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 13 

ABSTRACT 14 

This article investigates the effects of thermally treated asbestos-cement waste (ACWT) on the 15 

properties of metakaolin-based geopolymers prepared with different alkali activators, namely 16 

liquid sodium silicate (LSS) and liquid potassium silicate (LKS). Statistical mixture design 17 

(SMD) was employed to determine the formulations, which were subjected to a range of tests, 18 

including evaluation of rheological parameters (yield stress and apparent viscosity), mineralogical 19 

composition using XRD, efflorescence mass, leachate electrical conductivity, compressive 20 

strength, and equivalent CO2 emissions (ECO2-eq). The yield stress for formulations produced with 21 

sodium silicate ranged from 3.51 Pa to 93.26 Pa, significantly higher than formulations activated 22 

with potassium silicate, ranging from 0.03 Pa to 18.80 Pa. However, flash setting was observed 23 

in mixtures activated with LKS and containing high percentages of ACWT. The mechanical 24 

strength and leachate electrical conductivity were found to be significantly affected by the alkali 25 

activator content. The ECO2-eq, which ranged from approximately 712 to 898 kg CO2/m³ of paste, 26 

was higher for formulations activated by LKS but lower for formulations with higher ACWT 27 

content. Finally, by incorporating ACWT, it was possible to optimize the formulations, resulting 28 

in high compressive strength and reduced free ions. Overall, this study sheds light on the potential 29 

of using ACWT in geopolymer-based materials, which can enhance their properties and reduce 30 

the negative environmental impact. 31 

Keywords: Hazardous waste, environmental analysis, alkali-activated binders, rheology. 32 
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1. INTRODUCTION 34 

It is well known that asbestos fibers have the potential to cause cancer [1]. As an 35 

environmental and occupational problem, this was one of the reasons that drove the 36 

prohibition of the exploitation of this material in over 75 countries [2]. One of the main 37 

research priorities is the search for sustainable alternatives for the disposal of asbestos 38 

cement waste (ACW) disposed of worldwide. 39 

Based on reverse logistics, researchers have proposed methods to incorporate ACW 40 

within cementitious binders, either as a reactive component or a filler material. Thermal 41 

treatment inertization [3] stands out as an efficient, safe, and economically competitive 42 

process compared to disposal of asbestos in landfills [4]. Through heat treatment, 43 

Carneiro et al. [3] established the ideal parameters for inertizing the ACW. They used a 44 

2k factorial design in conjunction with a method of simultaneous optimization in order to 45 

maximize the belite content (C2S) and minimize energy consumption and CO2 emissions. 46 

The ideal values of mass, temperature and calcination time of the material were 47 

determined, which can be used as a basis for the design of inertization of other hazardous 48 

waste. Asbestos-cement waste after inertization treatment (ACWT) has been used in 49 

clinker production [5,6], concrete [7], and in the production of alkali-activated binders 50 

[8].  51 

In a recent study [9], the production of binary compounds, with the association of 52 

ACWT with metakaolin, provided matrices of high compressive strength (around 60MPa) 53 

and free of efflorescence (unreacted and leached free alkalis). Binary compounds have 54 

been previously synthesized using combinations of CaO and Ca(OH)2 and fly ash [10], 55 

fly ash and metakaolin [11], as well as low-calcium fly ash (class F) and high-calcium 56 

blast furnace slag [12]. 57 

Temuujin et al. [10] evaluated the incorporation of CaO and Ca(OH)2 in 58 

geopolymers based on class F fly ash. The authors observed that the incorporation of 59 

calcium improved the mechanical performance of geopolymers through the precipitation 60 

of calcium silicate phases aluminate hydrate or calcium silicate hydrate, in addition to 61 

favoring the dissolution of fly ash. 62 

Geopolymer systems based on calcium-rich precursors and aluminosilicate 63 

precursors can simultaneously form sodium aluminosilicate hydrate (N-A-S-H) and 64 

calcium aluminosilicate hydrate (C-A-S-H) gels, with less porous and stronger matrices. 65 

However, controlling the properties of a geopolymer binder with a calcium-rich 66 



supplementary precursor, such as ACWT, is a challenging task. The inclusion of higher 67 

amounts of calcium in geopolymer systems can alter the rheological behavior and reduce 68 

the setting time of the mixtures [13], making its consolidation as a cementitious binder 69 

unfeasible. Another factor that is still unknown is the influence of the alkali activator 70 

(both Na+ or K+-based) in the synthesis of binary composite systems. According to Lu et 71 

al. [14], the lower charge density of K+ provides lower ion-dipole strength and, 72 

consequently, lower viscosity of the aluminosilicate precursor-based activating solution. 73 

It was observed that the application of ACWT in the production of cementitious 74 

binders is possible as long as the behavior of this material is properly known. In this sense, 75 

this study provides a comprehensive evaluation of the behavior of geopolymer binders 76 

based on metakaolin using ACWT as a supplementary precursor and evaluating the 77 

influence of the alkali activator (Na or K) on the properties of the matrix. Environmental 78 

analysis was also used to determine the effect of alkaline activator and ACWT on CO2 79 

equivalent emissions. 80 

 81 

2. METHODOLOGY 82 

2.1. Materials  83 

Metacaulim HP Ultra from Metacaulim do Brasil Company, and thermally treated 84 

asbestos-cement waste (ACWT) served as precursors for the experiments. ACWT consists 85 

of corrugated sheets discarded from buildings after 25 years of use that underwent thermal 86 

treatment in a furnace (Linn Elektro Therm GmbH, KK260) at 800 °C for one hour, 87 

following the method proposed by Carneiro et al. [3] to eliminate the asbestos fibers. 88 

After treatment, the sheets were milled using a ball mill (Quimis, Q298) and passed in a 89 

sieve with a mesh opening of 150 μm. 90 

To check the efficiency of thermal treatment to eliminate asbestos in the waste, 91 

the ACW and ACWT were characterized by X-ray diffraction in a Bruker D2 Phaser 92 

diffractometer. Diffraction spectra were obtained for a scanning range (2θ) between 5° 93 

and 70°, with a continuous speed of 0.1º/s (Fig. 1). The identification of phases was 94 

performed using the DiffracEva software and the Crystallography Open Database, and 95 

the quantification was carried out using the Rietveld method through the TOPAS software 96 

from Bruker. As shown in Fig. 1, chrysotile was not detected in ACWT, indicating the 97 

complete decomposition of asbestos fibers. The presence of belite (Ca2SiO4), formed 98 

during thermal treatment through the dissociation of CaO from calcite (CaCO3) and 99 



association with free SiO2, is also observed [15]. It is also noteworthy that belite was 100 

formed at a lower temperature than in the production of Portland cement, which generally 101 

occurs between 900 and 1250 °C [16], requiring lower energy consumption for forming 102 

this phase. 103 

 104 

 105 

Fig. 1 – X-ray diffraction data with the identification and quantification of the 106 

crystalline phases in ACW and ACWT samples. 107 

 108 

Table 1 shows the skeletal density of metakaolin, silica fume, and ACWT, 109 

determined by helium gas pycnometer (AccuPyc II 1340 Micromeritics), and their 110 

specific surface area determined by the BET method in a Gemini VII Micromeritics 111 

Picnometer and the chemical composition obtained by X-ray fluorescence in an S2 112 

Ranger from Bruker XRF Spectrometer. 113 

 114 

Table 1 - Chemical composition and physical properties of materials. 115 

Materials Metakaolin ACWT Sílica fume 

Physical properties    

Skeletal density (g/cm3) 2.80 2.95 2.32 



BET specific surface area (m²/g) 30.52 6.68 15.15 

Chemical Composition (%)    

SiO2 44.88 18.20 81.75 

Al2O3 42.86 4.06 1.41 

Fe2O3 4.82 2.35 4.90 

K2O 0.72 0.34 1.82 

SO3 0.13 1.66 0.51 

MgO 0.67 7.27 1.34 

MnO 0.11 - 0.13 

CaO - 48.69 0.29 

Others 1.41 1.13 3.46 

Loss on ignition (1000 C) 4.23 16.30 4.40 

 116 

It was noted that, although ACWT has lower contents of Al2O3 and SiO2 117 

(components that form the N-A-S-H gel) compared to the levels presented by metakaolin, 118 

high content of CaO is observed, which can promote the formation of reaction products 119 

such as C-S-H and C-A-S-H. 120 

The particle size distribution was determined using a dry laser diffraction particle 121 

size analyzer (S3500 Microtrac), and the results are shown in Figure 2. It is observed that 122 

ACWT presents a particle size distribution close to the metakaolin curve. In addition, the 123 

average particle diameter (Dm) of ACWT (18.80 μm) is close to the value determined for 124 

metakaolin (20.29 μm). 125 

 126 



 127 

Fig. 2 – Particle size distribution of precursor materials. 128 

Solutions of sodium and potassium silicates were produced in the laboratory to 129 

evaluate the influence of the alkali ion type (Na or K) on the chemical reactions of 130 

geopolymer matrices produced with aluminosilicates and calcium-rich precursors 131 

simultaneously. The solutions were produced with densified silica fume supplied by 132 

Companhia de Ferro Ligas da Bahia, sodium hydroxide (NaOH), and potassium 133 

hydroxide (KOH), both with 98% purity. 134 

The liquid sodium silicate (LSS) was synthesized with 52% deionized water, 27% 135 

SF, and 21% NaOH by mass (molar ratio SiO2/Na2O equal to 1.33). The liquid potassium 136 

silicate (LKS) was produced with 49% deionized water, 27% SF, and 24% KOH by mass 137 

(molar ratio SiO2/K2O equal to 1.16). The silicate solutions were produced with different 138 

compositions because NaOH showed higher efficiency in the decomposition reactions of 139 

the precursor material in preliminary laboratory tests. The materials were mixed for 60 140 

min using an EDUTEC EEQ-9008 magnetic stirrer. The system was sealed with plastic 141 

film to prevent water loss. 142 

 143 

2.2. Statistical mixture design  144 

The experimental formulations were chosen using the Design-Expert® software 145 

with the i-Optimal Custom Designs tool and The Best algorithm. In order to establish the 146 

mass fractions of the three components of the pastes (metakaolin, ACWT, and activating 147 

solution), it was necessary to determine both maximum and minimum limits. These limits 148 

were based on optimal molar ratios (SiO2/Al2O3, (Na, K)2O/Al2O3, CaO/SiO2) that were 149 

determined through laboratory tests and literature [17-20]. The ACWT was added to the 150 



system, replacing up to 40% (by weight) of the metakaolin and adding CaO to the 151 

geopolymer. Table 2 displays the formulations and dosage parameters of the 16 series 152 

that were evaluated. All of the formulations were produced with LSS and replicated with 153 

LKS. 154 

 155 

 156 

Table 2 – Weight fractions of the formulations established in the mixture design and 157 

their main molar ratios. 158 

Formulations  
Mass fractions Silicate/ 

(ACWT+MK) 

SiO2/ 

Al2O3 

CaO/ 

SiO2 

LSS LKS 

MK ACWT  Silicate Na2O/Al2O3 K2O/Al2O3 

F1 0.436 0.040 0.525 1.10 3.16 0.06 0.79 0.64 

F2 0.311 0.089 0.600 1.50 3.89 0.16 1.23 1.01 

F3 and F12 0.251 0.200 0.549 1.22 4.28 0.38 1.33 1.08 

F4, F10 and 

F11 
0.350 0.100 0.550 1.22 3.57 0.17 1.00 0.82 

F5 0.400 0.100 0.500 1.00 3.27 0.16 0.80 0.65 

F6 0.200 0.200 0.600 1.50 5.03 0.39 1.79 1.46 

F7 and F15 0.414 0.000 0.586 1.42 3.31 0.00 0.93 0.76 

F8 0.500 0.000 0.500 1.00 2.93 0.00 0.66 0.54 

F9 and F16 0.325 0.175 0.500 1.00 3.64 0.31 0.96 0.78 

F13 0.360 0.040 0.600 1.50 3.59 0.07 1.08 0.88 

F14 0.254 0.146 0.600 1.50 4.37 0.27 1.47 1.20 

Minimum 0.200 0.000 0.500 1.00 2.93 0.00 0.66 0.54 

Maximum  0.500 0.200 0.600 1.50 5.03 0.39 1.79 1.46 

 159 

Eleven formulations were established to estimate the coefficients of the model 160 

terms. The remaining series are repetitions of the centroid and strategically selected points 161 

to improve the estimates of the model coefficients and the significance of lack of fit. 162 

Scheffé’s linear polynomial (Eq. 1) is a prediction model that correlates the mixtures' 163 

properties with the components' mass fraction.  164 

 165 

ŷ = ∑ βiXiq
i=1  (Eq. 1) 

 166 



where: 𝑋𝑖 is the mass fraction of the ith components, q is the number of components in the 167 

experimental design, 𝑦̂ is the value predicted by the model for the property under analysis, 168 

and 𝛽𝑖 is constant coefficient. 𝑅2, 𝑅𝑎𝑑𝑗2 , 𝑅𝑝𝑟𝑒𝑑2 , the significance of the models and their 169 

lack of fit, at a significance level equal to 95% (α = 0.05), were used to evaluate the fit 170 

quality of the models.  171 

 172 

2.3. Methods 173 

2.3.1 Environmental footprint-related response 174 

For the evaluation of CO2 equivalent emissions (ECO2-eq), the CO2 equivalent 175 

emission of each constituent material of the mixtures was considered (see Table 3). 176 

 177 

Table 3 – Specific gravity and equivalent CO2 emissions of the constituent materials of 178 

geopolymer pastes. 179 

Materials  
Specific gravity 

(g/cm³) 

ECO2-eq  

(kg of CO2/kg of material) 
Reference  

MK 2.80 0.1960 [21] 

ACWT 2.95 0.1665 Calculated 

Water  1.00 0.00043 [22] 

Sílica fume 2.32 0.0610 Calculated  

NaOH 2.13 1.9150 [23] 

KOH 2.04 2.2400 [24] 

 180 

Considering silica fume as a byproduct of iron and steel production, the ECO2-eq 181 

was disregarded, as recommended by Kong et al. [25], highlighting the environmental 182 

importance of incorporating industrial waste and/or byproducts as supplementary 183 

cementitious materials. Bajpai et al. [26] also report that silica fume has low ECO2-eq 184 

related to its beneficiation. Panesar et al. [27] point out that silica fume is a very fine 185 

material and does not require additional processing to be used as a supplementary 186 

cementitious material, which is why they disregarded the ECO2-eq, but emphasize that this 187 

is a conservative measure. Therefore, as silica fume is a low-density material, for more 188 

precise analysis, the ECO2-eq related to transportation was considered. Eq. 2, presented by 189 

Ruviaro et al. [28] was used to do so. The transported volume and fuel (diesel) 190 

consumption were, respectively, 53 m³ (silo truck) and 2.09 l/km, the same values 191 



presented by the authors. The emission factor of diesel is 2.614 kg CO2-eq/l, as reported 192 

by Pervez et al. [29]. The average transport distance suggested in other works was 150 193 

km [28]. The average transport distance considered was 150 km. The calculated unit mass 194 

of silica fume is 338 kg/m³. The resulting value was 0.0610 kg CO2-eq/kg of silica fume. 195 

 196 

𝐸𝑡 = 𝑑𝑚 ∗ 𝐶𝑉 ∗ µ ∗ 𝐸𝐹 
 (Eq. 2) 

 197 

where 𝐸𝑡 is the CO2-eq emissions per kg of transported material (kg.CO2-eq/kg); 𝑑𝑚 is the 198 

average transport distance (km); 𝐶 is the vehicle fuel consumption (km/l); V: transport 199 

capacity (m³); µ: unit mass of transported material (kg/m³); EF: vehicle fuel emission 200 

factor (kg CO2-eq/l). 201 

For the calculation of ECO2-eq related to ACWT, the processes involved in the 202 

beneficiation were considered: calcination, milling, and sieving. Calcination was 203 

performed for the decomposition of chrysotile, as reported by Kusiorowski et al. [30]. 204 

The milling and sieving processes were carried out after the heat treatment to avoid fiber 205 

fragmentation since the size of the fibers (diameter and length) is associated with diseases, 206 

as presented in Lippmann [31]. Therefore, the equipment used and the amount of material 207 

per production cycle were considered (Table 4). 208 

 209 

Table 4 – Beneficiation processes involved in the production of ACWT. 210 

Step (equipment) 
Potency (P), 

Watts 

Time (T), 

Minutes 

Yield per cycle 

(ⴄ), kg 

Calcination (Linn Elektro Therm GmbH, KK260) 1400 110 50 

Milling (Quimis, Q298) 150 120 4 

Sieving (Solotest, G) 250 20 4 

 211 

Although the thermal treatment proposed in the literature was designed for 212 

calcining a mass of asbestos equal to 5 kg [3], the investigation of ECO2-eq was considered 213 

using 50% of the furnace capacity, that is, 50 kg per cycle, to approximate the industrial 214 

production conditions. The calculation was performed according to Eq. 3, considering the 215 

processes shown in Table 4, considering that for every 1 kWh, 0.135 kg of CO2 is emitted, 216 

considering the Brazilian energy matrix [32]. 217 



 218 

𝐶𝑂2−𝑒𝑞 =  [∑ 𝑃𝑖 × 𝑇𝑖
ⴄ𝑖𝑖 ] × 0.13560000 

 (Eq. 3) 

 219 

where, CO2-eq is the Equivalent CO2 emissions, in kg CO2/kg of ACW; 𝑃𝑖 is the power of 220 

equipment i, in W; 𝑇𝑖 is the time per cycle of use of equipment i, in minutes; ⴄ𝑖 is the yield 221 

per cycle in kg. 222 

For calcination, the heating ramp of the furnace was considered for a heating rate 223 

of 10 °C/min until reaching a temperature of 800°C, which has been previously adopted 224 

by other authors [33]. During the plateau, the equipment turns on at certain time intervals 225 

only to maintain the temperature, so 30 minutes was considered during the 60-minute 226 

plateau. It should be noted that these three processes were carried out on a laboratory 227 

scale, which, when employed on a larger scale, will certainly be lower than those 228 

presented. The total equivalent emissions for ACWT, calculated according to Eq.03, are 229 

0.0199 kg CO2/kg ACWT. 230 

Furthermore, the calcination of ACW converts calcium carbonate present in the 231 

waste to calcium oxide (CaCO3 → CaO + CO2), increasing the CO2 quantities in the 232 

equivalent emissions of ACWT. To quantify CaCO3, the thermogravimetric analysis (Fig. 233 

3) was performed and based on Eq. 4, considering the decomposition of CaCO3 between 234 

600 - 800 °C, as presented by Scrivener et al. [34]. After determining the mass of calcium 235 

carbonate, by stoichiometry, the mass of CO2 was determined. The calculated percentages 236 

of CaCO3 and CO2 were 33.34% and 14.66% of the total sample mass, respectively. 237 

Therefore, the total equivalent CO2 emissions are 0.1665 kg CO2/kg of ACWT. 238 

 239 

 240 



Fig. 3 – Thermogravimetric analysis of ACW. 241 

 242 

  CaCO3 =  WLCaCO3  x mCaCO3mCO2  

 (Eq. 4) 

 243 

where: 𝐶𝑎𝐶𝑂3 - Percentage of calcium carbonate (%); WLCaCO3  - Loss of mass of 244 

calcium carbonate; mCaCO3  - Molar mass of calcium carbonate (100 g/mol); mCO2 - 245 

Molar mass of carbon dioxide (44 g/mol). 246 

For the calculation of the total equivalent CO2 emissions by composition, the 247 

material consumption per m³ of paste was used, determined based on the mass fractions 248 

of the formulations (Table 2) and preliminary tests carried out in the laboratory. Finally, 249 

the ECO2-eq intensity was calculated, which relates the ECO2-eq to the compressive 250 

strength of the material, and the results are expressed in (kg CO2-eq/m³).MPa-1. 251 

 252 

2.3.2. Fresh state responses 253 

The geopolymer pastes were produced in a 5 L planetary mixer. The metakaolin 254 

and ACWT were mixed for 30 s, followed by the addition of the activator solution for 30 255 

s and mixed for another 30 s. The mixer was turned off for 30 s to scrape the sides and to 256 

mix the paddle, and then mixed for another 30 s. The entire process was carried out at a 257 

low speed (62.5 ± 5 rpm).  258 

The rheological properties of the fresh formulations were evaluated using 259 

rotational rheometry in a Haake MARS III rheometer (Thermo Fisher Scientific) 260 

equipped with cylindrical geometry (diameter of 23.86 mm and height of 34.5 mm) and 261 

a 5-mm gap (see Fig. 4a). The measurements were conducted at 23 °C using 262 

approximately 7.5 mL of paste samples (see Fig. 4b). 263 

 264 



 265 

Fig. 4 – Cup and geometry used (a) and test specifications (b). 266 

 267 

 Figure 5 shows the setup used to obtain the flow curves. Briefly, the flow curves 268 

(ascending and descending) were obtained as follows: (i) applying a pre-shear rate of 269 

100.0 s-1 for 60 s, (ii) a rest period of 60 s, (iii) the upward flow curve was obtained by 270 

increasing the shear rate from 0.1 s-1 to 10.0 s-1 in four logarithmically distributed steps 271 

(Fig. b), and from 10.0 s-1 to 100.0 s-1 in six linearly distributed steps. The downward 272 

flow curve was determined by decreasing the shear rate from 100.0 s-1 to 10.0 s-1 linearly 273 

and from 10.0 s-1 to 0.01 s-1 logarithmically (Fig. c) in the same steps of the ascending 274 

curve. At each step, the shear rate was maintained for 20 s, and only the last 3 s were 275 

recorded to ensure a more stable measurement. For greater accuracy in determining yield 276 

strength, as suggested by Vance et al. [35], a greater number of readings were performed 277 

in the initial and final stretches of the curves with low shear rates (Fig. b and  Fig. c). 278 

  279 



 280 

Fig. 5 – Rheological test routine of the pastes (a) and details of the beginning (b) and 281 

end (c) of the shear ramps. 282 

 283 

The Herschel-Bulkley model (Eq. 5) was used to describe the rheological 284 

behavior, and the equivalent viscosity (Eq. 6) was calculated using De Larrard's equation 285 

[37].  286 

 287 𝜏 =  𝜏0 + 𝐾. ɣ̇𝑛  (Eq. 5) 

 288 µ𝑒𝑞 =  3𝐾𝑛 + 2 . (ɣ̇𝑚𝑎𝑥)𝑛−1  (Eq. 6) 

where 𝜏 is the shear stress (Pa), 𝜏0 is the dynamic yield stress (Pa), ɣ̇ is the shear rate (s-
289 

1), K and 𝑛 are, respectively, the consistency and the pseudoplastic parameters of the H-290 

B model, µ𝑒𝑞 is the equivalent viscosity (Pa.s), and ɣ̇ 𝑚𝑎𝑥 is the maximum shear rate 291 

applied.  292 

 293 

2.3.3. Hardened state responses 294 

For analysis in a hardened state, the pastes were demolded after 24 hours, and the 295 

specimens were cured in an environment with a temperature of (25 ± 2) °C and a relative 296 

humidity of (65 ± 5) % for 28 days. 297 



For the identification of the mineralogical phases, the pastes were analyzed by 298 

XRD using a Bruker D2 Phaser Diffractometer. Before analysis, the paste samples were 299 

dried in an oven at X °C and then milled using agate mortar and pestle. Samples that 300 

passed through a 75-µm sieve were utilized for analysis. The diffraction spectra were 301 

obtained by scanning a range of (2θ) between 5° and 70° at a continuous speed of 0.1º/s. 302 

The phase identification was performed utilizing the DiffracEva software and the 303 

Crystallography Open Database. 304 

To determine the compressive strength of the geopolymer pastes, three cubic 305 

specimens with 40 mm edge lengths were molded for each formulation. The compressive 306 

strength (CS) was determined after 28 days of curing. The test was conducted on a servo-307 

hydraulic press with a capacity of 1200 kN, applying a loading rate of 500 N/s to the 308 

specimens. 309 

The methodology utilized to estimate the content of unreacted ions (Na+ and K+) 310 

in the cured pastes was proposed and described by Santana et al. [9] and Longhi et al. 311 

[36]. Four cubic specimens per formulation with a 25 mm edge were placed in a Petri 312 

dish. They were then covered with a 1 mm layer of water and exposed to an environment 313 

with a temperature of (24 ± 2) °C and relative humidity of (65 ± 5) % for 20 days. The 314 

specimens were subjected to daily water replacement to maintain optimal conditions (Fig. 315 

6a). Due to the humidity gradient of the geopolymers pastes, free ions were transported 316 

to the surface of the specimens, where they reacted with CO2, resulting in efflorescence. 317 

After 20 days of exposure, the pastes were dried in a kiln at (40 ± 2) °C for 24 h, 318 

weighed on a balance with a precision of 0.001 g (Mi), and placed into an Erlenmeyer 319 

flask filled with deionized distilled water up to a volume of 150 ml (Fig. 6b). Following 320 

the release of unreacted ions (24 hours of immersion), the electrical conductivity (σ, 321 

Ms/cm) of the solution inside the Erlenmeyer flask was measured. The specimens were 322 

dried again at (40 ± 2) °C, weighed, and their dry mass, free of efflorescent material (Ms), 323 

was determined. The mass of the effloresced material (Me) was calculated by subtracting 324 

Ms from Mi (Me = Mi - Ms). 325 

 326 



 327 

Fig. 6 – Samples (a) submitted to the accelerated efflorescence test and (b) immersed in 328 

distilled and deionized water for measurement of conductivity of the solution. 329 

 330 

3. RESULTS AND DISCUSSIONS 331 

Table 5 presents the greenhouse gas equivalence in carbon dioxide [ECO2-eq(kg 332 

CO2/kg paste)], yield stress values [𝜏0 (Pa)], equivalent viscosity values [µ𝑒𝑞 (Pa.s)], 333 

compressive strength values [CS (MPa)], efflorescence mass values [Ef (g)], and the 334 

leachate electrical conductivity values [σ (mS/cm)] for pastes produced with sodium 335 

silicate (LSS) and potassium silicate (LKS). As a result of the wide variation of the mass 336 

fraction of the mixture components, each property of the formulations varied widely. As 337 

an example, the compressive strength varied from 33.2 to 61.3 MPa for LSS and from 338 

30.6 to 62.6 MPa for LKS. 339 



Tabela 5 – Propriedades determinadas para as pastas produzidas com NSS e KSS 340 

Formulations 

Mass fractions   Properties (LSS) Properties (LKS) 

MK ACWT SOL 
ECO2-eq 

(kg/kg) 
𝜏0  

(Pa) 

µ𝑒𝑞  

(Pa.s) 

CS     

(MPa) 

Ef      

(g) 

σ     

(mS/cm) 

ECO2-eq 

(kg/kg) 

𝜏0   

(Pa) 

µ𝑒𝑞  

(Pa.s) 

CS     

(MPa) 

Ef      

(g) 

σ     

(mS/cm) 

F1 0.436 0.040 0.525 728.26 35.03 5.36 56.05 4.06 13.41 854.28 1.42 1.61 61.72 2.90 12.32 

F2 0.311 0.089 0.600 751.40 5.90 1.81 38.70 9.50 27.00 895.46 0.32 0.70 33.97 6.15 27.60 

F3 0.251 0.200 0.549 727.29 8.61 3.10 36.89 8.23 32.40 859.04 1.40 1.69 42.75 5.06 21.90 

F4 0.350 0.100 0.550 733.45 16.07 3.67 50.39 7.01 21.30 865.52 1.69 1.66 44.58 4.52 19.75 

F5 0.400 0.100 0.500 716.15 41.13 7.38 61.16 3.57 10.20 836.20 1.13 1.14 59.17 1.85 8.99 

F6 0.200 0.200 0.600 745.00 3.51 1.49 33.23 10.64 41.10 889.07 1.04 1.04 30.58 7.32 33.50 

F7 0.414 0.000 0.586 751.73 14.43 2.82 45.57 5.13 16.70 892.47 0.44 0.53 43.23 3.20 21.50 

F8 0.500 0.000 0.500 721.91 93.26 10.47 61.26 3.12 7.62 841.96 4.43 2.38 62.60 2.79 6.42 

F9 0.325 0.175 0.500 711.83 30.56 7.85 50.41 3.90 21.40 831.88 2.02 2.58 61.08 2.29 12.20 

F10 0.350 0.100 0.550 733.45 16.19 3.55 54.76 6.86 21.40 865.52 1.61 1.63 44.69 4.73 19.22 

F11 0.350 0.100 0.550 733.45 15.98 3.69 53.09 6.36 24.80 865.52 1.62 1.69 40.68 4.57 20.01 

F12 0.251 0.200 0.549 727.29 8.55 3.08 38.29 8.07 31.90 859.04 1.43 1.50 40.57 5.14 22.50 

F13 0.360 0.040 0.600 754.20 8.21 2.23 41.00 7.06 25.20 898.27 0.26 0.48 41.44 4.76 25.40 

F14 0.254 0.146 0.600 748.12 4.19 1.72 37.80 8.16 31.70 892.19 1.77 1.60 33.99 5.37 28.70 

F15 0.414 0.000 0.586 751.73 14.33 2.91 49.59 4.55 16.51 892.47 0.42 0.55 44.67 4.13 21.42 

F16 0.325 0.175 0.500 711.83 28.98 7.81 54.02 4.96 21.70 831.88 2.10 2.63 54.31 3.05 11.13 

Minimum 0.200 0.000 0.500 711.83 3.51 1.49 33.23 3.12 7.62 831.88 0.03 0.05 30.58 1.85 6.42 

Maximum 0.500 0.200 0.600 754.20 93.26 10.47 61.26 10.64 41.10 898.27 18.80 2.35 62.60 7.32 33.50 

341 



3.1 CO2 equivalent emissions 342 

Fig. 7 and Fig. 8 present the results of CO2 equivalent emissions by LSS- and 343 

LKS-activated pastes, respectively. Due to their high environmental burden, activators 344 

are responsible for the higher portions of ECO2-eq, ranging from 59-69% for NaOH and 345 

from 65-74% for KOH, being even more significant for KOH, which presents 14.51% 346 

higher ECO2-eq compared to NaOH. Turner and Collins [38] showed that the NaOH-based 347 

activating solution accounted for ~59% of the total ECO2-eq of a geopolymer mixture. 348 

Among the metakaolin-based geopolymer mixtures evaluated by Villaquirán-Caicedo 349 

and de Gutiérrez [24], the portion of ECO2-eq related to KOH ranged from 46-88% of total 350 

emissions. 351 

 352 

 353 

Fig. 3 – Equivalent emissions for LSS activated pastes. 354 

 355 

Fig. 8 – Equivalent emissions for LKS activated pastes. 356 



The values presented in this research are high because the calculations are 357 

performed for pastes. When geopolymer pastes are used to produce concrete, the values 358 

will be lower, considering that approximately 70% of the concrete volume is composed 359 

of aggregates [39]. Aggregates have low ECO2-eq related to the extraction and processing 360 

process, reducing the total ECO2-eq of the produced composites. The emissions associated 361 

with water were negligible (0.01-0.02%). On the other hand, silica fume contributed to 2-362 

3% of the total ECO2-eq, owing to its classification as an industrial residue waste that 363 

requires minimal processing to be used. 364 

When considering the precursor materials (MK and ACWT), the percentage of 365 

ECO2-eq related to MK ranged from 15-38% for LSS-activated pastes and 12-33% for 366 

LKS-activated pastes. For ACWT, the values ranged from 0-14% and 0-11% for LSS- 367 

and LKS-activated pastes, respectively. Notably, since these materials are present in 368 

larger quantities in the geopolymer binder, the ECO2-eq values are lower when compared 369 

to those of the activators. 370 

In Fig. 9, a comparison is presented of the ECO2-eq if the mixtures were made with 371 

100% MK. Modest reductions are observed, not exceeding 5% of the total ECO2-eq related 372 

to precursors. Even though ACWT has ECO2-eq ~15% lower than MK, as the substitution 373 

percentage is low, the reductions end up not being significant. However, the incorporation 374 

of ACWT is extremely important as it provides adequate disposal for material from inert 375 

waste. 376 

 377 

 378 

Fig. 9 – Comparison of emissions associated with precursors if only MK is used. 379 



Ruviaro et al. [40] produced geopolymers with up to 20% oat hull ash (OHA) in 380 

replacement of MK. The authors reported that the maximum total reductions in ECO2-eq 381 

were 1%, but the embodied energy and costs decreased by 39% and 24%, respectively. 382 

When compared only to MK, OHA had ECO2-eq ~15% lower. In another study, Ruviaro 383 

et al. [33] evaluated the influence of up to 20% wood ash in the replacement of MK for 384 

geopolymer production. Again, ECO2-eq reductions were practically insignificant 385 

(~0.6%), but when comparing the precursor materials' ECO2-eq, wood ashes showed 386 

reductions of ~69% compared to MK. In both studies, authors reported that the total 387 

ECO2-eq was not significant because the activators (NaOH and KOH) had a high 388 

environmental burden, dominating the equivalent emissions in geopolymer systems, as 389 

occurred in this study. In contrast, in Portland cement-based systems, where 390 

supplementary cementitious materials and/or waste materials end up replacing the 391 

component with the highest environmental impact, Portland cement results in significant 392 

ECO2-eq reductions. 393 

Finally, regarding the environmental analysis related to CO2 emissions, even 394 

though the reductions were small with the partial replacement of MK by ACWT, the 395 

valorization and inertization of waste materials containing asbestos are of great 396 

environmental and, primarily, social interest, as asbestos fibers are responsible for 397 

numerous serious illnesses and soil and water contamination [41,42]. 398 

 399 

3.1. Rheological analyzes 400 

After the dissolution of silicates and aluminosilicates by mixing the activator 401 

solution with the precursor material, microstructure development occurs through the 402 

condensation of the monomeric units. This reaction process affects the rheology of the 403 

mixtures and is influenced by the characteristics of the components used. Although the 404 

rheological behavior of geopolymer mixtures based on metakaolin is already known, the 405 

presence of a second precursor rich in calcium in the system can modify this behavior. 406 

In this sense, Fig. 10a and Fig. 10b show the behavior of the flow curves (viscosity 407 

and shear stress versus shear rate) for the alkali-activated matrices produced with 408 

metakaolin, ACWT, and liquid sodium silicate (LSS). It can be observed that all evaluated 409 

formulations exhibit the same behavior of increasing shear stress and decreasing 410 

equivalent viscosity with increasing shear rate. Similar behavior has been reported in the 411 



literature for geopolymer matrices [14, 43, 44], indicating a pseudoplastic or shear-412 

thinning aspect of the evaluated mixtures. 413 

 414 

 415 

Fig. 10 – Shear stress versus shear rate (a) and equivalent viscosity versus shear rate (b) 416 

curves of alkali-activated matrices produced with LSS. 417 

 418 

It is noteworthy that the curves for formulations F1, F5, F8, and F9, which exhibit 419 

the highest viscosity and shear stress values, are the formulations with the lowest 420 

LSS/(ACWT+MK) ratio. In other words, these mixtures required higher torque to 421 

overcome friction and rotate the rheometer. Strong negative linear correlations of 422 

viscosity and yield stress with the mass fraction of the activating solution (-0.95 and -423 

0.83, respectively) were identified. According to Santana et al. [18], mixtures with a 424 

higher proportion of the available activating solution exhibit less viscosity due to less 425 

friction between particles. Additionally, Lu et al. [14] indicate that the activating solution 426 

is the most effective component in the rheological properties of alkali-activated binders. 427 

Fig. 11a and Fig. 11b show the behavior of the flow curves (viscosity and shear 428 

stress versus shear rate) for alkali-activated matrices based on liquid potassium silicate 429 

(LKS). It can be observed that some formulations exhibit a change in curve behavior, 430 



with an increase in viscosity for high shear rates (F3, F4, F5, F6, F9, and F14), indicating 431 

a change in rheological behavior caused by rapid alkali-activation reaction. This behavior 432 

was not observed in formulations activated by LSS. 433 

 434 

 435 

Fig. 11 – Shear stress versus shear rate (a) and equivalent viscosity versus shear rate (b) 436 

curves of alkali-activated matrices produced with LKS. 437 

 438 

The blends that exhibited anomalous flow curves are composed of higher content 439 

of ACWT, which consists of 30.63% belite and 27.12% calcite. Belite may have promoted 440 

the formation of C-S-H and portlandite, driven by the high alkalinity of the mixture. 441 

Calcite, on the other hand, has a surface that favors nucleation and growth of hydrated 442 

calcium silicate gel at early ages, accelerating and amplifying the hydration of silicates 443 

[45]. For fly ash-based alkali-activated cement (Class C), Yip and Van Deventer [46] and 444 

Yip et al. [47] indicated that the setting time and rheological properties of the mixtures 445 

were significantly altered by calcium-based compounds through heterogeneous 446 

nucleation effects. Additionally, these authors highlighted that a small amount of CaCO3 447 

reduced the setting time of the mixtures. 448 



According to Park et al. [13], the initial setting time of calcium-free geopolymer 449 

binders is generally 12 to 24 hours. Upon introducing calcium into the system, the initial 450 

setting time is reduced due to the rapid formation of products involving calcium. 451 

Incorporating 30% to 40% of ground-granulated blast-furnace slag reduced the initial 452 

setting time of geopolymer binders by 40 minutes [13]. Antoni et al. [48] point out that 453 

the use of fly ash with high calcium content can cause a flash set, with insufficient time 454 

to use the mixtures in real applications. The authors mentioned that the mixtures might 455 

harden in just 5 minutes, consistent with the behavior observed in this study. 456 

According to Antoni et al. [49], calcium-based precursors with fly ash have the 457 

advantage of developing stronger matrices due to the coexistence of polymerization and 458 

hydration reactions. However, the authors associate the flash set with the pH of the 459 

mixture, which is also directly related to the calcium content of the precursor. 460 

Furthermore, according to Wijaya et al. [49], a mixture of 20% precursor with 80% 461 

distilled water by mass, with a pH above 11, has a high possibility of hardening before 5 462 

minutes. The mixture of ACWT with distilled water in the same proportions had a pH of 463 

13.62. 464 

In general, the rapid dissolution of Al2O3 and SiO2 in high pH environments 465 

promotes rapid reactions of silicates and aluminates with Ca2+, producing C-A-S-H and 466 

C-S-H, thereby reducing the time of initial and final setting. The reactions of Al2O3, SiO2, 467 

and Ca2+ continue until all Ca2+ is consumed. Indeed, it was observed that formulations 468 

with higher ACWT ratios (F3, F6, and F9) hardened completely after the rheometer test, 469 

around 8 minutes after mixing the components.  470 

There are no studies in the literature that correlate the flash set with the type of 471 

activator (Na or K). A hypothesis to justify the occurrence of flash set only in mixtures 472 

produced with LKS may be the greater ease in the dissolution of Ca2+ of ACWT promoted 473 

by the potassium-based activator solution. According to Fig. 12, LKS has lower viscosity 474 

than LKS, accelerating the contact of the precursor particles with the k+ ions and the 475 

alkali-activation reactions. The rheological factors were determined by fitting flow curves 476 

to Herschel-Bulkley models, applied for silicate-activated alkali mixtures [14, 50].  477 

  478 



 479 

Fig. 12 – Shear stress versus shear rate (a) and equivalent viscosity versus shear rate (b) 480 

curves of alkali-activated mixtures produced with LSS and LKS. 481 

 482 

It is observed that the LKS presented lower equivalent viscosity and yield stress 483 

than the LSS. Fig. 13 presents the plastic viscosities determined for the maximum shear 484 

rate equal to 100s-1. The formulations produced with potassium silicate showed values 485 

lower than those observed in those produced with sodium silicate. In fact, the difference 486 

was promoted by the lower viscosity of the LKS. 487 

 488 

 489 

Fig. 43 – Plastic viscosities determined for the maximum shear rate (100 s-1) of 490 

formulations produced with LSS and LKS. 491 



Vance et al. [51] also identified that matrices activated with NaOH solution 492 

generally exhibit higher yield stress and plastic viscosity than matrices based on KOH. 493 

According to Poulesquen et al. [52] and Lu et al. [14], this behavior is due to the lower 494 

charge density of K+, which provides a lower ion-dipole force and, consequently, lower 495 

viscosity of the solution. Comparatively, the concentration of Na+ cations adsorbed on 496 

the surface of negatively charged particles is lower than the concentration of K+. 497 

According to Lu et al. [14], the greater adsorption of K+ cations can reduce van der Waals 498 

forces and increase the repulsive force of the double layer between charged particles, 499 

reducing the yield stress of the mixtures. In addition, Na+ cations tend to combine more 500 

easily with free water [14]. 501 

 502 

3.2. Phase formation 503 

The diffractograms of the LSS- and LKS-activated pastes, along with the 504 

identified mineral phases, are presented in Fig. 14 and Fig. 15, respectively.  505 

 506 

 507 

Fig. 54 – Crystal phases identified for pastes produced with LSS. M - muscovite, Q - 508 

quartz, K - kaolinite, H - hematite, and C - calcite. 509 



 510 

Fig. 65 – Crystalline phases identified for pastes produced with LKS. Being M - 511 

muscovite, Q - quartz, K - kaolinite, H - hematite and C - calcite. 512 

 513 

The diffractograms revealed the presence of muscovite [KAl2(AlSi3O10)(F, OH)2], 514 

quartz (SiO2), hematite (Fe2O3), and kaolinite [Al2Si25(OH)4] in all series, which are 515 

unreacted phases originating from metakaolin [16]. Additionally, the peaks of calcite 516 

(CaCO3), with intensity proportional to calcite content, were identified in most of the 517 

series, except for formulations F7, F8, and F15 which do not contain ACWt in their 518 

composition. In the pastes with ACWT, more intense peaks of calcite (CaCO3) were 519 

identified in mixtures with higher content of this phase. 520 

No belite peaks were identified in the pastes. Furthermore, the absence of 521 

portlandite, which typically forms upon belite hydration, was observed. The absence of 522 

new crystalline phases containing calcium suggests that CaO may have become part of 523 

the amorphous compounds, such as hydrated calcium silicate (C-S-H) or hydrated 524 

calcium aluminosilicate (C-A-S-H) [46]. Alternatively, Ca(OH)2 may have formed in 525 

ACWT-containing pastes but underwent carbonation. 526 

Carneiro et al. [3] identified portlandite and AFm (monocarboaluminate and 527 

hemicarboaluminate) for pastes based on ACWT and water. The absence of these phases 528 



in the binary system (metakaolin and ACWT) may be related to the preferential reaction 529 

of CaO with the decomposed aluminosilicates from metakaolin to form C-A-S-H and C-530 

S-H. 531 

As reported by Provis et al. [53], the main products of reactions in geopolymer 532 

systems are typically amorphous and can be identified by an amorphous halo between 533 

2θ= 28° and 2θ= 30°. Interestingly, the use of ACWT in the pastes caused a displacement 534 

of the amorphous halo towards higher angles, as shown in Figure 16. This phenomenon 535 

is particularly evident in a comparative analysis of formulations F6 (containing 40% 536 

substitution of ACWT for metakaolin by mass) and F8 (without ACWT). The 537 

displacement of the amorphous halo may indicate the formation of C-A-S-H and C-S-H 538 

with the inclusion of a calcium-rich material in the system [54]. Furthermore, the 539 

formation of C–A–S–H may have occurred preferentially instead of (N, K)–A–S–H, 540 

potentiated by the calcium present in ACWT. 541 

 542 

 543 

Fig. 16 – Modification of the amorphous halo identified for F6 and F8, produced with a) 544 

LSS and b) LKS. 545 

 546 

The results indicate that the alkaline activator type did not induce significant changes in 547 

the mineralogical phases formed. In contrast, the most important effect was observed 548 

upon including a calcium-rich material, which significantly modified the geopolymer 549 

phase assemblage. 550 



3.3. Compressive strength  551 

Fig. 17 shows the compressive strength behavior of pastes produced with LSS and 552 

LKS. It can be observed that the type of activator does not seem to influence the 553 

compressive strength, considering that both pastes exhibit the same behavior for this 554 

property.  555 

 556 

 557 

Fig. 17 – Compressive strength of pastes produced with LSS and LKS. 558 

 559 

The results show that, independently of the activator nature, an increase in 560 

compressive strength occurs with an increase in the mass fraction of metakaolin and a 561 

decrease in the mass fraction of the activating solution. The Solution/(ACWT+MK) ratio 562 

presented an influence on compressive strength analogous to the water/cement ratio in 563 

Portland cement-based pastes through distinct mechanisms. In addition to F8, 564 

formulations F1, F5, F9, and F16, with low Solution/(ACWT+MK) ratios, presented the 565 

highest strengths. This behavior is in accordance with consolidated geopolymer reaction 566 

models [55] and with results observed in the literature [18], indicating that after the 567 

dissolution of aluminosilicates, uncombined water is released from the mixture, forming 568 

pores in the matrix that may compromise mechanical performance. 569 

According to the statistical analysis of Cox and Piepel [56] effects, it is noted that 570 

the mass fractions of metakaolin and activator solution have a significant effect on 571 



compressive strength (α = 0.05). On the other hand, ACWT had no significant effect (α = 572 

0.05) on the compressive strength of the mixtures. 573 

Although part of the CaO contained in ACWT is expected to promote the 574 

formation of new products, such as C-A-S-H and C-S-H [46], contributing to the 575 

compressive strength, the replacement of metakaolin (a more reactive material) may have 576 

reduced the formation of N-A-S-H, compensating the formation of new products. 577 

Additionally, the addition of material rich in calcite (more than 20% by mass) in an alkali-578 

activated mixture can cause structural discontinuity and matrix shrinkage [46]. 579 

Formulation F6, with a higher mass fraction of ACWT, contains 13.56% of calcite. 580 

Furthermore, for the formulations produced with LKS that presented lower 581 

compressive strengths (F2, F6, F13, and F14), it was observed that the samples cracked 582 

when immersed in water during the determination of electrical conductivity, leading to 583 

complete deterioration. A plausible hypothesis is that potassium silicate may be refining 584 

the pores of the matrices and that the tensile strength of these formulations may be inferior 585 

to the capillary tension at the initial moment of immersion. 586 

Fig. 18 presents the ECO2-eq intensity (IC) for the LSS- and LKS-activated pastes 587 

are presented. IC was obtained by the ratio between greenhouse gas equivalence in carbon 588 

dioxide (kg CO2/m
3 paste) and compressive strength values (MPa), being an important 589 

parameter to simultaneously evaluate the mechanical and environmental performance of 590 

the material. 591 

 592 

 593 

Fig. 18 – ECO2-eq intensity for compositions activated by LSS and by LKS. 594 



Thus, for the NaOH activator, the composition with the lowest IC is F5, and for 595 

KOH, it is F8, with values of 11.71 and 13.45 (kg CO2-eq/m³).MPa-1, respectively. This is 596 

due to the good mechanical performance of the compositions and the low ECO2-eq 597 

emissions of these matrices. As expected, compositions with higher activator contents (2, 598 

6, 13, and 14) presented higher ICs, due to the higher CO2 emissions from the activators, 599 

as previously shown. 600 

 601 

3.3. Analysis of free alkalis  602 

To evaluate the influence of the alkali activator base (Na and K) and ACWT on 603 

dosage efficiency, the mass of efflorescence extracted from the geopolymer samples and 604 

the electrical conductivity of distilled and deionized water of the residual solution after 605 

sample immersion were evaluated. Fig. 19 and Fig. 20 present ternary diagrams showing 606 

the influence of the components of the paste on the mass of efflorescence determined for 607 

the formulations produced with LSS and LKS. Additionally, for each formulation, the 608 

geopolymeric samples, after the leaching of free alkali ions in the form of efflorescence, 609 

are presented. 610 

 611 

 612 

Fig. 19 – Ternary diagram for the efflorescence mass of formulations produced with LSS. 613 

 614 



 615 

Fig. 20 – Ternary diagram for the efflorescence mass of formulations produced with LKS. 616 

 617 

It is noted that, for both evaluated systems, there is an increase in efflorescence 618 

mass when the mass fraction of the activating solution is increased or by increasing the 619 

Solution/(ACWT+MK) ratio. Observing the extreme points of the diagram, the 620 

manifestation of efflorescence on the surface of the F6 samples (whitish appearance) is 621 

not observed in F8. Formulation F6 has a Na2O/Al2O3 ratio of 1.79 and K2O/Al2O3 ratio 622 

of 1.46, while for F8 the ratio is 0.66 for LSS and 0.54 for LKS. The optimal ratio for 623 

balancing the negative charge of Al- with the cations Na+ or K+, avoiding free alkali ions 624 

in the matrix, is equal to 1 [20]. However, some factors, such as component reactivity and 625 

paste rheology, can make it difficult to use the appropriate (Na, K)2O/Al2O3 ratio [18].  626 

Despite the similar behavior of the pastes produced with LSS and LKS, the 627 

efflorescence mass values for the pastes produced with LKS are considerably lower. 628 

According to Poulesquen [52], potassium-based activated solutions have a stronger base 629 

than sodium-based solutions. According to the authors, the ionization rate varies with the 630 

basicity of the alkali ion, where K+ is superior to Na+. Kani et al. [57] also highlighted 631 

that geopolymers based on potassium are less susceptible to efflorescence formation due 632 

to the strong bond of potassium within the alkali aluminosilicate gel framework. In 633 

addition, potassium carbonate crystals are less visible than sodium carbonate [57]. 634 



Fig. 21a shows the electrical conductivity values of the residual solution for the 635 

formulations produced with LSS and LKS, and Fig. 21b highlights the strong correlation 636 

between the electrical conductivity and compressive strength of the evaluated pastes. 637 

 638 

 639 

Fig. 21 – (a) Electrical conductivity of formulations produced with LSS and LKS and (b) 640 

correlations between compressive strength and electrical conductivity. 641 

 642 

This correlation was already expected, as the efflorescence deposited on the 643 

surface of the geopolymer samples is composed of sodium or potassium carbonate [(Na, 644 

K)2CO3], and when samples containing Na2CO3 are submerged in water, this compound 645 

dissociates into 2Na+ or 2K+ and CO3
-2. The increase in free electrons in the solution 646 

increases electrical conductivity. The excess of free ions, indirectly quantified by 647 

electrical conductivity, indicates that the proportions of the formulation components are 648 

not adequate and directly impact other properties of the paste, as observed in F6, which 649 

in addition to low compressive strength and high mass of efflorescent material on the 650 

sample surfaces, presents the highest electrical conductivity for both evaluated systems. 651 

According to the analysis of the Cox and Piepel effects [56], it is inferred for the 652 

pastes produced with LSS that the ACWT does not have a significant influence on 653 

electrical conductivity (α = 0.05), that is, replacing metakaolin with ACWT seems not to 654 

modify the fixation of alkalis in the products formed during the geopolymer formation 655 

reactions. On the other hand, for pastes produced with LKS, the analysis of the effects 656 

showed that increasing the mass fraction of ACWT has a significant influence (α = 0.05) 657 

on reducing electrical conductivity. Probably, LKS has greater efficiency in decomposing 658 



components of ACWT, such as CaO, which may be fixing alkalis during the formation of 659 

new alkali-activated products. 660 

 661 

3.4 Simultaneous optimization and model validation  662 

To determine formulations of geopolymer mixtures that simultaneously meet 663 

performance, aesthetics and sustainability parameters, prediction models were 664 

determined. The models, obtained through Scheffé's linear polynomial, correlate the 665 

properties with the mass fractions of the components. 666 

Equation 7 (R²adj= 1.0 and R²pred= 1.0) and Equation 8 (R²adj= 1.0 and R²pred= 1.0) 667 

are the models for greenhouse gas equivalence in carbon dioxide (ECO2-eq) of the 668 

mixtures activated with LSS and LKS, respectively. 669 

 670 

𝐸𝐶𝑂2−𝑒𝑞 = 548.83𝑀𝐾 + 491.24𝐴𝐶𝑊𝑇 + 894.99𝐿𝑆𝑆 (Eq. 7) 

𝐸𝐶𝑂2−𝑒𝑞 = 548.83𝑀𝐾 + 491.17 + 1135.13𝐾𝑆 
(Eq. 8) 

 671 

Equation 9 (R²adj= 0.85 and R²pred= 0.82) and Equation 10 (R²adj= 0.90 and R²pred= 672 

0.88) are the models for compressive strength (Cs) of the mixtures activated with LSS and 673 

LKS, respectively.  674 

𝐶𝑠 = 158.26𝑀𝐾 + 89.93𝐴𝐶𝑊𝑇 − 28.99𝐿𝑆𝑆 (Eq. 9) 

𝐶𝑠 = 186.96𝑀𝐾 + 134.57𝐴𝐶𝑊𝑇 − 57.72𝐿𝐾𝑆 
(Eq. 10) 

 675 

Equation 11 (R²adj= 0.95 and R²pred= 0.93) and Equation 12 (R²adj= 0.99 and R²pred= 676 

0.98) are the models for electrical conductivity values (σ) of the mixtures activated with 677 

LSS and LKS, respectively.  678 

 679 

σ = −69.55𝑀𝐾 + 27.24𝐴𝐶𝑊𝑇 + 79.24𝐿𝑆𝑆 

(Eq. 11) 

σ = −87.59𝑀𝐾 − 50.23𝐴𝐶𝑊𝑇 + 99.16𝐿𝐾𝑆 (Eq. 12) 

 680 



To determine a formulation that simultaneously incorporates all desired 681 

characteristics for geopolymers, the Design-Expert® software was used based on the 682 

desirability function developed by Derringer and Suich (1980). The objective was to 683 

determine for each activator (LSS and LKS) a formulation that would simultaneously 684 

minimize the equivalence of greenhouse gas in carbon dioxide and electrical conductivity 685 

and maximize compressive strength and consumption of ACWT. 686 

According to the simulation in Design-Expert® software, the optimized 687 

formulation for sodium silicate-based pastes presents a mass fraction of MK equal to 688 

0.345, ACWT equal to 0.155, and LSS equal to 0.500. For potassium silicate-based paste, 689 

the optimal formulation presents a mass fraction of MK equal to 0.300, ACWT equal to 690 

0.200, and LKS equal to 0.500. The predicted values for each formulation, confidence 691 

limits, observed experimental values, and the deviation between the observed and 692 

predicted values by the models are presented in Table 6. 693 

 694 

Table 6 – Predicted and experimentally observed values for optimized formulations 695 

produced with LSS and LKS 696 

Activator Property 
Predicted by 

the model 
Lower limit 

(=0.05) 
Upper limit 

(=0.05) 
Experimental 

result 

LSS 

ECO2-eq 712.97 712.96 712.98 712.97 

CS (MPa) 54.03 50.68 57.38 51.12 

Ce (mS/cm) 19.86 17.90 21.82 21.96 

LKS 

ECO2-eq 830.44 830.43 830.44 830.44 

CS (MPa) 54.14 50.43 57.85 56.44 

Ce (mS/cm) 13.26 12.30 14.22 12.32 

 697 

It is noted that the established models were efficient in predicting the properties, 698 

making it possible to determine formulations of geopolymer pastes with the incorporation 699 

of a residue, presenting high compressive strength, and reducing efflorescence (observed 700 

indirectly by electrical conductivity) and CO2 emissions. 701 

Also, it is observed that under the same established conditions, the formulation 702 

optimized with potassium silicate allowed greater incorporation of ACWT than the 703 

formulation established with sodium silicate, probably due to the greater efficiency of 704 

potassium in the decomposition of precursor materials. On the other hand, the production 705 



of a potassium silicate-based binder has a greater carbon footprint, justified by the greater 706 

contribution of KOH to polluting gas emissions and consumption in its production cycle. 707 

 708 

4. CONCLUSIONS 709 

It was proposed to evaluate the influence of ACWT and the alkaline activator (Na 710 

or K) on the properties of fresh and hardened geopolymer matrix, as well as the associated 711 

pollutant gas emissions.  712 

Environmental analysis showed that mixtures produced based on potassium contain 713 

a higher CO2 footprint. In addition, the insertion of ACWT reduces the CO2-eq associated 714 

with the formulations, as well as enabling the inertization and proper disposal of 715 

hazardous waste. 716 

According to rheological analyses, it was noted that for both alkaline activators 717 

used, the increase in the activating solution promotes a reduction in viscosity and yield 718 

stress by reducing the friction between particles that have not yet been diluted. Only for 719 

the formulations activated with potassium silicate and with a higher proportion of ACWT 720 

(a source of calcium), a rapid increase in viscosity occurred for high shear rates with a 721 

reduction in the setting time. This behavior may be associated with the greater ease of 722 

potassium silicate in decomposing Ca2+ ions from calcite with the formation of C–A–S–723 

H and the hydration of belite, forming C–S–H. 724 

Although LKS accelerated the reactions of pastes with ACWT, this effect was not 725 

significant in phase formation, probably due to the analysis being performed at 28 days. 726 

The absence of belite was observed for both alkaline activators, which may have hydrated 727 

and formed some non-crystalline product. In addition, some of the calcium present in 728 

calcite may have reacted, forming C–S–H and C–A–S–H, a hypothesis consistent with 729 

the modification of the amorphous halo in the XRD data. 730 

Similar to the water/cement ratio in Portland cement matrices, the proportion of the 731 

activating solution governed the compressive strength of the matrices with the two 732 

activators used. In fact, excess liquid released during geopolymer reaction and formation 733 

can increase porosity and decrease mechanical performance. 734 

Through the analysis of free alkalis, it was noted that K+ ions are more strongly 735 

bound in the alkali aluminosilicate gel structure of the geopolymer samples, and the 736 



matrices produced with LKS showed less efflorescence and lower electrical conductivity 737 

of the leached solution. A strong linear correlation was also observed between electrical 738 

conductivity and compressive strength, probably due to the dependence of these two 739 

variables on the proportion of the same component, the activating solution. 740 
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