the gel to neutralise 363 

the gel structure charge [26,35]. Furthermore, due to the significant MgO content in the BFS chemical 364 

composition (7.43%, see Table1), hydrotalcite is commonly formed as a product of the BFS-based AAMs 365 

[36]. In the DTG curves, a slight mass loss peak appears around 400°C, which could be attributed to the 366 

decomposition of the hydrotalcite [37]. In addition, a slight mass loss in the range 250-300°C was noted, 367 

although an overlapping mass loss of some products in the R2 region, likely due to a katoite dehydroxylation 368 

[37], mainly in the pastes without SSA. 369 

The comparison of the DTG curves and the total mass loss between samples B0-p and PB0-p, both cured at 370 

65ºC for 7 days, clearly showed the effect of dissolved RHA. In this case, the total mass loss (Table 3 and 371 

Fig. 6) of samples B0-p and PB0-p was 7.5% and 12.8%, respectively. Therefore, the sodium silicate 372 

suspension, produced by RHA dissolution in NaOH, enhanced the gel formation of the BFS alkali-373 

activation. This result agrees with compressive strength development, which markedly increased when 374 

RHA was previously dissolved. The replacement of BFS with SSA decreased the total mass loss up to 375 



approximately 30% in the samples with 40% SSA for the longest curing age, independently of curing 376 

temperature. This difference also agrees with the compressive strength of the mortar whose compressive 377 

strength reduced close to the replacement percentage of BFS with SSA. 378 

Comparing the DTG curves of samples PB0-p and PB40-p, both cured at 65ºC for 7 days, it was observed 379 

a displacement of the main peak from 153ºC to 163ºC. This displacement of the main mass loss peak would 380 

likely mean that the replacement of BFS with SSA changed the stoichiometry of the reaction products: the 381 

proportion between the mass loss values related to the formed products, according to those observed for 382 

zones R1 and R2, substantially changed. The same behaviour was also observed for the samples cured at 383 

20ºC, for which the DTG temperature peak changed from 161ºC (PB0-p) to 163ºC (PB40-p), and from 384 

143ºC (PB0-p) to 153ºC (PB40-p) at 7 and 28 days, respectively. Although SSA and BFS presented similar 385 

SiO2, Al2O3 and CaO contents, SSA is composed of some crystalline phases containing mainly Si and Ca, 386 

which could imply a change in the reactions due to a lower reactivity of these phases. 387 

 388 

 389 

Fig. 6. TG curves of the binary BFS-SSA alkali-activated pastes cured at 65ºC for 7 days (a), and cured at 390 

20°C for 7 days and 28 days (b). 391 

Table 3. Total mass loss of the alkali-activated pastes in the thermogravimetric analysis. 392 

Identification SSA (wt.%) 

Total weight loss (%) 
65°C 20°C 

7 days 7 days 28 days 
B0-p 0 7.5 - - 

PB0-p 0 12.8 10.2 15.2 
PB10-p 10 11.9 9.4 14.4 



PB40-p 40 8.9 8.1 10.1 
 393 

 394 

Fig. 7. DTG curves of the binary BFS-SSA alkali-activated pastes cured at 65ºC for 7 days. 395 

 396 

Fig. 8. DTG curves of the binary BFS-SSA alkali-activated pastes cured at 20ºC for 7 and 28 days. 397 



 398 

3.4.2. X-ray diffraction analyses. 399 

The XRD diffractogram of the paste samples without SSA (PB0-p) and with 40% SSA (PB40-p) cured for 400 

7 days at 65ºC and for 28 days at 20ºC are shown in Fig. 9. All the samples presented a broad hump within 401 

the 20° - 40° range of Bragg`s angle, which is attributed to gel formation due to alkaline activation [13,38]. 402 

In accordance with the literature, the main peaks identified in the alkali-activation of BFS (PB0-p) are 403 

phases such as calcite, hydrotalcite, katoite and albite [26,39,40]. As BFS was replaced with SSA, both the 404 

availability of MgO and Al2O3 and the Al2O3/Na2O ratio changed, which affected the occurrence of 405 

hydrotalcite and katoite. The intensity of the characteristic peaks of the hydrotalcite-like phase in samples 406 

PB40-p was less marked than in samples PB0-p. Furthermore, no katoite peaks were detected in the XRD 407 

diffractogram of sample PB40-p, agreeing with the DTG analyses. According to the study carried out by 408 

Bae et al. [37], lowering the MgO content led to less content in the hydrotalcite-like phases, and katoite 409 

formation only occurred at a proper Al2O3/Na2O ratio of 1.  Besides, katoite formation lowers the potential 410 

occurrence of zeolite phases [37], which can be associated with the formation of natrolite-zeolite type in 411 

paste PB40-p. The natrolite formation could be favoured by a greater relative Na2O availability for BFS 412 

activation if taking into account that the 40% BFS replacing was been conducted by a material (SSA) with 413 

lower reactivity [41]. Particularly in the sample PB0-p, cured at 65ºC, grossular was formed, which is 414 

expected to occur at a high curing temperature [42,43]. The calcite peaks in all the pastes were due to calcite 415 

being present in the original BFS [44]. Quartz peaks appeared in the XRD diffractogram of the samples 416 

containing SSA, which was attributed to the unreacted particles of SSA [10]. Besides, other crystalline 417 

phases, such as forsterite and albite, were also identified in the diffractograms of the pastes with SSA, which 418 

demonstrated the presence of unreacted particles of SSA.  419 



 420 

Fig. 9. XRD diffractogram of the BFS and BFS-SSA alkali-activated pastes cured for 7 days at 65ºC and 421 

for 28 days at 20ºC. C - calcite (CaCO3, PDFcard 050586), A - albite (NaAlSi3O8, PDFcard 200572), H - 422 

hydrotalcite (Mg6Al2CO3(OH)16.4H2O, PDFcard 140191), G - grossular (Ca3Al2(SiO4)2 (OH)4, PDFcard 423 

310250), K - katoite (Ca3Al2(SiO4)(OH)8, PDFcard 380368), P - portlandite (Ca(OH)2, PDFcard 040733), 424 

N - natrolite (Na2Al2Si3O10.2H2O, PDFcard 200759) and F - forsterite (Mg2SiO4, PDFcard 340189). 425 

 426 

3.4.3. Mercury intrusion porosimetry analyses. 427 

 428 

MIP analysis was carried out with the paste (p) and mortar (m) samples containing 0 (PB0-p and PB0-m), 429 

10 (PB10-p and PB10-m) and 40 wt.% SSA (PB40-p and PB40-m) for 28 days cured at 20ºC. The 430 

cumulative and differential intruded Hg volumes for each sample are depicted in Fig. 10. The porosity 431 

characteristics are summarised in Table 4. It was taking into account that the macropores are those with 432 

diameter higher than 0.05 µm, and the mesopores are those with diameter between 0.002 µm and 0.05 µm 433 

[45,46]. The open porosity of the paste samples was greater than those of mortars, which is the usual 434 

behaviour because of the higher amount of paste per volume unit of the analysed sample [20]. The influence 435 

of SSA was similar on both sample types. The replacement of BFS with SSA increased open porosity. While 436 

the maximum increase in open porosity was 25.6% in the mortar samples, it was 78.6% in the paste samples. 437 



Furthermore, a substantial change in the macropore and mesopore distribution took place. When BFS was 438 

replaced with 40% SSA in the paste (PB40-p) and mortar (PB40-m), the percentage of mesopores in the 439 

samples changed from 33.1% to 77.8% and from 14.4% to 54.3%, respectively. Thus, SSA caused pore 440 

refinement in the BFS alkali-activated paste and mortar. This behaviour is clearly observed in Fig. 10, which 441 

shows a remarkable change in the curves of the cumulative and differential intruded Hg volume analysis 442 

for the mesopore region. SSA particles are more porous and present a rougher surface than BFS (Fig. 2), 443 

while the BET surface area of SSA is usually higher than BFS [23,36,47,48], which affects open porosity 444 

and the mesopores distribution observed in the MIP analysis done with the samples.  445 

 446 

Table 4. Porosity characteristics of the pastes and mortars cured at 20ºC for 28 days. 447 

Sample type Identification SSA  
(%) 

Mesopore  
(%) 

Macropore  
(%) 

Mean pore diameter  
(µm) 

Open porosity  
(%) 

Pastes 
PB0-p 0 33.1 66.9 2.38 17.8 

PB10-p 10 60.8 39.2 0.03 22.1 
PB40-p 40 77.8 22.2 0.03 31.8 

Mortars 
PB0-m 0 14.4 85.6 6.96 11.7 

PB10-m 10 31.6 68.4 2.85 10.4 
PB40-m 40 54.3 45.7 0.04 14.7 

 448 



 449 

Fig. 10. Cumulative (a) and differential intruded Hg volumes of the pastes (b) and mortars (c) cured at 450 

20ºC for 28 days. 451 

 452 

3.4.4. Field emission scanning electron microscopy and energy dispersive X-ray spectroscopy. 453 

FESEM-EDX analysis was carried out on the paste samples with 0% (PB0-p) and 40% SSA (PB40-p) cured 454 

at 65ºC for 7 days (Fig. 11) and at 20ºC for 28 days (Fig. 12). The EDX analyses are summarised in Table 455 

5. In general, the samples without SSA presented a more compact microstructure than the pastes with 40% 456 

SSA. While paste PB0-p cured at 20ºC presented a more homogenous morphology, the others presented 457 

more heterogeneous morphologies, with the main gel named as C-(N)-A-S-H type in all cases (Table 5). In 458 

the selected zones of the EDX analysis, namely S1, S3, S5 and S6, a more compacted C-(N)-A-S-H gel 459 

structure (type 1) was observed [49] while a less compacted C-(N)-A-S-H gel structure (type 2) was noted 460 

in the other zones (S2 and S4) [11,50]. A notably more marked presence of the type 2 gel structure was 461 

found in pastes PB40-p, which was a less compacted structure. The propagation of cracks took place in 462 

PB40-p, which could be due to high-temperature curing and/or external forces while collecting samples for 463 

the analysis, which occurs primarily through type 2 gel. This points out that the less compacted gel could 464 

be more affected by external forces. Paste PB40-p also showed high sulphur content, which was due to the 465 



presence of calcium sulphate (anhydrite) that was dissolved during the curing process. Sulphate anions were 466 

chemically combined or adsorbed by the cementing gel formed during the alkali activation of BFS. 467 

Moreover, unreacted particles of SSA were identified in the samples, which agrees with the XRD 468 

diffractogram of the samples containing SSA, which also showed the presence of some minerals from SSA. 469 

 470 

 471 

Fig. 11. SEM images of pastes PB0-p (a and c) and PB40-p (b and d) cured at 65ºC for 7 days. 472 

 473 



 474 

Fig. 12. SEM images of pastes PB0-p (a) and PB40-p (b) cured at 20ºC for 28 days. 475 

 476 

Table 5. EDX analyses of C-(N)-A-S-H gel in pastes PB0-p (S1 and S2) and PB40-p (S3, S4 and S5) 477 

cured at 65ºC for 7 days (S1-S5) and cured at 20ºC for 28 days (S6). 478 

Zone S1 S2 S3 S4 S5 S6 

Oxide 
(%) 

More 
compacted  

C-(N)-A-S-H 

Less 
compacted 

C-(N)-A-S-H  

More 
compacted  

C-(N)-A-S-H 

Less 
compacted 

C-(N)-A-S-H 

More 
compacted 

C-(N)-A-S-H 

More 
compacted 

C-(N)-A-S-H 
SiO2 41.15 40.87 21.12 37.69 34.48 36.52 
CaO 31.49 30.30 25.81 28.31 27.36 37.45 
Na2O 15.51 16.60 10.34 11.15 15.42 15.91 
Al2O3 7.25 7.38 4.34 8.49 7.92 6.87 
MgO 0.75 1.74 - 2.14 2.39 1.88 
K2O 1.93 1.82 13.73 4.3 2.43 1.31 
SO3 1.93 1.28 17.03 7.92 10.01 1.54 
FeO - - 4.14 - - 0.43 
P2O5 - - 3.49 - - - 

 479 

 480 

4. Conclusions. 481 

This paper evaluated the compressive strength performance of binary BFS-SSA alkali-activated mortars, 482 

which the use of RHA as a silica source to prepare sodium silicate suspensions to be used as chemical 483 

activators conferred these systems more sustainability. Based on the compressive strength results and the 484 

physicochemical analysis, the following conclusions can be drawn:  485 



(1) RHA dissolution in NaOH solution, producing sodium silicate suspensions, enhanced the 486 

compressive strength of the BFS–based alkali-activated mortars by 4.5-fold, achieving 46.9 MPa, 487 

compared to the mortar with binder 100% BFS and addition of solid (10.4 MPa). 488 

(2) In the binary AAMs with BFS and SSA, in which RHA was added for supplying soluble silica to 489 

the medium, the compressive strength decreased with the BFS replacement by SSA. Positive values 490 

of relative compressive strength gain (CSGr) were obtained for BFS-SSA alkali-activated mortars, 491 

which means that SSA did not diminish the BFS activation. 492 

(3) A large quantity of SSA (40 wt.%) could be incorporated into the BFS–based AAMs reaching a 493 

compressive strength, after 28 curing days at 20°C, close to 30 MPa, which is the same compressive 494 

strength level reached in similar systems reported in the literature. 495 

(4) The microstructural characterisation analysis pointed out that the main gel formation in the binary 496 

AAMs was C-(N)-A-S-H, and SSA was a factor that increases the occurrence of a second C-(N)-497 

A-S-H structure type, which is a less dense gel than the predominant gel type found in the paste 498 

without SSA. 499 

(5) Due to SSA morphology, which is composed of porous and rough surface particles, the pore 500 

distribution of AAMs was refined, substantially increasing the number of mesopores, and 501 

consequently augmenting the open porosity of the binary system by 25.6% and 78.6% in the mortar 502 

and the paste samples, respectively. 503 
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