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A B S T R A C T

In this research the effect of the incorporation of black steel slag (BSS) (25, 50 and 75 wt%) into biomass bottom
ash (BBA) as precursor in the synthesis of alkali-activated materials was studied. The alkali-activated pastes were
cured at two temperatures, 60 and 20 °C. Thermal curing at 60 °C produced an increase in mechanical properties
at early curing ages obtaining similar properties at older ages of 90 days. The addition of up to 50 wt% of BSS re-
sulted in alkali-activated cements with increased compressive and flexural strengths. The increase in mechanical
properties could be due to the formation of a higher amount of calcium aluminosilicate gel (C-A-H-S) with re-
spect to potassium aluminosilicate gel (K-A-H-S) or to the synergistic formation of C-K-A-S-H gel. Therefore,
these specimens can be used as a binding material for concrete production to replace Portland cement, which can
lead to significant environmental and socio-economic improvements by reducing CO2 emissions and consump-
tion of natural resources.

© 2021

1. Introduction

The search of alternative materials to Portland cement has increased
in recent decades. Interest has been growing due to the high environ-
mental impact produced by the manufacture of cement in both obtain-
ing of raw materials and intense energy-demanding industrial process.
To avoid this, more environmentally friendly materials have emerged.
Interesting results have been obtained by alkali-activated materials [1].
These materials can be used as cement and be applied in concrete and
mortar. Two models of alkali activated bonding systems are established
[2]. The first one is the activation of silicon and calcium rich raw mate-
rials (steel slag) with alkaline solution whose main reaction product is
calcium silicate hydrate (CSH) gel. In the second alkaline activation
model, silicon- and aluminium-rich precursors (metakaolin or F-class
coal fly ash) are used with alkaline solutions, and the reaction products
are 3D polymeric Si-O-Al chains. Davidovits named the second group
“Geopolymer” as they have a polymeric structure [3,4].

⁎ Corresponding author at: Department of Chemical, Environmental, and
Materials Engineering, Higher Polytechnic School of Jaén, University of Jaén,
Campus Las Lagunillas s/n, 23071 Jaén, Spain.

E-mail address: deliche@ujaen.es (D. Eliche-Quesada).

Alkali-activated materials can develop good results in term of me-
chanical strength and durability [5], but they have different behaviours
depending on the origin of the material. There are two groups of origin
of raw materials for alkali-activated materials manufacturing: natural
and artificial. As for natural sources, there are kaolin [6–8], clays [9],
or zeolites [10]; and as artificial sources: various fly ash [11–13], slag
furnace [1,14–17] or other industrial waste and by-products [18–21].
The use of these raw materials as a source of aluminosilicates represents
a decrease in energy consumption as well as CO2 emissions, along with
making a better use of wastes that were otherwise destined to landfill.

Several researchers have used different types of ash: carbon coal
[22,23], or biomass ash as corn stalk or cob [24], bamboo [25], rice
husk [26] and other waste from vegetable pruning [1]. The composi-
tion of biomass ashes depends on several factors, closely related to the
biomass used as raw material. These ashes have a large amount of crys-
talline phase, with presence of inorganic amorphous material and or-
ganic matter [27]. The biomass combustion process generates two main
types of solid waste: bottom ash (the waste generated by the combina-
tion of fully or partially burnt material that is discharged into the grate)
and fly ash from the air pollution control system. Fly ashes have been
widely used as a precursor material in geopolymers [28]. However, bot-
tom ashes have not yet been widely used. Although both ashes have the
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Fig. 1. Particle size distribution of precursors: BBA and BSS.

same origin, the composition could be different [29]. Bottom ashes
have larger particle size and less glassy phase [30]. Some authors con-
sider that fly ashes are more reactive than bottom ashes, and other au-
thors say that the main differece is the particle size [31]. Thus, when
larger bottom ash particles are crushed, higher surface area is achieved
and reactivity of ashes are increased [29].

In alkaline environments, with higher pH values, reactive alumi-
nosilicates present in the raw materials are rapidly dissolved [2,22]. In
addition, high manufacturing temperature could help the dissolution of
some compounds and accelerate the formation of geopolymeric gel.
Therefore, the curing temperature is another condition that must be
taken into account. Other authors have studied the effect of curing tem-
perature on alkali-activated materials synthesis. Thus, Kaze et al. [32]
studied the effect of temperature of curing on laterite-based geopoly-

mer at 20, 60 and 80 °C. They obtained a raise of the dissolution of
monomers and compressive strength at 7 and 28 days, when tempera-
ture was increased from 20 to 80 °C. Zribi et al. [33] studied the curing
temperature of 60 °C and ambient temperature in the manufacture of
phosphate-based alkali-activated materials. They found structural dif-
ferences in the quantity of the phases formed and better compressive
strength at high temperature. Zhang et al. [34] used several values of
curing temperature and different material mixes. They obtained that in-
creasing curing temperature results in better mechanical properties
when glass powder was used. On slag-based alkali-activated cements
adding waste glass, the optimal temperature was 80 °C, however on fly
ash-based geopolymer the highest strength was obtained at 100 °C. Too
high value of temperature can lead to decrease compressive strength.
Tian et al. [35] showed the effect of a range of curing temperature
(from 25 to 120 °C) of copper tailing-based alkali-activated materials
and concluded that compressive strength decreased when curing tem-
peratures above 80 °C were used. However, higher temperature has a
high impact when specimens are manufactured with synthesis at room
temperature having substantial advantages [33].

Black steel slag (BSS) is a by-product of steel production, from met-
allurgical industry. This waste is produced in steel making process,
when molten steel and impurities are separated [36]. The main chemi-
cal components of BSS are Ca, Fe and Si. BSS has been used less in the
construction industry, compared to ground granulated blast furnace
slag [37]. Several researches were conducted by different researchers
where steel slag (SS) was used as source of aluminosilicates and as ag-
gregate to replace fly ash [38]. Song et al., [37] replaced fly ash by steel
slag with differents percentage (range of 0–50 wt%). Replacing 20 wt%
was the optimal ratio, without 28-day compressive strength loss. Be-
sides, the setting times of the pastes were delayed with the incorpora-
tion of SS. Yazdi et al., [39] used ground granulated blast-furnace slag

Fig. 2. XRD of precursors: BBA and BSS.
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Fig. 3. SEM images and EDS analysis of precursors BBA and BSS.

Table 1
Chemical composition (wt. %) of the precursors.

Raw material SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O TiO2 P2O5 SO3 LOI HM Kb

BBA 46.10 12.04 4.78 19.65 3.71 0.09 0.78 4.59 0.83 1.12 0.41 5.58 0.77 0.40
BSS 17.29 10.71 24.16 30.89 2.63 5.68 0.16 0.03 0.79 0.41 0.28 5.39 2.56 1.20

to replace fly ash at 30 to 100 wt% cured on room temperature. They
obtained high values of mechanical strength with the incorporation of
up to 50 wt% slag, however when over 50 wt% of fly ash was replaced,
compression strength did not increase, unlike flexural strength. In addi-
tion, other researchers achieved less curing time and better compres-
sive strength when replacing fly ash by ground granulated blast-furnace
slag [40,41]. The high CaO content in slag may help to form the C–S–H
gel [40]. Using ashes can decrease water demand and allow paste work-
ability times [41]. Nath and Kumar [42] also obtained similar results to
ground granulate blast-furnace slag using granulated corex slag.

The addition of slag to biomass bottom ash has hardly been studied.
Biomass bottom ashes have been used as a precursor to replace
metakaolin in the manufacture of geopolymers. The optimal results
were achieved with the incorporation of 50 wt% of waste [43]. The
main aim of the work as the ashes are not very reactive, is to study the
effect of 20 °C and thermal curing (60 °C), as well as, the addition of
steel slags on the modification of the properties (physical properties:
bulk density; mechanical properties: flexural and compressive strength
and thermal properties: thermal conductivity) of biomass bottom ash-
based alkali-activated control cements. The pastes were also character-
ized by X-ray diffraction (XRD), scanning electron microscopy (SEM)
and Fourier transform infrared spectroscopy (FTIR). By adding slag to
biomass bottom ash, authors try to develop room temperature cured
binders. This could facilitate the manufacture of these materials, thus
reducing the use of Portland cement and energy costs.

2. Materials and methods

2.1. Raw materials and characterization

The biomass bottom ash (BBA) was supplied by the Aldebarán En-
ergía del Guadalquivir a power plant located in Andújar (Jaén, Spain).
The plant uses biomass from olive pruning and biomass from forestry
(forest biomass) and energy crops to generate renewable energy. The
ashes have a heterogeneous particle size and are therefore ground and
sieved to a grain size of less than 100 µm.

The black steel slag (BSS) comes from the Siderúrgica Sevillana S.A.
industry located in San Juan de Aznalfarache (Seville, Spain).This in-
dustry belongs to the non-integral iron and steel sector, which valorises
ferrous scrap to convert it into usable products such as steel bars of dif-
ferent profiles, diameters and qualities. Slag is produced in the electric
arc furnace during the melting process of ferrous scrap. The slag has a
grain size of 4–5 mm, which is why it must be crushed in a jaw crusher
and ball mill and screened to a particle size of less than 100 µm. The

particle size distribution of precursor, BBA and BSS was obtained by
laser diffraction analysis using a Malvern Mastersizer 2000 laser dif-
fractometer (Fig. 1). The BBA particles have a more homogeneous dis-
tribution and a higher mean particle size (D50 = 52.6 μm) than the BSS
particles with a more heterogeneous particle size distribution but with a
slightly lower mean particle size (D50 = 8.7 μm).

The crystalline mineralogical phases of the raw materials were iden-
tified by X-ray diffraction (XRD) with the Empyrean equipment with a
PIXcel-3D detector from PANalytical 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 to 60 ° and a step size of 0.02. For phase identification,
the HighScore software was used. In the BBA, silica (SiO2) and calcium
carbonate (CaCO3) are identified as crystalline phases, presenting in
smaller proportion calcium oxide (CaO), aluminosilicates
Al0.5Ca2Mg0.75O7Si1.75 and Al0.83Ca3.027Fe1.17O12Si3 and silicoalumi-
nates of Na and K. BSS present a more amorphous structure as indicated
by the deviation from the baseline with diffraction peaks corresponding
to wuestite (FeO), larnite (Ca2SiO4) and gehlenite (Ca2Al(SiAl)O7) with
traces of manganese oxide (Mn3O4) (Fig. 2).

The micrographs of the raw materials (Fig. 3) were obtained by
Scanning Electron Microscopy (SEM) using a JEAL model SM 840 as-
sisted by Energy Dispersive X-ray spectroscopy (EDS). The precursors
were placed on an aluminium grid and coated with carbon using the
JEOL JFC 1100 sputter coater. Two types of particles can be observed in
the BBA, spherical and irregular particles, while in the BSS waste only
irregular particles are present. In both precursors, particles of different
sizes can be observed. The particle size of the BBA being larger than
that of the BSS.

The main chemical oxides in the precursors were identified by X-ray
fluorescence (XRF) using a Philips Magix Pro model PW-2440 and are
presented in Table 1. The major components of the BBA waste are SiO2
(46.10%), CaO (19.65%) and Al2O3 (12.04%). Other oxides present in
quantities close to 5 % are FeO, K2O and MgO. The BSS waste are
mainly made up of CaO (30.89%), with a high percentage of Fe2O3
(24.16%), SiO2 (17.29%) and Al2O3 (10.71%). In addition, present in
smaller quantities are MnO (5.68 %) and MgO (2.63 %). The reactivity
of a binder is governed by its oxide composition [44]. The modulus of
hydration (HM) which represents the hydraulic activity of the binders
and the coefficient of basicity (Kb) which is the ratio of basic oxides to
acidic oxides were determined according to the equations (1) and (2)
[45].

(1)
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Table 2
Mix proportion.

Sample BBA
(g)

BSS
(g)

KOH
(g)

H2O
(g)

K2SiO3
(g)

l/s
ratio

Curing
Temperature (°C)

RH
(%)

100BBA-
0BSS

400 0 37.1 46.9 156 0.6 60
20

90
90

75BBA-
25BSS

300 100 37.1 46.9 156 0.6 60
20

90
90

50BBA-
50BSS

200 200 37.1 46.9 156 0.6 60
20

90
90

25BBA-
75BSS

100 300 37.1 46.9 156 0.6 60
20

90
90

(2)

The BBA waste has a hydraulic modulus of 0.77 and a basicity coef-
ficient of 0.40 significantly lower than BSS with hydraulic modulus and
basicity coefficient of 2.56 and 1.20 respectively. These data indicate a
higher reactivity of BSS and thus a beneficial effect of their incorpora-
tion into BBA, which could favour their hardening when curing at room
temperature [46].

2.2. Preparation of alkali-activated cements

The possibility of using BBA as a precursor in the development of al-
kali-activated cements was evaluated. The modification of the proper-

Fig. 4. Development of the compressive strength over time for alkali-activated
cements with various BSS contents (a) heat curing at 60 °C for 24 h and (b)
20 °C.

ties of specimens with the incorporation of different amounts of BSS
(25–75 wt%) was studied. Other authors have studied the incorpora-
tion of slags into fly ash based geopolymers to achieve room tempera-
ture curing. The high CaO content in slags accelerates the dissolution of
materials and improves the properties of alkali-activated materials [47,
48].

The alkaline activator used is a solution of potassium hydroxide,
12 M KOH and potassium silicate. The potassium hydroxide was sup-
plied by the company GlobalChem, and has a purity of 85%. The potas-
sium silicate solution was supplied by the Roth company and has a com-
position by weight of 7.5–8.7% K2O, 19.5–21.8% SiO2 and 69.5–73%
H2O and a density of 1.25 kg/l. Previous studies of the control alkali-
activated cements were carried out using a silicate-hydroxide ratio of
65–35% (Ms = SiO2/Na2O = 1.2) and different KOH concentrations
(8, 12 and 15 M). The best compresive strength at 7 days was obtained
for a concentration of 12 M KOH. Subsequently, different Ms
(Ms = 0.75 silicate-hydroxide: 50–50 %; and Ms = 1.8, silicate-
hidroxide: 75–25 %) were studied, obtaining the best compressive
strengths at 7 days for the Ms = 1.2 (silicate-hidroxide ratio 65–35 %).
Hence, the silicate-hydroxide (12 M) ratio used is 65–35 % with a silica
modulus, Ms, of 1.2. After preparing the activating solution, it was
cooled to room temperature and the pH was measured with a Crison Ba-
sic 20 pH meter. For all alkali-activated materials, the liquid/binder ra-
tio selected was 0.6 in order to obtain adequate workability.

The mixtures of alkali-activated materials were prepared in a Proeti
planetary mixer using the same sequence for all compositions. The dry
raw materials, BBA and BSS, were mixed and homogenised for 90 s at
low speed. After this time, the activator solution was added to the ho-
mogeneous mixture and mixed at low speed for another 90 s. Subse-
quently, the walls of the container were stirred and the mixture was
mixed again for another 30 s at low speed. The workable paste obtained
was poured into the 60x10x10 mm stainless steel moulds and subjected
to 60 S on a Proeti shaking table to eliminate bubbles and achieve bet-
ter compaction of the material. The moulded pastes were cured for 24 h
in a climatic chamber Daihan ThermoStable STH-305 of 90 % relative
humidity at 60 ± 1 °C or at 20 ± 1 °C, in order to study the effect of
the curing temperature. Subsequently, the hardened pastes were de-
moulded and stored in a climatic chamber at 90 % relative humidity
and 20 ± 1 °C until the curing age of 7, 28 and 90 days. Details of the
ratio of the mixtures are presented in Table 2. The samples are desig-
nated as xBBA-yBSS-T-t where × is the BBA precursor content, y the
BSS precursor content, T the curing temperature and t the curing time.

2.3. Experimental methods

The bulk density of the samples was measured according to the
Archimedes principle following the standard UNE-EN 1015–10 [49]
presenting the average of five determinations of each sample.

The specimens were subjected to flexural strength tests in accor-
dance with UNE-EN 1015–11:2000/A1:2007 [50]. An MTS Insight 5
machine (5 kN capacity) with a displacement speed of 1.0 mm/min was
used. In total, five samples of each composition and curing time were
tested. The flexural strength (σF) was determined by the following
equation:

(3)

where F is the load in newtons (N); l is the distance between the axes
of the support rollers, in millimetres (mm); b is the width of the speci-
men, in millimetres (mm) and d is the thickness of the specimen, in mil-
limetres (mm).

The mechanical compressive strength of five specimens was deter-
mined according to the UNE-EN105-11:2000/A1:2007 standard [50].
This test is carried out on the universal testing machine MTS 8101 (100
kN). The compressive strength is determined from equation (4).
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Table 3
Degree of reaction of specimens, Si/Al, Ca/Si y Ca/Al molar ratio.

Sample Curing Temperature
(°C)

Degree Reaction
(%)

Curing
1d

time
28d

Si/Al Ca/Si Ca/Al

100BBA-
0BSS

60
20

58.5
51.3

69.0
64.0

3.82 0.39 1.49

75BBA-
25BSS

60
20

76.5
75.0

80.0
78.0

3.41 0.51 1.75

50BBA-
50BSS

60
20

83.5
82.6

86.5
85.0

2.97 0.68 2.02

25BBA-
75BSS

60
20

94.0
91.5

95.0
94.0

2.50 0.92 2.31

(4)

where σc is the compressive strength (MPa); F is the maximum ulti-
mate load (N) and S is the area of the specimen face under load (mm2).

The thermal conductivity of two samples of 55 mm diameter and
15 mm thick specimens after 28 days of curing was determined accord-
ing to ISO 8302 [51], using a FOX 50 TA instruments heat flow meter.

The degree of reaction, XRD, Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) and SEM-EDS are the
techniques used to determine the hydration products of the alkali-
activated cements. To determine the degree of reaction of the hardened
specimens, 1 g of ground and sieved sample (100 µm) was attacked

Fig. 5. Development of the flexual strength over time for BBA-BSS alkali-
activated pastes (a) heat curing at 60 °C for 24 h and (b) 20 °C for 24 h.

with a HCl solution (1:20) [52]. The geopolymer gel formed is dissolved
in the solution, which is then filtered, dried and calcined at 1000 °C
(3 h). From the equation 5 the reaction degree is obtained:

(5)

XRD analysis was applied to powder samples (≤100 µm) using the
same equipment and operating conditions as for the raw materials.
ATR-FTIR was performed using a Vertex 70 Bruker in the range
4000–400 cm−1. The microstructural development of the hardened ma-
terials was obtained by SEM-EDS.

3. Results and discussion

3.1. Compressive and flexural strengths

Compressive strength is one of the most important engineering
properties for determining the use of new alkali-activated materials as
structural construction material. The effect of curing temperature on
the compressive strength of alkali-activated cements at different curing
times, for different BBS contents is presented in Fig. 4. The compressive
strength of specimens heat cured at 60 °C is higher than that of materi-
als cured at 20 °C. Curing at higher temperatures in the first 24 h facili-
tated the development of mechanical strength. The increase in com-
pressive strength at a curing temperature of 60 °C can be attributed to a
high dissolution of the reactive species contained in the solid precursors
at elevated temperatures leading to an increase in the reaction rate, re-
sulting in a high degree of geopolymerization, as indicated by the
higher values of the degree of reaction of the alkali-activated cements
after 1 day of curing (Table 3) leading to a high polycondensation or
polymerization between the Si, Al, Ca and Fe species. This suggests that
the matrix was made more compact and denser by the initial curing at
60 °C, which justifies the high strength gained in these samples at low
curing times with very little increase in compressive strength at longer
curing times, especially in the binary alkali-activated cements contain-
ing BBA-BSS. The compressive strength of the control alkali-activated
cements containing only BBA was 10.4 MPa and 3.0 MPa for a curing
temperature of 60 and 20 °C, respectively for a curing time of 1 day.
The compressive strength increased to 22.0 MPa and 13.8 MPa, respec-
tively after 28 days of curing. Therefore, a higher increase in compres-
sive strength with curing time can be observed for alkali-activated ce-
ments cured at 20 C°. A similar trend was observed in other studies
where other aluminosilicate sources were used, concluding that in-
creasing the curing temperature improves the mechanical properties of
the aluminosilicates [32,53].

The addition of BSS resulted in a significant improvement of the
compressive strength at both curing temperatures. For example, the
50BBA-50BSS-60 alkali-activated cements show compressive strengths
at 1 day of cure of 29.9 MPa increasing to 41.1 MPa after 28 days of
curing and to 37.2 MPa at 90 days of curing. The 50BBA-50BSS-20 sam-
ples reach 12.1, 33.7 and 36.6 MPa after 1, 28 and 90 days of curing.
These data indicate that the incorporation of BSS into biomass ashes
with low reactivity can be improved by incorporating a sufficient
amount of BSS. The replacement of 50 wt% BSS improves the compres-
sive strength and allows similar compressive strengths to be achieved at
long curing times (90 days) regardless of whether curing takes place at
60 °C or at 20 °C. A proportion higher than 50 wt% BSS did not lead to
an improvement in compressive strength. This fact has been observed
by other authors [54]. Therefore, 50 wt% BSS can be considered as the
optimum content that resulted in specimens with the highest compres-
sive strength for both curing temperatures. The increase in compressive
strength due to the incorporation of BSS is attributed to the develop-
ment of alkaline aluminosilicate gel or geopolymer gel. The aluminosil-
icate gel formation is influenced by the chemical components of the
precursors and the alkaline solution. It can be seen from Table 3 that as
the BSS content increased, the Si/Al molar ratio of the mixtures de-
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Table 4
Bulk density over time for alkali-activated cements with various BSS contents
heat curing at 60 °C and 20 °C for 24 h.

Bulk density (kg/m3)

Sample Curing T (°C) Curing time

1d 7d 28d 90d

100BBA-0BSS 60
20

1529 ± 27
1411 ± 29

1554 ± 34
1437 ± 54

1557 ± 5
1446 ± 56

1586 ± 23
1454 ± 32

75BBA-25BSS 60
20

1587 ± 5
1512 ± 14

1616 ± 2
1523 ± 12

1626 ± 2
1544 ± 55

1652 ± 20
1552 ± 11

50BBA-50BSS 60
20

1643 ± 14
1545 ± 13

1679 ± 9
1553 ± 5

1687 ± 17
1581 ± 5

1696 ± 34
1596 ± 30

25BBA-75BSS 60
20

1716 ± 54
1565 ± 5

1733 ± 12
1581 ± 15

1788 ± 53
1634 ± 21

1890 ± 28
1663 ± 15

creased. The compressive strength of the alkali-activated cements in-
creased with decreasing Si/Al molar ratio from 3.82 (100BBA-0BSS) to
2.96 (50BBA-50BSS). The silicate gel did not contribute significantly to
the mechanical strength, the aluminosilicate gel being stronger [55].
The presence of a lower amount of Si in the BSS-containing alkali-
activated cements made more Al(OH)4-4 species available for condensa-
tion in the early stages of curing. In addition, the Al component tends to
dissolve more readily than the silicon components, and this allows a
higher rate of condensation between silicate and aluminate species than
condensation between silicate species, resulting in higher initial com-
pressive strength [56]. In addition, the compressive strength of the al-
kali-activated cements also improved with the increase of Ca/Si and
Ca/Al molar ratio which enhances with the incorporation of up to
75 wt% of BSS (Table 3). This is because the dissolved Ca2+ ions can re-
act with the Si-O-Si or Al-O-Si bonds and form C-(A)-S-H gel. Therefore,
in addition to hydrated potassium aluminosilicate gel (K-A-S-H) or
geopolymeric gel, hydrated calcium aluminosilicate gel (C-A-S-H) or
hybrid (C,K)-A-S-H gel formation took place as indicated FTIR spectra
(Fig. 9) and EDS-SEM analysis (Fig. 14) due to the amount of calcium
present in the BBA but mainly in the BSS, hence the higher compressive
strength of alkali activated cements containing BSS. These results are in
agreement with those obtained by other authors [57–59]. These studies
using steel slags and coal fly ash as precursors have shown the forma-
tion of different gels depending on the chemical and mineralogical com-
position of the raw materials (blast furnace slags and coal fly ash).
Pastes based solely on calcium-rich slags show a predominance of C-A-
S-H type gels in their structure, while in fly ash pastes rich in silicon and
aluminium alkaline activated with sodium silicate, the formation of a
geopolymer type N-A-S-H gel predominates. The use of both slag and fly
ash precursors leads to the formation of a coexisting C-A-S-H gel and

Fig. 6. Thermal conductivity of BBA-BSS alkali-activated pastes cured 28 days
heat curing at 60 °C and 20 °C for 24 h.

geopolymer gels, which improve the mechanical properties of the mate-
rials.

Moreover, Chindraprasirt et al., [60] attributed the high calcium
content in the precursors as responsible for the rapid increase in me-
chanical strength at early curing ages, due to their easy dissolution. The
presence of Fe in BSS (25 wt%) has also been pointed out as beneficial
for the development of mechanical strength of alkali-activated materi-
als, due, like calcium, to its easy dissolution [61].

Regarding the influence of curing time, it was found that the com-
pressive strength of specimens cured at 20 °C increased globally with
increasing curing time from 1 to 90 days for all compositions. The addi-
tion of slag considerably improved the mechanical properties at low
curing times, considerably increasing the compressive strength at long
curing times. The optimum amount of slag to be incorporated is
50 wt%, higher additions do not produce modifications in this mechan-
ical properties. Thus, the addition of 50 wt% produced an increase in
compressive strength from 3.0 MPa of the control samples (100BBA-
0BSS-20-1d) to 12.1 MPa (50BBA-50BSS-20-1d) after one day of curing
increasing up to 36.6 MPa after 90 days of curing. For materials cured
at 20 °C, at early ages, slightly larger pores are observed, as indicated
by the SEM micrograph of sample 100BBA-0BSS-20-1d (Fig. 13 a), but
smaller pores are obtained during ageing (Fig. 13 d) due to the gradual
filling of the larger pores with reaction products, as the reaction pro-
gresses, which favours the increase of the compressive strength with
curing time [62]. However, for the samples heat cured at 60 °C, the in-
corporation of BBA produced a very rapid increase in compressive
strength at early ages, increasing from 10.4 MPa (control samples) to
29.9 MPa after one day of curing and increasing to 41.1 MPa for the op-
timum curing time, 28 days, with a decrease in compressive strength up
to 35.5 MPa at 90 days of curing. Heat treatment is beneficial in in-
creasing the reaction rate by accelerating the dissolution of silica, alu-
mina, calcium and iron species from the silicates, facilitating the
process of polycondensation and hardening of the matrix, which results
in an increase in compressive strength with curing temperature. How-
ever, although the compressive strength increases with increasing cur-
ing temperature, contributing to high early strength, it may deteriorate
the long-term strength at longer ages, when the degree of reaction is ap-
proximately the same, as the quality of the reaction products is the pre-
dominant parameter [62]. When heat treatment is performed, the hard-
ening process proceeds faster, resulting in a less ordered and poorer
quality structure. The higher curing temperature negatively affected
the strength development at a later curing age of 90 days possibly due
to modifications of the microstructure of the hydration products [63],
as well as the appearance of a higher number of microcracks as indi-
cated SEM micrographs (Fig. 13 e). Therefore, a possible reason for the
decrease in compressive strength at longer curing times could be the de-
hydration or modification of the gel and the formation of possible mi-
cro-cracks as a result of the dehydration process for longer curing times
especially when the curing environment is not saturated with water
[64]. Other authors indicate an increase in mechanical properties with
curing temperature up to a threshold temperature above which there is
a loss of mechanical strength [32,65,66]. This threshold temperature
depends on the source of aluminosilicates used and once exceeded, the
time for dissolution of aluminosilicates is insufficient due to the rapid
setting of the geopolymer gel formed on the surface of the undissolved
particles [6,67].

The flexural strength of the alkali-activated cements as a function of
curing temperature and the addition of different proportions of BSS at
different curing times is shown in Fig. 5. The control sample 100BBA-
0BSS cured at 20 °C did not achieve flexural strength even after 90 days
of curing. At all cure times the flexural strength increased significantly
with the addition of up to 50 wt% BSS and with heat curing at 60 °C at
low curing times. The data reveal that the flexural strength develop-
ment differs from the compressive strength data. In fact, replacing more
than 50 wt% BSS caused a significant decrease in flexural strength,
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Fig. 7. FTIR spectra of precursor materials: BBA and BSS.

while the compressive strength remained practically unchanged. Fur-
thermore, the flexural strength increased at all curing ages, regardless
of whether the curing was thermal or room temperature, although this
increase was slightly more noticeable in the 20 °C cured samples. For
example, the inclusion of 50 wt% BSS increased the flexural strength
from 0.90 MPa at 1 day of curing (100BAA-20-1d) to 10.88 MPa at
90 days of curing (50BBA-20-90d). Thermal curing produced an in-
crease in flexural strength from 6.19 MPa for the control alkali-
activated cements (100BBA-0BSS-60-1d) to 12.27 MPa for the alkali-
activated cements 50BBA-50BSS-60-90d. The BSS have a more glassy
structure as indicated by their XRD pattern. Due to their more amor-
phous character, BSS have a higher pozzolanic or latent-hydraulic reac-
tion rate (Table 1) [68]. The use of BBS and thermal curing improves

the flexural mechanical properties of alkali-activated cements due to
the increase of bulk density and reduction of permeability [39,69]. The
dissolution mechanism of the glassy phase of BSS is less dependent on
the breaking of Si-O-Si and Si-O-Al bonds compared to BBA particles.
This indicates faster reactions in BSS-containing mixtures compared to
those containing BBA [70]. The incorporation of BSS results in the for-
mation of more amorphous gel that fills the pores of the structure mak-
ing it denser and more compact, leading to improved mechanical prop-
erties [71]. The reduction in flexural strength with the incorporation of
more than 50 wt% BSS can be attributed to the development of micro-
cracks in the alkali-activated cements as a consequence of autogenous
shrinkage with cracking as indicated SEM micrographs (Fig. 14 c). The
addition of BSS accelerates the reaction that causes autogenous shrink-
age resulting in micro-cracks that adversely affect flexural strength [72,
73].

3.2. Bulk density

The bulk density of the alkali-activated cements as a function of cur-
ing time and slag addition at both curing temperatures are presented in
Table 4. It is evident that the bulk density increased with the addition of
increasing amounts of BSS, the increase of the curing temperature from
20 to 60 °C, and with the curing age. This increase in bulk density is
consistent with the trend observed for the mechanical properties. Since
the real density of BSS (3245 kg/m3) was higher than that of BBA
(2546 kg/m3), the bulk density of the geopolymer paste increased with
an increase in BSS content. The increase in bulk density with thermal
curing at 60 °C can be attributed to a higher dissolution of the reactive
precursor phases leading to higher reaction, decreasing the number of
voids in the matrix resulting in a higher amount of gel and densification
of the matrix, especially at low curing times [74]. Increasing the curing

Fig. 8. FTIR spectra of control alkali-activated cements (100BBA-0BSS) over time for (a) heat curing at 60 °C for 24 h and (b) 20 °C..
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Fig. 9. FTIR spectra of alkali-activated cements cured at 28 days with various BSS contents (a) heat curing at 60 °C for 24 h and (b) 20 °C.

Fig. 10. XRD of precursor BBA and 100BBA-0BSS cured at 60 °C and 20 °C one
day.

time for both curing temperatures increases the extended structure of
the hydration products and reduces the porosity due to good cohesion
and adhesion between the different components in the matrix leading
to densification.

3.3. Thermal conductivity

The control alkali-activated cements after 28 days of curing exhibit
thermal conductivities of 0.153 W/mK when cured at 20 °C and in-
creased thermal conductivity to 0.286 W/mK with thermal curing at
60 °C (Fig. 6). The addition of BSS and heat curing resulted in higher
thermal conductivity values, according to the bulk density data. The
denser the alkali-activated cements, the higher the thermal conductiv-
ity value and the lower the thermal insulation capacity [75]. The low
thermal conductivity values of the 100BBA-0BBS-20 control pastes are
linked to their porous microstructure observed in SEM (Fig. 13). The
presence of pores in the specimens affects the diffusion rate of heat
transfer, due to the damping in the lattice vibration and the low thermal
conductivity of gases in the pores much lower than that of solid sub-
stances [76,77]. The geopolymerization reaction results in amorphous
and porous polysialates that restrict heat transfer. However, the higher
thermal conductivity of specimens cured at 60 °C may be related to the
lower porosity [78] and with the higher amount of chemically bound

water providing the formation of a continuous gel for heat transfer
[79].

The incorporation of BSS, which have high amounts of iron, also
contributes to an increase in thermal conductivity. Therefore, the densi-
fication and distribution of the iron mineral compounds in the matrix
can produce a high heat diffusion resulting in higher thermal conduc-
tivity values [32].

The specimens exhibit much lower thermal conductivity values than
conventional Portland cement with conductivity values of 1.5 W/mK.
[80,81]. Therefore, these less dense alkali-activated cements with high
mechanical properties and high insulation capacity have advantages
that make them useful for insulation purposes with structural capacity.

3.4. FTIR

In the precursor aluminosilicate, BBA a band centred at 993 cm−1 at-
tributed to the bending vibration of the Si-O-T bond (T = Si or Al) and
a band centred at 440 cm−1 attributed to the bending vibration of the
Si-O bond are observed (Fig. 7) [82,83].

After activation of the precursor with the alkaline solution the asym-
metric stretching vibration of the Si-O-T bonds (T = Si or Al) after
15 min shifted to lower frequencies 979 cm−1 and 969 cm−1 in spectra
100BBA-0BSS-20 and 100BBA-0BSS-60, suggesting the development of
a new K-A-S-H gel product, being the footprint of the geopolymeriza-
tion process (Fig. 8) [84], as well as, the formation of a calcium silicate
(C-(A)-S-H) type gel [85,86]. This shift and intensity of the band was
more pronounced in pastes heat cured at 60 °C. This indicates that in-
creasing the temperature from 20 to 60 °C favours the dissolution of the
BBA in the alkaline solution by increasing the amount of binder within
the matrix, especially at low cure times. The higher intensity of the
band with curing time indicates the development of a higher amount of
gel at older ages. Therefore, this result confirms that the curing temper-
ature of 60 °C accelerates the geopolymerization process [87]. The shift
towards higher frequencies observed in that band, as the reaction time
increases, indicates a higher degree of polymerization [86]. Both facts
justify an increase to better mechanical properties of the alkali-
activated control cements with curing time, and the improvement of
mechanical properties in specimens cured at 60 °C, especially at low
curing times.

The spectra of the alkali-activated cements cured at 60 °C or at 20 °C
incorporating BSS after 28 days of curing are presented in Fig. 9. It can
be observed in the spectra of the heat cured pastes and those cured at
room temperature a shift of the band characteristic of the geopolymer-
ization process from approximately 980 cm−1 for the 100BBA-0BSS to
961 cm-1 for the 25BBA-75BSS. The incorporation of BSS, due to its
more amorphous character, as well as, the curing temperature pro-
duced a higher dissolution in the alkaline solution leading to the forma-
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Fig. 11. XRD of control alkali-activated cements (100BBA-0BSS) over time for (a) heat curing at 60 °C for 24 h and (b) 20 °C.

tion of a higher amount of geopolymer gel and C-(A)-S-H gel [86]. In
addition, this displacement could be associated with the introduction of
Ca and Fe ions in the -Si-O- bond confirming the existence of Ca(K)-(A)-
S-H gel [88,89]. The increase in the amount of gel formed with the ad-
dition of BSS justifies an increase in the flexural and compressive
strength of the specimens.The absorption bands centred at approxi-
mately 3350 cm−1 and 1650 cm−1 are linked to the bending of the H-
O–H bond and the O–H bond of water molecules [90,91]. This band
corresponds to water molecules from the crystallisation or absorption of
reaction products [92]. These bands do not appear in the precursors
(BBA and BSS) and show the geopolymerization reaction of alkaline ac-
tivation products and water in the paste. This band is slightly smaller as
the curing time increases, and in the alkali-activated cements heat
cured at 60 °C, which could be due to a higher water consumption dur-
ing the alkaline activation reaction. The bands in the samples centred at
1412 and 874 cm−1 indicated the presence of the CO32– group formed
from the reaction between unreacted potassium ions that leach out of
the matrix and react with atmospheric CO2 producing the carbonation
of the alkali-activated material [22,91].

The band centered at 874 cm−1 can be assigned to the symmetric vi-
brational deformation of the C-O-C bond in 100BBA-0BSS, while in
slag-containing alkali-activated cements it can also be assigned to the
vibrational mode of the Si-O-Fe bond [93].

3.5. XRD analysis

Fig. 10 shows the X-ray diffraction patterns of the control sample
100BBA-0BSS after 1 day of curing at 60 °C and 20 °C. As a compari-
son, the XRD pattern of the BBA raw material is shown. In both series

already after 15 min a pronounced amorphous halo in the 2 theta
range between 20 and 40 ° was observed, which justifies the effective
formation of the geopolymer binder obtained by the dissolution of the
reactive phase contained in the solid precursor, BBA. However, after
alkaline activation the crystalline mineralogical phases present in the
precursor such as quartz (SiO2) and calcite (CaCO3) remain almost un-
changed in the alkali-activated pastes. The quartz phase is largely non-
reactive [92]. Furthermore, the intensity of most of the diffraction
peaks did not differ substantially in alkali-activated cements cured at
different temperatures (60 and 20 °C), although the intensity of diffrac-
tion peaks associated with quartz and aluminosilicates is slightly lower
for 100BBA-0BSS specimens cured at 60 °C. Moderate heat curing at
60 °C produced a higher surface attack of the crystalline phases provid-
ing reactive silica and promoting the formation of gel, increasing the
compressive strength at early ages. Although the high intensity of the
quartz peak in the specimens indicated that quartz practically did not
participate in the alkaline activated reaction [94]. Therefore, as re-
ported by other studies [95], the curing temperature has hardly any in-
fluence on the transformation of the crystalline phases present in the
precursor and the structural changes occur in the amorphous phase.
Tian et al., 2020 [96] reported that the intensity of the peaks attributed
to illite (KAl2[(SiAl)4O10](OH)2nH2O) and quartz (SiO2) present in the
precursor the copper tailings decreased as the curing temperature in-
creases from 20 to 80 °C and increased as the curing temperature in-
creased from 100 and 120 °C. Yao et al. [97] reported that under the
strong alkaline activation conditions, the metakaolin muscovite under-
went the geopolymerization process, which increased as the curing
temperature increased from 20 to 80 °C, while the quartz phase re-
mained largely unreactive.
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Fig. 12. XRD of alkali-activated cements cured at 28 days with various BSS con-
tents (a) heat curing at 60 °C for 24 h and (b) 20 °C.

Regarding the influence of the curing time, it can be observed that
there are practically no differences in the diffractograms of the alkali-
activated cements with curing time, at both curing temperatures (Fig.
11). These crystalline phases are not reactive, there is no dissolution of
the crystalline phases with time and therefore they are present as inert
fillers in the alkali-activated binder. Therefore, only the amorphous
phases in the raw materials are reactive and contribute to alkaline acti-
vated reaction [97–100]. Only a slight increase of the diffraction peak
corresponding to CaCO3 was observed as the curing time increases, due
to unreacted excess KOH rising to the surface and reacting with atmos-
pheric CO2 to form carbonates, as evidenced by FTIR.

The diffractograms of the alkali-activated cements incorporating
BSS at both curing temperatures after 28 days of curing (Fig. 12) show
the diffraction peaks appearing in the BBA precursor. The intensity of
cristaline peaks decreasing as additional amounts of BSS are incorpo-
rated due to the relatively amorphous character of the residue. Only a
higher intensity of diffraction peaks associated with undissolved ingre-
dients present in the BSS as wustite is observed. These results indicate
that specimens incorporating BSS have a higher amount of amorphous
as indicated by the higher deviation from the baseline at 2 theta be-
tween 25 and 35° although difractograms also include crystalline
phases as impurities and inclusions. The increased amount of amor-
phous phases in the BSS, led to an increase in the mechanical properties
of the alkali-activate cements incorporating the residue.

3.6. Microstructural analysis

SEM images showed that the alkali-activated control materials
100BBA-0BBS (Fig. 13) after one day of curing present a compact and
dense structure, although with the presence of fine cracks, more visible
in the heat-cured specimens. Partially reacted BBA particles, dense gel
phase and a fibrous structure corresponding to the K-(A)-S-H gel were
observed. The presence of two types of gel, K-(A)-S-H and C-(A)-S-H has
been confirmed by SEM-EDS analysis. The EDS spectra of spot 1 showed
intense peaks of Si, Al and K, suggesting the production of potassium
aluminosilicate gel (K-A-S-H) or geopolymeric gel, while the EDS spec-
tra of spot 2 show intense peaks of Si, Al and Ca, indicating the forma-
tion of calcium aluminosilicate gel (C-A-S-H). Less intense peaks of Ca
(point 1) and K (point 2) were observed in both areas, which may sug-
gest the formation of a hydrated calcium potassium calcium aluminosil-
icate gel (K-C-A-S-H) in both areas.

In the control pastes cured at 20 °C, a more heterogeneous matrix
was observed with less gel phase extension, higher porosity and more
unreacted BBA particles, which could still participate in the alkaline ac-
tivated reaction at longer curing times (Fig. 14). This suggests that a
moderately high curing temperature of 60 °C promotes the dissolution
of aluminosilicates and calcium phases from the precursor and the for-
mation of new polymer chains, resulting in a higher amount of geopoly-
mer gel and C-(A)-S-H gel and improved compressive strength at early
curing ages according with mechanical strength data. As for the influ-
ence of curing time, a higher amount of geopolymer gel and C-(A)-S-H
gel and a lower amount of unreacted BBA particles were observed as the
curing time increases from 1 to 28 days, with the microstructure re-
maining almost constant at longer curing times (90 days). Control al-
kali-activated cements cured at 20 °C present lower porosity and a
denser structure when the curing time increases from 1 to 28 days. The
pozzolanic activity of BBA increases over an extended period. Porosity
in pastes is associated with gel formation and also with the presence of
water in capillaries that are not filled by the alkaline activated reaction.
The more the material reacts, the more geopolymer chains are formed
and the number of pores is reduced, indicating the progress of the
geopolymerization reaction with the curing time [101]. As the reac-
tions progress, by the age of 28 days of curing, most of the BBA particles
have reacted to form dense amorphous products which resulted in an
increase in compressive strength.

The incorporation of BSS resulted in a higher densification with a
less porous structure compared to the control samples (Fig. 14). Gel for-
mation was observed over the entire fracture surface. In general, BBS
contains a higher proportion of calcium, which favours the formation of
calcium aluminosilicate (C-A-S-H) gel [57,58]. The gel phase composi-
tions determined by EDS analysis, indicate higher Ca intensity which
could indicate the active participation of Ca to produce more calcium
rich Ca-(K)-A-S-H hydrated aluminosilicate gel in the BBA-BSS blended
alkali-activated cements which produced denser microstructure and
higher compressive strength compared to the control 100 % BBA pastes
according to flexural and compression strength data. In the 50BBA-
50BSS-60-28d alkali-activated cements, iron-rich zones are also ob-
served in some regions, which could indicate the dissolution of the
metal and its participation in the gel phase.

Heat cured samples incorporating BSS showed a higher number of
micro-cracks. These cracks are mainly due to autogenous shrinkage of
the specimen due to heat and slag incorporation. The amount of cracks
is not very high because the specimens were cured at high relative hu-
midity. These results confirm the low flexural strength values obtained
for the 25BBA-75BSS-60 specimens, which have a more heterogeneous
structure and a higher number of micro-cracks.
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Fig. 13. SEM-EDS of control alkali-activated cements (100BBA-0BSS) over time heat curing at 60 °C and 20 °C for 24 h.(a) 100BBA-0BSS-60-1d; (b) 100BBA-0BSS-
60-1d; (c) 100BBA-0BSS-60-28d; (d)100BBA-0BSS-20-1d; (e) 100BBA-0BSS-60-90d.

4. Conclusions

In this work, the effect of the incorporation of different amounts of
BSS to alkali-activated BBA-based cements and the effect of the curing
temperature 60 °C and 20 °C have been investigated. The following
conclusions can be drawn:

- Heat curing at 60 °C produced an increase in mechanical properties,
mainly at early curing ages, probably due to an increased dissolution

of reactive species. However, similar or better mechanical properties
are obtained for specimens cured at 20 °C at longer curing times. The
addition of BSS also has a good effect on the mechanical properties.

- The compressive strength of the alkali-activated cements increased
with decreasing Si/Al molar ratio because the silicate gel does not
contribute significantly to the mechanical strength, the
aluminosilicate gel being stronger. The high CaO content in the BSS
may help to form a higher amount of C-A-S-H gel together with the
K-A-S-H gel, or the formation of a hybrid (C,K)-A-S-H gel being
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Fig. 14. SEM-EDS of (a) 50BBA-50BSS pastes cured 28 days heat curing at 60 °C for 24 h and (b) 50BBA-50BSS pastes cured 28 days heat curing at 20 °C and (c)
75BBA-25BBS pastes cured 28 dias heat curing at 60 °C for 24 h.

responsible for the rapid increase of mechanical strengths at early
curing ages.

- Higher compressive strength and flexural strength of the alkali-
activated pastes was obtained with increasing incorporation of up to
50 wt% slag. The compressive strength increases overall with
increasing curing time from 1 to 28 days for all compositions cured
at 60 °C, up to an optimum value of 41.1 MPa. Curing times longer
than 90 days produced a decrease in compressive strength, possibly
due to the lower quality of the reaction products, more dehydration
of the gel and the formation of possible micro-cracks and
carbonation over a prolonged period, which led to deteriorations of
the mechanical properties. For room temperature cured pastes, a
more pronounced increase is observed with curing time from 1 to
90 days, reaching similar or even higher values at longer curing
times than the heat cured specimens, with compressive strength
values of 36.6 MPa.

- At all curing times the flexural strength increased with the addition
of up to 50 wt% BSS and with heat curing at 60 °C. The addition of
BSS results in the formation of more amorphous gel making the
structure more dense and compact, which leads to an improvement
of the mechanical properties. The addition of 75 wt% BSS greatly
accelerated the alkaline activated reaction causing rapid autogenous
shrinkage resulting in micro-cracks which negatively affect the
flexural strength.

- The thermal conductivity of the pastes increased with the
incorporation of BSS and with the curing temperature from 20 °C to
60 °C. This increase could be related to the densification of the
samples and the distribution of iron minerals in the matrix present in
the BSS waste. However, all alkali-activated cements show thermal
conductivities lower than 0.4 W/mK, presenting higher thermal
insulation capacity than the Portland cement binder with thermal
conductivities of 1.5 W/mK.

Therefore, the results indicate that the valorisation of BBA (a waste
from pine and olive pruning combustion) with the incorporation of BSS
(a waste from iron and steel production) is possible to obtain alkali-
activated cements cured at room temperature with technological prop-
erties suitable to replace Portland cement binders. The development of
these new construction materials with structural properties has impor-
tant socio-economic and environmental benefits by converting waste
into by-products and avoiding landfill. In addition, their manufacture
reduces CO2 emissions into the atmosphere and the depletion of min-
eral resources compared to Portland cement binders.
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