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ABSTRACT

This article investigates the effects of thermally treated asbestos-cement waste (ACWr) on the
properties of metakaolin-based geopolymers prepared with different alkali activators, namely
liquid sodium silicate (LSS) and liquid potassium silicate (LKS). Statistical mixture design
(SMD) was employed to determine the formulations, which were subjected to a range of tests,
including evaluation of rheological parameters (yield stress and apparent viscosity), mineralogical
composition using XRD, efflorescence mass, leachate electrical conductivity, compressive
strength, and equivalent CO; emissions (ECO»..q). The yield stress for formulations produced with
sodium silicate ranged from 3.51 Pa to 93.26 Pa, significantly higher than formulations activated
with potassium silicate, ranging from 0.03 Pa to 18.80 Pa. However, flash setting was observed
in mixtures activated with LKS and containing high percentages of ACWr. The mechanical
strength and leachate electrical conductivity were found to be significantly affected by the alkali
activator content. The ECO;..q, which ranged from approximately 712 to 898 kg CO»/m3 of paste,
was higher for formulations activated by LKS but lower for formulations with higher ACWr
content. Finally, by incorporating ACWr, it was possible to optimize the formulations, resulting
in high compressive strength and reduced free ions. Overall, this study sheds light on the potential
of using ACWr in geopolymer-based materials, which can enhance their properties and reduce

the negative environmental impact.

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

It is well known that asbestos fibers have the potential to cause cancer [1]. As an
environmental and occupational problem, this was one of the reasons that drove the
prohibition of the exploitation of this material in over 75 countries [2]. One of the main
research priorities is the search for sustainable alternatives for the disposal of asbestos
cement waste (ACW) disposed of worldwide.

Based on reverse logistics, researchers have proposed methods to incorporate ACW
within cementitious binders, either as a reactive component or a filler material. Thermal
treatment inertization [3] stands out as an efficient, safe, and economically competitive
process compared to disposal of asbestos in landfills [4]. Through heat treatment,
Carneiro et al. [3] established the ideal parameters for inertizing the ACW. They used a
2X factorial design in conjunction with a method of simultaneous optimization in order to
maximize the belite content (C2S) and minimize energy consumption and CO2 emissions.
The ideal values of mass, temperature and calcination time of the material were
determined, which can be used as a basis for the design of inertization of other hazardous
waste. Asbestos-cement waste after inertization treatment (ACWrT) has been used in
clinker production [5,6], concrete [7], and in the production of alkali-activated binders
[8].

In a recent study [9], the production of binary compounds, with the association of
ACWTr with metakaolin, provided matrices of high compressive strength (around 60MPa)
and free of efflorescence (unreacted and leached free alkalis). Binary compounds have
been previously synthesized using combinations of CaO and Ca(OH); and fly ash [10],
fly ash and metakaolin [11], as well as low-calcium fly ash (class F) and high-calcium
blast furnace slag [12].

Temuujin et al. [10] evaluated the incorporation of CaO and Ca(OH): in
geopolymers based on class F fly ash. The authors observed that the incorporation of
calcium improved the mechanical performance of geopolymers through the precipitation
of calcium silicate phases aluminate hydrate or calcium silicate hydrate, in addition to
favoring the dissolution of fly ash.

Geopolymer systems based on calcium-rich precursors and aluminosilicate
precursors can simultaneously form sodium aluminosilicate hydrate (N-A-S-H) and
calcium aluminosilicate hydrate (C-A-S-H) gels, with less porous and stronger matrices.

However, controlling the properties of a geopolymer binder with a calcium-rich
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supplementary precursor, such as ACWr, is a challenging task. The inclusion of higher
amounts of calcium in geopolymer systems can alter the rheological behavior and reduce
the setting time of the mixtures [13], making its consolidation as a cementitious binder
unfeasible. Another factor that is still unknown is the influence of the alkali activator
(both Na* or K*-based) in the synthesis of binary composite systems. According to Lu et
al. [14], the lower charge density of K* provides lower ion-dipole strength and,
consequently, lower viscosity of the aluminosilicate precursor-based activating solution.

It was observed that the application of ACWr in the production of cementitious
binders is possible as long as the behavior of this material is properly known. In this sense,
this study provides a comprehensive evaluation of the behavior of geopolymer binders
based on metakaolin using ACWr as a supplementary precursor and evaluating the
influence of the alkali activator (Na or K) on the properties of the matrix. Environmental
analysis was also used to determine the effect of alkaline activator and ACWrt on COz

equivalent emissions.

2. METHODOLOGY

2.1. Materials

Metacaulim HP Ultra from Metacaulim do Brasil Company, and thermally treated
asbestos-cement waste (ACWr) served as precursors for the experiments. ACWr consists
of corrugated sheets discarded from buildings after 25 years of use that underwent thermal
treatment in a furnace (Linn Elektro Therm GmbH, KK260) at 800 °C for one hour,
following the method proposed by Carneiro et al. [3] to eliminate the asbestos fibers.
After treatment, the sheets were milled using a ball mill (Quimis, Q298) and passed in a
sieve with a mesh opening of 150 um.

To check the efficiency of thermal treatment to eliminate asbestos in the waste,
the ACW and ACWr were characterized by X-ray diffraction in a Bruker D2 Phaser
diffractometer. Diffraction spectra were obtained for a scanning range (20) between 5°
and 70°, with a continuous speed of 0.1°s (Fig. 1). The identification of phases was
performed using the DiffracEva software and the Crystallography Open Database, and
the quantification was carried out using the Rietveld method through the TOPAS software
from Bruker. As shown in Fig. 1, chrysotile was not detected in ACWTr, indicating the
complete decomposition of asbestos fibers. The presence of belite (Ca>SiOs), formed

during thermal treatment through the dissociation of CaO from calcite (CaCOs3) and
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association with free SiO», is also observed [15]. It is also noteworthy that belite was
formed at a lower temperature than in the production of Portland cement, which generally
occurs between 900 and 1250 °C [16], requiring lower energy consumption for forming

this phase.

Ca ACWT

Amorphous (28.62%)
Ca - Calcite (27.12%)
A - Anhydrite (0.79%)
Q - Quartz (0.56%)

B - Belite (30.63%)

M - Merwinite (7.80%)
P - Periclase (4.48%)

ACW

Amorphous (21.35%)
Ca - Calcite (67.40%)
Ch - Chrysotile (6.31%)
Q - Quartz (0.54%)

D - Dolomite (4.40%)

BB Ca Ca ca Ca Ca ACW

Intensity (Arbitrary Unit)

2 theta

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

crystalline phases in ACW and ACWrt samples.

Table 1 shows the skeletal density of metakaolin, silica fume, and ACWr,
determined by helium gas pycnometer (AccuPyc II 1340 Micromeritics), and their
specific surface area determined by the BET method in a Gemini VII Micromeritics
Picnometer and the chemical composition obtained by X-ray fluorescence in an S2

Ranger from Bruker XRF Spectrometer.

Table 1 - Chemical composition and physical properties of materials.

Materials Metakaolin ACWr Silica fume

Physical properties
Skeletal density (g/cm?) 2.80 2.95 2.32
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BET specific surface area (m?/g) 30.52 6.68 15.15

Chemical Composition (%)

SiO, 44.88 18.20 81.75
AlLO3 42.86 4.06 1.41
Fe>03 4.82 2.35 4.90
K>O 0.72 0.34 1.82
SO; 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

It was noted that, although ACWrt has lower contents of Al,O3 and SiO:
(components that form the N-A-S-H gel) compared to the levels presented by metakaolin,
high content of CaO is observed, which can promote the formation of reaction products
such as C-S-H and C-A-S-H.

The particle size distribution was determined using a dry laser diffraction particle
size analyzer (S3500 Microtrac), and the results are shown in Figure 2. It is observed that
ACWT presents a particle size distribution close to the metakaolin curve. In addition, the
average particle diameter (Dm) of ACWr (18.80 um) is close to the value determined for

metakaolin (20.29 pm).
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Fig. 2 — Particle size distribution of precursor materials.

Solutions of sodium and potassium silicates were produced in the laboratory to
evaluate the influence of the alkali ion type (Na or K) on the chemical reactions of
geopolymer matrices produced with aluminosilicates and calcium-rich precursors
simultaneously. The solutions were produced with densified silica fume supplied by
Companhia de Ferro Ligas da Bahia, sodium hydroxide (NaOH), and potassium
hydroxide (KOH), both with 98% purity.

The liquid sodium silicate (LSS) was synthesized with 52% deionized water, 27%
SF, and 21% NaOH by mass (molar ratio SiO2/NaxO equal to 1.33). The liquid potassium
silicate (LKS) was produced with 49% deionized water, 27% SF, and 24% KOH by mass
(molar ratio S102/K>0 equal to 1.16). The silicate solutions were produced with different
compositions because NaOH showed higher efficiency in the decomposition reactions of
the precursor material in preliminary laboratory tests. The materials were mixed for 60
min using an EDUTEC EEQ-9008 magnetic stirrer. The system was sealed with plastic

film to prevent water loss.

2.2, Statistical mixture design

The experimental formulations were chosen using the Design-Expert® software
with the i-Optimal Custom Designs tool and The Best algorithm. In order to establish the
mass fractions of the three components of the pastes (metakaolin, ACWr, and activating
solution), it was necessary to determine both maximum and minimum limits. These limits
were based on optimal molar ratios (Si02/Al,03, (Na, K),0/Al>O3, CaO/Si02) that were
determined through laboratory tests and literature [17-20]. The ACWrt was added to the
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system, replacing up to 40% (by weight) of the metakaolin and adding CaO to the

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

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

LKS.

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

their main molar ratios.

Mass fractions Silicate/ Si0y CaO/ LSS LKS
Formulations

MK ACWr Silicate (ACWr+MK) ALO3 SiO2 Na0/ALOs; K:0/ALOs3

Fl1 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

F3and F12  0.251 0.200 0.549 1.22 428 0.38 1.33 1.08

F4, l;ll? and 0.350 0.100 0.550 1.22 357  0.17 1.00 0.82

F5 0.400 0.100 0.500 1.00 327  0.16 0.80 0.65

F6 0.200  0.200 0.600 1.50 503 0.39 1.79 1.46

F7and F15 0414  0.000 0.586 1.42 331  0.00 0.93 0.76

F8 0.500  0.000 0.500 1.00 293  0.00 0.66 0.54

F9and F16  0.325 0.175 0.500 1.00 3.64  0.31 0.96 0.78

F13 0.360  0.040 0.600 1.50 359  0.07 1.08 0.88

F14 0.254  0.146 0.600 1.50 437  0.27 1.47 1.20

Minimum 0.200  0.000 0.500 1.00 293  0.00 0.66 0.54

Maximum 0.500  0.200 0.600 1.50 5.03 0.39 1.79 1.46

Eleven formulations were established to estimate the coefficients of the model

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

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

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

properties with the components' mass fraction.

§ =

i

(Eq. 1)
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where: X; is the mass fraction of the i, components, q is the number of components in the
experimental design, ¥ is the value predicted by the model for the property under analysis,

and B; is constant coefficient. R?, RZ, i R;red, the significance of the models and their

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

quality of the models.

2.3. Methods

2.3.1 Environmental footprint-related response

For the evaluation of CO2 equivalent emissions (ECOz.¢q), the CO2 equivalent

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

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

geopolymer pastes.

Materials Specific gravity ECO2<q Reference
(g/em?) (kg of COy/kg of material)

MK 2.80 0.1960 [21]
ACWr 2.95 0.1665 Calculated
Water 1.00 0.00043 [22]

Silica fume 2.32 0.0610 Calculated
NaOH 2.13 1.9150 [23]
KOH 2.04 2.2400 [24]

Considering silica fume as a byproduct of iron and steel production, the ECO2.¢q
was disregarded, as recommended by Kong et al. [25], highlighting the environmental
importance of incorporating industrial waste and/or byproducts as supplementary
cementitious materials. Bajpai et al. [26] also report that silica fume has low ECO2.¢q
related to its beneficiation. Panesar et al. [27] point out that silica fume is a very fine
material and does not require additional processing to be used as a supplementary
cementitious material, which is why they disregarded the ECO».¢q, but emphasize that this
is a conservative measure. Therefore, as silica fume is a low-density material, for more
precise analysis, the ECOz.¢q related to transportation was considered. Eq. 2, presented by
Ruviaro et al. [28] was used to do so. The transported volume and fuel (diesel)

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



192  presented by the authors. The emission factor of diesel is 2.614 kg CO2..¢/1, as reported
193 by Pervez et al. [29]. The average transport distance suggested in other works was 150
194  km [28]. The average transport distance considered was 150 km. The calculated unit mass

195  of silica fume is 338 kg/m3. The resulting value was 0.0610 kg COz.e¢/kg of silica fume.

196

dm* C (Eq. 2
— q.2)
= Ve * EF

197

198  where E; is the COz.eq emissions per kg of transported material (kg.COz-e/kg); dm is the
199  average transport distance (km); C is the vehicle fuel consumption (km/l); V: transport
200  capacity (m3); u: unit mass of transported material (kg/m3); EF: vehicle fuel emission

201 factor (kg COaz-eq/l).

202 For the calculation of ECO2.q related to ACWTr, the processes involved in the
203  beneficiation were considered: calcination, milling, and sieving. Calcination was
204  performed for the decomposition of chrysotile, as reported by Kusiorowski et al. [30].
205  The milling and sieving processes were carried out after the heat treatment to avoid fiber
206  fragmentation since the size of the fibers (diameter and length) is associated with diseases,
207  as presented in Lippmann [31]. Therefore, the equipment used and the amount of material

208  per production cycle were considered (Table 4).

209
210 Table 4 — Beneficiation processes involved in the production of ACWr.
. Potency (P),  Time (T), Yield per cycle

Step (equipment) Watts Minutes (), ke
Calcination (Linn Elektro Therm GmbH, KK260) 1400 110 50
Milling (Quimis, Q298) 150 120 4
Sieving (Solotest, G) 250 20 4

211

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

213 calcining a mass of asbestos equal to 5 kg [3], the investigation of ECO2..q was considered
214 using 50% of the furnace capacity, that is, 50 kg per cycle, to approximate the industrial
215  production conditions. The calculation was performed according to Eq. 3, considering the
216  processes shown in Table 4, considering that for every 1 kWh, 0.135 kg of CO; is emitted,

217  considering the Brazilian energy matrix [32].
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0135 (Eq. 3)
60000

P; X T;
COz-¢q = Z
T

where, CO2.¢q is the Equivalent CO; emissions, in kg COx/kg of ACW; P; is the power of
equipment i, in W; T; is the time per cycle of use of equipment i, in minutes; n, is the yield

per cycle in kg.

For calcination, the heating ramp of the furnace was considered for a heating rate
of 10 °C/min until reaching a temperature of 800°C, which has been previously adopted
by other authors [33]. During the plateau, the equipment turns on at certain time intervals
only to maintain the temperature, so 30 minutes was considered during the 60-minute
plateau. It should be noted that these three processes were carried out on a laboratory
scale, which, when employed on a larger scale, will certainly be lower than those
presented. The total equivalent emissions for ACWr, calculated according to Eq.03, are

0.0199 kg CO2/kg ACWr.

Furthermore, the calcination of ACW converts calcium carbonate present in the
waste to calcium oxide (CaCO3; — CaO + COy), increasing the CO> quantities in the
equivalent emissions of ACWr. To quantify CaCO3, the thermogravimetric analysis (Fig.
3) was performed and based on Eq. 4, considering the decomposition of CaCO3 between
600 - 800 °C, as presented by Scrivener et al. [34]. After determining the mass of calcium
carbonate, by stoichiometry, the mass of CO2 was determined. The calculated percentages
of CaCO3 and CO: were 33.34% and 14.66% of the total sample mass, respectively.
Therefore, the total equivalent CO; emissions are 0.1665 kg CO2/kg of ACWr.
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Fig. 3 — Thermogravimetric analysis of ACW.

m (Eq. 4)
CaC0; = WlLgyo, X —ac2

Mco,

where: CaCO05 - Percentage of calcium carbonate (%); WLcaco, - Loss of mass of
calcium carbonate; mg,co, - Molar mass of calcium carbonate (100 g/mol); meo, -

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

For the calculation of the total equivalent CO2 emissions by composition, the
material consumption per m3 of paste was used, determined based on the mass fractions
of the formulations (Table 2) and preliminary tests carried out in the laboratory. Finally,
the ECO;.¢q intensity was calculated, which relates the ECOz.¢q to the compressive

strength of the material, and the results are expressed in (kg CO2.e¢/m3).MPa’.

2.3.2. Fresh state responses

The geopolymer pastes were produced in a 5 L planetary mixer. The metakaolin
and ACWrt were mixed for 30 s, followed by the addition of the activator solution for 30
s and mixed for another 30 s. The mixer was turned off for 30 s to scrape the sides and to
mix the paddle, and then mixed for another 30 s. The entire process was carried out at a
low speed (62.5 = 5 rpm).

The rheological properties of the fresh formulations were evaluated using
rotational rheometry in a Haake MARS III rheometer (Thermo Fisher Scientific)
equipped with cylindrical geometry (diameter of 23.86 mm and height of 34.5 mm) and
a 5-mm gap (see Fig. 4a). The measurements were conducted at 23 °C using

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

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

Figure 5 shows the setup used to obtain the flow curves. Briefly, the flow curves
(ascending and descending) were obtained as follows: (i) applying a pre-shear rate of
100.0 s! for 60 s, (ii) a rest period of 60 s, (iii) the upward flow curve was obtained by
increasing the shear rate from 0.1 s! to 10.0 s™' in four logarithmically distributed steps
(Fig. b), and from 10.0 s to 100.0 s™! in six linearly distributed steps. The downward
flow curve was determined by decreasing the shear rate from 100.0 s to 10.0 s”! linearly
and from 10.0 s to 0.01 s™! logarithmically (Fig. c) in the same steps of the ascending
curve. At each step, the shear rate was maintained for 20 s, and only the last 3 s were
recorded to ensure a more stable measurement. For greater accuracy in determining yield
strength, as suggested by Vance et al. [35], a greater number of readings were performed

in the initial and final stretches of the curves with low shear rates (Fig. b and Fig. c).
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Fig. 5 — Rheological test routine of the pastes (a) and details of the beginning (b) and

end (c) of the shear ramps.

The Herschel-Bulkley model (Eq. 5) was used to describe the rheological
behavior, and the equivalent viscosity (Eq. 6) was calculated using De Larrard's equation

[37].

T= 10+ K.y" (Eq. 5)
3K . _

where 7 is the shear stress (Pa), T, is the dynamic yield stress (Pa), y is the shear rate (s
1, K and n are, respectively, the consistency and the pseudoplastic parameters of the H-
B model, p,, is the equivalent viscosity (Pa.s), and Y 4, i8 the maximum shear rate

applied.

2.3.3. Hardened state responses

For analysis in a hardened state, the pastes were demolded after 24 hours, and the
specimens were cured in an environment with a temperature of (25 + 2) °C and a relative

humidity of (65 = 5) % for 28 days.
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For the identification of the mineralogical phases, the pastes were analyzed by
XRD using a Bruker D2 Phaser Diffractometer. Before analysis, the paste samples were
dried in an oven at X °C and then milled using agate mortar and pestle. Samples that
passed through a 75-um sieve were utilized for analysis. The diffraction spectra were
obtained by scanning a range of (20) between 5° and 70° at a continuous speed of 0.1%s.
The phase identification was performed utilizing the DiffracEva software and the

Crystallography Open Database.

To determine the compressive strength of the geopolymer pastes, three cubic
specimens with 40 mm edge lengths were molded for each formulation. The compressive
strength (Cs) was determined after 28 days of curing. The test was conducted on a servo-
hydraulic press with a capacity of 1200 kN, applying a loading rate of 500 N/s to the

specimens.

The methodology utilized to estimate the content of unreacted ions (Na* and K)
in the cured pastes was proposed and described by Santana et al. [9] and Longhi et al.
[36]. Four cubic specimens per formulation with a 25 mm edge were placed in a Petri
dish. They were then covered with a 1 mm layer of water and exposed to an environment
with a temperature of (24 + 2) °C and relative humidity of (65 = 5) % for 20 days. The
specimens were subjected to daily water replacement to maintain optimal conditions (Fig.
6a). Due to the humidity gradient of the geopolymers pastes, free ions were transported

to the surface of the specimens, where they reacted with CO», resulting in efflorescence.

After 20 days of exposure, the pastes were dried in a kiln at (40 + 2) °C for 24 h,
weighed on a balance with a precision of 0.001 g (Mi), and placed into an Erlenmeyer
flask filled with deionized distilled water up to a volume of 150 ml (Fig. 6b). Following
the release of unreacted ions (24 hours of immersion), the electrical conductivity (o,
Ms/cm) of the solution inside the Erlenmeyer flask was measured. The specimens were
dried again at (40 £ 2) °C, weighed, and their dry mass, free of efflorescent material (Ms),
was determined. The mass of the effloresced material (Me) was calculated by subtracting

Ms from Mi (Me = Mi - Ms).
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3.  RESULTS AND DISCUSSIONS

Table 5 presents the greenhouse gas equivalence in carbon dioxide [ECOz.eq(kg
COy/kg paste)], yield stress values [7, (Pa)], equivalent viscosity values [u., (Pa.s)],
compressive strength values [Cs (MPa)], efflorescence mass values [Ef (g)], and the
leachate electrical conductivity values [c (mS/cm)] for pastes produced with sodium
silicate (LSS) and potassium silicate (LKS). As a result of the wide variation of the mass
fraction of the mixture components, each property of the formulations varied widely. As
an example, the compressive strength varied from 33.2 to 61.3 MPa for LSS and from

30.6 to 62.6 MPa for LKS.
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Tabela 5 — Propriedades determinadas para as pastas produzidas com NSS e KSS
Mass fractions Properties (LSS) Properties (LKS)
Formulations MK ACW: sor FCOz o Weg Cs Ef G ECOreqy T, Weg Cs Ef G
(kg/kg) (Pa) (Pa.s) (MPa)  (g) (mS/em) (kg/kg) (Pa) (Pa.s) (MPa) (g)  (mS/cm)
F1 0436 0.040 0.525 728.26 35.03 5.36 56.05 4.06 13.41 854.28 1.42 1.61 61.72 290 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 3397 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 4275  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 4458 4.52 19.75
FS 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
Fé6 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 4323  3.20 21.50
F8 0.500 0.000 0.500 72191 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 0500  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 73345 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 73345 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 4144 476 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 33.99 537 28.70
F15 0.414  0.000 0.586 751.73 14.33 291 49.59 4.55 16.51 892.47 0.42 0.55 44.67 4.13 21.42
F16 0.325 0.175 0500 711.83 28.98 7.81 54.02 4.96 21.70 831.88 2.10 2.63 5431 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
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3.1 COz2 equivalent emissions

Fig. 7 and Fig. 8 present the results of CO2 equivalent emissions by LSS- and
LKS-activated pastes, respectively. Due to their high environmental burden, activators
are responsible for the higher portions of ECOz.¢q, ranging from 59-69% for NaOH and
from 65-74% for KOH, being even more significant for KOH, which presents 14.51%
higher ECO2.¢q compared to NaOH. Turner and Collins [38] showed that the NaOH-based
activating solution accounted for ~59% of the total ECO2.q of a geopolymer mixture.
Among the metakaolin-based geopolymer mixtures evaluated by Villaquirdn-Caicedo

and de Gutiérrez [24], the portion of ECOz.¢q related to KOH ranged from 46-88% of total

emissions.
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Fig. 3 — Equivalent emissions for LSS activated pastes.
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The values presented in this research are high because the calculations are
performed for pastes. When geopolymer pastes are used to produce concrete, the values
will be lower, considering that approximately 70% of the concrete volume is composed
of aggregates [39]. Aggregates have low ECOz.q related to the extraction and processing
process, reducing the total ECO;.¢q of the produced composites. The emissions associated
with water were negligible (0.01-0.02%). On the other hand, silica fume contributed to 2-
3% of the total ECO2.cq, owing to its classification as an industrial residue waste that

requires minimal processing to be used.

When considering the precursor materials (MK and ACWr), the percentage of
ECO2.¢q related to MK ranged from 15-38% for LSS-activated pastes and 12-33% for
LKS-activated pastes. For ACWr, the values ranged from 0-14% and 0-11% for LSS-
and LKS-activated pastes, respectively. Notably, since these materials are present in
larger quantities in the geopolymer binder, the ECO2.¢q values are lower when compared

to those of the activators.

In Fig. 9, a comparison is presented of the ECO2.¢q if the mixtures were made with
100% MK. Modest reductions are observed, not exceeding 5% of the total ECO».¢q related
to precursors. Even though ACWt has ECOz.eq ~15% lower than MK, as the substitution
percentage is low, the reductions end up not being significant. However, the incorporation
of ACWr is extremely important as it provides adequate disposal for material from inert

waste.
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Fig. 9 — Comparison of emissions associated with precursors if only MK is used.
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Ruviaro et al. [40] produced geopolymers with up to 20% oat hull ash (OHA) in
replacement of MK. The authors reported that the maximum total reductions in ECOz.¢q
were 1%, but the embodied energy and costs decreased by 39% and 24 %, respectively.
When compared only to MK, OHA had ECOz.¢q ~15% lower. In another study, Ruviaro
et al. [33] evaluated the influence of up to 20% wood ash in the replacement of MK for
geopolymer production. Again, ECOz.q reductions were practically insignificant
(~0.6%), but when comparing the precursor materials' ECO2.¢q, wood ashes showed
reductions of ~69% compared to MK. In both studies, authors reported that the total
ECO2.q was not significant because the activators (NaOH and KOH) had a high
environmental burden, dominating the equivalent emissions in geopolymer systems, as
occurred in this study. In contrast, in Portland cement-based systems, where
supplementary cementitious materials and/or waste materials end up replacing the
component with the highest environmental impact, Portland cement results in significant

ECO2.¢q reductions.

Finally, regarding the environmental analysis related to CO: emissions, even
though the reductions were small with the partial replacement of MK by ACWT, the
valorization and inertization of waste materials containing asbestos are of great
environmental and, primarily, social interest, as asbestos fibers are responsible for

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

3.1. Rheological analyzes

After the dissolution of silicates and aluminosilicates by mixing the activator
solution with the precursor material, microstructure development occurs through the
condensation of the monomeric units. This reaction process affects the rheology of the
mixtures and is influenced by the characteristics of the components used. Although the
rheological behavior of geopolymer mixtures based on metakaolin is already known, the

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

In this sense, Fig. 10a and Fig. 10b show the behavior of the flow curves (viscosity
and shear stress versus shear rate) for the alkali-activated matrices produced with
metakaolin, ACWr, and liquid sodium silicate (LSS). It can be observed that all evaluated
formulations exhibit the same behavior of increasing shear stress and decreasing

equivalent viscosity with increasing shear rate. Similar behavior has been reported in the
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literature for geopolymer matrices [14, 43, 44], indicating a pseudoplastic or shear-

thinning aspect of the evaluated mixtures.
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Fig. 10 — Shear stress versus shear rate (a) and equivalent viscosity versus shear rate (b)

curves of alkali-activated matrices produced with LSS.

It is noteworthy that the curves for formulations F1, F5, F8, and F9, which exhibit
the highest viscosity and shear stress values, are the formulations with the lowest
LSS/(ACWt+MK) ratio. In other words, these mixtures required higher torque to
overcome friction and rotate the rheometer. Strong negative linear correlations of
viscosity and yield stress with the mass fraction of the activating solution (-0.95 and -
0.83, respectively) were identified. According to Santana et al. [18], mixtures with a
higher proportion of the available activating solution exhibit less viscosity due to less
friction between particles. Additionally, Lu et al. [14] indicate that the activating solution

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

Fig. 11a and Fig. 11b show the behavior of the flow curves (viscosity and shear
stress versus shear rate) for alkali-activated matrices based on liquid potassium silicate

(LKS). It can be observed that some formulations exhibit a change in curve behavior,
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with an increase in viscosity for high shear rates (F3, F4, F5, F6, F9, and F14), indicating
a change in rheological behavior caused by rapid alkali-activation reaction. This behavior

was not observed in formulations activated by LSS.
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Fig. 11 — Shear stress versus shear rate (a) and equivalent viscosity versus shear rate (b)

curves of alkali-activated matrices produced with LKS.

The blends that exhibited anomalous flow curves are composed of higher content
of ACWr, which consists of 30.63% belite and 27.12% calcite. Belite may have promoted
the formation of C-S-H and portlandite, driven by the high alkalinity of the mixture.
Calcite, on the other hand, has a surface that favors nucleation and growth of hydrated
calcium silicate gel at early ages, accelerating and amplifying the hydration of silicates
[45]. For fly ash-based alkali-activated cement (Class C), Yip and Van Deventer [46] and
Yip et al. [47] indicated that the setting time and rheological properties of the mixtures
were significantly altered by calcium-based compounds through heterogeneous
nucleation effects. Additionally, these authors highlighted that a small amount of CaCO3

reduced the setting time of the mixtures.
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According to Park et al. [13], the initial setting time of calcium-free geopolymer
binders is generally 12 to 24 hours. Upon introducing calcium into the system, the initial
setting time is reduced due to the rapid formation of products involving calcium.
Incorporating 30% to 40% of ground-granulated blast-furnace slag reduced the initial
setting time of geopolymer binders by 40 minutes [13]. Antoni et al. [48] point out that
the use of fly ash with high calcium content can cause a flash set, with insufficient time
to use the mixtures in real applications. The authors mentioned that the mixtures might

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

According to Antoni et al. [49], calcium-based precursors with fly ash have the
advantage of developing stronger matrices due to the coexistence of polymerization and
hydration reactions. However, the authors associate the flash set with the pH of the
mixture, which is also directly related to the calcium content of the precursor.
Furthermore, according to Wijaya et al. [49], a mixture of 20% precursor with 80%
distilled water by mass, with a pH above 11, has a high possibility of hardening before 5
minutes. The mixture of ACWr with distilled water in the same proportions had a pH of

13.62.

In general, the rapid dissolution of Al2O3 and SiO2 in high pH environments
promotes rapid reactions of silicates and aluminates with Ca**, producing C-A-S-H and
C-S-H, thereby reducing the time of initial and final setting. The reactions of Al>O3, SiO»,
and Ca?* continue until all Ca®* is consumed. Indeed, it was observed that formulations
with higher ACWr ratios (F3, F6, and F9) hardened completely after the rheometer test,

around 8 minutes after mixing the components.

There are no studies in the literature that correlate the flash set with the type of
activator (Na or K). A hypothesis to justify the occurrence of flash set only in mixtures
produced with LKS may be the greater ease in the dissolution of Ca** of ACWr promoted
by the potassium-based activator solution. According to Fig. 12, LKS has lower viscosity
than LKS, accelerating the contact of the precursor particles with the k* ions and the
alkali-activation reactions. The rheological factors were determined by fitting flow curves

to Herschel-Bulkley models, applied for silicate-activated alkali mixtures [14, 50].
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483 It is observed that the LKS presented lower equivalent viscosity and yield stress
484  than the LSS. Fig. 13 presents the plastic viscosities determined for the maximum shear
485  rate equal to 100s-1. The formulations produced with potassium silicate showed values
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Vance et al. [51] also identified that matrices activated with NaOH solution
generally exhibit higher yield stress and plastic viscosity than matrices based on KOH.
According to Poulesquen et al. [52] and Lu et al. [14], this behavior is due to the lower
charge density of K*, which provides a lower ion-dipole force and, consequently, lower
viscosity of the solution. Comparatively, the concentration of Na* cations adsorbed on
the surface of negatively charged particles is lower than the concentration of K*.
According to Lu et al. [14], the greater adsorption of K* cations can reduce van der Waals
forces and increase the repulsive force of the double layer between charged particles,
reducing the yield stress of the mixtures. In addition, Na* cations tend to combine more

easily with free water [14].

3.2. Phase formation

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

identified mineral phases, are presented in Fig. 14 and Fig. 15, respectively.
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Fig. 54 — Crystal phases identified for pastes produced with LSS. M - muscovite, Q -

quartz, K - kaolinite, H - hematite, and C - calcite.
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Fig. 65 — Crystalline phases identified for pastes produced with LKS. Being M -

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

The diffractograms revealed the presence of muscovite [KAl2(AlSi3010)(F, OH)2],
quartz (Si07), hematite (Fe20s3), and kaolinite [Al>Si2s(OH)4] in all series, which are
unreacted phases originating from metakaolin [16]. Additionally, the peaks of calcite
(CaCO3), with intensity proportional to calcite content, were identified in most of the
series, except for formulations F7, F8, and F15 which do not contain ACW; in their
composition. In the pastes with ACWr, more intense peaks of calcite (CaCO3) were

identified in mixtures with higher content of this phase.

No belite peaks were identified in the pastes. Furthermore, the absence of
portlandite, which typically forms upon belite hydration, was observed. The absence of
new crystalline phases containing calcium suggests that CaO may have become part of
the amorphous compounds, such as hydrated calcium silicate (C-S-H) or hydrated
calcium aluminosilicate (C-A-S-H) [46]. Alternatively, Ca(OH), may have formed in

ACWr-containing pastes but underwent carbonation.

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

hemicarboaluminate) for pastes based on ACWrtand water. The absence of these phases
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in the binary system (metakaolin and ACWr) may be related to the preferential reaction
of CaO with the decomposed aluminosilicates from metakaolin to form C-A-S-H and C-

S-H.

As reported by Provis et al. [53], the main products of reactions in geopolymer
systems are typically amorphous and can be identified by an amorphous halo between
20=28° and 26= 30°. Interestingly, the use of ACWr in the pastes caused a displacement
of the amorphous halo towards higher angles, as shown in Figure 16. This phenomenon
is particularly evident in a comparative analysis of formulations F6 (containing 40%
substitution of ACWr for metakaolin by mass) and F8 (without ACWr). The
displacement of the amorphous halo may indicate the formation of C-A-S-H and C-S-H
with the inclusion of a calcium-rich material in the system [54]. Furthermore, the
formation of C—A—S—H may have occurred preferentially instead of (N, K)-A—S—H,

potentiated by the calcium present in ACWTr.

(a) — F6 (b) — F6
= F8 — F8
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Fig. 16 — Modification of the amorphous halo identified for F6 and F8, produced with a)
LSS and b) LKS.

The results indicate that the alkaline activator type did not induce significant changes in
the mineralogical phases formed. In contrast, the most important effect was observed
upon including a calcium-rich material, which significantly modified the geopolymer

phase assemblage.
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3.3. Compressive strength

Fig. 17 shows the compressive strength behavior of pastes produced with LSS and
LKS. It can be observed that the type of activator does not seem to influence the

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

property.
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Fig. 17 — Compressive strength of pastes produced with LSS and LKS.

The results show that, independently of the activator nature, an increase in
compressive strength occurs with an increase in the mass fraction of metakaolin and a
decrease in the mass fraction of the activating solution. The Solution/(ACWt+MK) ratio
presented an influence on compressive strength analogous to the water/cement ratio in
Portland cement-based pastes through distinct mechanisms. In addition to F8,
formulations F1, F5, F9, and F16, with low Solution/(ACWt+MK) ratios, presented the
highest strengths. This behavior is in accordance with consolidated geopolymer reaction
models [55] and with results observed in the literature [18], indicating that after the
dissolution of aluminosilicates, uncombined water is released from the mixture, forming

pores in the matrix that may compromise mechanical performance.

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

the mass fractions of metakaolin and activator solution have a significant effect on
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compressive strength (a = 0.05). On the other hand, ACWrthad no significant effect (o =

0.05) on the compressive strength of the mixtures.

Although part of the CaO contained in ACWr is expected to promote the
formation of new products, such as C-A-S-H and C-S-H [46], contributing to the
compressive strength, the replacement of metakaolin (a more reactive material) may have
reduced the formation of N-A-S-H, compensating the formation of new products.
Additionally, the addition of material rich in calcite (more than 20% by mass) in an alkali-
activated mixture can cause structural discontinuity and matrix shrinkage [46].

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

Furthermore, for the formulations produced with LKS that presented lower
compressive strengths (F2, F6, F13, and F14), it was observed that the samples cracked
when immersed in water during the determination of electrical conductivity, leading to
complete deterioration. A plausible hypothesis is that potassium silicate may be refining
the pores of the matrices and that the tensile strength of these formulations may be inferior

to the capillary tension at the initial moment of immersion.

Fig. 18 presents the ECO2.q intensity (IC) for the LSS- and LKS-activated pastes
are presented. IC was obtained by the ratio between greenhouse gas equivalence in carbon
dioxide (kg CO2»/m? paste) and compressive strength values (MPa), being an important
parameter to simultaneously evaluate the mechanical and environmental performance of

the material.
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Fig. 18 — ECO».q intensity for compositions activated by LSS and by LKS.
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Thus, for the NaOH activator, the composition with the lowest IC is F5, and for
KOH, it is F8, with values of 11.71 and 13.45 (kg COz.c¢/m3).MPa’!, respectively. This is
due to the good mechanical performance of the compositions and the low ECO2.¢q
emissions of these matrices. As expected, compositions with higher activator contents (2,
6, 13, and 14) presented higher ICs, due to the higher CO2 emissions from the activators,

as previously shown.

3.3. Analysis of free alkalis

To evaluate the influence of the alkali activator base (Na and K) and ACWt on
dosage efficiency, the mass of efflorescence extracted from the geopolymer samples and
the electrical conductivity of distilled and deionized water of the residual solution after
sample immersion were evaluated. Fig. 19 and Fig. 20 present ternary diagrams showing
the influence of the components of the paste on the mass of efflorescence determined for
the formulations produced with LSS and LKS. Additionally, for each formulation, the
geopolymeric samples, after the leaching of free alkali ions in the form of efflorescence,

are presented.

3.12 I 10.64\.
0.8

0.2 L'SS

Efflorescence weight (g)

Fig. 19 — Ternary diagram for the efflorescence mass of formulations produced with LSS.
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Fig. 20 — Ternary diagram for the efflorescence mass of formulations produced with LKS.

It is noted that, for both evaluated systems, there is an increase in efflorescence
mass when the mass fraction of the activating solution is increased or by increasing the
Solution/(ACWT+MK) ratio. Observing the extreme points of the diagram, the
manifestation of efflorescence on the surface of the F6 samples (whitish appearance) is
not observed in F8. Formulation F6 has a Na;O/Al>O3 ratio of 1.79 and K20O/Al;0O3 ratio
of 1.46, while for F8 the ratio is 0.66 for LSS and 0.54 for LKS. The optimal ratio for
balancing the negative charge of Al with the cations Na* or K*, avoiding free alkali ions
in the matrix, is equal to 1 [20]. However, some factors, such as component reactivity and

paste rheology, can make it difficult to use the appropriate (Na, K)20/Al203 ratio [18].

Despite the similar behavior of the pastes produced with LSS and LKS, the
efflorescence mass values for the pastes produced with LKS are considerably lower.
According to Poulesquen [52], potassium-based activated solutions have a stronger base
than sodium-based solutions. According to the authors, the ionization rate varies with the
basicity of the alkali ion, where K* is superior to Na*. Kani et al. [57] also highlighted
that geopolymers based on potassium are less susceptible to efflorescence formation due
to the strong bond of potassium within the alkali aluminosilicate gel framework. In

addition, potassium carbonate crystals are less visible than sodium carbonate [57].
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Fig. 21a shows the electrical conductivity values of the residual solution for the
formulations produced with LSS and LKS, and Fig. 21b highlights the strong correlation

between the electrical conductivity and compressive strength of the evaluated pastes.
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Fig. 21 — (a) Electrical conductivity of formulations produced with LSS and LKS and (b)

correlations between compressive strength and electrical conductivity.

This correlation was already expected, as the efflorescence deposited on the
surface of the geopolymer samples is composed of sodium or potassium carbonate [(Na,
K)2CO3], and when samples containing Na>xCOs are submerged in water, this compound
dissociates into 2Na* or 2K* and CO32. The increase in free electrons in the solution
increases electrical conductivity. The excess of free ions, indirectly quantified by
electrical conductivity, indicates that the proportions of the formulation components are
not adequate and directly impact other properties of the paste, as observed in F6, which
in addition to low compressive strength and high mass of efflorescent material on the

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

According to the analysis of the Cox and Piepel effects [56], it is inferred for the
pastes produced with LSS that the ACWrt does not have a significant influence on
electrical conductivity (a = 0.05), that is, replacing metakaolin with ACWT seems not to
modify the fixation of alkalis in the products formed during the geopolymer formation
reactions. On the other hand, for pastes produced with LKS, the analysis of the effects
showed that increasing the mass fraction of ACWr has a significant influence (o = 0.05)

on reducing electrical conductivity. Probably, LKS has greater efficiency in decomposing
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components of ACWr, such as CaO, which may be fixing alkalis during the formation of

new alkali-activated products.

3.4 Simultaneous optimization and model validation

To determine formulations of geopolymer mixtures that simultaneously meet
performance, aesthetics and sustainability parameters, prediction models were
determined. The models, obtained through Scheffé's linear polynomial, correlate the
properties with the mass fractions of the components.

Equation 7 (R2.4j= 1.0 and R?yeq= 1.0) and Equation 8 (R2%.4j= 1.0 and R?pea= 1.0)
are the models for greenhouse gas equivalence in carbon dioxide (ECOz.q) of the

mixtures activated with LSS and LKS, respectively.

ECO,_pq = 548.83MK + 491.24ACWr + 894.99LSS (Eq.7)

ECO,_pq = 548.83MK + 491.17 + 1135.13KS (Eq. 8)

Equation 9 (R%g= 0.85 and R2peq= 0.82) and Equation 10 (R%gj= 0.90 and R2preq=
0.88) are the models for compressive strength (Cy) of the mixtures activated with LSS and

LKS, respectively.

C, = 158.26MK + 89.93ACW; — 28.99LSS (Eq.9)

C, = 186.96MK + 134.57ACW;, — 57.72LKS (Eq. 10)

Equation 11 (R2.4j=0.95 and R2peq= 0.93) and Equation 12 (R2.4j= 0.99 and R?prea=
0.98) are the models for electrical conductivity values (o) of the mixtures activated with

LSS and LKS, respectively.

(Eq. 11)
0 = —69.55MK + 27.24ACW; + 79.24LSS

6 = —87.59MK — 50.23ACW; + 99.16LKS (Eq. 12)
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To determine a formulation that simultaneously incorporates all desired
characteristics for geopolymers, the Design-Expert® software was used based on the
desirability function developed by Derringer and Suich (1980). The objective was to
determine for each activator (LSS and LKS) a formulation that would simultaneously
minimize the equivalence of greenhouse gas in carbon dioxide and electrical conductivity

and maximize compressive strength and consumption of ACWr.

According to the simulation in Design-Expert® software, the optimized
formulation for sodium silicate-based pastes presents a mass fraction of MK equal to
0.345, ACWr equal to 0.155, and LSS equal to 0.500. For potassium silicate-based paste,
the optimal formulation presents a mass fraction of MK equal to 0.300, ACWr equal to
0.200, and LKS equal to 0.500. The predicted values for each formulation, confidence
limits, observed experimental values, and the deviation between the observed and

predicted values by the models are presented in Table 6.

Table 6 — Predicted and experimentally observed values for optimized formulations
produced with LSS and LKS

Predicted by Lower limit ~ Upper limit Experimental

Activator Property the model (@=0.05) (@=0.05) result
ECO3.q 712,97 712.96 712.98 712.97

LSS Cs (MPa) 54.03 50.68 57.38 51.12
Ce (mS/cm) 19.86 17.90 21.82 21.96

ECOs.q 830.44 830.43 830.44 830.44

LKS Cs (MPa) 54.14 50.43 57.85 56.44
Ce (mS/cm) 13.26 12.30 14.22 12.32

It is noted that the established models were efficient in predicting the properties,
making it possible to determine formulations of geopolymer pastes with the incorporation
of a residue, presenting high compressive strength, and reducing efflorescence (observed

indirectly by electrical conductivity) and CO; emissions.

Also, it is observed that under the same established conditions, the formulation
optimized with potassium silicate allowed greater incorporation of ACWr than the
formulation established with sodium silicate, probably due to the greater efficiency of

potassium in the decomposition of precursor materials. On the other hand, the production
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of a potassium silicate-based binder has a greater carbon footprint, justified by the greater

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

4. CONCLUSIONS

It was proposed to evaluate the influence of ACWr and the alkaline activator (Na
or K) on the properties of fresh and hardened geopolymer matrix, as well as the associated

pollutant gas emissions.

Environmental analysis showed that mixtures produced based on potassium contain
a higher CO: footprint. In addition, the insertion of ACWrt reduces the CO;.¢q associated
with the formulations, as well as enabling the inertization and proper disposal of

hazardous waste.

According to rheological analyses, it was noted that for both alkaline activators
used, the increase in the activating solution promotes a reduction in viscosity and yield
stress by reducing the friction between particles that have not yet been diluted. Only for
the formulations activated with potassium silicate and with a higher proportion of ACWr
(a source of calcium), a rapid increase in viscosity occurred for high shear rates with a
reduction in the setting time. This behavior may be associated with the greater ease of
potassium silicate in decomposing Ca>* ions from calcite with the formation of C—~A—S—

H and the hydration of belite, forming C—S—H.

Although LKS accelerated the reactions of pastes with ACWTr, this effect was not
significant in phase formation, probably due to the analysis being performed at 28 days.
The absence of belite was observed for both alkaline activators, which may have hydrated
and formed some non-crystalline product. In addition, some of the calcium present in
calcite may have reacted, forming C—S—H and C—A—-S—H, a hypothesis consistent with

the modification of the amorphous halo in the XRD data.

Similar to the water/cement ratio in Portland cement matrices, the proportion of the
activating solution governed the compressive strength of the matrices with the two
activators used. In fact, excess liquid released during geopolymer reaction and formation

can increase porosity and decrease mechanical performance.

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

bound in the alkali aluminosilicate gel structure of the geopolymer samples, and the
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matrices produced with LKS showed less efflorescence and lower electrical conductivity
of the leached solution. A strong linear correlation was also observed between electrical
conductivity and compressive strength, probably due to the dependence of these two

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