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A B S T R A C T   

Ferrous slag: electric arc furnace slag (EAFS) and ladle furnace slag (LFS); and non-ferrous slag: copper slag (CS) 
and silicon-manganese slag (SiMnS) have been used as precursors for alkali activated cements (AACs). The 
objective of the study was to evaluate the effect of the silica modulus (Ms = SiO2/K2O) (0.5–1.8) of the potassium 
silicate/potassium hydroxide solution on the microstructure and technological properties of AACs using indi
vidual slags. The results obtained indicate that under the activation conditions used, CS and EAFS are more 
reactive slags, giving rise to AACs with optimum flexural and compressive strengths of 7.5 and 51.5 MPa and 5.7 
and 30.5 MPa for a Ms = 1.4, respectively. While the SiMnS and LFS are less reactive resulting in AACs with 
flexural and compressive strengths of 3.2 and 11.6 MPa at Ms = 1.4 for SiMnS and 1.1 MPa and 4.6 MPa at Ms =
0.9 for LFS. In all AACs, the development of the alkaline activation reaction is confirmed due to the presence of 
gel, of different nature and quantity depending on the precursor used. The lower mechanical properties of the 
AACs using SiMnS and LFS as precursor may also be due to the presence of microcracks. Therefore, this study 
confirms that ferrous and non-ferrous slags can be used as precursors of AACs, with the type of precursor and the 
modulus of the activating solution influencing mechanical properties. AACs using CS and EAFS can be used in 
structural applications, while those using SiMnS and LFS can be used in non-structural applications in civil 
engineering.   

1. Introduction 

The main component of Portland cement is clinker, whose key re
action involved in its manufacture is the decomposition of calcium 
carbonate into calcium oxide and carbon dioxide (CO2). This is why the 
production of Portland cement not only consumes a large amount of raw 
materials but also of energy, since clinkerization temperatures of 
1450 ◦C are required. Therefore, the emission of a substantial amount of 
CO2 and other greenhouse gases occurs both in the limestone calcination 
process and in the fuel combustion process. Total CO2 emissions 
attributed to cement production contribute about 7 % of global CO2 
emissions (2.5 Gt/year) aggravating global warming and its conse
quences [1]. In order to achieve a more environmentally friendly and 
economically efficient cement industry, the search for new types of 

cement as alternative to current Portland cements is imperative. For this 
reason, both the major industries and the scientific community have 
directed their efforts in recent decades to the search for new innovative 
cement types [2]. During the last few years, cements with additions have 
been developed and commercialized with which the partial substitution 
of Porland cement (PC) has been achieved by incorporating chemically 
active materials, such as pozzolans, and industrial by-products such as 
ashes and steel slags [3] partially decreasing CO2 emissions, but without 
achieving a significant reduction due to the fact that, as a general rule, 
large percentages of clinker are still used in the formulation. Currently, 
alkali activation cements or geopolymers are the most eco-efficient and 
promising green cements or hydraulic binders, due to their low envi
ronmental impact, therefore, they are materials that considerably 
reduce CO2 emissions without compromising economic costs. 
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Alkali-activation is a chemical reaction where a material rich in silicon 
and aluminum or calcium, silicon and aluminum, mixed with a solution 
of high alkalinity, forms a cementitious material [4]. In the current 
context of increasing resource scarcity and concern about climate 
change, the development of new sustainable building materials based on 
waste is vital. Which will have lower energy consumption during their 
manufacture and life cycle, lower CO2 emissions to the atmosphere and 
improved properties. 

The wide availability of metallurgical slags to avoid environmental 
damage [5,6], raises the question whether these wastes can be employed 
as precursors of alkaline activation materials providing part of the so
lution and becoming resources. Metallurgical slags can be divided into 
two main groups: ferrous slags and non-ferrous slags. Ferrous slags are 
those derived from iron and steel manufacturing processes, while 
non-ferrous slags are those derived from the manufacture of other 
metals. These last are produced on a smaller scale and they have a more 
variable and complex chemistry. Ferrous slags include blast furnace 
slags, electric arc furnace slags and ladle furnace or refining slags. Some 
25.2 million tons of blast furnace slag and 22.6 million tons of electric 
arc furnace slag were produced in Europe in 2018 [7]. In Spain, the total 
steel production of the Spanish steel sector in 2018 was 14.3 million 
tons, 65.7 % being produced by electric arc furnaces, which translates 
into the production of 9.3 million tons of steel by electric way. 
Approximately, each tonne of steel produced generates around 130 kg of 
black slag and 25 kg of white slag, which would be equivalent to a black 
and white slag production of around 1,200,000 and 230,000 tons, 
respectively [8]. Most of the black slag is used in low value applications 
as aggregates in road construction, in the cement industry and as 
aggregate for concrete [9]. A small part, about 4 %, is destined for 
landfill mainly due to technical and legal impediments [8]. Therefore, 
there is a significant potential to recycle EAFS as a precursor in AAMs. 
The only alternative for industrial valorization of LFS is its use in cement 
factories as a substitute for marl, specifically in the manufacture of 
clinker [10]. Therefore, there is no technically and economically viable 
alternative use for this slag, and its most common destination is landfill 
disposal, causing serious problems in the short and medium term both 
for the generating companies and for the environment and society in 
general [11]. 

As for non-ferrous slag production, in 2016, refined copper produc
tion in the EU stood at 2.6 million tons, representing 12 % of global 
production. It should be noted that between 2 and 3 tons of copper slag 
are produced for each ton of copper manufactured, which notes the high 
generation of the waste [12,13]. In Spain in 2019, 623,043 tons of 
copper slags were produced [14]. The most important lines of research 
on copper slags for their use in civil engineering are mainly focused on 
the study of the behaviour of cements and concretes, and their pozzo
lanic properties. However, there are also alternative uses such as ballast 
for railroad lines, filler, granular layers for road surfaces, aggregates for 
the manufacture of bituminous mixtures, mortars and concretes, abra
sives, addition to clinker, among other uses [15,16]. Regarding the 
generation of silico-manganese slag, between 0.9 and 2.2 tons of these 
slags are produced for each ton of silico-manganese ferroalloy manu
factured [17]. In Spain, 162,086 tons of ferroalloy were produced in 
2015, which confirms the high generation of the waste. The average 
utilization rate of these slags is 72 %, the rest being deposited in landfills 
[18]. The main applications of SiMnS are its use as an aggregate in 
pavement layers [19], as aggregate for concrete, as filler material in 
embankments, in addition to its use in railway applications [20]. 

The versatility of alkaline activation makes it suitable for the valo
rization of industrial by-products and wastes. The use of ferric slags, 
mainly blast furnace slags as precursors, has been widely studied. Thus, 
Wang et al. [21] investigated the effect of several factors (alkali acti
vator type, alkali dosage, slag fineness, SiO2/Na2O ratio (modulus, Ms) 
when using sodium silicate solution, curing temperature, liquid/slag or 
water/slag ratio and additive) on the compressive strength of alkali 
activated ground granulated blast furnace slag (GGBS). Burciaga Díaz 

et al. [22], studied the chemical activation of blast furnace slag pastes 
with alkaline solutions, studying the microstructure as a function of the 
Ms modulus of the activator. In both studies, the optimum activation 
conditions of slags used were determined. The use of electric arc slags, 
ladle slags and non-ferrous slags as precursors for AAMs has been 
growing in interest in recent years. Thus, Ozturk et al. [23], studied the 
effect on mechanical and microstructural behaviour of different vari
ables such as silicate modulus, sodium concentrations, curing condi
tions, curing temperatures and relative humidity conditions on alkali 
activation of electric arc furnace slag (EAFS) mortars. Experimental re
sults revealed that increasing relative humidity, temperature and curing 
time have positive effects on strength due to decreased microcracking 
and altered hydration reactions. The authors conclude that EAFS can be 
successfully employed as a precursor for AAMs. Other authors have 
studied the use of EAFS waste in conjunction with other wastes. Thus, 
Apithanyasai et al. [24], investigated the relationship between concrete 
residue (CR) (100–60 wt %) and electric arc furnace slag (10–40 wt %) 
for the production of geopolymer bricks. As an alkaline solution sodium 
silicate (Na2SiO3) and sodium hydroxide (10 M NaOH) in a ratio of 
Na2SiO3 to 10 M NaOH of 2.5 was employed. The results showed that the 
incorporation of 20 wt% EAFS to CR was the optimum by yielding AAMs 
with the highest compressive strength value. Hafed et al. [25] studied 
the mechanical and durability properties of concrete activated with 
NaOH solution based on an electric arc furnace slag, fly-ash (FA) and 
EAFS (50 wt %)-FA (50 wt %). The results indicated that the compressive 
strength and durability decreases with the substitution of FA for EAFS as 
a precursor in the AACs mainly due to the lower amount of amorphous 
silica phases in EAFS. 

Xu and Yi [26], studied the activation of ladle furnace slag (LFS) with 
sodium hydroxide (NaOH), sodium sulfate (Na2SO4), and sodium sili
cate (Na2SiO3), as well as, the use of mixed LFS: GGBS systems. The 
results indicated that LFS could not be effectively activated using these 
activators, obtaining compressive strengths of less than 2 MPa after 28 
days of curing, while activation of the LFS-GGBS system produced a 
strength of up to 15.6 MPa. The results indicate that LFS-GGBS can be 
potentially used as a binding material in civil engineering. In another 
study, Adensanya et al. [27], studied the activation of LFS employing 
sodium silicate and potassium hydroxide as activating solution in 
different proportions to optimize the compressive strength of AACs, 
obtained values of 65 MPa after 28 days under the optimum conditions 
of silica and alkali metal contents. Thus, they conclude that the use of 
this highly crystalline slag as the sole precursor in alkaline activation is 
promising. 

Kuterasinska and Krol [28], studied the alkaline activation of copper 
slags (CS) cured at 20 and 80 ◦C. The compressive strength of AAMs is 
significantly affected by the curing temperature, the amount and type of 
alkaline activator and the specific surface area of the CS. The best results 
are obtained for mortars employing sodium silicate, an activator 
modulus Ms = 1.75, high surface area and heat treatment. Nazer et al. 
[29], studied the alkaline activation of two copper slags collected from 
landfills. The AAMs were cured at different temperatures 20 and 65 ◦C. 
A solution of 5 M NaOH and sodium silicate, an activator modulus of 
1.45 and a water/CS ratio of 0.25 were used as alkaline activator. The 
compressive strength of specimens cured for 3 days at 65 ◦C was like 
specimens cured for 90 days at 20 ◦C, obtaining values between 40 and 
64 MPa. Qianmin et al. [30] researched the effect of NaOH concentra
tion (6 M, 8 M, 10 M and 12 M) and high temperature exposure on the 
mechanical properties of alkali activated mortar based on copper slag. 
Strengths of the alkali activated mortars were very low at room tem
perature. However, after exposure to 200 ◦C, their strength increased 
dramatically due to the dissolution of some non-reactive CS particles at 
room temperature. Then, the strength of such a system started to 
decrease until the temperature increased to 800 ◦C where Fe2O3 could 
have melted filling the pores and cracks and making the matrix denser 
and stronger. Navarro et al. [31], investigated the hydration products 
obtained from alkaline activation of SiMn slag pastes using NaOH and 
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waterglass with different Na2O concentrations as activators. The results 
obtained indicate that the alkaline activation of SiMn slag gives rise to 
hydrated products and a microstructure similar to that obtained with 
other slags widely studied for the manufacture of alkaline activated 
cements, demonstrating the feasibility of valorizing the SiMn residue for 
this application. Kumara et al. [32], studied the use of SiMnS in the 
development of alkali activated cements. Slags were activated with a 6 
M NaOH solution. The influence of the reactivity of the SiMnS by me
chanical activation using different grinding devices such as the attrition 
mill and the eccentric vibratory mill was studied. The results indicate 
that mechanical activation increases the reactivity of SiMnS. Eccentric 
vibratory milling produced a more reactive SiMnS than attrition milling. 
In another study, Navarro et al. [33] researched the alkaline activation 
of SiMnS by studying the influence of %Na2O, the SiO2/Na2O ratio and 
the activating solution/slag ratio on different technological properties. 
The results show that workability decreases with increasing %Na2O and 
decreasing SiO2/Na2O ratio. A compressive strength higher than 45 MPa 
can be achieved with the following activation conditions: 4.0–4.5% 
Na2O, SiO2/Na2O = 1.00 and activating solution/slag = 0.35–0.375. In 
a previous study, Gómez-Casero et al. [34] investigated the influence of 
the molar concentration of KOH (5, 8, 12 and 15 M) on the alkaline 
activation of EAFS and CS using as activating solution a 1:3 ratio solu
tion of KOH and K2SiO3. The results showed that optimum mechanical 
properties were obtained when 8 M M concentration of KOH was used 
for EAFS activation, while 8 M and 12 M concentrations of KOH were 
suitable for CS activation. In view of this background, the influence of 
the activator modulus (SiO2/KOH) on the alkaline activation of EAFS 
and LFS ferrous slags and CS and SiMnS non-ferrous slags on the tech
nological properties of alkaline activated cements has been studied. 

2. Experimental program 

2.1. Raw materials 

In this investigation, different slags generated in ferrous and non- 
ferrous smelting processes are used for the synthesis of alkaline acti
vated binders. Two slags from steel production in the electric arc furnace 
(Alcalá de Guadaira, Sevilla, Spain) were used: electric arc furnace slag 
(EAFS) (3–5 mm particle size) originated in the primary metallurgy or 
fusion and ladle furnace slag (LFS) (0–2 mm particle size) originated in 

the secondary metallurgy or refining of the molten bath produced in the 
ladle furnace. A slag from primary copper metallurgy, copper slag (CS), 
with 4 mm as maximum particle size, obtained in the pyrometallurgical 
process carried out by the smelting and refining company Atlantic 
Copper (Huelva, Spain). A slag from the production of silico-manganese, 
silico-manganese slag (SiMnS), with a maximum particle size of 20 mm 
produced in the electric arc furnace of the company Ferroatlántica (A 
Coruña, Spain). 

EAFS, CS and SiMnS were first crushed in a hammer mill and then 
were crushed in a ball mill as LFS slags to ensure its reactivity and they 
were sieved through 0.1 mm sieve. A Malvern Mastersizer 2000 laser 
diffractometer was used to obtain the particle size distribution of slags. 
According to the particle size analysis, SiMnS and CS have a similar 
particle size distribution with d50 = 35.40 and 30.47 μm, respectively. 
LFS have a particle size distribution similar to non-ferrous slags but with 
a slightly lower average size d50 = 11.35 μm, while EAFS have a bimodal 
particle size distribution with a size d50 = 8.68 μm (Fig. 1). 

X-ray fluorescence (XRF) is used to determine the chemical compo
sition of slags (Table 1) determined with a Philips Magix Pro model PW- 
2440 equiment. As can be observed EAFS, LFS and SiMnS are mainly 
composed of CaO, SiO2 and Al2O3, being EAFS rich in Fe2O3 (24.2 %), 
LFS in MgO (13.2 %) and SiMnS in MnO (9.53 %). EAFS and mainly LFS 
have high LOI values. CS are rich in Fe2O3 and SiO2. 

X-Ray Diffraction (XRD) was used to identify diffraction patterns of 
raw materials using a PANalytical Empyrean equipment with a PIXcel3D 
detector, while the identification phase was determined with HighScore 
software. A deviation from baseline was found in diffractogram of slags 
indicating a more amorphous structure. Wuestite (FeO), gehlenite 
(Ca2Al(SiAl)O7) and larnite (Ca2SiO4) were identified in EAFS. In the 
case of LFS, it presented peaks corresponding to calcio-olivine 
(Ca2SiO4), quartz (SiO2) and brucite (Mg(OH)2). Main diffraction 
peaks found in CS were fayalite ((Fe2+)2SiO4) and magnetite (Fe3O4). In 
SiMnS were identified peaks of quartz (SiO2), akermanite (Ca2Mg 
(Si2O7)) diopside (MgCaSi2O6) and alabandite (MnS) (Fig. 2). 

It can be seen in the SEM micrographs of the ferrous slags show a 
wide particle size distribution with irregular, slightly rounded particles. 
In the SEM micrographs of the non-ferrous slags, a wide particle size 
distribution is also observed, with irregular angular and sharp particles. 
In the CS, larger particles are observed in accordance with the particle 
size distribution (Fig. 3). 

2.2. Specimen preparation 

Alkali activated cements (AACs) samples were prepared by mixing 
each of the ferrous and non-ferrous metallurgical slags used as precursor 
with the alkali activator. The alkali activator is classified according to 
the silicate modulus, Ms (mass ratio of SiO2/K2O). Four levels of silicate 
modulus were studied 0.5, 0.9, 1.4 and 1.8. For each Ms value, the wt. % 
of potassium silicate solution was set, and knowing these values, the 
quantity of KOH pellets, supplied by GlobalChem with 85 % of purity, 
necessary to obtain these ratios was determined. Total water for a 
concentration of KOH 8 M was made by taking the amount of water 
contained in the potassium silicate solution as part of the solvent. So that 
in addition to the water contained in the K2SiO3 solution, water had to 
be added to obtain the desired concentration (8 M). The solution was 
prepared by adding the calculated KOH pellets to distilled water, and 
then the calculated amount of potassium silicate was poured. The 

Fig. 1. Particle size distribution of ferrous slag: EAFS and LFS, and non-ferrous 
slags: CS and SiMnS. 

Table 1 
Specific gravity and chemical composition of raw materials: ferrous and non-ferrous slags.   

Specific gravity SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O SO3 LOI CaO/Si + Al 

EAFS 3.24 17.29 10.71 24.16 5.68 2.63 30.89 0.16 0.03 0.28 5.39 1.10 
LFS 2.81 22.26 8.32 6.75 1.34 13.2 33.24 0.53 0.64 1.85 10.76 1.09 
CS 3.82 27.65 2.04 62.18 0.03 0.38 1.25 0.63 0.56 0.9 0 0.04 
SiMnS 3.12 38.91 11.94 0.63 9.53 4.12 28.06 0.07 1.22 1.7 0 0.55  
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potassium silicate solution was supplied by Roth Company (7.5–8.7 % 
K2O, 19.5–21.8 % SiO2 and 69.5–73.0 % H2O). Jansson et al. [35] re
ported that the silicate species in the activating solution consist of sili
cate monomer, attenuator, trimer and other higher order units. The 
increase in silicate modulus is more favorable to the presence of higher 
order silicate units. A constant liquid/binder ratio was used for each 
AACs employing the same precursor. The liquid/binder ratio for each 
type of slag has been modified in order to obtain the same workability of 
the paste. The liquid fraction includesKOH solution and potassium sil
cate solution. The workability was checked using the flow table test 
according to ASTM C-1437 [36], and results are shown in Table 2. It can 
be observed that all the pastes present values in the same range 
(168.0–204.5 %), which could indicate that they present similar work
ability. The unburned carbon content in EAFS but primarily in LFS slags 
reduces their reactive potential and contributes to the higher water 
demand of these blends. In addition, the residual carbon can behave as 
an alkali sink by adsorbing and effectively removing the alkali cations 
needed for the geopolymeric or alkaline activation reaction resulting in 
lower mechanical properties [37]. A summary of the AAC blend for
mulations is shown in Table 2. The AACs were designated by the pre
cursor employed followed by silica modulus. 

Precursors (each type of metallurgical slag) and the alkaline solution 
were mixed by planetary mixer for 90 s. Subsequently, a scrapper was 
used to stir the materials of walls and they were mixed for another 30 s. 
The paste was poured into a 10 × 10 × 60 mm steel prismatic mould. 

The fresh paste was subjected to 60 strokes on a vibrating table to 
remove air bubbles. The moulds were placed in a climatic chamber at 20 
± 1 ◦C and 90 % relative humidity for 1 day. Afterwards, the samples 
were demoulded and placed in the climatic chamber under the same 
conditions to continue curing until the age of tests 1, 7, 28 and 90 days. 

A total of 24 samples with a nominal size of 10 × 10 × 60 mm were 
manufactured for each of the compositions. In addition, for the deter
mination of thermal conductivity, two samples of 50 mm in diameter 
and 20 mm in height were manufactured. 

2.3. Tests developed in AACs 

Attenuated Total Reflectance Fourier Transform Infrared Spectros
copy (ATR-FTIR), using a Vertex 70 Bruker equipment in the range from 
4000 to 400 cm− 1 was used to characterize specimens. Crystalline 
phases formed were identified by XRD. 

Mechanical strength (flexural and compressive strength) was deter
mined following the standard UNE-EN 1015–11:2000/A1:2007 [38]. In 
the case of flexural strength, six prismatical samples of 10 × 10 × 60 mm 
nominal size were analyzed using a MTS Insight 5 machine (5 kN load 
capacity) and 0.2 mm/min displacement speed. One-half of the speci
mens tested was subjected to compressive strength using a universal 
testing machine MTS 8101 (100 KN load capacity) with 0.5 mm/min 
displacement speed. Some pieces of samples were selected to perform 
Scanning Electron Microscope (SEM) test using a JEOL SM 840 model. 

Fig. 2. XRD patterns of raw materials, ferrous and non-ferrous slags.  
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The bulk density of the remaining halves of the specimens (six) 
subjected to flexural strength was obtained according to standard UNE- 
EN 1015–10 [39]. At 28 days of curing, a FOX 50 TA instruments heat 
flow was used to determine thermal conductivity of two cyclindrical 
samples (50 mm diameter, 20 mm height), according to ISO 8302 [40]. 
The equipment establishes steady state one-dimensional heat flux 
through a test specimen between two parallel plates at constant but 
different temperatures, 10 and 30 ◦C. Fourier’s law of heat conduction is 
used to calculate thermal conductivity. By appropriate calibration of the 
heat flux transducers with calibration standards and by measurement of 
the plate temperatures and plate separation. Fourier’s law of heat con
duction is used to calculate the thermal conductivity. The experimental 

scheme followed in this study is shown in Fig. 4. 

3. Results and discussion 

3.1. Flexural and compressive strength 

The strength of AACs is of great importance for their practical 
application and it depends on the chemical reaction between the pre
cursor and the alkaline solution, as well as the reaction conditions, 
temperature and curing time [41]. In this study, the type of slag used as 
precursor, activator modulus (Ms) and curing age are considered as 
variables affecting the strength, with the curing temperature being room 

Fig. 3. SEM images of the precursors at 500x, EAFS and LFS ferrous slags and CS and SiMnS non-ferrous slags.  

Table 2 
AACs mix formulation and flow table test results.  

Sample ID EAFS 
(g) 

LFS 
(g) 

CS 
(g) 

FS (g) KH (g) KSS 
(g) 

Water in KSS 
(g) 

Total water 
(g) 

SiO2/K2O 
(Ms) 

K2O 
(%) 

l/b Flow (%) (ASTM C- 
1437) 

EAFS-M0.5 400    53.91 84 59.9 161.9 0.5 65.26 0.60 177.2 
EAFS-M0.9 400    41.47 120 85.5 164.0 0.9 52.98 173.7 
EAFS-M1.4 400    29.03 156 111.2 166.1 1.4 41.93 168.0 
EAFS-M1.8 400    20.73 180 128.3 167.5 1.8 35.16 172.2 
LFS-M0.5  400   71.87 112 79.8 215.9 0.5 65.26 0.80 204.5 
LFS-M0.9  400   55.29 160 114.0 218.7 0.9 52.98 184.8 
LFS-M1.4  400   38.70 208 148.2 221.5 1.4 41.93 186.6 
LFS-M1.8  400   27.64 240 171.0 223.4 1.8 35.16 188.9 
CS-M0.5   400  31.45 49 34.9 94.5 0.5 65.26 0.35 201.5 
CS-M0.9   400  24.19 70 49.9 95.7 0.9 52.98 200.9 
CS-M1.4   400  16.93 91 64.8 96.9 1.4 41.93 194.2 
CS-M1.8   400  12.09 105 74.8 97.7 1.8 35.16 195.4 
SiMnS- 

M0.5    
400 35.94 56 39.9 108.0 0.5 65.26 0.40 180.0 

SiMnS- 
M0.9    

400 27.64 80 57.0 109.4 0.9 52.98 195.1 

SiMnS- 
M1.4    

400 19.35 104 74.1 110.8 1.4 41.93 183.0 

SiMnS- 
M1.8    

400 13.82 120 85.5 111.4 1.8 35.16 187.0 

KH: potassium hydroxide, KSS: potassium silicate solution; Ms: silica modulus. Water in KSS solution (71.25 %), total water: water in KSS solution plus water added to 
obtain a KOH 8 M, K2O (%): % de K2O in the activator, l/b: liquid to binder ratio. ‘M0.5’, ‘M0.9’ ‘M1.4’ or ‘M1.8’ behind precursor means the silica modulus of alkali 
solution to make AACs is 0.5, 0.9, 1.4 or 1.8. 
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Fig. 4. Schematic of experimental procedure followed in this study.  

Fig. 5. Flexural strength of the different AACs as a function of the precursor, the modulus of the activator and the curing time.  
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temperature and relative humidity being 90 %. Figs. 5 and 6 shows the 
compressive strength and flexural strength of the different AACs as a 
function of the precursor used, the modulus of the activator used and the 
curing time. It can be observed that the flexural and compressive 
strength varies considerably as a function of the precursor used, the 
activator modulus and the curing time. Both strengths for AACs decrease 
with the type of precursor used: CS > EAFS > SiMnS > LFS and they 
depend on the chemical reaction between the precursor and the alkaline 
substances, as well as on the reaction conditions (activator modulus and 
curing time) [41] The different precursors have different reactive na
ture, which depends on the phase composition, proportion of crystalline 
and glassy phase, which is determined by the cooling conditions and the 
chemical composition [42]. Based on the CaO content presents in the 
chemical composition of the precursors, the products of the geo
polymerization or alkaline activation process are divided into two main 
groups. Materials with low calcium content (Ca/(Si + Al) < 1) (CS and 
SiMnS slags) (Table 1) in which in the geopolymerization reaction an 
amorphous geopolymeric gel of hydrated potassium aluminosilicate 
(K-(A)-S-H) is formed after the phases of dissolution, condensation, 
reorganization, polycondensation, with or without crystallization, and 
finally solidification [43] and precursors containing large amounts of 
calcium (Ca/(Si + Al) > 1) (EAFS and LFS slags) (Table 1) that are 
activated with alkalis in a manner similar to the hydration of Portland 
cement forming hydrated calcium aluminosilicate gels (C-A-S-H). In 
addition, some by-products are formed in this reaction, such as the 
K-A-S-H gel [43,44]. The highest flexural strength and compression 
values are obtained for the AACs activated with the non-ferrous CS, and 

with the ferrous EAFS. The main elements of the CS are Fe2O3 (62.2 %) 
and SiO2 (27.7 %) containing smaller amounts of Al2O3 (2.0 %) and CaO 
(1.3 %), precursor with low Ca content, while EAFS are CaO (30.9 %), 
Fe2O3 (24.2 %), SiO2 (17.3 %) and Al2O3 (10.7 %) and in smaller 
amounts MnO (5.7 %) and MgO (2.6 %), precursor with high calcium 
content. The AACs using CS as precursor show maximum flexural and 
compressive strengths of 7.5 and 51.5 MPa after 28 days of curing when 
an activator modulus of Ms = 1.4 is used, increasing for a curing time of 
90 days to 8.6 MPa and 59.3 MPa. The higher strength of the CS may be 
mainly due to the higher densification obtained in the AACs using this 
precursor (bulk density between 2600 and 2800 kg/m3) and to a lesser 
extent to the higher reactivity due to the presence of amorphous mate
rial. In the alkaline medium not only the Si and Al present in the CS 
dissolve forming geopolymeric gel or hydrated potassium aluminosili
cate gel (K-(A)-Si-H) but also the Fe present dissolves and forms Fe sil
icate complexes or other soluble complexes that prevent the immediate 
precipitation of Fe hydroxides, contributing to the formation of the 
binder [45]. Fe3+ ions, can substitute for aluminum in many com
pounds, due to their similar ionic radius and charge, and behave simi
larly during various chemical reactions [46]. The presence of aluminium 
in AACs accelerates condensation reactions, resulting in higher 
compressive strength and faster setting [47]. Therefore, the oxidation of 
Fe2+ present in the amorphous fraction of slags [48,49] to Fe3+ can also 
control the kinetics of condensation reactions in AACs, and Fe3+ con
tributes to the strength and setting behaviour of Fe-rich AACs [50]. The 
optimum flexural strength and compressive strengths of the AACs using 
EAFS as precursor are 5.7 and 30.5 MPa for a cure time of 28 days and 

Fig. 6. Compressive strength of the different AACs as a function of the precursor, the modulus of the activator and the curing time.  
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Ms = 1.4, with the flexural strength practically maintaining 5.8 MPa and 
the compression strength slightly increasing to 34.5 MPa after 90 days of 
curing. These AACs have bulk densities of 1750–1850 kg/m3, much 
lower than the bulk densities of AACs using CS as precursor, so the 
mechanical strength is probably due to the amount of amorphous or 
reactive phase in these slags. As well as the introduction of soluble Ca2+

ions favors the formation of hydrated calcium aluminosilicate gel 
(C-(A)-S-H) that acts as nucleation sites and promotes rapid geo
polymerization and the formation of a geopolymeric gel (K-A-S-H) to a 
lesser extent [51,52] forming an increased amount of reaction products 
occupying the pore space resulting in increased flexural and compres
sive strength [53,54]. As in CS, Fe dissolves in the alkaline solution and 
it is incorporated into the binder phase. When SiMnS with chemical 
composition rich in SiO2 (38.9 %), CaO (28.1 %), Al2O3 (11.9 %), MnO 
(9.5 %) and to a lesser extent MgO (4.1 %) and LFS rich in CaO (33.2 %), 
SiO2 (22.3 %), MgO (13.2 %), Al2O3 (8.32 %) and Fe2O3 (6.8 %) were 
used as precursors lower flexural and compressive strengths were ob
tained. For the AACs using SiMnS, maximum flexural and compressive 
strengths of 3.2 and 11.6 MPa were obtained for a curing time of 28 days 
and Ms = 1.8, increasing to 4.1 MPa and 13.9 MPa after 90 days of 
curing. However, for the AACs using LFS, lower values with flexural 
strength of 1.1 MPa and compressive strength of 4.6 MPa for a cure time 
of 28 days and a Ms = 0.9, increasing to 1.5 and 7.8 MPa, respectively, 
when the cure time is increased to 90 days. These data indicate that 
under the activation conditions used SiMnS and LFS are weaker poz
zolans that develop lower mechanical strengths. The low flexural and 
compressive strength of AACs using LFS slags as precursor may be due to 
the high crystallinity of the precursor giving under the activation con
ditions used in the geopolymerization process a small dissolution of 
reactive species, Si and Al, leading to the formation of small amounts of 
K-A-S-H gel. Since these slags present a high amount of CaO, the dis
solved Ca2+ ions can react with the Si–O–Si or Al–O–Si bonds and also 
form small amounts of C-A-S-H gel or hybrid (C,K)-A-S.H gel. In addi
tion, their high free lime (CaO) and free magnesia (MgO) content [55] 
makes them susceptible to strength and expansion problems when it is 
hydrated. Unlike free lime, free magnesia usually hydrates at a slower 
rate and causes volumetric expansion over an extended period of time, i. 
e., months or even years [56]. Therefore, the appearance of microcracks 
due to expansion reactions leads to a decrease in the flexural strength 
and compression set of AACs using LFS as precursor. The low mechanical 
strengths obtained for SiMnS cements may be due to lower gel forma
tion, as well as to the occurrence of fracture microcracks generated by 
both material shrinkage and water evaporation [57]. At higher Ms a 
more hydrophobic gel is formed which gives rise to expansive reactions 
and generation of microcracks as indicated by SEM analysis. 

The curing time also has an effect on the flexural and compression 
strength of the AACs. It can be observed that the highest values of both 
strengths of the AACs, independent of the precursor and the modulus of 
the Ms activator used, are obtained after 90 days of curing indicating a 
continuation of the alkaline activation or geopolymerization reactions 
with time. However, it is observed that AACs using CS have a great 
growth of flexural strength and compressive strength the first 7 days of 
curing, with less growth up to 28 and 90 days of curing. In ACCs using 
EAFS as precursor, after 1 day of curing, flexural strength values be
tween 0.9–4.6 MPa and compressive strength between 9.5 and 18.6 
MPa, with flexural strength values increasing up to 3.3 and 5.8 MPa and 
compressive strength increasing more linearly with curing time up to 
18.8–34.5 MPa after 90 days of curing. The high calcium content in the 
EAFS residue, due to its easy dissolution, is responsible for the rapid 
increase in compressive strength at early curing ages [58]. For the less 
reactive SiMnS and LFS the curing time produces a significant increase 
in flexural and compressive strength due to the slower dissolution rate. 
The AACs using SiMnS show flexural strength of 0.1–0.9 MPa and 
compressive strength between 0.3 and 4.7 MPa after 1 day of curing. 
However, the flexural and compressive strength values suffer a 
remarkable increase with values up to 2.5–4.1 MPa for flexural strength 

and 5.7–13.9 MPa for compressive strength after 90 days of curing. The 
AACs using LFS as precursor, a weak pozzolan that develops low early 
strength obtaining flexural strength values below 0.5 MPa and 
compressive strength values below 1.2 MPa after 1 day of curing with 
activation conditions used. The increase in flexural strength improves 
slightly with curing time and after 90 days of curing reaches flexural 
strength values between 1.1 and 1.5 MPa and compressive strength 
values between 4.0 and 7.8 MPa. The slow pozzolanic reaction allows all 
the AACs to develop higher flexural and compression strengths in the 
long term, however, high values are not achieved, due to the expansion 
that causes microcracks developed, as indicated above. 

Fig. 7 shows the flexural and compressive strength of the different 
AACs as a function of activator modulus for each precursor used at 28 
days of curing. It can be seen that the flexural and compressive strength 
depend not only on the reactivity of different slags but also on the ability 
of the alkaline solution to leach reactive elements into the reaction 
medium [59]. Flexural and compressive strength gradually increased 
with increasing Ms values from 0.5 to 1.4 for AACs employing CS and 
EAFS, producing a further increase in Ms up to 1.8 a decrease in 
compressive strength. For AACs using LFS waste as precursor, an in
crease up to Ms 0.9 is observed, producing a decrease in mechanical 
properties when Ms of 1.4 and 1.8 are used, while for AACs using SiMnS, 
optimum values are obtained for a Ms of 1.8. Therefore, for each type of 
slag there is an optimum amount of soluble silicate which, if exceeded or 
not reached, significantly affects the mechanical properties of the alkali 

Fig. 7. (a) Flexural strength and (b) compressive strength of the different AACs 
as a function of activator modulus for each precursor used for a 28-day 
cure time. 
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activated cement. A defect (Ms = 0.5) such as an excess of sodium sili
cate in the activator (Ms = 1.5 for LSF cements, Ms = 1.8 for EASF and 
CS cements, and Ms > 1.8 for SiMnS cements) results in the geo
polymeric structures formed not being the most suitable and not having 
the best physicochemical properties. The addition of optimum amounts 
of silicate species leads to an increase in the concentrations of soluble Si 
ions of the potassium silicate agent resulting in enhanced condensation 
which induces greater geopolymerization of the silicate units due to the 
additional silicate anions in the activating solution at higher Ms 
[60–62]. The higher silicate content results in longer Si chains leading to 
denser gels with superior mechanical strength [60]. Therefore, potas
sium silicate solution enhances the dissolution rate of Si, Al, Ca, and Fe, 
which come from precursors, as Al, Ca, and Fe dissolve faster than Si 
[63]. If Si ion is provided before it is available in the precursor through 
dissolution, it can increase the degree of geopolymerization producing 
more K-(Fe)-(A)-S-H and C-(Fe)-(A)-S-H gels [64]. An excessive activator 
module content, activator modulus Ms = 1.8, except for AACs employ
ing SiMnS as precursor, due to an excess of silicate ions from the alkali 
solution which hydrate together with Al3+, Ca2+ and Fe3+ ions and 
precipitate rapidly on the slag grains inhibiting the dissolution of the 
slag grains, inhibiting the alkali activation reactions, resulting in 
insufficient amounts of gel, making the behaviors less resistant [67,68]. 
Therefore, a high activator modulus results in a more viscous alkaline 
activator solution, reducing the workability of the paste and setting time 
[65,66], whereby, reaction products are rapidly formed in the highly 
alkaline medium inhibiting the geopolymerization reaction. While a 
lower activator modulus Ms = 0.5 results in less dissolution of ions 

present in the slag leading to less gel formation [68,69]. Excess OH−

accelerates polycondensation reactions leading to incomplete dissolu
tion of aluminosilicates, causing early precipitation of the hydration gel, 
resulting in binders with low strengths because of an immature molec
ular structure. Excess Na⁺ remaining unreacted in the matrix can lead to 
efflorescence formation due to the accumulation of carbonated sodium 
oxide on the cement surface [70]. Singh and Singh [71]. obtained 
compressive strengths of 34.1 MPa after 28 days of curing using CS with 
a 7 % alkaline activator solution of sodium hydroxide and sodium sili
cate (Ms = 1.25) and water/solid ratio of 0.3. Specimens were cured at 
80 ◦C (24 h) and subsequently at room temperature. Kuterasińska and 
Król [28], obtained maximum compressive strength after 28 days of 
curing employing sodium hydroxide and sodium silicate as activator 
(Ms = 1.75) and CS as precursor. The maxium obtained was 21.0 MPa 
after 28 days of curing at room temperature, increasing up to 60 MPa 
with heat curing at 90 ◦C for 6 h and then at room temperature. Ameri 
et al. [72] obtained flexural strength of 5.7 and compressive strength of 
59.2 MPa after 28 days of curing when CS was used as precursor and a 
solution of sodium silicate and sodium hydroxide in a mass ratio of 
40.7–59.3 % as activator, and binder cured at room temperature. The 
maximum flexural strength and compressive values obtained in this 
study with the CS precursor after 28 days of curing are 7.5 and 51.5 MPa, 
respectively, using an activator modulus of 1.4. Therefore, the values 
obtained are higher than those obtained by other authors when they are 
cured at room temperature, being slightly lower than those obtained by 
heat treatment. 

Ozturk et al. [73] indicated that in order to maximize the flexural 

Fig. 8. Bulk density of the AACs as function of precursor, activator module and curing time.  
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and compressive strength values of geopolymer mortars using EAFS as a 
precursor and sodium hydroxide and sodium silicate as activator solu
tion, silica modulus, sodium concentration and curing conditions such as 
time, temperature and relative humidity of 1.4, 7.3 %, 98 %, 80 ◦C and 
12 h, respectively. They obtained values of 3.38 and 18.65 MPa of 
flexural and compressive strength respectively. Nikolić et al. [74], 
compressive strength values of 21.04 MPa were obtained using EAFS as 
precursor using as alkaline activator in a mass ratio of 4:1, a Na2SiO3 
solution, prepared by mixing 10 M NaOH and commercial sodium sili
cate. Curing took place for 2 days at 65 ◦C and then at room temperature 
for up to 28 days. In this work, when EAFS is used as a precursor, higher 
flexural and compressive strengths are obtained after 28 days of curing, 
5.7 MPa and 30.5 MPa, respectively, when an activator modulus of 1.4 
was used. In addition, the specimens are cured at ambient temperature 
with technical and economic advantages. 

Su et al. [75], activated SiMnS with waterglass and NaOH with 
different activator modulus (Ms) between 0.9 and 2.1. Samples were 
cured at 60 ◦C until the age of the test (1 h–24 h) obtaining compressive 
strength values of 66.5 MPa at 24 h of curing. The high curing tem
perature was an important factor for its high mechanical behaviour in 
compression. Kumara et al. [76], activated SiMnS by altering the reac
tivity by mechanical activation with a 6 M NaOH activating solution. 
Compressive strength values ranging from 24 MPa were obtained for 
ball mill activation to 101 MPa when activated by vibratory milling. The 
values obtained in this study are lower, obtaining a compressive strength 
after 28 days of curing of 11.6 MPa using a Ms = 1.8. However, slags 
have not been mechanically activated and the curing has been carried 
out at room temperature. 

Adesanya et al. (2017) [77] activated LFS with Na2SiO3 and KOH 
obtaining AACs cured at 60◦ (24 h) with an optimum compressive 
strength of 65 MPa after 28 days of curing. In contrast, Xu and Yi [78] 
obtained compressive strengths below 2 MPa after 28 days of curing at 
room temperature by activation with sodium hydroxide (4 M) and so
dium silicate of LFS. Shi [54] also obtained a compressive strength of 10 
MPa at 28 days of curing for Na2SiO3-activated LFS mortars. Wanga 
et al. [79] used LFS as precursor activated with a fixed alkali modulus 
ratio (SiO2/Na2O) of 1. Different liquid/solid (l/s) ratios of 0.35, 0.40 
and 0.45 and alkaline agent amount of 4 %, 6 % and 8 % were studied. 
Curing was performed under different conditions (air and saturated lime 
water). The results indicate that when the curing is carried out at room 
temperature, maximum compressive strengths of 9 and 8 MPa are ob
tained after 7 and 28 days of curing respectively, using a l/s ratio of 0.35 
and 8 % alkaline agent. These contradictory results could be due to the 
large variation of LFS properties. In this study, the maximum flexural 
strength values were 1.5 MPa and compressive strength 7.8 MPa for an 
activator modulus of 0.9 and 90 days of curing. Mechanical strength 
results indicate that while activation using KOH and K2SiO3 of CS and 
EAFS is effective, activation of LFS and SiMnS is not effective in 
achieving flexural and compressive strength suitable for civil engi
neering applications. In view of the results in the literature, additional 
activation by thermal curing or mechanical activation would be 
necessary. 

3.2. Bulk density 

The bulk density of ACCs depends on the amount of unreacted pre
cursor, the mesoporous nature of the gel formed and the entrapped air. 
Fig. 8 shows the bulk density of the AACs as a function of the type of 
precursor used, the curing time and the activator modulus. It can be 
observed that the type of precursor has great influence on the bulk 
density. The bulk density values follow the decreasing order CS > SiMnS 
> EAFS > LFS according to the real density data of the precursors CS =
3832 kg/m3, EAFS = 3245 kg/m3, SiMnS = 3123 kg/m3 and LFA =
2861 kg/m3 (Table 1). Using CS as precursor was obtained the densest 
AACs with bulk densities between 2662 and 2721 kg/m3 after 28 days of 
curing. EAFS and SiMnS activated AACs show the most similar bulk 

density values between 1812 and 1830 kg/m3 and 1600–2052 kg/m3, 
respectively for 28 days of curing. AACs based on LFS present the lowest 
bulk density values between 1519 and 1664 kg/m3 at same curing time 
in accordance with the lowest real density of the LFS precursor. In 
addition, the l/b ratio (Table 2) to achieve an adequate consistency of 
pastes is different. In pastes using higher l/b (LFS and EAFS), higher 
porosity can be formed as a consequence of the elimination of excess 
water in the mixture that escapes to the environment during the curing 
process which will induce pores in the matrix of the alkaline activated 
materials, resulting in lower bulk density values. Increased liquid con
tent (low b/l ratio) resulted in higher porosity values. 

As for the influence of curing time, an increase in bulk density is 
observed when the curing time increases from 1 to 90 days, except in 
AACs using EAFS as precursor where for a curing time of 1–7 days the 
bulk density is reduced, due to the release of excess water, after which 
the density increases slightly. The loss of moisture during the curing 
process indicates an advance of the geopolymerization or alkaline acti
vation reactions resulting in a greater amount of more compact gel that 
reduces the porosity. 

As for the influence of the modulus of the activator (Fig. 9) for 28 
days of curing, it can be observed that the trend is different in the re
action conditions studied. The same trend being observed for the AACs 
manufactured with precursors more reactive, CS and EAFS, as well as, 
for less reactive precursors, SiMnS and LFS. In the latter, the influence of 
the silica modulus is more notable, with more significant variations in 
bulk density being observed as a function of the Ms employed. The 
maximum bulk densities of the AACs using less reactive precursors are 
obtained for a Ms = 1.8 using SiMnS and Ms = 0.9 for LFS, due to the 
higher dissolution of the active phases of the precursor resulting in an 
increase of the geopolymerization reaction and the reduction of the 
porosity in the matrix [80], according to the mechanical strength data. 
Therefore, for the less reactive precursors, SiMnS and LFS, when 
non-optimal Ms values are used there is a higher amount of unreacted 
materials in the specimens, resulting in less gel formation by a slow 
activation process in the early stages due to high alkali content for small 
Ms and less matrix densification [61]. In the case of AACs using the most 
reactive precursors, the silica modulus, Ms, appears to have virtually no 
effect on bulk density at any cure time, with no significant difference 
found. Using a high Ms, there is a greater amount of potassium silicate 
which increases the viscosity of the alkaline solution, contributing to the 
compactness of the structure, but the activation process can be slow at 
early ages due to low alkali content [81]. However, when a low Ms is 
used, the geopolymerization process in the early stages can be rapid, 
forming gel particles that can envelop unreacted slag particles and 
partially prevent them from undergoing the activation reaction [82]. 
These unreacted particles can bind together acting as a filler, increasing 

Fig. 9. Bulk density of the different AACs as function of activator module for a 
curing time of 28 days. 
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the density of specimens. Therefore, no relationship between bulk 
density and compressive strength is found for these AACs. 

3.3. Thermal conductivity 

Fig. 10 shows the thermal conductivity of the specimens after 28 
days of curing. It can be observed that the thermal conductivity depends 
on the precursor used in the manufacture of the AACs, and there is no 
correlation between the bulk density of the specimens and the thermal 
conductivity. The thermal conductivity of the air, present in the voids, is 
lower than the conductivity of solid substances. However, the amount 
and composition of solid substances formed in AACs using slags of 
different nature, as well as, the amount of unreacted slag particles 
having different intrinsic thermal properties, can lead to different 
thermal conductivities. Regarding the influence of Ms, the same trend is 
observed as in bulk density, while the AACs using the most reactive 
slags, non-ferrous slag, CS, and ferrous slag, EAFS, show smaller varia
tions in thermal conductivity data with values between 0.35 and 0.41 
W/mK and 0.22–0.25 W/mK, respectively. Binders using less reactive 
slags, non-ferrous slag, SiMnS, and ferrous slag, LFS, show a higher 
variation in thermal conductivity data with values between 0.26 and 
0.44 W/mK and 0.24–0.35 W/mK. It is observed that higher thermal 
conductivity values are obtained for the optimum Ms in the AACs. This is 
due, as previously mentioned, to the acceleration of the poly
condensation and solification reactions, resulting in a greater amount of 

Fig. 10. Themal conductity of the AACs as function of precursor, activator 
module for a curing time of 28 days. 

Fig. 11. FTIR spectra of the AACs as function of activator module for a curing time of 28 days. (a) EAFS cements and precursor; (b) LFS cements and precursor; (c) CS 
cements and precursor and (d) SiMnS cements and precursor. 
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gel, making the internal structure more compact and giving rise to a 
lower thermal insulation capacity. 

3.4. FTIR 

The FTIR spectra of the alkaline activated binders using different 
slags as precursors as a function of the modulus of the activator for 28 
days of curing are shown in Fig. 11. The FTIR spectra of precursors have 
been incorporated for comparison. 

It can be observed in all the FTIR spectra regardless of the precursor 
used the presence of new bands centered around 3300 cm− 1 and 1620 
cm− 1 attributed to the presence of OH groups related to the hydration 
products. The former attributed to the asymmetric and symmetric 
stretching vibrations of the O–H bond and the latter to the bending vi
brations of the H–O–H bond [83,84]. The bands centered at 1440 cm− 1 

and 860 cm− 1 can be attributed to the deformation and bending vibra
tion of the O–C–O bond in carbonates, respectively, indicating the for
mation of carbonate products, as a consequence of the interaction of 
alkaline hydroxide with air [85,86]. Spectra of alkaline activated ma
terials using steel slags, EAFS and LFS, show bands centered at 699 cm− 1 

attributed to the asymmetric bending vibrations of the Si–O bond, while 
these bands are shifted to 660 cm− 1 for alkali activated cements using 
non-ferrous slags, CS and SiMnS [87]. In the spectra of AACs employing 
EAFS and CS, with iron-rich precursors, a very broad band centered at 

956 cm− 1 and 928 cm− 1, respectively, is observed, while in AACs 
employing LFS and SiMnS, in addition to the band centered at approx
imately 955 and 965 cm− 1, respectively, a peak centered at approxi
mately 1087 cm− 1 is observed. This broad band corresponds to the 
symmetric Si–O-T stretching vibration, (T = Si or Al) which was induced 
by K-(A)-S-H and C-(A)-S-H gel formation during alkaline activation of 
ferrous and non-ferrous slags [88–90]. In addition, the Fe present mainly 
in CS and EAFS slags is partially oxidized to Fe3+ after activation which 
can be incorporated into the silicate network changing the Si–O–Si into 
Si–O–Fe [91]. It can be observed that this band shifts to lower wave
numbers with respect to the precursors. This shift to lower wavenumbers 
could indicate a higher degree of silicate polymerization or a higher 
amount of gel produced by the hydration reaction, which isin agreement 
with the compressive strength results. 

Regarding the influence of the curing time from 1 to 90 days 
(Fig. 12), a slight increase of the bands centered at 3300 cm− 1 and 1620 
cm− 1 can be observed, due to a further advancement of the hydration 
reaction. Water is an important factor in the geopolymerization process, 
as it helps in the separation and hydrolysis of solid particles to form 
dissolved cations [92]. In addition, a slight shift towards higher fre
quencies of the T-O stretching band is observed, indicating slightly 
higher gel formation with curing time. 

Fig. 12. FTIR spectra of the AACs af function of curing time (a) EAFS cements and (b) CS cements.  
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3.5. XRD 

The diffraction patterns of the AACs as a function of the activator 
modulus after 28 days of curing for each precursor used are shown in 
Fig. 13. It can be observed that the XRD pattern of the AACs using EAFS 
as precursor present the diffraction peaks corresponding to the crystal
line phases wuestite (FeO), gehlenite (Ca2Al(SiAl)O7) and larnite 
(Ca2SiO4) present in the precursor. In the diffractograms a decrease of 
the crystalline phases by partial dissolution in the activating solution is 
observed, appearing a new intense diffraction peak centered at 29.4◦

that could be associated to the formation of C–S–H [93]. In addition, a 
halo centered at 2θ = 22◦ ~38◦ was detected, assigned to amorphous 
phases, unreacted vitreous phases in the EAFS precursor and the for
mation of amorphous C(K)-(A)-S-H gels [94]. In the AACs using CS as 
precursor, few changes are observed with respect to the precursor, 
presenting the diffraction peaks corresponding to fayalite ((Fe2+)2SiO4) 
and magnetite (Fe3O4) [29]. This indicates that the crystalline products 
present in the precursor do not react in the alkaline activation reaction. 
In AACs employing SiMnS as raw material, a clear hump at 2θ from 20◦

to 38◦ is observed in the pattern of all samples, corresponding to the 
amorphous phase present in the precursor or amorphous C-(K)-(A)-S-H 
gels resulting from alkaline activation. The diffraction peaks of the 
quartz (SiO2), akermanite (Ca2Mg(Si2O7)), diopside (MgCaSi2O6) and 
alabandite (MnS) were identified. The diffraction peaks at 34.19◦ and 
49.14◦ which are indexed into (200) and (220) planes of alabandite 
(MnS), presents in the precursor are observed with slightly lower 

intensity indicating partial dissolution and participation in the alkaline 
activation reaction. The only strong diffraction peaks with a significant 
change is observed around 29.9◦ and 32.7◦, the former could be assigned 
to C–S–H gel generated during the alkaline activation reaction [95] 
coincidentally, with the calcite diffraction peaks at 29◦ and 31◦. In the 
case of AACs using LFS as precursor, peaks present in the precursor were 
identified, calcio-olivine (Ca2SiO4), quartz (SiO2) and brucite (Mg 
(OH)2), although new diffraction peaks were observed attributed to 
calcite. The increase in the intensity of the diffraction peak centered at 
29.4◦ could be due to the presence of unreacted dicalcium silicate 
because it does not possess hydraulic properties, or the formation of 
C-(A)-S-H compounds. A deviation from the baseline is also observed 
between 20 and 38◦ assigned to amorphous phases, and the formation of 
amorphous C(K)-(A)-S-H gels. 

3.6. SEM-EDX analysis 

Fig. 14 shows 500 times magnified SEM images of some AACs. 
Higher densification is observed when CS and SiMnS nonferrous slags 
are used as precursors according to the bulk density data. However, a 
higher amount of shrinkage cracks is observed in the AACs using SiMnS 
and LFS as precursors. 

Fig. 15 shows the 3000 times magnification SEM images and EDX 
analysis of selected AACs using different ferrous slags, EAFS and LFS as 
precursors after 28 days of curing. The cements showed heterogeneous 
morphology and globular nature [61]. It is observed the presence of 

Fig. 13. XRD patterns of the AACs as function of activator module for a curing time of 28 days. (a) EAFS cements and precursor; (b) LFS cements and precursor; (c) 
CS cements and precursor and (d) SiMnS cements and precursor. 
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lighter particles corresponding to unreacted slag particles (spectra 1 and 
3), the gray zone corresponds to the formation of the C-(K, Fe)-A-S-H gel 
(spectra 2 and 4) and the darker zones are related to the presence of 
pores. It can be observed the presence of a higher number of unreacted 
particles in the AACs using LFS, leading to a lower amount of gel and 
therefore to lower strengths, according to the results of mechanical 
properties obtained. In addition, these cements show the presence of 
microcracks due to expansion reactions due to their high content of free 
lime and free magnesia. 

SEM micrographs at 3000 magnification of the selected AACs after 
28 days of curing employing non-ferrous slags as a function of activator 
modulus are shown in Fig. 16. It can be seen that the morphology of the 
AACs employing non-ferrous CS and SiMnS slags differs from the 
morphology of the AACs employing ferrous slags. The microstructure of 
these AACs is denser although the formation of cracks caused by drying 
shrinkage and possibly autogenous shrinkage in the curing process, 
which are embedded with increasing Ms, is observed. In these cements, 
according to EDX analysis, undissolved slag particles are observed, in 
higher proportion to lower Ms, which present irregular shapes of 
different sizes (spectra 1 and 3), surrounded by a binder, amorphous 
geopolymeric gel K-(Fe)-A-S-H in the AACs that use CS and K-(C)–S–H 
gel using SiMnS (spectra 2 and 4) [96]. Other authors indicate the for
mation of C-A-S-H gel instead of K-A-S-H gel when SiMnS is used [97]. In 
the studied samples, the formation of a mixed gel is observed. For Ms =
1.8, the formation of a large amount of gel takes place, which reduces 
the porosity by filling the pores, while causing a significant expansion 
and the appearance of large microcracks. The lower compressive 
strength of these AACs may be due to the higher number of cracks that 
can act as stress concentrators, decreasing mechanical properties of 
these cements. In the SiMnS-M0.5 binders, crystals in the form of CaCO3 
are also observed adhered to the unreacted SiMnS particles according to 
EDX analysis (Spectrum 5). 

4. Conclusions 

In this study, different ferrous slags, EAFS and LFS, and non-ferrous 
slags, CS and SiMnS, have been used in the production of AACs. 

Although the precursors have different reactive nature, the formation of 
C-(K, Fe)-A-S-H gels has been confirmed by FTIR and SEM-EDX analysis 
in all binders when EAFS and LFS are used as precursor, K-(Fe)-A-S-H 
when CS is used, and K-(C)-A-S-H gel in those using SiMnS. Thus, all the 
precursors used are sufficiently reactive to form AACs. An increase in the 
modulus of the activator Ms up to 0.9 for LFS cements, up to 1.4 for EAFS 
and CS cements and up to 1.8 for SiMn cements, resulted in a higher 
dissolution of reactive species, leading to a higher amount of gel. Lower 
and higher Ms result in lower amounts of gel due to lower dissolution of 
reactive species and high dissolution rate which precipitate quickly on 
the slag grains inhibiting further dissolution, respectively. The flexural 
and compressive strength followed the trend CS > EAFS > SiMnS > LFS. 
Thus, optimum values of 7.5 and 51.5 MPa for CS-M1.4, 5.7 and 30.5 
MPa for EAFS-M1.4, 3.2 and 11.6 MPa for SiMnS-M1.8 and 1.1 and 4.6 
MPa for LFS-M0.9 cements are obtained after 28 days of curing. The 
higher flexural and compressive strengths of the CS cements may be due 
to higher densification as well as the formation of more geopolymeric 
gel. In AACs using EAFS, this may be due to the greater amount of 
amorphous or reactive phase in these slags, as well as the presence of 
soluble Ca2+ ions that favor the formation of C-(A)-S-H gel that act as 
nucleation sites and promote to a lesser extent the formation of K-A-S-H 
gel, giving rise to a greater amount of reaction products. Both slags, CS 
and EAFS, are rich in Fe incorporated in the binder phase contributing to 
the strength. The lower flexural and compressive strength values of ce
ments using SiMnS as precursor, in the activation conditions used, may 
be due to the lower gel formation or more hygroscopic gel formation at 
higher Ms that causes expansion, leading to the appearance of fracture 
microcracks. While for the AACs using LFS it may be due to the higher 
crystallinity of the precursor which results in less gel, as well as the 
presence of free lime and free magnesia which result in microcracks due 
to expansive reactions. 

In view of these results it can be concluded that ferrous and non- 
ferrous slags can be used as precursors in the manufacture of alkali 
activated binders. Under the activation conditions studied, the CS and 
EAFS precursors give rise to more sustainable cements that can have the 
same applications as Portland cement, including structural applications. 
While the SiMnS and LFS precursors can be used in the manufacture of 

Fig. 14. SEM images of some AACs at 500x magnification after 28 days of curing.  
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alkali activated cements with non-structural applications in civil 
engineering. 
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