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A B S T R A C T   

In this work, an investigation on the use of two slags from different origins (electric arc furnace 
slag (EAFS) and copper slag (CS)) as raw materials in the manufacture of alkali-activated cements 
has been carried out. A comparison of the different mechanical properties developed by the 
alkaline activation of each raw material has been studied. Combination of 35 wt% potassium 
hydroxide (KOH) solution with different concentration (5, 8, 12 and 15 M) and 65 wt% potassium 
silicate (K2SiO3) solution was used as activating solution to manufacture alkali activated cements. 
The pastes were cured 24 h in a climatic chamber at 20 ◦C at 90% of relative humidity, subse
quently demoulded and cured at same condition during 1, 7, 28 and 90 days. Alkali activated 
materials have been characterized using Fourier transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). The physical properties: bulk density, 
water absorption and apparent porosity, mechanical properties, flexural strength and compressive 
strength and thermal properties: thermal conductivity have been determined. The results indicate 
that two types of slags studied are a suitable source of aluminosilicates that can be activated for 
the manufacture of alkali-activated materials. These precursors are capable of developing high 
values of flexural and compressive strength and low values of thermal conductivity when optimal 
concentration of KOH was used. The optimal composition was developed when CS was utilized. 
Binders with CS and 12 M M ratio achieved compressive strength values up to 70 MPa.   

1. Introduction 

Cement is one of the most used materials in civil engineering, where the most used is Portland cement (PC). This cement has high 
strength properties and durability (Puertas et al., 2018). However, its manufacture has a high environmental cost, because it need high 
temperatures to produce it and extraction in quarries of the raw material (Szab ó et al., 2006). This implied a high emission of CO2 to 
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the atmosphere, the main greenhouse gas, but also NOx. The search for alternatives to Portland cement has led to many studies on new 
materials for construction. The target is to produce new materials more environmentally friendly. 

In recent years, many studies have emerged to reduce CO2 emissions and replace PC with more environmentally friendly binders 
(Hajimohammadi et al., 2017; Amari et al., 2019). An alternative are geopolymers (Provis, 2018) or alkali activated cements (AAC), 
they are consider the new green cementitious materials (Li et al., 2021). AAC are manufactured as a combination of alumina-silicate 
source (precursor) and alkaline activator solution (Fakhrabadi et al., 2021). Aluminosilicates are dissolved in highly alkaline envi
ronments forming an amorphous semi-crystalline 3D silicoaluminate polymeric structure (Sithole and Mashifana, 2020a). 
Alkali-activated cements are manufactured as a combination of calcium-silicate source (precursor) and alkaline activator solution 
being the main reagent product calcium silicate gel (C–S–H). These cements have given good results in relation to their strength and 
durability (Pacheco-Torgal et al., 2012), but their behaviour is different depending on the material used and its provenance. 

Several materials have been used as precursor in geopolymers and alkaline activated materials. Any examples are industrial waste, 
by-product, ashes, slags and natural sources as clays (Rees, 2007; Aredes et al., 2015; Nikolov et al., 2017; Seo et al., 2020). The target 
using these materials is to delete waste produced in the industry and reduce CO2 emissions. The use of slag has been extensively studied 
in previous works (Mozgawa and Deja, 2009; Asim et al., 2019; Sithole and Mashifana, 2020b; Ameri et al., 2021). Slag has different 
origin according to metallurgical process used: ground granulated blast furnace slag (GGBFS), electric arc furnace slag (EAFS) or black 
steel slag, secondary metallurgical slag such as ladle furnace basic slag (LS), also called white slag, basic oxygen furnace slag (BOS) and 
other slags (Lancellotti et al., 2021). 

Historically, one of the most used slags as aluminosilicate and calcium precursor are GGBFS so, these slags have been used alone 
and mixed with class F fly ash (Luukkonen et al., 2018). Nevertheless, other slags have been used as stainless steel slag with different 
results depending of activator and curing condition performed (Salman et al., 2014, 2015). Steel production is one of the most 
important economic activities for industrial development; however, it represents great challenges related to the impact generated on 
the environment as millions of tons of slag are generated worldwide. EAFS is a by-product of steel production, during steel making 
process, when molten steel and impurities are separated (Khan et al., 2016). The main chemical components of EAFS are CaO, SiO2 and 
Fe2O3 and a small amount of Al2O3 (Wang et al., 2021; Oyebisi et al., 2020). EAFS have been used to produce binder mixed with other 
materials (Abdel-Ghani et al., 2018; Furlani et al., 2018; Guo and Yang, 2020). Also they have been mixed with carbon ashes or 
replacing Portland cement to manufacture mortar or concrete (Wang et al., 2021; Martins et al., 2021). 

Cooper slag is generated during the refining process of copper (Singh and Singh, 2020a). CS is rich in FeO, Fe2O3 and SiO2, but also 
it contains various other elements such as Al, Ca, Mg and Cu in metallic or oxide/sulphide forms (You et al., 2020; Yan et al., 2021). 
Although the chemical composition vary from plant to plant and mineral additions may be limited by their local availability (Salman 
et al., 2015). On the other hand, regarding the another wastes used is this work, copper slag, there are in recent years, several works 
about its use as precursor for alkali cementitious material (Singh and Singh, 2019), in the manufacture of mortars and for producing 
alkaline activated cements (Singh and Singh, 2020b; Nazer et al., 2016; Khan et al., 2021). 

Chemical activators most used in AAC are sodium and potassium hydroxide. Adding sodium or potassium silicate (respectively) to 
these solutions, better results in terms of mechanical strength are obtained (Puertas, 1995). The proportion of activator depends on raw 
materials used (Nedunuri and Muhammad, 2021) and it necessary a previous study. 

In this work, a comparative study is performed between these two slags with different sources, electric arc furnace slags (EAFS) and 
copper slags (CS). Alkali activated pastes were cured in room temperature. As activator, a solution mixing K2SiO4 and KOH with four 
different concentration were used. The reactivity, thus a comparison of the different physical, mechanical and thermal properties 
developed by alkali activated cements has been studied. 

2. Materials and methods 

2.1. Raw materials and characterization 

The electric arc furnace slags (EAFS) comes from Siderúrgica Sevillana S.A. industry, located in San Juan de Aznalfarache (Seville, 
Spain). This industry valorises ferrous scrap to convert it into steel bars of different profiles, diameters and qualities. This material is 
produced in electric arc furnace during the melting process of ferrous scrap and it has a grain size of 4–5 mm. 

The copper slags (CS) was supplied by Atlantic Copper Smelting and Refinery, situated at Huelva (Spain). This industry 

Fig. 1. Particle size distribution of raw materials.  
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manufacture refined copper and they obtain other products as sulphuric acid, precious metals and iron silicate (copper slags). These 
slags were provided with a maximum particle size of 4 mm. 

Due to grain size, both slags had to be crushed, after that, the resulting materials were put in a ball mill. Subsequently were sieved 
below 100 μm. Laser diffraction analysis was used to obtain the particle size distribution of slags (Fig. 1). For this purpose, a Malvern 
Mastersizer 2000 laser diffractometer was used. CS particles have more homogeneous distribution and a higher mean particle size (D50 
= 30.5 μm) than EAFS particles with a slightly lower mean particle size (D50 = 8.7 μm) and more heterogeneous particle size 
distribution. 

Crystalline mineralogical phases of raw materials was identified by Empyrean equipment with a PIXcel-3D detector from PAN
alytical using Cu K radiation (λ = 1.5406 Å) at a voltage of 40 kV and an amperage of 40 mA, a 2 theta range of 10–60◦ and a step size of 

Fig. 2. XRD spectrum of precursors: EAFS and CS.  

Fig. 3. SEM images of precursors.  
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0.02. The phase identification was performed using HighScore software. EAFS and CS present an amorphous structure as indicated by 
the deviation from the baseline, structure obtain in other studies (Lang et al., 2021). EAFS present as crystalline mineralogical phases 
wuestite (FeO), larnite (Ca2SiO4) and gehlenite (Ca2Al(SiAl)O7), it is consistent with other studies (Nikoli ć et al., 2020; Elkhachine 
et al., 2022). Although traces of manganese oxide (Mn3O4) were also detected, this presence is according with Balaguera et al. 
(Balaguera and Botero, 2020). In CS were identified diffraction peaks of fayalite ((Fe2+)2SiO4) and magnetite (Fe3O4) (Fig. 2). This 
agrees with the main minerals found by other authors in copper slags (Fakhrabadi et al., 2021; Singh and Singh, 2019; Phiri et al., 
2021; Zheng et al., 2021). 

The micrographs of the raw materials were obtained by Scanning Electron Microscopy (SEM) using a JEAL model SM 840 assisted 
by Energy Dispersive X-ray spectroscopy (EDS). The precursors were placed on an aluminium grid and the JEOL JFC 1100 sputter 
coater was used to coat with carbon. Spherical and irregular particles can be observed in the EAFS waste. Angular particles can be 
observed in CS waste. In both precursors, particles of different sizes can be observed. Smaller particle sizes were observed in the EAFS 
waste according to the particle size distribution data obtained (Fig. 3). Besides, the microanalysis performed on the selected samples 
showed at Fig. 3, revealed the presence of iron-rich particles (spectrums 1 and 2) and particles rich in calcium, silica and aluminium 
(spectrum 3) in EAFS micrograph, which is accordingly with XRF carried out (Table 1), as well as fayalite and magnetite in CS 
(spectrums 4 and 5), according to XRD analysis. 

Results present in Table 1 correspond to chemical composition of precursors. Data were obtained by X-Ray fluorescence (XRF) 
using a Philips Magix Pro model PW-2440. Predominant components of EAFS are CaO (30.89 wt %) and Fe2O3 (24.16 wt %), with a 
high percentage of SiO2 (17.29 wt %) and Al2O3 (10.71 wt %). Other oxides are also present in small amounts such as MgO (2.63 wt %) 
and MnO (5.68 wt %). In the case of CS slag, predominant oxides are Fe2O3 (62.18 wt %), followed by SiO2 (27.65 wt %). Also small 
amounts of Al2O3 (2.04 wt %) and CaO (1.25 wt %) are present. 

ATR-FTIR was performed using a Vertex 70 Bruker in the range 400–4000 cm− 1. FTIR spectra for raw materials are presented in 
Fig. 4. In EAFS a band centred at 3370 cm− 1 was found and it can attribute to O–H bonds (Zhang et al., 2022). Silicate phases are 
confirmed with the presence of Si–O–Si bonds found by band at 1470 cm− 1 and 975 cm− 1 (Lang et al., 2021). Carbonate ion CO3

2− were 
observed at 1411 cm− 1 (Nikoli ́c et al., 2020). The band centred at 856 cm− 1 is attributed to bending vibration of SiO4

4− , corresponding 
to larnite (Balaguera and Botero, 2020). At 875 cm− 1 is find a band that it indicate the presence of Fe–O bonds (Balaguera and Botero, 
2020). To CS bands at 863 and 447 cm− 1 were found, they are attributed to stretching peak of Fe–Si–O (Zhang et al., 2021). Also the 
band 863 cm− 1 can be attribute to SiO4 tetrahedron in fayalite (Yan et al., 2021). This is consistent with results of XRD and it is 
according to results shown by Nazer et al. (2016). 

2.2. Manufacture of alkali activated cements 

The reactivity of slags and mechanical properties were compared, using different activating solutions. Alkaline activator used were 
a solution of 35 wt% potassium hydroxide with different concentration (5 M, 8 M, 12 M and 15 M) and 65 wt% potassium silicate. The 
potassium hydroxide with 85% of purity was supplied by GlobalChem company, and potassium silicate solution was supplied by Roth 
company with a composition of 7.5–8.7 wt % K2O, 19.5–21.8 wt % SiO2 and 69.5–73.0 wt % H2O and a density of 1250 kg/m3. The 
silica modulus obtained, pH measured and liquid/binder ratio used are presented in Table 2. The pH was determined with a Crison 
Basic 20 pH-meter. Different liquid/binder (l/b) ratios were used in order to obtain adequate workability. Alkali activated cements 

Table 1 
Chemical composition (wt%) of precursors.  

Precursor (wt %) SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O TiO2 P2O5 SO3 LOI 

EAFS 17.29 10.71 24.16 30.89 2.63 5.68 0.16 0.03 0.79 0.41 0.28 5.39 
CS 27.65 2.04 62.18 1.25 0.38 0.03 0.63 0.56 0.21 0.04 0.90 0.00  

Fig. 4. FTIR spectra of raw materials: a) Electric Arc Furnace Slag, and b) Copper Slag.  
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were named by EAFS or CS depending on the precursor used followed by the molarity of the KOH solution used. For example EAFS-5M 
is the alkaline cement manufactured using EAFS as raw material and employing an activating solution 65 wt% K2SiO3 and 35 wt% KOH 
with a 5 M concentration. 

A Proeti planetary mixer was used to mix raw materials and alkaline activator solution for all compositions. The sequence was as 
follow: dry raw materials and activator solution were mixed at low speed for 90 s. Subsequently, the walls of the container were stirred 
and the mixture was mixed again for 30 s at low speed. The paste manufacture was sloped into 60x10x10 mm stainless steel moulds to 
determine physical and mechanical properties and cylindrical moulds with 55 mm in diameter and 15 mm in height to determine 
thermal conductivity, and then subjected to 60 strokes on a Proeti beating table to eliminate bubbles and achieve better compaction of 
the material. 

A climatic chamber Daihan ThermoStable STH-305 was used for ageing the moulded pastes for 24 h. The climatic conditions 
imposed in the chamber were 90% relative humidity and 20 ± 1 ◦C. Subsequently, the hardened pastes were demoulded and cured in 
the climatic chamber at same conditions. Samples were maintained until the curing age 7, 28 and 90 days. 

2.3. Experimental methods 

The specimens were subjected to flexural strength tests following the standard UNE-EN 1015–11:2000/A1:2007 (UNE-EN 1015, 
2007). A MTS Insight 5 machine (5 kN capacity) with a displacement speed of 0.2 mm/min was used. In total, four samples of each 
composition and curing time were tested. After flexural strength test, one-half was selected to obtain the mechanical compressive 
strength, and the other half to determine the bulk density. The compressive strength was carried out on the universal testing machine 
MTS 8101 (100 kN), according to the UNE-EN 1015–11:2000/A1:2007 standard (UNE-EN 1015, 2007). 

The standard UNE-EN 1015–10 (UNE-EN 1015-10:1999, 1999) was used to determine the bulk density, apparent porosity and 
absorption of specimens according to the Archimedes principle. The average of four determinations of each half sample was calculated. 
The thermal conductivity of 55 mm diameter and 15 mm height specimens after 28 days of curing was determined using a FOX 50 TA 
instruments heat flow meter, according to ISO 8302 (ISO 8302). 

Table 2 
Design of alkali activated cements.  

Alkali activated 
cements 

Precursor 
used 

Molarity of 
KOH 

Raw material 
(g) 

KOH 
(g) 

H2O 
(g) 

K2SiO3 

(g) 
Ms l/b 

ratio 
CaO/ 
FeO 

(Feo + Cao)
Sio2 

EAFS-5M EAFS 5 M 400 20.84 63.16 156 1.70 0.60 16.34 1.39 
EAFS-8M 8 M 29.03 54.97 156 1.38 
EAFS-12M 12 M 37.13 46.88 156 1.17 
EAFS-15M 15 M 41.79 42.21 156 1.08 

CS-5M CS 5 M 500 15.20 46.05 113.75 1.70 0.35 0.06 0.76 
CS-8M 8 M 21.16 40.09 113.75 1.38 
CS-12M 12 M 27.07 34.18 113.75 1.17 
CS-15M 15 M 30.47 30.78 113.75 1.08  

Fig. 5. Compressive strength over time for EAFS (a) and CS (b) alkali activated cement.  
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The reactivity of slags was determined according to the procedure followed by Bonet-Martínez et al. (Bonet-Mart í nez et al., 2020). 
To determine the degree of reaction of the hardened specimens, 1 g of ground and sieved sample (100 μm) was attacked with a HCl 
solution (1:20). The geopolymeric gel formed is dissolved in the solution, which is then filtered, dried and calcined at 1000 ◦C (3 h). 
The reaction degree is obtained from the equation (1):  

Degree reaction(%) = 1-calcined mass*100                                                                                                                     (1) 

The carbonate content has been determined by Bernard calcimeter was used. Results shown that EAFS has a high carbonate content 
(27.5%), while CS has a less value (7.9%). Also XRD, Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR- 
FTIR) and SEM-EDS was used to determine hydration products. Powder samples (≤100 μm) were used in XRD and ATR-FTIR analysis. 
XRD ATR-FITR analysis were applied using the same equipment and operating conditions as for the raw materials. 

3. Results and discussion 

3.1. Mechanical strength: compressive and flexural strength 

The main property in building materials are mechanical strength: compressive and flexural strength. The evolution of compressive 
strength as a function of curing age and molar concentration of KOH is presented in Fig. 5. Differences can be observed depending on 
the precursor used. When CS waste is used as a precursor, higher compressive strength values are obtained with maximums of 60–70 
MPa for CS-12M and CS-15M specimens after 28 and 90 days of curing. Contrariwise, the highest values compressive strength obtained 
for EAFS binders are close to 40 MPa. Due to the saturation of alkalis, induced by the high concentration of these, all values decreased 
with high molar concentration (12–15 M for EAFS alkali-activated cements and 15 M for CS alkali-activated cements) (Singh and 
Singh, 2019). At 28 and 90 days of curing age, a large increase was obtained to samples with higher CaO/FeO molar ratio respect to 
earlier strengths, showing the importance of Ca in the development of resistance at late ages (Siakati et al., 2021). In the case of EAFS, 
the highest value was obtained by EAFS-8M at 90 days of curing (41 MPa), closely followed by EAFS-5M (39.5 MPa) specimens. All 
specimens using EAFS increased considerably their strength due to the fact that they are mainly constituted by CaO and SiO2, as 
Portland cement (Wang et al., 2021). The compressive strength decreased as KOH molar concentration increased (12–15 M). When low 
molar concentration is used, an increase lineal is observed. 

By other hand, the highest value obtained by alkali activated cements that used CS as raw material was 75.6 MPa at 90 days of 
curing for CS-12M specimens. Using as activator KOH 15 M, a high value is also obtained at 90 days (70.2 MPa) and 28 days of curing 
(69.9 MPa). This could meaning that compressive strength stabilizes at this age when a concentration of 15 M is used. Besides, after one 
day of curing, great compressive strength values were observed in CS-12M and CS-15M, unlike in CS-5M and CS-8M, where the greatest 
change occurred between 1 and 7 days of curing. After 7 days of curing, the growth trend was lower in these last two samples. 
Conversely, a jump was observed between 7 and 28 days of curing for alkali activated materials activated with KOH 12 M and 15 M. 
The compressive strength is higher in specimens based on CS due to amorphous nature of material that it helps in the dissolution of 
silicates promoting the geopolymerization reaction and improving the mechanical strength (Singh and Singh, 2019, 2020b). Using CS 
slag as precursor performed the highest strength because it has a higher amount of silica and lower (FeO + CaO)/SiO2 molar ratio (Van 
De Sande et al., 2020). Besides if it is compared these results with other works using Fe-rich slags, high strength has been obtained. CS 
used in other works content more Ca, for this reason, this suggest that Ca is an important component in the final alkali activated cement 

Fig. 6. Flexural strength over time for EAFS (a) and CS (b) alkali activated cement.  
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structure (Siakati et al., 2020). The presence of higher amount of silica (27.65 wt%) and Fe (62.18 wt%) in CS is beneficial for the 
development of the mechanical strength of alkali activated materials, due to its easy dissolution, such as calcium (Adesanya et al., 
2020). 

In terms of flexural strength, alkali activated cements manufacture with CS are the most resistant, reaching values of 9.5 MPa. The 
highest value obtained by specimens from EAFS was 8.9 MPa. Both values were observed using different activator KOH 12 M and 8 M, 
respectively. All results of flexural strength is shown in Fig. 6. 

Alkali activated cements from EAFS had a great increase between 28 days and 90 days of curing when KOH 8 M and 12 M were 
used. Instead using 15 M, the significant increase occurred between 7 days and 28 days. The increase occurs earlier when, the highest 
concentration is used. Alkali-activated cements are sensitive to the appearance of microcrashes (Gopalakrishnan and Nithiyanantham, 
2020), therefore it decreases significantly when the molar concentration in the activator is increased, since microcrashes appear with 
this increase, as it revealed by SEM images (Figs. 10 and 11). In the case of CS alkali activated cements based, the differences at 90 days 
are not very large, although microcrash appear but these are very small, difficult to detect. 

3.2. Physical properties 

The bulk density, apparent porosity and water absorption of alkali-activated cements with different molar ratio of KOH in the 
activator are shown in Table 3. The trend in bulk density is consistent with the trend observed for the mechanical properties, obtaining 
highest values EAFS-8M and CS-12M at 90 days of curing. Increasing the curing time for both materials increase the extended structure 
of the alkali activated cements and reduces the porosity due to good cohesion and adhesion between the different components in the 

Table 3 
Bulk density, apparent porosity and water absorption of alkali activated materials with different molar ratio in the activator: EAFS (a) and CS (b).  

A) CURING AGE EAFS-5M EAFS-8M EAFS-12M EAFS-15M 

Bulk density 1d 1719 ± 17.76 1740 ± 22.70 1701 ± 14.01 1703 ± 5.41 
7d 1785 ± 17.85 1837 ± 24.02 1734 ± 11.66 1743 ± 5.13 
28d 1828 ± 9.06 1885 ± 25.32 1782 ± 15.51 1769 ± 14.74 
90d 1865 ± 15.46 1915 ± 19.28 1855 ± 51.15 1784 ± 13.91 

Apparent porosity 1d 39.49 ± 0.52 41.15 ± 0.48 39.28 ± 0.77 34.84 ± 0.23 
7d 34.75 ± 0.79 39.98 ± 0.39 37.82 ± 2.08 33.61 ± 0.13 
28d 33.07 ± 0.35 36.75 ± 0.66 33.75 ± 0.77 33.00 ± 0.36 
90d 32.27 ± 0.68 27.80 ± 0.56 31.18 ± 0.50 32.92 ± 1.01 

Absorption 1d 22.93 ± 0.41 24.15 ± 0.45 22.59 ± 0.67 20.66 ± 0.18 
7d 18.89 ± 0.57 23.01 ± 0.36 21.16 ± 1.30 19.25 ± 0.10 
28d 17.51 ± 0.22 18.67 ± 0.85 18.43 ± 0.68 18.41 ± 0.04 
90d 16.82 ± 0.47 14.80 ± 0.34 16.68 ± 0.42 16.66 ± 0.71 

B) CURING AGE CS-5M CS-8M CS-12M CS-15M 

Bulk density 1d 2671 ± 11 2677 ± 15 2742 ± 9 2716 ± 16 
7d 2675 ± 26 2682 ± 4 2743 ± 7 2723 ± 11 
28d 2697 ± 11 2708 ± 36 2744 ± 9 2728 ± 10 
90d 2701 ± 28 2714 ± 12 2750 ± 17 2740 ± 13 

Apparent porosity 1d 20.85 ± 0.28 21.71 ± 0.65 18.75 ± 0.50 19.76 ± 0.32 
7d 20.35 ± 0.69 20.25 ± 0.19 18.15 ± 0.32 19.18 ± 0.15 
28d 20.14 ± 0.58 18.73 ± 0.82 17.89 ± 0.22 18.77 ± 0.41 
90d 19.39 ± 0.97 18.40 ± 0.12 17.46 ± 0.35 18.02 ± 0.79 

Absorption 1d 7.77 ± 0.14 8.11 ± 0.29 6.86 ± 0.19 6.98 ± 0.15 
7d 7.58 ± 0.32 7.56 ± 0.08 6.67 ± 0.13 6.83 ± 0.08 
28d 7.41 ± 0.24 6.93 ± 0.41 6.56 ± 0.10 6.54 ± 0.17 
90d 7.15 ± 0.41 6.80 ± 0.01 6.36 ± 0.13 7.18 ± 0.31  

Fig. 7. Thermal conductivity for alkali activated cements based on EAFS and CS at 28 days of curing.  
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matrix leading to densification (Gopalakrishnan and Nithiyanantham, 2020). It was also found that the highest bulk density value 
match with the highest mechanical strength sample, CS-12M. Apparent porosity decreases with increasing alkali content, since this 
accelerates the reaction and it produces gels that improve the structure (Singh and Singh, 2020b). In addition, the low porosity was 
attributed to the increase in mechanical resistance. 

The real density of EAFS and CS raw materials are 3245 kg/m3 and 3832 kg/m3, respectively. There is a lot of difference in physical 
properties values between EAFS and CS alkali cements. The highest apparent porosity, lowest porosity and lowest absorption may be 
due to the lower amount of water added to specimens based on CS (l/b ratio of 0.35) (Table 2). This ratio was stablished to achieve 
adequate workability of pastes, giving rise to denser and more resistant structures. 

Thermal conductivity results are shown in Fig. 7. There several factors that affect thermal conductivity values. In this study only 
alkali concentration was modified, one of parameters that most affects. All specimens presented low thermal conductivity values, if it is 
compared with others studies (Balcikanli and Ozbay, 2016), and far from the values of traditional Portland cement (G ó mez-Casero 
et al., 2021). Alkali activated cements manufactured follow the trend of other physical properties, so for example, the higher the bulk 
density, the higher the thermal conductivity was measured. In addition to this, it was found that the higher the concentration in the 
activator, the higher the thermal conductivity. 

Degree of reaction of the specimens is shown in Table 4. Due to the presence of carbonates in all pastes (see FTIR, Fig. 8), the 
carbonate content was obtained, because these compounds complicate the response to HCl extraction (Puligilla and Mondal, 2015). 
The higher the carbonate content in the precursors, greater dissolution in HCl was observed. 

In EAFS pastes, a decrease in carbonate content is observed as activator concentration increases. Although, the dissolution in HCl is 
total in all samples. The CS pastes also presented lower carbonate content and lower dissolution in HCl, due to the lower amount of 
aluminum in the residue, resulting in a higher amount of Fe-(A)-H-S gel. All alkali-activated cements dissolve more than in the pre
cursors, which could indicate the formation of geopolymeric gel in all specimens (Eliche-Quesada et al., 2021). 

Precursors produce pastes with similar carbonate contents, for this reason the content of geopolymeric gel formed can be compared. 

Table 4 
Carbonates content and mass dissolved in HCl of precursors and pastes.  

Sample Carbonate content (wt%) Mass dissolved in HCl (wt%) Percentage difference (%) 

BS 27.50 99.00 71.50 
CS 7.92 89.50 81.58 
EAFS-5M 12.23 100.00 87.77 
EAFS-8M 10.27 100.00 89.73 
EAFS-12M 10.39 100.00 89.61 
EAFS-15M 11.91 99.50 87.59 
CS-5M 2.38 77.50 75.12 
CS-8M 2.68 91.00 88.32 
CS-12M 3.06 93.00 89.94 
CS-15M 2.60 91.5 88.90  

Fig. 8. FTIR spectra of EAFS samples (a) and CS samples (b) at 8 h, 28 days and 90 days.  
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In EAFS pastes, the specimen with the highest gel content is activated with 8 M; while CS pastes, the highest gel content was obtained 
with 12 M. These data are in agreement with the results of mechanical strength and SEM micrographs. 

3.3. FTIR spectra of samples 

FTIR spectra are shown in Fig. 8a and 8b. In all samples were observed two bands centred at 3350 and 1640 cm− 1, they are related 
with H–O–H and O–H bond of water molecules (Singh and Singh, 2020a; G ó mez-Casero et al., 2021). These bands not appear in 
precursors spectra due to they are reaction products from crystallisation and absorption (Lee and Van Deventer, 2003). 

In EAFS samples can be observed that there is a double peak in 1442 and 1398 cm− 1 at 8 h of curing. The peak in 1442 cm− 1 

disappear when time of curing increase and the halo of 1398 grow. This trend occurred in all specimens observed. The 1442 cm− 1 band 
is associated to asymmetric stretching mode of C–O bond of carbonates (CaCO3) present in the matrix unreacted at early curing time. 
Jamil et al. (2020) related it with presence of calcite due to reaction between extra CaO and atmospheric CO2. Thus, as the curing age 
increases, the 1442 cm− 1 band tends to lose intensity as less and less unreacted carbonate remains. The band centred a 975 cm− 1 in the 
precursor (Fig. 4) is moved at lower wavenumbers (970 and 945 cm− 1). This band is related to asymmetric stretching mode of Si–O–Si 
and Si–O–Al bonds (Zheng et al., 2021; Bonet-Mart í nez et al., 2020; Vieira-Ramos et al., 2020). This band identifies the formation of 
the geopolymeric gel, as well as the incorporation of aluminium (10.7 wt%) in the geopolymeric structure (Dehghani et al., 2021). By 
other hand, in all EAFS specimens appear a band in 875 cm− 1. This band correspond to unreacted slag and it is related with asymmetric 
stretching of AlO4 groups (Ismail et al., 2014). This band do not decrease with curing time or concentration of alkaline activator, which 
suggests that slags react immediately at first stages of curing. The band in 670 cm− 1 is attributed to C–H bond, characteristic of C–S–H 
phases (Lin et al., 2020). 

In CS binders, a double band centred at 1540 and 1360 cm− 1 were detected. It is seen less clearly at early ages and low molar 
concentration in the activator. The 1360 cm− 1 band shifts to lower wavenumber as curing age increase and alkali content increase, and 
they are attributed to carbonation process, O–C–O bonds deformation (Nazer et al., 2016). At 950 cm− 1 an increase in the intensity of 
band was observed as the curing time increase and molar concentration of KOH increase. This band is identified as new Si–O–Si bonds 
formation due to the geopolymerization reaction process (Nazer et al., 2016). A band centred at 860 cm− 1 was identified in lower 
concentration samples and early ages, which disappears with curing time and higher molar ratio. At 675 cm− 1 a band was found, but it 

Fig. 9. XRD spectrum of pastes at 28 days.  
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was not detected at early ages and low concentration of KOH, but as the curing time increases, this peak grows intensity being observed 
in all specimens. This observation is clearer in samples with higher molar concentration. This peak is attributed to symmetric vi
brations of Si–O bonds and it is related with reaction products in the alkaline activation (Singh and Singh, 2020b). 

3.4. XRD analysis 

XRD spectrums of pastes at 28 days are shown in Fig. 9. Main peaks in precursors (Fig. 2) are also present in pastes, although the 
intensity of diffraction peaks are lower than raw materials. In pastes manufacture with EAFS, main peaks present are gehlenite and 
larnite, with any peaks of wuestite. Wuestite peaks are lower than EAFS before alkali reaction and some larnite peaks disappear, due to 
larnite can dissociate and participate in the formation of C-A-S-H and K-A-S-H gel (Shao et al., 2018). 

In the case of CS, spectrum are very similar to raw material showing peaks of fayalite and magnetite, new crystalline peaks were not 
identified after activation. Although an increase of intensity magnetite peak was observed, due to the oxidation of Fe (Singh and Singh, 

Fig. 10. SEM-EDS of pastes at 28 days.  

M.A. Gómez-Casero et al.                                                                                                                                                                                            



Sustainable Chemistry and Pharmacy 29 (2022) 100746

11

2020a). 

3.5. SEM analysis 

SEM images of slags activated at 28 days with 8 M and 12 M KOH in the activator are showed in Fig. 10. Great differences can be 
observed between precursor source. Pastes EAFS-12M present microcrash as a consequence of high molar concentration (Gopa
lakrishnan and Nithiyanantham, 2020), as was discussed previously at 3.1 section. AAC based on EAFS waste have porous in the 
matrix, the presence of porous increase increasing the molar concentration of KOH. In general, the matrix is homogeneous. On the 
other hand, alkali activated cements based on CS have hardly any pores because it has a denser structure, according to bulk density 
data. Besides, with less molar concentration used, more unreacted particles were found, obtaining a lower strength structure (Sithole 
and Mashifana, 2020a). 

EDS spectra showed two gels in pastes manufacture with EAFS: K-(A)-S-H and C-(A)-S-H. Si, Al and Ca peaks are found in spectrum 
1, showing the appearance of C-A-S-H gel. Conversely, K-A-S-H gel is found when in the spectrum 2 peaks of Si, Al and K are showed. In 
the case of CS, Fe-(A)-S-H gel (spectrum 3) and K,Fe-(A)-S-H gel are detected into the matrix. 

Focusing in the best composition, CS-12M, the evolution of alkaline activated material matrix it is appreciated (Fig. 11). At 1 day of 
curing, there are a significant number of unreacted particles and less dense matrix, as confirming bulk density results. As the curing 
time increases, the Fe-(A)-S-H gel (spectrum 3) and geopolymeric gel K,Fe-(A)-Si-H are formed. At 28 days of curing appear microcrash 
in specimens. These microcrash disappear in the alkali activated cements after 90 days of curing, perhaps due to the formation of 
geopolymeric gel and Fe-(A)-S-H gel that fill the spaces and pores. In fact, crystal whiskers are formed, joining the particles composed 
by Fe and filling the gaps in the matrix (Zheng et al., 2021). 

Fig. 11. Electron microscopy images obtained in retrodispersed electron mode from SEM-EDS of CS-8M pastes at 1, 7 and 28 days of curing.  
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4. Conclusions 

A comparative study using electric arc furnace slags and cupper slags as precursor of alkali-activated cements was performed. The 
technological properties of alkaline activated cements have been studied as a function of slag type, KOH activator concentration and 
curing time. The results indicate that different optimal activator was found for each precursor. Optimal properties were obtained for 
EAFS cements using a molar concentration of 8 M KOH, while a higher concentration of 12 M is necessary to activate CS. 

The highest mechanical properties were obtained using CS as precursor (compressive strength:47–70 MPa after 28 days of curing). 
This could be due to a higher densification of the alkali-activated cements due to a lower amount of water needed to achieve adequate 
plasticity, to a higher amount of silica and lower (FeO + CaO)/SiO2 molar ratio, as well as to the formation of Fe-(A)-S-H and geo
polymeric Fe,K-(A)-S-H gel. In EAFS C-A-S-H and K-A-S-H gels were formed. The lower compressive strength of the specimens (33–37 
MPa after 28 days of curing) could be related to the lower bulk density and fracture microcracks generated both by the shrinkage of the 
material and water evaporation. 

Therefore, this study shows that both waste used as precursors (EAFS and CS) could be used as raw materials for the manufacture of 
alkali activated cements as alternative material to Portland cement. Valorization of these wastes could reduce greenhouse gases 
emission and avoid their disposal in landfills. Although better approach could be performed with CS, due to the development of high 
resistances. 
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