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1 INTRODUCTION 

The knowledge and analysis of the physicochemical and microstructural properties of precur-

sors used in the manufacture of alkali-activated materials corresponds to the basis of an ade-

quate formulation of these materials according to a scientific method, since it allows a more 

precise combination at all subsequent stages [1-4], since the composition of the precursor and 

in particular the vitreous or amorphous phase, as well as the presence of minor components, 

will largely determine the type of activator to be used, its concentration and the components of 

the reaction products [5].The most relevant characterization tests correspond to: scanning elec-

tron microscopy (SEM), which reveals the morphology of the elements, as well as the ele-

mental components described semi-quantitatively by energy dispersive X-ray spectroscopy 

(EDS) coupled to SEM; X-ray diffraction (XRD) and X-ray fluorescence (XRF), which ex-

poses the crystalline phases present in the material and that displays the compositional content 

in terms of the oxides present, respectively, and allows the quantification of the amorphous 

phases for each of the oxides present [6-8]; the pH, which is an important chemical variable 

since alkali activation occurs at a high pH level; and the absorption of water, directly related to 

the amount of water necessary to achieve adequate workability. 

Another important characteristic is the pozzolanic activity, since the literature demonstrates 

that, if the precursor material is capable of replacing cement as a supplementary cementing 

material in construction materials [9], it can also be chemically activated with the use of an 

alkaline activator. Likewise, it is important to perform specific tests on precursors when they 

have special characteristics. This is the case of municipal solid waste incinerator bottom ash 

(MIBA) as it can contain a notable amount of metallic aluminum, which reacts upon contact 

with water in an alkaline medium, generating hydrogen gas. This leads to the formation of 

bubbles in the materials’ plastic state and subsequent porosity in the hardened state [10-12]. 

Tyrer [13] mentions in his work two alternatives for the removal or pretreatment of aluminum 

in MIBA, in order to eliminate or minimize the expansion caused by hydrogen, the first corre-

sponds to the direct oxidation of the metal at high temperatures by citing the work of Qiao et 

al. [14] and the second the alkaline pretreatments, referring Rübner et al. [15]. 
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The present report is divided in two sections. The first one corresponds to the characterization 

of four different precursors: electric arc furnace slag (EAFS), sludge from a water treatment 

plant (SWTP), ash sludge from a water treatment plant (ASWTP) and MIBA. For the latter, a 

second stage was developed, in which six different methodologies of mortar preparation were 

developed in order to evaluate the best way under which it is possible to obtain the best results 

of compressive strength, by controlling the release of hydrogen in the plastic state. 

2 MATERIALS AND METHODS 

2.1 Waste precursors for alkali activation 

2.1.1 Water treatment sludge 

Pre-dried sludge from the potable water treatment plant in Lisbon (Empresa Portuguesa das 

Águas Livres - EPAL SA) was collected from the output of the sedimentation stage. 

2.1.2 Water treatment sludge ash 

Sludge from EPAL, described in the previous section, was incinerated at about 700 °C. 

2.1.3 Municipal solid waste incinerator bottom ash 

Bottom ash was gathered from the incineration of solid waste from the Valorsul treatment plant, 

located in São João da Talha, in the municipality of Loures, Portugal. 

2.1.4 Electric arc furnace slag 

Electric arc furnace slag, is one of the by-products of the steel smelting in the Siderurgia 

Nacional de Portugal, provided by HARSCO 

2.2 Alkaline activator 

Sodium hydroxide (NaOH) in the solid state, with 99% purity, was used to prepare a 2.5 M 

solution. A low concentration was selected since the high calcium content present in MIBA 

and EAFS is insolubilized in high concentrations of sodium hydroxide [16, 17]. Drinking water 
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meeting the Portuguese requirements gal was used in the preparation of the alkali activator, as 

it is widely available. 

2.3 Fine aggregates 

Two siliceous sands were used complying with EN 12620 [18]; coarse sand with D < 4 mm, 

water absorption of 0.3% and dry volumetric mass of 2690 kg/m3; and fine sand with D < 1 

mm, water absorption of 0.2% and dry volumetric mass of 2690 kg/m3. Figure 1 presents the 

grain size distribution of the fine and coarse sands. 

 

Figure 1 - Particle size distribution of the fine aggregates 

2.4 Characterization tests 

All samples were characterized with the following tests: electron microscopy coupled with 

EDS; X-ray diffraction (XRD) and pH. The aluminium quantification, X-ray fluorescence, 

(XRF) and pozzolanic activity with the modified Chappelle test were carried out exclusively 

in the MIBA sample. 
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2.5 Mixing methodologies 

Two families of mortars with EAFS, with alkaline activator to slag ratios of 0.35 and 0.50, 

were produced. To determine the optimum mixing method of MIBA with the alkaline activator 

and the fine aggregates, mortars were prepared using six different methodologies, in order to 

select the most appropriate one in terms mitigating the production of hydrogen gas in the alka-

lization reaction of metallic aluminium. Each methodology is described as follows: 

 Methodology 1 (M1): The alkaline solution was prepared 24 hours before the prepara-

tion of mortars. Aggregate was added 30 s after mixing MIBA with the alkaline solu-

tion, then 15 min of mixing combining slow and fast agitation, finally 45 min resting. 

 Methodology 2 (M2): The alkaline activator was prepared 24 hours before the prepara-

tion of mortars. 15 min of mixing MIBA with the alkali solution in rapid agitation, then 

45 min resting. Finally, the aggregates were added and mixed for 5 mins. 

 Methodology 3 (M3): The aggregates were added 30 s after MIBA with a cold alkaline 

activator (4 °C) using slow mechanical stirring, then 15 min of fast mixing [19]. 

 Methodology 4 (M4): The alkaline activator together with MIBA were heated at 80 °C 

on a magnetic plate for 2 hours, then left for 2 more hours and finally mixed with the 

aggregates for 5 minutes [20]. 

 Methodology 5 (M5): The alkaline activator was prepared and MIBA was immediately 

added, then the mix was left to rest for 24 hours. After that, it was mixed with the 

aggregates for 5 minutes. 

 Methodology 6 (M6): The alkaline activator was prepared with hot water at 50 °C. A 

temperature of 80 °C was reached when adding solid NaOH and immediately mixed 

with MIBA for one hour plus one hour of rest. Finally, the aggregates were added and 

mixed for 5 mins. 

All mortar families were prepared and tested according to the EN-EP 196-2006 standard [21] 

For methodologies M1, M2 and M3, the following water reducing admixtures were used for 

the preparation of the mortars: polycarboxylate (P), lignosulfonate (L), naphthalene (N) and 

melamine (M). A control mortar without superplasticizer was also produced. Table 1 shows 
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mortars’ composition within the abovementioned methodologies. 

The following properties were evaluated for the processed mortars: fresh-state density and 

workability[22] and hardened state flexural strength and compressive strength[21]. 

Table 1 - Composition of the mortars 

MIBA (g) Fine aggregates (g) NaOH (a) Water (ml) Superplasticizer (%) 
450 1350 23 225 1 

3 RESULTS AND DISCUSSION 

3.1 Characterization of the waste precursors 

3.1.1 Scanning electron microscopy/Energy dispersive X-ray spectroscopy 

The morphological characterization of the samples was carried out in the SEM of IST’s De-

partment of Mechanical Engineering, which corresponds to a brand microscope HITACHI 

model S-2400. The samples were coated with Au-Pd alloy prior to observation to avoid elec-

trical charge accumulation. In relation to the elemental composition, the SEM equipment was 

coupled to a detector of Energy Dispersive X-Ray Spectroscopy (EDS) brand BRUEKER EDS. 

This equipment determines, semi-quantitatively, atomic quantities of the different elements 

present in the sample, which is relevant to confirm the elements present in the mineralogical 

phases reported by the XRD analysis. 

Figure 2a shows scattered and angular morphology of EAFS particles, typical of oxides when 

they break. Irregular, porous and isolated particles are observed, which is consistent with the 

findings of other authors, such as Santamaria et al. [23], who characterized EAFS microstruc-

ture for various applications in Civil Engineering. Similarly, the presence of smaller particles 

on the surface of larger particles, which have a lower density, is notable (Figure 2b). They 

mentioned in their work that low density particles are generated by the high temperatures at 

which this waste is generated, which results in the release of gases causing high porosity. This 

also agrees with the results of Alinezhad et al. [24], who compared the morphology of EAFS 

with limestone to be used as an aggregate in the production of asphalt. In Figure 2c, vitrified 



 

 
 

 

6 

 

surface can be observed, associated with materials exposed to high temperatures (higher than 

1600 °C) inferring possible pozzolanicity and reactivity to alkali activation. In Figure 2d, the 

EDS test was carried out, the results of which are presented in Figure 3. The elemental compo-

sition of the EAFS corresponds to around 50.6% of oxygen, followed by calcium with a 18.0%, 

7.1% for silicon and 6.2% for iron. These components are in accordance with the mineralogical 

composition of the XRD of EAFS (in the following section) and with other studies, like Ozturk 

et al. and Arribas et al. [25, 26], in which the slag is characterized by a high content of free 

calcium, showing as white particles in SEM, followed by silicon oxide and iron oxide. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2 - SEM micrographs of EAFS 

Regarding the morphology of SWTP (Figure 4), the particles are mostly of irregular size and com-

pact. They may correspond to clays and salts, characteristic components of this type of waste. 
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Figure 3 - EDS coupled to SEM of EAFS 

 

(a) 

 

(b) 

Figure 4 - SEM micrographs of untreated SWTP 

This result is consistent with other authors like Wang et al. [27], who compared SWTP micro-

structures and pulverized fly ash, the latter being spherical. In this work, Wang et al. use SWTP 

as a replacement for fine aggregate for the production of concrete. Another case study is that 

presented by Ling et al. [28], who evaluated the reuse of sludge with a rough texture as a sub-

stitute for clay in ceramic products. The microstructure of this by-product is directly related 

with the type of soil with which the collection water has contact. In this case, the sedimentary 

soil is mostly detrital limestone and clay. The EDS test was carried out, and its results are 
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presented in Figure 5. The elemental composition of the SWTP corresponds to around 24.4% 

of oxygen, followed by aluminium with 18.0%, 6.2% for calcium, 5.5% for silicon, and 2.8% 

for iron. These components are in accordance with other studies, as reported by Ahmad et al. 

[29] in its review article in which all sludges characterized present as one of the main major 

components aluminum oxide, Al2O3 (average of 20.93%). 

 

Figure 5 - EDS coupled to SEM of untreated SWTP 

Figure 6, which presents the SEM of ASWTP, shows that the particles present a regular distri-

bution in terms of size; however, they are highly porous, which results in a less dense material. 

Additionally, this morphology suggests a greater surface area, which could influence the absorp-

tion of water, increasing the amount required for the hydration of the particles. The elemental 

composition of the ASWTP corresponds to around 20.7% for oxygen, followed by aluminium 

with 20.0%, 13.6% for calcium, 6.4% for silicon and 1.2% for iron, which are similar values to 

those for the sludge without treatment. Tantawy [30] characterized sludge calcined to 600 °C and 

900 °C, where he mentions that high temperatures allow dehydration of the Al(OH)3, subsequent 

formation of Al2O3 and crystallization of amorphous silica. 
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(a) 
 

(b) 

Figure 6 - SEM micrographs of ASWTP: (a) 500 amplification; (b) 1,000 amplification 

 

Figure 7 - EDS coupled to SEM for ASWTP treated at 700 °C 

The morphology of MIBA can be seen in Figure 8, in which the prominence of particles ex-

hibiting angular shape and with porous microstructure is easily observed. This agrees with that 

reported by Lynn et al. [31] and Silva et al. [32], both works corresponding to literature reviews. 

Like ASWTP, it is probable that a greater amount of water is needed to cover the particles’ 

surface area for a given workability. EDS test was carried out and its results are presented in 

Figure 9. The elemental composition of MIBA corresponds to around 23.3% for oxygen, fol-

lowed by calcium with 15.2%, 8.7% for silicon, 6.6% of aluminium and 4.1% of iron. 
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(a) 

 

(b) 

Figure 8 - SEM micrographs of MIBA 

 

Figure 9 - EDS coupled to SEM of MIBA 

3.1.2 X-ray diffraction 

The XRD test was carried out in the Department of Mining Engineering of the IST, in the X-

ray diffraction equipment, copper anode material, at a measuring temperature of 25 °C, with a 

diffractometer Type No. 0000000011019195. 

Figure 10a shows the crystalline structures present in SWTP. The presence of mineral calcite 
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(CaCO3) and quartz (SiO2) is mostly observed. These phases are also present in the ASWTP 

(Figure 10b), which presents other phases such as andradite (Ca3Fe2(SiO4)3) and mayenite 

(Ca12Al14O33). Ahmad et al. [29], in his revision article, mentions that SiO2 was the major crys-

talline solid identified in numerous XRD analyses in waterworks sludge, but in this project the 

intensity of the peak is higher in the calcite crystal, which indicates characteristics present in 

the pumped water, such as high hardness that results from being in contact with calcareous 

means. The aluminium content in this type of waste comes mainly from the water purification 

process, in which aluminium salts (aluminium sulphate - Al2(SO4)3) are usually used as a co-

agulant of the colloids present in the raw water. The quality of the catchment water, linked to 

the types of soils that come into contact with the source of uptake, can be measured based on 

the mineralogical phases determined in this test. The XRD of MIBA shows that the main crys-

talline phases were, silica (SiO2), calcite (CaCO3) and calcium oxide (CaO) (Figure 11). These 

crystalline phases were found in the samples after the incineration process of MIBA up to 1000 

°C, and the silica content and CaO corroborates the results obtained in the microstructural anal-

ysis by SEM, since silicon oxide is a highly porous material, represented by thermally fractured 

particles[33], and calcium oxide is the product of thermal decomposition of CaCO3, which also 

generates CO2. This gas, once it is released, helps increase the porosity of the material. 

Bayuseno et al. [33] analysed the mineralogical properties of MIBA, a by-product of the incin-

erator plant of Iserlohn, Germany, in which the main crystalline phases found were quartz 

(SiO2), characteristic of refractories and glass fragments, corundum (Al2O3) and magnetite 

(Fe3O4), characteristics of high temperature combustion of metallic elements and calcite 

(CaCO3), characteristic of thermal decomposition of building materials. Except for the pres-

ence of metal crystals, the results of this study, as well as those presented by Chen et al. [34], 

are similar to those of the MIBA studied in this report. 

Finally, the X-ray diffraction of the EAFS shows that the main crystals found in this by-product 

are: plustite (W, FeO), gehlelite (Ca2Al (AlSiO7)), calcium silicate (Ca2SiO4), magnetite (Fe2+ 

Fe3+ 2O4) and larnite, the latter also corresponds to calcium silicate (Figure 12). These charac-

teristics make slag a potential precursor to alkaline activation, because this test confirms the 
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presence of the main compounds that react with the alkaline activator to produce the cementi-

tious gel (C.A.S.H). The slag generated in Portugal has crystalline phases similar to the slags 

characterized by Santamaria et al. [23] and Ozturk et al. [25]. 

 

(a) 
 

(b) 

Figure 10 - XRD pattern of SWTP (a) and ASWTP (b) 

  

                Figure 11 - XRD pattern of MIBA                        Figure 12 - XRD pattern for EAFS 
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3.1.3 XRF 

XRF shows that MIBA contains a high content of silicon oxide (SiO2), calcium oxide (CaO), 

followed by iron oxide (Fe2O3) and aluminium oxide (Al2O3). This characterization confirms 

the results obtained by XRD and SEM (Table 2). The sum of oxides Al2O3, SiO2 and Fe2O3, 

according to the American standard [35] would allow the use of MIBA, classifying it as Fly 

ash class C (high calcium concentration), where the minimum value of the sum of the oxides 

(Al2O3, SiO2 and Fe2O3) is 50%. Lynn et al [31] showed that 66% of the MIBAs satisfy this 

limit. Johnson [36] compared the chemical composition of MIBA with igneous rocks, conclud-

ing that both of which are mainly made up of Si, Ca and Al. 

From the characterization by XRF, it is possible to determine that this precursor corresponds 

to a calcium-rich system, according to the classification established by Torgal et al. [37] in the 

Handbook of Alkali-Activated Cements, Mortars and Concretes. 

Table 2 - Chemical composition of MIBA (% by mass) 

 

 

 

 

 

 

 

3.1.4 pH 

The pH test was carried out using a digital pH measurement instrument HACH brand. The pro-

cedure for pH determination in soils based on ASTM D4972 was used [38]. The by-product with 

Materials  MIBA (%) 

Al2O3 4.10 

CaO 22.99 

Fe2O3 9.21 

K2O 1.57 

MgO 2.37 

Na2O 2.40 

SiO2 51.84 

SO3 2.42 

Cl- 0.70 

Insoluble residue - 

LOI 2.40 
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the highest hydrogen potential corresponds to EAFS, with a pH of 10.0, followed by MIBA with 

a pH of 9.61, ASWTP with a pH of 9.46, and finally SWTP, with a pH of 7.26. High pH values 

are associated with the presence of basic and/or alkaline compounds, such as calcium carbonate, 

present in all characterized by-products. According to Torgal et al. [37], basic pH’s are required 

in alkaline activation reactions, since precursors will have greater hydraulic potential. Therefore, 

EAFS, followed by MIBA and later ASWTP, clearly present this characteristic. 

3.1.5 Quantification of metallic aluminium in MIBA 

The chemical reaction to produce gaseous hydrogen from metallic aluminium and NaOH cor-

responds to equation 1. In terms of the stoichiometric quantities (atomic and molecular 

weights), the quantities of each of the reactants and products generated in grams are presented 

in equation 2. 

Equation 3 corresponds to the chemical reaction that results from the decomposition of sodium 

tetrahydroxyaluminate, (2𝑁𝑎𝐴𝑙(𝑂𝐻)ସ (the product of equation 1), in which it is observed that 

NaOH is regenerated and precipitates aluminum hydroxide 𝐴𝑙(𝑂𝐻)ଷ. 

2𝐴𝑙଴  +  2𝑁𝑎𝑂𝐻 +  6𝐻ଶ𝑂 →  2𝑁𝑎𝐴𝑙(𝑂𝐻)ସ  +  3 𝐻ଶ ↑ (1) 

54 𝑔 +     80 𝑔    +  108 𝑔 →     236 𝑔           +   6 𝑔 ↑ (2) 

𝑁𝑎𝐴𝑙(𝑂𝐻)ସ → 𝑁𝑎𝑂𝐻 + 𝐴𝑙(𝑂𝐻)ଷ ↓ (3) 

From the stoichiometric quantities, it was determined that 0.11 g of H2↑ were produced per 

gram of aluminium consumed (equation 4). 

𝑔 𝐻ଶ ↑= 1 g Al° × 
6 𝑔 𝐻ଶ ↑ 

54 𝑔 𝐴𝑙°
= 0.11 𝑔 (4) 

From the reaction of 0.1 g of metallic aluminium with a 2.5 M NaOH solution (excess reagent), 

the displaced volume of water was measured experimentally by the hydrogen gas produced, in 

an inverted test tube, which was connected by means of a glass tubing to a three-nozzle balloon. 
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The theoretical value corresponds to 143.03 ml.  

Three runs were performed in order to determine an average and an error, where Vi, Vf, Vexp 

are initial volume of the inverted test tube, final volume of the inverted test tube and volume 

displaced by hydrogen respectively (Table 3). In the same way, the temperature at which the 

reaction was carried out corresponded to 43 °C (heat due to the exothermic reaction of NaOH 

in water). The density of hydrogen at 43 °C and 1 atm. of pressure is 0.0766 kg/m3 [39]. From 

this property and the mass of hydrogen produced per gram of aluminium, it was possible to 

determine the theoretical volume of hydrogen generated (equation 5). 

𝑣 =
𝑚

𝜌
;     𝑣ுమ

=
0.11 𝑔

0.0000766 𝑔/𝑚𝑙
= 1436. 03 𝑚𝑙 (5) 

In other words, one gram of metallic aluminum generates 1.436 liters of hydrogen. 

Table 3 - Measurements made in triplicate for 0.1 g of pure metallic aluminium 

H2 release per 0.1 g of Al° 

Vi (ml) Vf (ml) Vexp (ml) 

10 142 132 

30 156 126 

28 164 136 

 Average 131.33 

 SD 5.03 

 Error 8% 

The test was carried out again, this time with 10 g of MIBA and 800 ml of a 2.5 M NaOH 

solution in order to quantify the volume of hydrogen produced and subsequently the amount 

of metallic aluminum in grams per kg of MIBA. The results are presented in Table 4. 

Using the density property (equation 6), the milligrams of hydrogen present in 63.33 ml of the 

gas were determined. 

𝑣 𝑥 𝜌 = 𝑚;      63.33 𝑚𝑙 ×  0.0000766
𝑔

𝑚𝑙
= 0.00485 𝑔 = 4.85 𝑚𝑔 𝐻ଶ (6) 
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Table 4 - Measurements made in triplicate for 10 g of MIBA 

H2 release per 10 g of MIBA 

Vi (ml) Vf (ml) Vexp (ml) 

138 200 62 

120 184 64 

62 126 64 

 Average 63.33 

 SD 1.15 

Using the stoichiometric amounts, the amount of metallic aluminium that produces this amount 

of hydrogen is determined (equation 7). 

𝑔 𝐴𝑙° = 0.00485 g 𝐻ଶ ↑  x 
54 𝑔 𝐴𝑙°  

6 𝑔 𝐻ଶ ↑
= 0.04365 𝑔 𝐴𝑙° (7) 

In other words, 10 grams of MIBA contain 43.65 mg of metallic aluminium. Thus, it can be 

concluded that there is 4.36 g of Al per kg of MIBA and this aluminium, in contact with an 

excess NaOH solution, produces 6.3 L of H2↑ per kg of MIBA. Figure 13 presents the relation-

ship of hydrogen released by MIBA over time in minutes. 

 
Figure 13 - Hydrogen production over time of MIBA samples 

H2↑= 0,0079t3 - 0,4815t2 + 9,7228t - 0,7473
R² = 0,9989

H2↑ = 0,0178t3 - 1,3636t2 + 36,103t + 0,4683
R² = 0,9994
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The figure allows inferring that the relationship between the time of release of the gas and the 

volume of hydrogen released for different amounts of MIBA does not follow the same mathe-

matical model, since despite the trend lines (H2 released by 10 g of MIBA and H2 released by 

50g of MIBA) being polynomials of third order, the coefficients are different. Therefore, the 

use of chemical kinetics is determinant in order to evaluate the speed of the reaction, making 

the model applicable to any amount of MIBA. 

In terms of the thermodynamics of the reaction, reaction (1) proceeds in the following way 

(equation 8): 

𝐴𝑙 + 𝑂𝐻ି + 3𝐻ଶ𝑂 → 1.5𝐻ଶ + 𝐴𝑙(𝑂𝐻)ସ
ି 

∆𝐻 = −415.6 𝐾𝐽;   ∆𝐺: −437.1 𝐾𝐽  

(8) 

The negative value of the enthalpy (−415.6 kJ) indicates that the reaction is exothermic, which 

indicates that the high temperatures favour the speed of the product’s formation. Gibbs' free 

energy, which also has a negative value (∆G: −437.1 kJ), indicates that the reaction is sponta-

neous, so that hydrogenation does not require energy supply to occur. 

The heat produced in this reaction is as follows: 15.37 kJ are generated for each gram of me-

tallic Al (aluminium atomic mass: 27 UMA). If in this MIBA sample there are 4.36 g of Al per 

kg of MIBA, in 450 grams of MIBA (quantity used for mortars) there are 1.952 g of Al, which 

produce 2.83 L of hydrogen. For these quantities, 30.15 kJ are produced. The temperature of 

the reaction was 43 °C. The heat released by the reaction was absorbed by the water, which 

was used as a factor to accelerate the reaction rate. 

Aubert et al. [11] quantified the metallic aluminium present in a sample of MIBA from an 

incineration plant in France, obtaining values of 1.99 g Al/kg of MIBA. Likewise, Tang [10] 

obtained values of 6.99 g of Al/kg de MIBA and 3.72 g of Al/kg de MIBA from the Dutch 

incinerator plants in Wijster and Moerdijk, respectively. These results show that the values 

obtained in the Lisbon incineration plant are within those defined for these three countries. 

None of these studies presents the month of the year in which the samples were obtained, in 
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order to observe a consumption trend related to the amount of aluminium present in the waste. 

3.1.6 Pozzolanic activity index 

The modified Chappelle test determined by titration with 0.1 M HCl, the content of Ca (OH)2 

not consumed (free content) by the reactive phases present in MIBA during 16 h of reaction at 

90 ± 5 °C of 2 g CaO grade laboratory and one gram of the by-product diluted in distilled water. 

The reactions presented in the titration are the following (equations 9 and 10): 

𝐶𝑎𝑂 + 2𝐻𝐶𝑙 → 𝐶𝑎𝐶𝑙ଶ + 𝐻ଶ𝑂 (9) 

𝐶𝑎(𝑂𝐻)ଶ + 2𝐻𝐶𝑙 → 𝐶𝑎𝐶𝑙ଶ + 2𝐻ଶ (10) 

  

Thus, through equation 11, it is possible to calculate the mg Ca (OH)2 / g of by-product [40]: 

𝑚𝑔 𝐶𝑎(𝑂𝐻)ଶ

𝑔 𝑏𝑦 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
=

28 𝑥 (𝑣ଷ − 𝑣ଶ)𝑥 𝐹௖  

𝑚ଶ
 𝑥 1.32 

(11) 

Where m2 is the mass of the pozzolanic material expressed in grams, v2 the volume of HCl 

consumed by the sample; v3 the volume of HCl consumed by the blank; Fc, correction factor 

for a 0.1 M solution and 1.32 the molecular relationship Ca (OH)2 / CaO. 

Through the Chappelle test, a value of 445 mg of Ca(OH)2 per g of MIBA was obtained, which is 

higher than the minimum limit, 436 mg Ca(OH)2/g of addition established by Raverdy et al. [41, 

42], for the classification of a mineral addition as a pozzolanic material, concluding that both by-

products can be considered as pozzolanic, which is confirmed by Tyrer [13], in his work on the use 

of MIBA in concrete, where he mentions that MIBA shows pozzolanic activity when it is finely 

pulverized, and Filipponi et al. [43] who conclude that MIBA has low pozzolanic activity. 

3.2 Fresh state properties 

3.2.1 Density 

The fresh density for all control mixes reveals that all values vary between 1.6 g/ml and 1.85 
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mg/ml for MIBA and 1.90 g/ml and 1.95 g/ml for EAFS (Figure 14). 

 
Figure 14 - Density in the fresh state 

MIBA mortars in the fresh state have lower density values than ordinary Portland cement mor-

tars; therefore, it can be inferred that MIBA has a lower density than Ordinary Portland Cement 

(3.15 g/ml). This may be explained by the release of hydrogen gas from the reaction of alumin-

ium with sodium hydroxide, generating bubbles in a plastic state; at the same time, MIBA has 

a low density, since the process of generation of the by-product involves high temperatures, 

which make its microstructure porous due to the release of gases associated mainly with or-

ganic matter [44]. The density of slag compared to that of MIBA control mixes is slightly 

higher, which means that in the fresh and hardened states the mixes are more compact. The 

results, such as those reported by Chen et al. [34], confirm the tendency of this property in the 

hardened state, since in the work mentioned above the dry density of the geopolymer produced 

with MIBA ranges between 0.676 g/ml and 0.10 g/ml. These values depend on the MIBA/al-

kaline activator ratio: the higher the ratio, the more the density decreases in the hardened state. 

On the other hand, Jinyoung et al. [45] determined the density in the fresh state for cement 

pastes with MIBA replacement as mineral addition. The reported values range between 1.718 

g/ml and 1.878 g/ml, corresponding to a paste with 30% replacement and the control paste 

respectively, confirming the decrease in density caused by MIBA. 

Figure 15 shows the density in the fresh state of M1, M2 and M3, making use of different water 

reducing admixtures. In every case, it is observed that the higher density in the fresh state 
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corresponds to the family P and L. behaviour contrary to the superplasticizer N and M. The P 

and L families are classed as superplasticizers. According to the literature, P generates the 

greatest fluidity in the mixes, and is classified as a high-ranking water reducing agent [46]. L 

comes mainly from organic sources of cellulose [47], which classification depends on the type 

of cellulose they come from and generally leads to high fluidity, contrary to N and M; which 

have similar behaviours. Topçu and Ateşin [48], in their research work on mortars, make a 

comparison between L and N, finding results similar to those reported in the present work, 

since the mixes made with L report densities in the fresh state higher than those made with N. 

 
Figure 15 - Density in the fresh state of M1, M2 and M3 

3.2.3 Workability 

Figure 16 shows the values obtained for the workability of all mortars. The mixes with the 

highest workability are those made with lignosulfonate and polycarboxylate, followed by those 

made with naphthalene and finally melanin. All the control mixes are classified as dry mortar, 

which indicates the need of the use of a water reducing agent to reach a classification of plastic 

state according to the standard [22]: 140 mm < spread <200 mm). 

In the case of slags, an alkaline activator/slag ratio of 0.5 causes a highly fluid mix, so it was 

possible to measure the spread diameter. 

This result may be related to the MIBA’s microstructure, whose particles, having an angular 
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and porous shape, may require a higher water content to obtain a plastic mortar without the aid 

of the water reducing admixtures, as explained by Tyrer [13]. 

The tendency with respect to the use of water reducing agents is similar to that obtained for 

density, considering that families M and N have similar behaviours, and P and L have better 

performance. Topçu and Ateşin [48] evaluated this property, finding that N mortars had the 

best performance. 

 

Figure 16 - Workability of the mortars 

3.3 Hardened state performance 

3.3.1 Compressive strength 

Figure 17 and Figure 18 show the results of all mortars and proposed methodologies, including 

EAFS. For the mixes with MIBA, the best results in the compressive strength were obtained in 

mortars C5 and C and the worst ones in mortars L2 and P3, at both 7 and 28 days. According 

to Garcia et al [5], for both precursors the main reaction product corresponds to C.A.S.H gel, 

((Na,K)2O-CaO-Al2O3-SiO2-H2O). 

This behaviour is directly related with the main chemical reaction that occurs (equation 1), 

which can be accelerated by the following factors: pressure, temperature, catalysts and concen-

tration of reagents. 
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Figure 17 - Compressive strength of all mortars 

 

Figure 18 - Compressive strength of the control mixes 

The heat of reaction (Q) for methodologies 4 and 5 is 28.14 kJ and 23.45 kJ respectively. An 

example of calculation is presented in equation 12, where C: heat capacity of water in 

(kJ/kg.K); t1: initial temperature of the solution preparation water; t2: final solution temperature 

after NaOH is added and m: water weight. 

𝑐 = 4.169
𝑘𝐽

𝑘𝑔 ∗ 𝑘
            𝑡ଵ: 18°𝐶       𝑡ଶ: 43°𝐶      𝑚: 0.225 𝑘𝑔 

𝑄 = 𝑚𝑐∆𝑡 = 23.45 kJ 

(12) 

At constant pressure, Q =23.45 kJ corresponds to the reaction enthalpy. 
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Since the reaction is exothermic (equation 8), it is possible to take advantage of the heat gen-

erated by the dissolution of NaOH in water to accelerate the reaction of H2 production. 

The heat absorbed by the water when it reacts with NaOH is used to accelerate the reaction rate 

of the alkaline activator with the metallic aluminum present in MIBA. The high temperature 

expands the gases; therefore, when the mix is allowed to rest in the plastic state for an additional 

time, all hydrogen is released and the temperature decreases. 24 hours later, the gases trapped 

in the mixture are released by means of mechanical stirring. 

This result is consistent with that of Poon et al. [49], who state that some metallic Al removal 

treatments take some time, from a few days to weeks. 

Low compressive strength after alkaline activation of MIBA, such as that presented in this 

report (maximum of 3.67 MPa at 28 days), is consistent with the results of various authors, 

such as Chen et al. [34], who developed a geopolymer with a maximum compressive strength 

of less than 3 MPa, or Silva et al. [32], who in their review paper found that the maximum 

compressive strength obtained after alkaline activation of MIBA does not exceed 3 MPa. 

Another field of research, still unexplored in terms of alkaline-activated materials with MIBA as 

precursor, is the use of catalysts, which are inhibitory substances, such as the following plants, that 

eliminate H2 in the chemical reaction of metallic aluminum and aqueous NaOH: Gume Arabic [50] 

or Impomea involcrata [51]. However, the reactivity of these inhibitors with natural aggregates or 

with other amorphous phases has not been proven. 

It is necessary to check through analytical techniques whether the aluminum hydroxide of equa-

tion 3 is in a crystalline or amorphous state, in order to evaluate its reactivity, since there are 

investigations where adding amorphous aluminum in the form of aluminum hydroxide improves 

the mechanical properties of the alkali activated material, in which the strength increased [52]. 

On the other hand, EAFS with a high Ca content, such as MIBA, do not contain metallic alumin-

ium. For this reason, the compressive strength in EAFS mortars is greater than in MIBA mortars. 

Figure 19, Figure 20, and Figure 21 present the compressive strength at 7 and 28 days obtained for 

methodologies 1, 2 and 3 with four different water reducing agents. In all the graphs, the mortars 

with lignosulfonate have the lowest strength at 28 days; in the case of melanin, naphthalene and 
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polycarboxylate mortars, the behaviour does not present a trend related to the mixing methodology 

used. This indicates that this variable does not have a high influence on compressive strength in 

alkali activated materials. Gamal et al. [53] concluded that naphthalene slightly improves the me-

chanical properties of ordinary Portland cement pastes. 

 
Figure 19 - Compressive strength of the mortars for methodology 1 

 
Figure 20 - Compressive strength of the mortars for methodology 2 

 

Figure 21 - Compressive strength of the mortars for methodology 3 
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3.3.2 Flexural strength 

The flexural strength for all methodologies proposed at 7 and 28 days was determined. Figure 

22 shows that the control mixes of methodology 4 and 5 have the highest values of flexural 

strength at 28 days: 0.727 MPa and 0.797 MPa respectively. The mortar made with slag had 

the highest flexural strength, 0.798 MPa. 

Figure 23, Figure 24, and Figure 25 present the flexural strengths at 7 and 28 days for method-

ologies 1, 2 and 3 and four admixtures. In all figures, the mortars with lignosulfonate have the 

lowest flexural strengths at 28 days (L2 and L3 broke at demoulding, so the tests could not be 

performed). In melanin, naphthalene and polycarboxylate mortars, the behaviour does not pre-

sent a trend related to the mixing methodology used. This indicates that this variable does not 

have a high influence on compressive strength, but it has a great influence on workability. 

Flexural strength behaviour can be explained similarly to compressive strength. 

 
Figure 22 - Flexural strength of the control mortars 

 
Figure 23 - Flexural strength of the mortars for methodology 1 
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Figure 24 - Flexural strength of the mortars for methodology 2. 

 
Figure 25 - Flexural strength of the mortars for methodology 3 

4 CONCLUSIONS 

The by-products characterized present properties that make them potential precursors of alka-

line activation, such as basic pH, and presence of crystalline compounds with constituents of 

calcium, silicon and aluminum. 

All precursors analyzed, once activated, will lead to the formation of the C.A.S.H gel, because 

in all the calcium content is much higher. 

It is necessary to use a superplasticizer to reach the plastic category for fresh mortars, which 

can be either naphthalene or polycarboxylate. 

As for MIBA mortars, the best methodology to produce an alkaline activated material and in 

which hydrogen release is controlled with the lowest energy expenditure is number 5. 

The electric furnace slag with low concentrations of NaOH yields better compressive strength 

results (6.35 MPa at 28 days of curing age), with a low activator/slag ratio of 0.35. Therefore, 
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it is recommended to evaluate the use of this by-product to improve the mechanical properties 

of the material. 

It is recommended to quantify the amorphous contents in the precursors, since these are the 

phases that react with the activator producing the geopolymer. 
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