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A r t i c l e  h i s t o r y  A B S T R A C T  

This study investigates the feasibility of employing municipal solid waste incineration 
bottom ash (WBA) as the sole precursor for producing alkali-activated binders (AA-
WBA), with the aim of developing low-carbon mortars and concretes for non-
structural urban applications within a circular-economy framework. The precursor, 
originally in the 8-30 mm particle-size fraction reported in previous studies, was 
milled to obtain material below 125 µm. A series of activation conditions was 
examined by varying the NaOH concentration, the NaOH-to-sodium-silicate ratio, 
and the liquid-to-solid ratio, together with three precursor particle-size ranges (≤63 
µm, 90-100 µm, and 100-125 µm). The optimal formulation (1:4/0.6/4 M; 90-100 µm) 
achieved satisfactory mechanical performance in paste form and developed a 
dense microstructure characterised by the formation of C-(A)-S-H/N-A-S-H gels, as 
evidenced by TGA, FT-IR, and SEM analyses. As a proof of concept, this binder 
was used to manufacture a full-scale concrete pedestrian paving element, which 
exhibited adequate mechanical performance for outdoor pedestrian use at 28 days. 
Leaching and ecotoxicity tests indicated low metal release and no significant toxic 
effects, thereby demonstrating the environmental safety of the material and its 
potential contribution to more sustainable construction systems. 
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1 Introduction 

Alkali-activated cements offer a lower environmental-
impact alternative to conventional cement production. As a 
result, there is growing interest within the construction sector 
in materials capable of partially or fully replacing Portland 
cement (OPC), the manufacture of which is associated with 
substantial global CO2 emissions and high primary energy 
demand. 

In the precast sector, particularly in the manufacture of 
street furniture, outdoor paving units and other non-structural 
components, the use of municipal solid waste incineration 
bottom ash (WBA) as a precursor in alkali-activated cements 
(AA-WBA) promotes a more sustainable production cycle, 
sourcing raw materials directly from citizen-generated waste. 
This approach is feasible because incineration is widely 
regarded as an effective strategy for managing the growing 
volume of municipal solid waste [1]. 

The study is framed within the principles of the circular 
economy, emphasising their relevance in reducing the 
carbon footprint associated with both binder production and 
use. This approach not only enhances the sustainability of 
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cementitious formulations but also valorises waste materials 
and optimises their management, thereby contributing to a 
process fully aligned with circular-economy objectives. 

The literature review indicates that, although several 
attempts have been made to optimise AA-WBA systems, 
studies focusing exclusively on the activation of WBA remain 
limited [2]. Nevertheless, based on the behaviour reported in 
previous studies [3–7] and preliminary findings from other 
authors, there is significant potential to improve the 
performance of AA-WBA produced solely from WBA. This 
knowledge gap provides a clear opportunity to further 
investigate the activation mechanisms and optimise the 
resulting material properties. 

WBA exhibits a wide particle-size distribution [8]. The 
finer fractions contain the majority of soluble salts and 
potentially leachable heavy metals (and metalloids), 
whereas the coarser fractions are predominantly composed 
of ceramics and glass. Natural weathering over 2-3 months 
outdoors has been shown to significantly reduce the leaching 
potential; consequently, in most European countries, WBA is 
currently classified as non-hazardous waste [9,10]. 
However, information on the mechanical performance and 
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durability of concretes produced with alkali-activated 
cements remains limited, despite their previous use in 
various applications. This gap underscores the need to 
translate laboratory findings into potential industrial-scale 
applications, particularly when using WBA as the primary 
precursor for non-structural components. 

Considering environmental criteria and the goal of 
maximising WBA recovery, the 8-30 mm fraction, also 
characterized by the highest SiO2 content [11], has been 
identified as the most suitable for alkaline activation. During 
the material preparation stage, and in order to evaluate the 
mechanical performance of the binder (AA-WBA paste) 
formulated exclysively from WBA, this fraction was milled to 
produce particle sizes ≤125 µm, following procedures 
reported in previous studies [12]. However, it is to be 
expected that particles within this powdered WBA will display 
heterogeneous reactivity as precursors during alkaline 
activation. Therefore, it is anticipated that finer particles 
generally enhance dissolution kinetics and promote the 
formation of reaction products, which improves mechanical 
performance. Furthermore, the mineralogical composition of 
the particles plays a critical role, as more fragile phases tend 
to concentrate in the finer fractions, thereby increasing the 
availability of reactive species such as SiO2 and Al2O3. 
Nevertheless, excessive grinding raises energy consumption 
and may compromise industrial feasibility. This variability in 
particle behavior provides an opportunity to evaluate the 
balance between chemical reactivity, mechanical strength 
and processing efficiency. 

Using the powdered 8-30 mm WBA fraction, the study 
aims to evaluate the mechanical behavior (compressive 
strength) of AA-WBA pastes across three particle-size 
ranges: ≤63 µm, 90-100 µm, and 100-125 µm. The fraction 
exhibiting the best mechanical performance was 
subsequently employed in a proof-of-concept test aimed at 
evaluating potential industrial-scale application, yielding 
satisfactory results. 

2 Materials and methods 

The powdered WBA sample was supplied by Escofet 
S.A., a Barcelona-based company specializing in the design 
and industrial production of urban furniture and paving 
elements. The sample was originally obtained from a local 
waste-to-energy facility, where it was generated during the 
combustion of municipal solid waste at approximately 
950 °C. This was subsequently conditioned to recover 
valuable materials [4,8] using magnetic and eddy-current 
separators. The remaining mineral fraction was stored 
outdoors for 2-3 months to allow chemical stabilization [13], 
after which the stabilised bottom ash underwent selection, 
screening and final grinding. Figure 1 presents the 
processing route, through which an initial 40-tonne batch of 
stabilised WBA was treated. During the screening stage, 
approximately 6 tonnes were recovered within the 8-30 mm 
particle-size fraction. This range was selected because 
previous studies [3] have reported that the highest SiO2 
availability occurs in fractions larger than 8 mm. In addition, 
this fraction is less contaminated and contains lower 
amounts of metallic aluminium, thereby reducing hydrogen 
generation compared with other fractions studied previously 
[12]. Once this fraction had been obtained, it was subjected 
to a grinding process to reduce the particle size to below 1 
mm. Prior to undertaking the secondary grinding stage, a 
crucial step was performed to remove any remaining metallic 
impurities that could interfere with both the grinding operation 
and the final properties of the cementitious material. The 
conditioned material was then subjected to fine grinding in a 
ball mill, enabling a particle size of less than 125 µm to be 
achieved. Table 1 presents the elemental composition of the 
WBA, determined by X-ray fluorescence (XRF) using a 
Bruker S2 PUMA Light Element Energy Dispersive X-ray 
Fluorescence Spectroscopy. The results indicate a high 
proportion of SiO2 (46.61%) and CaO (27.74%), both of 
which are essential for the formation of C-A-S-H and (C,N)-
A-S-H gels during alkaline activation. 

 
 

Figure 1. Process of conditioning WBA as a precursor material for alcaline-activated binders 
 
 
 
 

INCINERATOR

SLAG – WBA: 40.000 kg.

0-30 mm

MPA MOLINS PLANT SMYM - BHS

SCREENING: 40.000 kg

0-4 mm ˃ 23.500 kg Oven – CMI

4-10 mm ˃ 10.500 kg Arid - oven

10-30 mm ˃ 6.000 kg Grinding

GRINDING AND SCREENING

6.000 kg: 8-30 mm a 1 mm

Resultant: < 1 mm: 1.600 kg 

GRINDING ≤ 125 µm: 1.100 kg

Resultant: 800 kg

METAL SEPARATOR: 1.600 kg

Resultant: 1.100 kg
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Table 1. Elemental oxide composition of powdered WBA 

Major elements  (wt.%) 
Minor and 

traces 
elements 

(wt.%) 

SiO2 48.61 PbO 0.09 

CaO 24.74 MnO 0.09 

Al2O3 9.23 ZrO2 0.09 

Fe2O3 4.31 Sc2O3 0.08 

Na2O 4.15 Cr2O3 0.07 

SO3 2.45 BaO 0.06 

MgO 2.32 SrO 0.06 

K2O 1.44 SnO2 0.02 

P2O5 0.76 NiO < 0.01 

TiO2 0.59 Rb2O < 0.01 

Cl 0.5 HfO2 < 0.01 

ZnO 0.19 MoO3 < 0.01 

CuO 0.12 Br < 0.01 

LOI (1050°C) 9.36   

 
This powdered WBA exhibits a density of 2.79 g·cm-3, a 

specific surface area of 4.08 m2·g-1, and an average 
adsorption pore width of 20.98 Å. The particle size 
distribution (PSD) is presented in Figure 2. The analyses 
were performed using a Beckman Coulter LS13320 
operating in micro-liquid mode with ethanol as the 
dispersant. Crystalline phases were identified by X-ray 
diffraction (XRD) using a PANalytical X'Pert PRO MPD 

diffractometer configured in Bragg-Brentano θ/θ geometry 
with a 240 mm radius. As shown in Figure 3, the material 
contains numerous mineral phases and a significant fraction 
of amorphous phases, as evidenced by the angular range 
from 20 to 35° (2θ). 

For the alkaline activation, a mixture of sodium silicate 
(Na2SiO3) and sodium hydroxide (NaOH) was used. The 
sodium silicate (waterglass, WG ) employed was a 
commercial solution supplied by Sharlab Laboratories, with 
a density of 1.37 g·cm-3, complete miscibility in water at 20 
°C, and a pH of 11-11.5. 
 
2.1 Specimen preparation 
 

All specimens were prepared in 25 mm cubic moulds. For 
each formulation in the first test series, six specimens were 
produced for 28-day compressive strength testing using an 
Incotecnic Multi R-1 universal testing machine, applying a 
loading rate of 240 kg·s-1 in accordance with UNE 196-1 [13]. 
The specimens were cured in a humid environment. They 
were placed in resealable bags containing a small water 
reservoir for the first three days, then demoulded and 
maintained under the same conditions at 23 ± 1 °C and 95 ± 
5% relative humidity . The formulations varied by changing 
the NaOH:WG ratio, activator-to-precursor ratio (L/S), and 
the molarity of the NaOH solution (4M, 6M, 8M, and 10M), as 
summarised in Table 2. Mixing was carried out in a Labbox 
OS40-series mixer. During the first 2 minutes at 470 rpm, the 
activator blend was gradually added to the powdered WBA 
precursor, followed by a further 3 minutes of mixing at 760 
rpm [12]. The mixtures were then discharged, vibrated, and 
cast into the moulds. 

 

 

Figure 2. Particle size distribution (PSD) of powdered WBA 
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Figure 3. X-ray diffraction (XRD) pattern of powdered WBA 
 

Table 2. Preparation of samples using NaOH:WG combinations with different NaOH molar concentrations 

Activator-to-precursor ratio 
(L/S) 

0.5 

NaOH:WG ratio 1:1 1:2 1:3 1:4 

NaOH Molar concentrations 4M 6M 8M 10M 4M 6M 8M 10M 4M 6M 8M 10M 4M 6M 8M 10M 

Prepared specimens - - - - - - x x - - - - - - - - 
 

Activator-to-precursor ratio 
(L/S) 

0.6 

NaOH:WG ratio 1:1 1:2 1:3 1:4 

NaOH Molar concentrations 4M 6M 8M 10M 4M 6M 8M 10M 4M 6M 8M 10M 4M 6M 8M 10M 

Prepared specimens x x x x x x x x x x x x x x x x 
 

Activator-to-precursor ratio 
(L/S) 

0.7 

NaOH:WG ratio 1:1 1:2 1:3 1:4 

NaOH Molar concentrations 4M 6M 8M 10M 4M 6M 8M 10M 4M 6M 8M 10M 4M 6M 8M 10M 

Prepared specimens • • • • • • • • • • • • • • • • 
 

x: Formulations with prepared samples 
•: Specimens prepared from formulations with high liquid-to-solid ratios and lower compressive strengths 
-: Formulations from which specimens could not be prepared due to rapid reactions during mixing 
 
 

Using the optimal formulation identified in the first test 
series (employing the full precursor fraction), specimens 
were prepared for a second experimental stage. In this 
stage, the powdered WBA precursor was sieved to obtain 
three particle-size fractions: ≤ 63 µm, 90-100 µm, and 100-
125 µm. Cubic specimens (25 mm) were cast and cured 
following the same procedure used in the first stage, in which 
the precursor comprised the entire particle-size distribution. 
For each fraction, eight specimens were produced; four were 
tested after 3 days and four after 7 days. 

Finally, the precursor fraction that exhibited the highest 
increase in compressive strength was used to produce a new 
set of 25 mm cubic specimens. These were tested at 3, 7, 
and 28 days using the optimal formulation identified in the 

first stage, together with two additional formulations in which 
the NaOH:WG ratio and the liquid-to-solid ratio were varied. 
 
2.2 Characterization of alkali-activated binder 
 

In accordance with UNE-EN 196-1, the mechanical 
behaviour of the AA-WBA pastes was evaluated using an 
Incotecnic MULTI-R1 Lab-Pre S.L. universal testing 
machine, operating at a loading rate of 240 kg·s-1 with a 2.5 
kN load cell. These conditions were maintained throughout 
the three test stages. Following the mechanical tests, a 
microstructural analysis of the AA-WBA pastes formulated 
with different precursor particle sizes was conducted using a 
JEOL J-7100FE high-resolution scanning electron 
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microscope (SEM). In addition, the chemical bonds and 
functional groups of the reaction products were identified and 
characterised by Fourier transform infrared spectroscopy 
(FT-IR) within the 4000-450 cm-1 spectral range, using a 
PerkinElmer Spectrum Two™ spectrometer equipped with 
an ATR accessory, at a resolution of 4 cm-1 and four scans 
per sample. Thermogravimetric analysis (TGA) was also 
performed to quantify mass variations during controlled 
heating in a nitrogen (N2) atmosphere, using a TGA 550 
analyser (TA Instruments), at a heating rate of 10 °C·min-1 
up to a maximum temperature of 1000 °C. 

 
2.3 Determination of environmental impacts 
 

The environmental impact of the concrete used in the 
proof of concept was assessed, with particular emphasis on 
the ecotoxicity parameter, in line with European regulations 
that promote the use of bioassays to evaluate the release of 
hazardous substances. The luminescence inhibition test 
using Vibrio fischeri was performed in accordance with ISO 
11348-3:2007 [14] as a preliminary assay to detect potential 
toxic effects in aquatic environments. Leachates were 
prepared following the UNE-EN 12457-4 [15] leaching 
procedure, with two replicates per sample. This 
methodology, supported by recent studies and by the CEN 
(2022) [16] technical guide on ecotoxicity in construction 
products, enabled a complementary evaluation of the 
environmental impacts across the material’s life cycle. 

 
2.3.1 Leaching test 
 

Leachates were prepared in accordance with UNE-EN 
12457-4, using a compliance test with a liquid-to-solid ratio 
of 10 L·kg-1 to evaluate the release of compounds associated 
with ecotoxicity under chemical equilibrium conditions. The 
granular material, with 95% of particles smaller than 10 mm, 
was maintained in contact with deionised water for 24 hours 
in a rotary shaker at 10 rpm. The resulting leachates were 
then vacuum-filtered through a 0.45 μm cellulose nitrate 
membrane, after which pH and conductivity were measured. 
The filtered leachates were stored at 4 °C for 24 hours prior 
to bioassay testing. The specific ionic composition of the 
leachates, including heavy metals, was determined under 
the same conditions specified in UNE-EN 12457-2. Analyses 
were conducted using inductively coupled plasma optical 
emission spectrometry (ICP-OES) and mass spectrometry 
(ICP-MS). 

 
2.3.2 Ecotoxicity testing  
 

The ecotoxicological assessment of the proof-of-concept 
concrete was conducted using a luminescence bioassay with 
Vibrio fischeri (NRRL B-11177) and Microtox LX® equipment. 
The bacterial strain was supplied in a lyophilised form and 

stored at -18 to -20 °C in 1 mL vials. Tests were performed 
at concentrations of 0, 5.6, 11.25, 22.5, and 45%, with two 
replicates per concentration, and the pH was adjusted to 
between 6.5 and 8.5 using HCl. 

3 Results and discussion 

3.1 Mechanical behaviour 
 

The formulations employed in this study were designated 
according to a nomenclature that indicates the NaOH-to-WG 
ratio, the activator-to-precursor (L/S) ratio, and the molar 
concentration of NaOH. For instance, a designation such as 
1:4/0.6/4M refers to a formulation with a NaOH-to-WG ratio 
of 1:4, an L/S ratio of 0.6 and a NaOH molarity of 4 M. 

According to Table 2, the formulations with a L/S ratio of 
0.7, although feasible to prepare and yielding highly fluid 
mixtures, exhibited low compressive strength values. Within 
this group, the 1:4/0.7/6M formulation achieved the highest 
strength, reaching 5.65 MPa. The remaining formulations in 
this trial, which showed even lower values, were excluded 
from the analysis due to their poor mechanical performance. 
For the other mixtures within this range, the test specimens 
disintegrated upon demoulding as a result of insufficient 
particle cohesion, displaying a distinctly sandy texture. 

Conversely, the formulations with a liquid-to-solid ratio of 
0.5 reacted very rapidly during mixing, which prevented the 
preparation of test specimens for compressive strength 
testing. In contrast, a liquid-to-solid ratio of 0.6 enabled the 
production of specimens using a fluid and workable mixture. 
However, it was observed that as the NaOH molar 
concentration increased, the mixtures became more fluid but 
induced swelling in the specimens during the first hours of 
curing. The presence of metallic aluminium generates 
hydrogen gas during the reaction, leading to expansion of the 
mixtures [17–20]. Several studies have confirmed that 
metallic aluminium derived from waste undergoes intense 
thermal transformation during the incineration process, 
resulting in the formation of new aluminium-based metallic 
phases alloyed with other metals and metalloids (Fe, Si, Mn, 
Ti, Ca), which are responsible for such expansive 
deformations in the specimens [18] 

Table 3 summarises the highest compressive strength 
results obtained for formulations prepared with a L/S ratio of 
0.6, using the full precursor fraction. The reported range, 
from 1:3/0.6/4M to 1:4/0.6/10M corresponds to the 
combination that delivered the best compressive 
performance. Among these, the 1:4/0.6/4M formulation 
exhibited the highest mechanical performance, reaching a 
compressive strength of 11.16 MPa. For this formulation, the 
activator’s SiO2/Na2O ratio was 2.7. Within the group of 
formulations with the highest mechanical performance, the 
activator modulus varied between 1.89 and 2.7 

 

Table 3. Compressive strength results for all precursor particle sizes 

Activator-to-precursor ratio (L/S) 0.6 

NaOH:WG ratio 1:3 1:4 

NaOH Molar concentrations 4M 6M 8M 10M 4M 6M 8M 10M 

28-day compressive strength (MPa) 10.86 9.76 4.28 2.76 11.16 9 9.65 5.31 

SiO₂/Na₂O activator module 2.52 2.23 2.03 1.89 2.70 2.46 2.26 2.13 

Ratio a/c total sample* 0.34 0.33 0.32 0.31 0.33 0.32 0.31 0.31 

*: Total sample ratio without the solid fraction contained in the activator (Si, Na from WG and NaOH) 



Low-carbon cementitious material from municipal solid waste incineration bottom ash for street furniture and outdoor paving:  

A circular economy perspective 
 

 Building Materials and Structures 69 (2026) Special Issue 2600002C 

This finding is particularly relevant as it highlights that 
deviations from standard formulations reported in previous 
studies can substantially affect compressive strength. 
Several authors have observed that an activator modulus 
exceeding 2 may adversely impact both the workability and 
the mechanical performance of the material [21,22]. Other 
studies [12], however, have demostrated that this modulus is 
not the sole parameter influencing strength and workability 
at an industrial scale. Increasing the proportion of NaOH in 
the alkaline activating mixture enhances the reactivity with 
the metallic aluminium present in WBA, which promotes 
hydrogen generation and, consequently, reduces the 
mechanical performance. Nevertheless, research on paste 
formulations has shown that an appropriate balance between 
high compressive strength and adequate workability can be 
achieved. Furthermore, both properties can be further 
optimized through the incorporation of mineral and chemical 
additives that improve mixture handling, facilitating the 
production of street furniture and outdoor paving elements. 

Based on the results obtained for the best-performing 
formulation in the first testing stage, in which specimens with 
a 1:4/0.6/4M ratio exhibited the highest compressive 
strength, the corresponding mixtures for the second stage 
were prepared. However, formulations incorporating 
particles smaller than 63 µm could not be produced, as the 
mixtures underwent an accelerated reaction during mixing, 
leading to premature setting. In contrast, mixtures with 
particle sizes between 90-100 µm and 100-125 µm produced 
the results shown in Figure 4a, where the formulations 

containing 90-100 µm particles and the optimal mixture 
displayed superior mechanical performance. Nevertheless, 
when the NaOH:WG ratio was adjusted to 1:2 while using a 
NaOH molar concentration of 6 M, no favourable results 
were obtained. For the 100-125 µm particle-size fraction, 
although specimen fabrication was possible, the samples 
exhibited substantial porosity, which negatively affected their 
compressive strength. 

In the third testing stage, the optimal formulation 
(1:4/0.6/4M), combined with the most suitable particle-size 
fraction (90-100 µm), was selected as the reference for 
preparing new specimens with comparable mixtures. In 
these formulations, slight adjustments were introduced to the 
NaOH:WG ratio and the L/S ratio in order to assess potential 
variations in both compressive strength and workability. 
Figure 4b confirms that the previously identified optimal 
formulation (1:4/0.6/4M), incorporating precursor particles in 
the 90-100 µm range, delivers the highest compressive 
strength for this material, reaching values of up to 23.5 MPa. 
 
3.2 Physicochemical characterization 

3.2.1 Thermogravimetric (TGA) analysis  
 

Figure 5 presents the thermogravimetric analysis (TGA) 
results and the corresponding derivative curves (DTG) for 
the powdered WBA precursor and for the two AA-WBA 
formulations produced using the two particle-size fractions 
(90-100 µm and 100-125 µm). 

 
Figure 4. a) Compressive strength at 7 days of samples with different particle sizes. b) Compressive strength at 28 days with 

precursor particle size between 90-100 µm 

Figure 5. TGA and DTG curves of powdered WBA samples and formulations with higher mechanical strength 
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In the range of 25-200 °C, all samples exhibit a mass loss 
associated with the release of physically adsorbed water and 
structurally bound water. This loss is more pronounced in the 
AA-WBA formulations (90-100 µm and 100-125 µm) than in 
the WBA precursor, indicating the formation of hydrated 
products during the alkaline activation process. The most 
prominent peaks in the DTG curves, occurring between 110 
and 150 °C, are attributed to the dehydration of C-(A)-S-H 
and/or N-A-S-H gels, consistent with previous findings 
reported in the literature [23–25]. 

In the range of 200-400 °C, low-intensity secondary 
peaks are observed in the activated formulations, which may 
be associated with the dehydroxylation of hydrotalcite-type 
phases or hydrated aluminates. In contrast, the powdered 
WBA precursor shows no significant variations within this 
interval, confirming its predominantly anhydrous nature. 
Between 400 and 700 °C, the activated formulations display 
additional mass losses attributable to the decomposition of 
carbonates formed on the particle surfaces. The powdered 
WBA precursor, by comparison, exhibits a pronounced DTG 
peak around 650-700 °C, corresponding to the thermal 
decomposition of calcium carbonate (CaCO3) present in the 
original material. This behaviour has been previously 
reported in studies on alkali-activated incineration residues 
[26,27]. 

Above 700 °C, all three samples reach a thermally stable 
region, with no further significant mass loss. The total mass 
loss up to 1000 °C is approximately 10% for the powdered 
WBA precursor and between 12% and 14% for the activated 
formulations, reflecting the higher content of structural water 
and hydrated phases in the alkaline systems. 

Comparatively, the formulation with a particle fraction of 
90-100 µm exhibits a more pronounced initial weight loss and 
a more stable thermal response at elevated temperatures, 
suggesting a higher degree of reaction and the formation of 
a denser gel network. This behaviour is consistent with its 
superior mechanical performance, as a more developed and 
homogeneous microstructure promotes both the 
compressive strength and the thermal stability of the final 
material [28]. 
 
3.2.2 Fourier transform infrared (FT-IR) analysis 

 
Figure 6 presents the FT-IR spectra of the powdered 

WBA and the two alkali-activated formulations (AA-WBA 90-
100 µm and AA-WBA 100-125 µm), which exhibit 
comparable families of bands, albeit with variations in 
intensity and position that reflect differences in composition 
and degree of hydration. In the 3400-1650 cm-1 region, 
associated with the stretching and bending vibrations of -OH 
groups from adsorbed or structural water, the AA-WBA 
formulations show broader and more intense bands than the 
precursor (WBA). This behaviour indicates the presence of 
bound water within the hydrated gels formed during alkali 
activation. These signals are consistent with the mass loss 
observed in the TGA analysis below 200 °C, confirming the 
presence of both free and structural water in the samples 
[29,30]. 

The main bands, attributed to the asymmetric Si-O-(Si/Al) 
stretching vibrations characteristic of C-(A)-S-H and/or N-A-
S-H reaction gels, appear in the 1050-980 cm-1 region. 
Variations in the position and width of this band among the 
samples indicate differences in the degree of polymerisation 
and in the Si/Al ratio of the reaction products. The WBA 
sample exhibits a more defined signal at 1016 cm⁻¹, whereas 
the AA-WBA samples show slight shifts and band 
broadening, consistent with the development of a more 

amorphous network typical of alkali-activated materials 
[25,31]. These features confirm the formation of gel phases 
associated with the activation process. 

 

Figure 6. FT-IR spectra of powdered WBA and formulations 
showing enhanced mechanical performance 

 
 

The characteristic carbonate bands (1420-1433 cm-1 and 
870-875 cm-1) are observed in all three samples, although 
they appear with greater intensity in the AA-WBA (90-100 
µm) formulation. This trend aligns with the TGA/DTG results, 
in which this sample exhibits the most pronounced mass loss 
between 500 and 800 °C and a maximum decomposition 
peak at approximately 600-700 °C, corresponding to the 
thermal decomposition of carbonates (CaCO3 → CaO + 
CO2). Taken together, these findings indicate a higher 
carbonate content, or a greater extent of carbonation, in the 
AA-WBA (90-100 µm) formulation [29,30]. 

The correlation between the FT-IR and TGA/DTG 
analyses indicates that the AA-WBA (90-100 µm) formulation 
exhibits a higher degree of carbonation, as well as distinct 
variations in the Si-O region that reflect differences in gel 
polymerization [32]. Overall, the findings demonstrate that 
particle size and formulation exert a direct influence on 
carbonation and on the development of C-(A)-S-H and/or N-
A-S-H gels. 

 
3.2.3 Scanning electron microscopy (SEM) analysis 
 

Figure 7 presents SEM micrographs of the AA-WBA 
material acquired using a low-energy secondary electron 
detector. Images (a) and (b), corresponding to the 
formulation with a particle size fraction of 100-125 µm, 
demonstrate that particle size plays a critical role in the 
resulting microstructure and degree of reaction.  

A heterogeneous microstructure is observed, 
characterised by highly porous regions and the presence of 
partially dissolved particles remaining after alkali activation. 
This indicates an incomplete reaction, likely associated with 
the lower reactivity of the larger particles, possibly due to 
their glassy nature and the presence of inert oxides. 
Consequently, voids (pores) are generated between 
particles that were not fully encapsulated by the reaction gel, 
a phenomenon that may be exacerbated by hydrogen 
release from residual metallic aluminium [18]. 

At a larger scale (Figure 7b), compact and laminar 
textures can be observed, which are characteristic of C-A-S-
H gels and appear to have formed superficially on the  
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Figure 7. SEM micrographs of AA-WBA samples: a y b) Samples with precursor particle size 125 µm; c y d) Samples with 
precursor particle size 90-100 µm 

 
 
unreacted coarse particles. In this material, the predominant 
formation of C-A-S-H gels is consistent with the high CaO 
and Al2O3 contents of the slag. Nonetheless, the presence of 
Na2O derived both from the sodium silicate activator and 
from the slag itself suggests the possible coexistence of N-
A-S-H phases. 

Micrographs (c) and (d), in contrast with the previous 
images, reveal a more homogeneous and compact 
microstructure with markedly reduced porosity, indicating a 
more efficient alkali-activation reaction. This improvement is 
associated with a more complete dissolution of the precursor 
particles and the more abundant and continuous formation 
of the C-A-S-H and/or N-A-S-H binding gels, which 
correlates with the enhanced mechanical performance of the 
material. At a larger scale (Figure 7d), a dense and 
continuous matrix is observed, in which most particles are 
fully incorporated into the gel phase, demonstrating a more 
advanced reaction and greater microstructural consolidation. 
 
3.3 Proof of concept 

 
To promote progress within a standardised evaluation 

framework that assesses the maturity of research, from the 
conceptual stage to full-scale implementation under real 
conditions, while considering Technology Readiness Levels 
(TRL), a proof of concept was undertaken. This approach 
supports innovation by bridging the transition from 
laboratory-based conceptual development to practical 
application, thereby linking theoretical principles with 
operational performance [13]. 

To validate the concept, a prototype cover for an 
inspectable box used in paving was manufactured in 
collaboration with Escofet by Molins, a world-renowned 
Barcelona-based company specialising in the design and 
production of street furniture, paving elements and 
architectural concrete for public spaces and buildings (Figure 
8). The alkali-activated binder was produced using the 
optimal formulation identified in this study (AA-WBA 

1:4/0.6/4M; 90-100 µm), together with the granitic and 
calcareous aggregates routinely employed by Escofet by 
Molins in their architectural concrete. The mixture 
proportions are presented in Table 4. These proportions are 
based on an appropriate mix design (Fuller–Thompson 
method), in accordance with the particle size distribution of 
the available aggregates, as used by Escofet by Molins in its 
precast elements. The mixture was prepared at the Escofet 
industrial plant using a vertical-shaft (planetary) mixer with a 
capacity of 0.33 m³ per batch (cycle). The dosage of the 
aggregates was defined as a percentage of the total weight 
of the sample; in this preliminary test, a 15 kg sample was 
prepared, which was used to manufacture the proof of 
concept and several specimens for the control of mechanical 
behaviour. The resulting concrete displayed a highly 
compact structure, with a uniform distribution of aggregates 
within the alkali-activated matrix and excellent overall 
homogeneity (Figure 9). Strong aggregate-matrix bonding 
was observed, contributing to the structural integrity and 
durability of the material. After 28 days  of outdoor  curing (at  

 

 

Figure 8. Cover for inspection box in outdoor paving 
formulated from alkali-activated binder using WBA as the 

sole precursor 

a

100 µm

b

c d
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Figure 9. Cross-sectional image of the inspection box cover 
in concrete formulated for the proof of concept 

 
 
the Escofet facilities), the prototype was cut into twelve test 
specimens with average dimensions of 44×44×42 mm for 
compressive testing. The samples reached an average 
compressive strength of 14 MPa, meeting the performance 
requirements for urban pedestrian paving applications. 

Proof-of-concept studies from previous research [13] 
have highlighted that, although initial trials yield promising 
results, scalability remains a significant challenge. Technical 
feasibility is largely dependent on production volumes: 
increasing the liquid content in the mixtures can reduce 
mechanical performance, affect workability, and necessitate 
construction methods different from those employed in the 

production of Portland cement-based components. 
Moreover, specific production conditions are required in 
terms of both labour and equipment. Further research is 
therefore needed on the use of tailored additives and 
alternative curing strategies to adapt the casting process for 
pilot- and industrial-scale production. 
 
3.4 Environmental characterization 
 

Figure 10 presents the dose-response curve for the 
concrete sample developed in the proof-of-concept study. 
The luminescence inhibition values represent the average of 
two replicates of the same sample, with the differences 
between replicates indicated by error bars. The results 
demonstrate good reproducibility between replicates. The 
bacterial luminescence response at the two contact times 
assessed, 15 and 30 minutes, showed no significant 
differences. Ecotoxicity was evaluated in accordance with 
technical report CEN/TS 17459 [16], which specifies that the 
lowest ineffective dilution (LID), defined as the highest 
dilution causing the least significant effect on the test 
organism, must not exceed 8. This parameter is calculated 
based on the EC20 value, corresponding to the leachate 
concentration that induces a 20% reduction in luminescence, 
as expressed by the following equation: 

𝐿𝐼𝐷 =
1

(
𝐸𝐶20
100 )

 

 
 

Table 4. Material dosing for AA-WBA concrete used in the production of pavement manhole covers 

Aggregates 

Arid calcareous 1-3 mm  3750 g 

Granitic arid 2-6.3 mm 2143 g 

Small granite aggregate 4-12.5 mm 4821 g 

Alkali-Activated Binder (AA-WBA) - 1:4/0,6/4M 

WBA (precursor) 4286 g 

Sodium silicate (Na2SiO3) 2057 g 

Sodium hydroxide (NaOH) - 4M 514 g 
 

 
Figure 10. Percentage reduction in luminescence of the concrete samples after 15 and 30 minutes in the proof-of-concept 

test 
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For the concrete produced in the proof-of-concept study, 
the leachate concentration (EC20) was 28.40, corresponding 
to an LID value of 3.52. This value does not exceed the 
established limit, indicating that the effect of powdered WBA 
on bacterial luminescence is reduced following its 
incorporation into the concrete with the formulated AA-WBA 
binder. 

 
Table 5. pH and conductivity values of the precursor 

(powdered WBA) and the concrete in the proof-of-concept 
test 

Specimen pH 
Conductivity 
(mS·cm-1) 

WBA 9.89 ± 0.06 2.14 ± 0.04 

Proof-of-concept 
concrete 

10.36 ± 0.03 3.09 ± 0.98 

 
Table 5 presents the pH and conductivity values of the 

leachates from the powdered WBA samples (precursor) and 
the concrete developed in the proof-of-concept study. The 
results correspond to two replicates, with their respective 
standard deviations. The measured conductivity values are 
consistent with the pH of each sample, reflecting the 
presence of dissolved ions in the leachate. In the alkali-
activated concrete (proof-of-concept specimen), no 
significant changes in leachate pH were observed. These 
results indicate that the concrete has reached a stabilized 
phase of ion release, meaning it is no longer undergoing 
rapid leaching while still exhibiting residual chemical activity. 
This suggests a reduced risk of generating highly alkaline or 
ion-rich leachates that could affect receiving waters or soils 
and demonstrates effective retention and immobilization of 
alkaline elements, which is a critical consideration when 
incorporating incineration residues that may contain mobile 
components. 

The results of the specific ionic composition analysis of 
the leachates (heavy metals) are presented in Table 6. Both 
the precursor (powdered WBA) and the proof-of-concept 
concrete exhibit concentrations of  most leached metals and 
metalloids well below the limit for acceptance at landfills as 
inert waste [33]. For Mo, Sb, and As, the values fall within the 
thresholds defined for non-hazardous waste. These findings 
indicate low mobility of potentially hazardous elements and 
confirm both the environmental safety of the material and its 
suitability for use in the production of concrete elements. 

4 Conclusions 

The results demonstrate that it is technically feasible to 
formulate an alkali-activated binder using bottom ash from 
municipal solid waste incineration (WBA) as the sole 
precursor. The identified optimal formulation (1:4/0.6/4 M; 
90-100 µm) developed a dense microstructure characterised 
by the coexistence of C-(A)-S-H and N-A-S-H gels, enabling 
the attainment of competitive compressive strengths. The 
proof-of-concept concrete reached values of up to 14 MPa, 
which are suitable for non-structural urban applications. 

In comparison with the compressive strengths achieved 
by the binder (AA-WBA 1:4/0.6/4M, 90-100 µm) under 
laboratory conditions, the mechanical performance of the 
proof-of-concept concrete could be further enhanced by 
adopting manufacturing practices specific to alkali-activated 
cements. These include the optimisation of mixing protocols, 
curing regimes, equipment cleaning procedures, control of 
initial moisture levels, material pre-conditioning, and a work 
culture adapted to the distinct requirements of alkali-
activated systems, which differ from those typically applied 
to Portland cement-based concretes. 

The study demonstrates that the particle-size distribution 
of the precursor is a critical factor governing the efficiency of 
alkaline activation. Fractions in the 90-100 µm range 
produced a higher degree of reaction, lower porosity, and a 
more cohesive matrix, whereas finer particles (≤63 µm) 
induced accelerated and uncontrolled reactions, and coarser 
particles (100-125 µm) resulted in more porous 
microstructures with limited reactivity. Similarly, the 
NaOH:WG ratio and the SiO₂/Na₂O modulus exerted a 
marked influence on both workability and mechanical 
strength, underscoring the need for precise chemical 
balance to ensure material stability and performance. 

Leaching tests, ecotoxicity assessments, and ionic 
analyses confirmed that both the WBA and the formulated 
concrete exhibit low heavy metal mobility, conlying whtit the 
limits for inert waste for most metal and metalloid, and with 
non-hazardous waste criteria for Mo, Sb and As. The AA-
WBA-based concrete displayed an LID value below the 
recommended threshold, indicating the absence of 
significant toxic effects. These results confirm the 
environmental safety of the material and underscore its 
potential to contribute to closing material cycles within 
circular economy frameworks, promoting the use of 
municipal waste in low-impact urban applications. 
 

 
 

Table 6. Leached metal concentrations from the precursor (powdered WBA) and the proof-of-concept concrete, compared 
with the permissible limit values for landfill acceptance according to regulatory thresholds [33] 

mg/kg (ppm) Zn Cr Mo Ni Cu Sb As Pb Cd Hg Ba Se 

WBA (precursor) 0.09 0.08 0.86 0.02 1.30 0.34 0.00 0.00 0.00 0.00 0.36 0.02 

Concept proof concrete 0.18 0.09 0.41 0.02 0.64 0.68 1.00 0.34 0.00 0.00 0.08 0.08 

Inert waste 4 0.5 0.5 0.4 2 0.06 0.5 0.5 0.04 0.01 20 0.1 

Non-hazardous waste 50 10 10 10 50 0.7 2 10 1 0.2 100 0.5 

Hazardous waste 200 70 30 40 100 5 25 50 5 2 300 70 
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C-A-S-H Calcium–aluminium–silicate–hydrate 
FT-IR Fourier Transform Infrared Spectroscopy 
LID Lowest Ineffective Dilution 
LOI Loss on ignition 
N-A-S-H Sodium–aluminium–silicate–hydrate 
OPC Ordinary Portland Cement 
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