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Abstract: Weathered bottom ash (WBA) from municipal solid waste incineration is a calcium
aluminosilicate-rich material mainly used in construction and civil engineering as a secondary
aggregate. However, its use is also being considered as a precursor in the manufacture of alkali-
activated binders (AA-WBA). This preliminary research aimed to deepen understanding of the
potential use of WBA (>8 mm fraction) as the sole precursor of alkali-activated binders. To gain
better knowledge of this material, the physicochemical, mechanical, and environmental properties
of AA-WBA binders were evaluated. In addition, the effect of curing temperature (25 °C, 45 °C,
65 °C, and 85 °C) and humidity conditions (oven and climate chamber) were assessed. The results
of this study revealed that temperature and humidity conditions play a fundamental role during
the early formation stages of AA-WBA binders. Maximum compactness and compressive strength
(29.8 MPa) were obtained in the sample cured at 65 °C in the oven and room humidity. At higher
temperatures (85 °C), a substantial decrease in mechanical strength (21.2 MPa) was observed due to a
lower cohesion of the binder phases. Curing in the climate chamber led to an increase in humidity,
and therefore a decrease in compressive strength. Finally, lower porosity and longer curing time
substantially decreased the heavy metals and metalloid leaching concentration of AA-WBA binders.

Keywords: alkali-activated binders; incineration bottom ash; MSWI; weathered bottom ash;
alternative cement; waste valorization

1. Introduction

Portland cement (PC) is one of the largest contributors to climate change worldwide.
The high demand and thermal processes related to clinker production have made PC a ma-
jor CO, emissions source. It is estimated that, worldwide, the cement sector causes between
5 and 7% of global CO; emissions, and consumes 3% of global primary energy [1]. There-
fore, the cement industry needs to move forward in accordance with the Paris Agreement
on climate change and undergo significant changes, by which it improves thermal processes
and looks for alternative cement-based materials. Alkali-activated binders (AABs) are one
of the most interesting options given their performance and low-carbon manufacturing
process [2]. These alternative binders are obtained at temperatures below 100 °C by reacting
a strongly alkaline activator with a solid precursor powder that is rich in aluminosilicates,
resulting in a binder material comparable to PC [3]. The alkali activation process starts
with the dissolution of the aluminates and silicates of the precursor in an alkaline medium,
which leads to the nucleation of new phases, called gelation. Depending on the calcium
content, two types of gel structure can be formed: calcium aluminosilicate hydrate (CASH),
the gel for high-calcium systems, and sodium aluminosilicate hydrate (NASH), the gel for
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low-calcium systems [4]. Recent studies have found the likely coexistence of both NASH
and CASH structures, known as (C,N)ASH gel [5-7]. After a proper activation process,
a gel is formed. Its nature and final structure strongly depend to a large extent on the
CaO content of the precursor [6], the alkaline activator [8], and the curing temperature [9].
Another advantage of AABs is the possibility of using a wide range of industrial waste
as raw materials, which encourages the zero-waste principle within a circular economy;,
promotes more sustainable processes, and leads to less use of natural resources. However,
new secondary resources must be found and/or studied in greater depth to supply the cur-
rent worldwide demand for binders [10]. Among these secondary resources, incineration
bottom ash (IBA) from waste-to-energy (WtE) facilities stands out due to its potential as an
alkali-activated precursor.

The appropriate management of municipal solid waste (MSW) is essential to avoid
negative impacts on ecosystems, biodiversity and health [11]. Faced with this threat, the
European Union (EU) has adopted measures to improve waste management and move
towards a circular economy. One measure is the restriction of landfilling of waste to a
minimum for all member states. Moreover, the EU promotes the adoption of technologies
that incorporate waste valorization into the production cycle, as proposed in the commit-
ments made by the EU in the 2030 Agenda for Sustainable Development. In this way, MSW
emerges as a potential raw material instead of waste to be landfilled. Many EU countries
consider that MSW incineration is an opportunity to recover energy that allows them to
reduce the mass and the volume of waste [12]. Nonetheless, the MSW combustion process
generates new solid wastes, namely, incineration bottom ashes (IBA) and air pollution
control residues (APC). The main solid output from the combustion process is IBA, the
non-combustible materials that remain in the furnace, which account for about 80 wt.% of
all incinerated MSW [13]. In Europe, around 18 Mt of IBA are generated each year [14]. Part
of IBA is valorized as a secondary granular material in civil engineering after a proper sta-
bilization process. The resulting material, known as weathered bottom ash (WBA), consists
mainly of heterogeneous minerals [15]. Some legal and technological barriers hamper the
valorization of WBA in many countries. Consequently, it is put in landfills [14,16]. There-
fore, the scientific community continues to study potential applications for the valorization
of IBA, to increase its value-added potential. Some of these potential applications focus on
the use of IBA as a precursor in alkali-activation technology [17-22].

IBA is a silica-rich material, mainly owing to the high content of primary and secondary
glass [13,23]. It contains significant amounts of calcium and aluminum oxides, which are
also required to formulate AABs [24]. Furthermore, IBA contains other oxides (NayO, KO,
etc.) and a small amount of heavy metals and metalloids, mainly in the finest particle
size fractions [25]. The use of IBA as an alkali-activated precursor could be a potential
alternative to its common reuse as secondary building material, due to its composition [26].
Moreover, the alkali activation of IBA could contribute to a circular economy, favoring the
zero-waste principle and being a sustainable alternative to PC, at least for non-structural
building components.

Although the literature is scarce [24], the use of IBA in the formulation of alternative
cement to PC has been investigated mostly as a partial precursor, in small percentages,
mixed with other cement precursor materials such as granular blast furnace slag (GBFS),
metakaolin (MK), coal-fired power plants’ fly ash (FA), or PC [27-34]. The mechanical
characterization (up to 60 MPa compressive strength) showed the possibility of obtaining
alkali-activated binders or mortars, depending on the precursors that are used and the IBA
content. However, literature on the formulation of AABs using IBA as a sole precursor
is even more scarce than research into its use as a partial precursor [18-20,35]. Most of
these studies demonstrated the unconventionality of using IBA as a unique precursor in
alkali-activation technology. This is probably due to the presence of metallic aluminum
and soluble salts as well as the heterogeneity of IBA. However, practically all the studies
cited above used the entire fraction of IBA (0-30/40 mm) as a precursor. Most soluble salts
and heavy metals and metalloids are concentrated in the finest fractions [13]. Moreover,
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some waste-to-energy plants recover non-ferrous metals from IBA to recycle metallic
aluminum. However, the recovery process is regarded as unsuccessful for particles smaller
than 8 mm [13]. The presence of metallic aluminum affects the mechanical behaviour of
AABs, since it leads to a porosity increase due to the generation of hydrogen gas from
the reaction between aluminum contained in IBA and the alkaline activators [36]. In
contrast, the coarser fractions of IBAs are richer in glass (cullet) from containers and there
is greater availability of SiO, for gelation reactions [13,19]. As a result, there is currently
a tendency to use only the coarse fraction of IBAs as a precursor in the formulation
of AABs [22,35,37], from the technical and environmental perspective. In either case,
alkali activation using a combination of NaOH and Na;SiO3 (waterglass) as alkaline
activators [38,39] has proven efficient for precursors with high calcium contents. All
the studies demonstrated the viability of obtaining hardened cementitious binders with
different final properties. Microstructural analysis of the binders revealed the formation of
C(A)SH and NASH gels. While sodium silicate-activated precursors tend to gain strength
more slowly than sodium hydroxide-activated precursors, the former show better long-
term mechanical strengths [40,41]. Most of the studies of curing of IBA-based AABs were
carried out under similar temperature and relative humidity (RH) conditions, based on
keeping the specimens at room temperature and RH of approximately 95% =+ 5% until
testing. Notably, the high content of calcium and glassy phases in IBA facilitates alkaline
activation at room temperature. However, research on the alkaline activation of other
calcium-rich systems (e.g., GBFS) reported that high-temperature curing increases the rate
of microstructure formation and may affect mechanical resistance [42,43].

This research is part of a larger project to study the potential use of WBA as a sole
precursor in the formulation of alkali-activated binders [19,20,22]. Some issues, such as the
most suitable particle size fraction of WBA, the alkaline concentration of the activator, the
ratio between activators, or the precursor—activator ratio, have already been optimized to
obtain the best mechanical and environmental properties. However, other technical aspects
related to curing conditions should be studied to improve the performance and require-
ments of the formulated binders. Accordingly, this study approaches the development of
alkali-activated binders using the coarse fraction (>8 mm) of WBA (AA-WBA). The novelty
mainly lies in assessing the effect of the curing temperature and relative humidity on the
final properties of AA-WBA binders. This is the first time that a study has focused on
the influence of curing conditions in AABs formulated with WBA as a sole precursor. In
addition, the environmental performance of AA-WBA binders was evaluated through the
EN 12457-4 granular leaching test.

2. Materials and Methods
2.1. Materials

The WBA used in this research was provided by VECSA, a company responsible for
the conditioning and recovery of IBA from the incineration plant of SIRUSA in Tarragona
(Spain). The SIRUSA facility has a capacity of 144 kt of MSW per year. This MSW is mainly
comprised of household rubbish, with a small input from commercial vendors. The facility
produces about 32 kt of fresh IBA each year [44]. IBA produced in the SIRUSA facility is
treated in a conditioning plant (VECSA), where valuable metals are recovered, lightweight
unburned materials are removed, and the mineral fraction is sieved to obtain a grading
envelope (0-30 mm). Then, the conditioned IBA is stabilized in the open for 2-3 months
under natural weathering to obtain WBA. The collected WBA sample (50 kg) was dried at
105 °C for 24 h and subsequently sieved to obtain a 8-30-mm fraction. This coarse fraction
represents approximately 30 wt.% of the total sample and is mainly composed of ceramic
materials and primary and secondary glass [13]. Afterwards, a magnet (Nd; 0.485 T) was
used over the quartered dry sample (>8 mm) to remove magnetic particles. Then, the
sample was crushed and ground in a RETSCH BB 50 jaw crusher to obtain a particle size
powder below 80 pm.
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The elemental composition of WBA powder was assessed by X-ray fluorescence (XRF)
analysis with a Panalytical Philips PW 2400 sequential X-ray spectrophotometer equipped
with UniQuant® V5.0 software. Major elements, expressed as their most stable oxides, are
given in Table 1. The high SiO, content was mainly due to the presence of primary and
secondary glass in WBA, while the presence of CaO and Al,O3 comes from fired ceramics
and cementitious materials based on PC [13].

Table 1. Major elements composition (wt.%) of WBA powder (>8 mm).

SiO; CaO

A1203 Na20 Kzo Fe203 (tot) * MgO TiOZ Cl- 503 1 LOI

52.08 20.72

6.35 3.38 2.09 4.12 243 0.65 0.54 1.07 6.10

! Loss on ignition at 1000 °C. * The content of iron is expressed as total iron oxide, calculated by stoichiometry
from iron signal, as usual, is reported for results from XRF spectrometry analysis.

Moreover, the crystalline phases of WBA powder were determined through a Bragg—
Brentano Siemens D-500 powder diffractometer device with CuK,, radiation. The X-ray
diffraction (XRD) pattern identified the presence of quartz (SiO,) and calcite (CaCO3) as the
main crystalline phases. Furthermore, dolomite (CaMg(CO3);), akermanite (CapMg(5i2 O7)),
anhydrite (CaSOj,), microcline (KAISi3Og), and muscovite (KAl (AlSizO19)(OH),) were also
identified as minor crystalline phases. The large halo between 20° and 30° was attributed
to the vitreous nature of the coarse fraction of WBA.

The alkali activator used in this study was a mixture of a commercial Na;SiO3 solution
(Scharlab S.L.) with molar ratio SiO, /NayO = 3.22 (26.44 wt.% of SiO, and 8.21 wt.% of
Na,O; ¢ = 1.37 g-em ™) and a NaOH 6 M solution prepared using NaOH pearls (Labbox
Labware S.L.; purity > 98%) dissolved in deionized water (¢ = 1.20 g-cm~3).

2.2. Alkali-Activated WBA (AA-WBA) Binder Preparation

Table 2 summarizes the mix formulation, chemical composition of the alkaline activator
solution, and curing conditions of AA-WBA binders. The NaOH concentration (6 M)
and Na,SiO3/NaOH mass ratio (80/20) remained constant in all formulations, based on
previous studies. The alkaline activator-to-precursor mass ratio was fixed at 0.8, considering
the proper workability of fresh AA-WBA pastes during mixing and casting processes. The
formulation of AA-WBA binders was carried out following the procedure described by
Maldonado-Alameda et al. [22], where the optimal formulation of alkali-activated WBA
was found using the coarse fraction (>8 mm).

Table 2. Mix proportion and alkaline activator chemical composition of AA-WBA binders.

Precursor Activator Curing Temperature

Reference

WBA NaOH 6M Na,SiO3
(>8 mm) (wt.%) @ (wt.%) 2

0-3 Days 3-28 Days
(Oven; Sealed (Climatic Chamber;
Plastic Bag) 95 + 2% RH))

AA-WBA-25°C
AA-WBA-45 °C
AA-WBA-65 °C
AA-WBA-85 °C

100 16 64 25°C 25°C
100 16 64 45°C 25°C
100 16 64 65°C 25°C
100 16 64 85°C 25°C

2 Concerning the WBA.

The preparation started by mixing the alkaline activator solution for 3 min. Then,
the solid was gradually added into the liquid (alkaline activator) for 2 min at 470 rpm to
favor the dissolution of reactive phases. Subsequently, the whole mixture was stirred for
3 min at 760 rpm. The resulting fresh pastes were cast into 25 x 25 x 25-mm? cubic molds
and sealed in plastic bags. Subsequently, the specimens were subjected to different curing
temperatures (25, 45, 65, and 85 °C) for 3 days in a stove. After 3 days, the specimens
were demolded and the curing stage continued in a climatic chamber at 25 °C and 95 &+ 2%
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RH. Finally, after 28 days of curing, the specimens were measured and weighed before
subsequent testing and analysis to determine the chemical, physical, mechanical, and
environmental properties of the AA-WBA binders. Nine cubic-shaped specimens were
prepared for each curing temperature.

Once the optimal curing temperature was determined, another formulation was
carried out to assess the effect of relative humidity conditions. In this case, the curing
process was entirely conducted (28 days) at the optimum curing temperature in a climate
chamber, where the relative humidity conditions (95 £ 2% RH) were kept constant.

2.3. Characterization of Alkali-Activated WBA Binders (AA-WBA)

The hydrolytic stability of each formulation was assessed by placing a dried specimen
in boiling water for 20 min [45]. Then, a visual evaluation was conducted to determine
the resistance to dissolution in water. After that, the specimens were dried in a desiccator
with silica gel until they reached a constant weight. Finally, the specimens were weighed to
determine the mass loss and to quantify the chemical stability and resistance to dissolution.

Selective chemical extraction was conducted to eliminate any ambiguity between the
C(A)SH and NASH gels [5]. Accordingly, a specimen for each cured temperature was
subjected to the salicylic acid /methanol (SAM) [46] and HCl extractions [47] to determine
the C(A)SH and NASH content. As previously described, the alkali-activation of precur-
sors with high calcium content (i.e., WBA) leads to the formation of C(A)SH and NASH
gels [20,22]. However, when both formed gels coexist, it is difficult to properly elucidate
C(A)SH using X-ray diffraction (XRD) or Fourier transform infrared spectroscopy (FTIR).
In this case, SAM and HCl extraction were used to dissolve the C(A)SH phases and NASH
phases, respectively. The calcium-containing phases were dissolved in the SAM medium,
while the rest of the mineral phases remained in the insoluble residue. The SAM extraction
procedure consisted of mixing 1 g of powder sample with salicylic acid (6 g) and methanol
(40 mL) for 1 h. The mixture was subsequently filtered (20-um pore size) to obtain the
insoluble residue. The HCI extraction consisted of stirring 1 g of powder sample with
250 mL of HCI (1:20) solution for 3 h, followed by filtration (20-pum pore size). Then, the
insoluble residues were washed with deionized water and dried until constant weight. The
percentage of weight loss due to SAM and HCl extraction was calculated by weighing the
insoluble residue.

The main crystalline phases of AA-WBA binders were determined using a Bragg—
Brentano Siemens D-500 powder diffractometer device with CuK« radiation. The vibra-
tional energies of the most characteristic bonds in AA-WBA binders were identified through
Fourier transform infrared spectroscopy (FTIR) in attenuated total reflectance mode (ATR).
Spectrum Two™ equipment from Perkin-Elmer was configured to conduct measurements
with an average of 32 scans in the range of 4000-400 cm ™! (resolution of 4 cm ™). Subse-
quently, the FTIR spectra deconvolution was performed in the mid-wavenumber region
(1300-800 cm~!) through Origin software to reveal the overlap of the fundamental band.
Gaussian functions were added to adjust the shape of the spectra. The fitting with Gaussian
functions was combined with the self-fitting function of the computer software. Finally, the
microstructure of AA-WBA binders was observed using a scanning electron microscopy
(SEM) device (ESEM FEI Quanta 200).

Mechanical properties at 28 days of curing were determined through the compressive
strength (o) test of three cubic samples for each formulation. An Incotecnic MULTI-R1
device equipped with a 20-kN load cell was used. A progressive load was applied until
fracture (loading rate of 240 kg-s~1), according to UNE-EN 196-1. In addition, density
and porosity were determined on some specimens using an Accypy1330 Micromeritic gas
pycnometer (He).

Finally, the potential release of heavy metals and metalloids of AA-WBA specimens
was evaluated through a granular leaching test following European standard EN 12547—4.
A Perkin-Elmer ELAN 6000 ICP mass spectrometry (ICP-MS) device was used to analyze
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the heavy metals and metalloids in the eluates (As, Ba, Cd, Cr, Cu, Hg, Mo, Pb, Ni, Se, Sb,
and Zn). Two replicas per raw material and AA-WBA binders’ formulation were conducted.

3. Results and Discussion
3.1. Effect of Curing Temperature

The hydrolytic stability test in boiling water showed that AA-WBA binders do not
disaggregate and remain cohesive (Figure 1). The weight loss after the test was less than
2 wt.% in all tested specimens, which was not enough to affect the structural consistency
of AA-WBA binders. This indicates that the binders’ consistency was due to the alkali
activation of the WBA and not to waterglass (NaySiOs) drying, since waterglass is soluble
in water.

(b)

Figure 1. Hydrolytic stability determined in boiling water (20 min): (a) AABs specimens before the

test; (b) AABs specimens after the test.

Selective extractions with SAM and HCl were carried out to study the formation of
the binder phases in the formulations. Table 3 summarizes the dissolved mass percentage
for each sample according to the chemical extraction performed. The dissolved mass of
the AA-WBA binders significantly increased compared with WBA. This was probably due
to the neoformation of CSH and (N,C)ASH gels [5,45]. The mass dissolved in chemical
extractions increased as the curing temperature increased, to reach a maximum in the
sample at 65 °C. The sample at 85 °C presented a slight decrease in dissolved mass. The
difference in the mass dissolved percentage between WBA and AA-WBA binders, as well
as the gap between both chemical extractions, indicates that most of the formed phases
contained calcium (CSH and/or CASH). Consequently, the presence of sodium gel phases
(NASH) was minor. In addition, the results showed that an increase in curing temperature
led to an increase of CSH/CASH gels, while the formation of NASH gel remained constant
regardless of the curing temperature.

Table 3. Results of the chemical extractions with SAM and HCI of the AA-WBAs resulting from each
of the curing temperatures.

Mass Dissolved with  Mass Dissolved with ~ Gap between Both

SAM (wt.%) HCI (wt.%) Extractions
WBA 4.60 285 239
AA-WBA-25 °C 12.8 34.8 22.0
AA-WBA-45 °C 14.8 36.5 21.7
AA-WBA-65 °C 18.8 40.4 21.6

AA-WBA-85 °C 15.1 37.0 219
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Table 4 summarizes the crystalline phases in AA-WBA binders depending on curing
temperature. The main phases identified in the precursor (quartz, calcite, and dolomite)
remained in all the samples. This demonstrated the nonreactive nature of these phases to-
wards alkaline activation. Accordingly, no significant differences were observed in the XRD
patterns obtained for the specimens cured at different temperatures. The disappearance of
the muscovite, akermanite, and microcline peaks was only observed in the specimen cured
at 85 °C. Gaylussite (Na;Ca(CO3),-5H,0) and pirssonite (Na,Ca(COs),-2H,0) were also
detected in all formulations, which indicates the exchange of cations between the WBA
and the activated alkaline solution [31]. Both carbonate phases are formed in early stages
and have been reported in alkali-activated materials using bottom ash and slags [45,48].
The presence of albite (NaAlSizOg) was also detected in all specimens. Its presence was
more significant with increasing curing temperature. The origin of albite could be re-
lated to the NASH gel [31], as a result of the reaction between sodium introduced as
an activator and the aluminosilicate mineral phases contained in the WBA. Calcium sili-
cate hydrate (CagSi3O12-H,O) was identified in all formulations as the main CSH phase.
Gehlenite (CayAl(AlSi)Oy) was also found in all formulations, and is associated with the
secondary products formed from calcium silicate hydrate (CASH) gel [22,49], as a newly
formed phase in alkaline activation. Kanemite, which is attributed to alkali-silica reaction
products, was detected in AA-WBA-45 and AA-WBA-65 samples. Finally, franzinite
((Na,Ca)y(Si,Al)12024 (SO4,0H,CO3)3-H20), cancrinite (Na(,CazAl(,SiéOM (CO3)2'2H20),
and boggsite ((Ca, Na, K)115i7g Aj180192-70H,0) evidenced the formation of (N,C)ASH gels.

Table 4. Crystalline phases in AA-WBA binders depending on curing temperature.

Formulations
Identified Phase PDE AA-WBA-25°C  AA-WBA-45°C  AA-WBA-65°C  AA-WBA-85°C
Albite 01-083-1609 v v v v
Akermanite 01-072-2127 v v v v
Boggsite 046-1350 v
Calcite 01-072-1937 v v v v
Calc}iluy“dlrsaitlécate 014-0035 v v
Calc}iluy“d‘riitl:’ate 011-0507 v v
Cancrinite 046-1332 v
Dolomite 01-079-1342 v v v v
Franzinite 030-1170 v
Gaylussite 01-074-1235 v v v v
Gehlenite 01-079-2422 v v v v
Kanemite 025-1309 v v
Quartz 01-083-0539 v v v v
Metavauxite 01-073-2346 v
Microcline 01-076-0918 v v v
Muscovite 01-077-2255 v v v
Pirssonite 01-070-2405 v v v v

It is expected that after alkaline activation and during the gelling stage, the presence
in the precursor of amorphous phases with high silica and calcium contents will lead to the
formation of the amorphous gels NASH, CASH, and (N,C)ASH.
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Figure 2 depicts the FTIR spectra of WBA and AA-WBA binders at different curing
temperatures. Broadband in the mid-wavenumber region (at 1200-800 cm~ 1) was observed
in all cases, associated with Si-O-T (T = Si, Al) asymmetric stretching vibrations on the
T-O bond [50]. The shifting of the broad peak at ~1000 cm~! of WBA is attributed to the
formation of new phases due to the alkaline activation of the precursor (CSH, CASH, and
NASH gels) [6]. Moreover, it was found that an increase in curing temperature led to a
displacement towards lower wavenumbers. This is probably due to the substitution of
silicon by aluminum in the S5i-O bonds and the formation of (N,C)ASH gels [47]. The peaks
at 1436 cm 1,875 cm~!, and 713 cm ! are associated with O-C-O bonds and the stretching
and bending modes of carbonates [51]. The peak at 777 cm~! is attributed to Si-O-Si bonds
in the quartz (SiO,) structure [51]. It was noted that all these peaks became diffused as the
curing temperature increased. Finally, the peak at 1408 cm ™! in the 45 °C, 65 °C, and 85 °C
samples was ascribed to the formation of gaylussite (NayCa(COs3),-5H,0) [52], although
its presence was also determined by XRD in the 25 °C sample (see Table 4). Therefore, the
band probably overlapped with the more intense 1436-cm~! band.

1000

— A

— AA-WBA-25
— AA-WRBA-45
w— AA-WBA-65
— AA-WBA-85

Transmittance (%)

713

v
~
*®

T T T T T T T T . E T )
1500 1350 1200 1050 900 750 600
Wavelength (cm™)

Figure 2. FTIR spectra of precursor (WBA > 8 mm) and AA-WBA binders at different curing
temperatures.

Figure 3 shows the deconvoluted FTIR spectra of the WBA and AA-WBA binders
to elucidate and disclose the overlap of the broadband in the mid-wavenumber region
(1200-800 cm™1). The broadband at 1010-994 cm ™! is associated with v3 (Si-O-T; T=Si, Al)
asymmetric stretching vibrations [6,46,53]. The deconvolution of the sample cured at 25 °C
(Figure 3b) shows a slight shift towards higher wavenumbers (1010 cm ') compared with
WBA (1000 cm ™). This is probably due to the greater incorporation of the Ca cation into
the glassy structures and the formation of C(A)SH gels. Moreover, the asymmetric stretch
band shifted towards the lower wavenumbers as the curing temperature increased. This is
probably due to the substitution of Si atoms by Al atoms, which causes a shift of the band to
lower wavenumbers due to the Al-O bond being longer than the Si-O bond. Furthermore,
the bands around 1090 cm ! and 1160 cm ! were associated with the silicon tetrahedra
Q? and Q* in a silica-rich gel. Moreover, the band around 905 cm~! was assigned to the
stretching vibrations of v, (Si-O) and the sharp band located at 875 cm~! may be attributed
to C-O stretching vibrations of carbonates [54]. Finally, the small band around 865 cm !
was attributed to Si-O terminal vibrations [55], which suggests incomplete polymerization.
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Figure 3. FTIR spectral deconvolution of the mid-wavenumber region (1300-800 cm™!) for:
(a) WBA > 8 mm; (b) AA-WBA-25 °C; (c) AA-WBA-45 °C; (d) AA-WBA-65 °C; (e) AA-WBA-85 °C.

Figure 4 shows the FTIR spectra of alkali-activated binders before and after SAM and
HCl extractions. The band assigned to the Si-O bond asymmetric stretching was shifted
towards higher wavenumbers after both chemical extractions. However, the displacement
was more pronounced in AA-WBA binders (1060 cm 1) than in WBA (1027 cm™ 1), due to
the formation of new CSH/CASH phases, as can be inferred from the results described in
Table 3. In addition, the slight difference in the chemical extractions corroborated the higher
amount of CSH and CASH phases in the alkali-activated binders and the lower presence of
NASH phases. Likewise, the characteristic peaks in silica gel (1050 cm !, 2930 cm !, and
~790 cm~!) were observed after both chemical extractions. The specimen cured at 85 °C
was the only one that had efflorescence on the surface. An analysis of the efflorescence
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using the FTIR (Figure 4e) showed bands attributed to the vibrations of the O-C-O bonds,
which corroborated the presence of carbonates. The HCl extraction dissolved the carbonate
phases present in WBA and AA-WBA binders (Figure 4a—e, respectively), and removed
the band around 1436 cm ! and the peak at 875 cm ™!, which correspond to the vibrations
of the carbonate bonds [20]. However, the SAM extraction did not have a great effect on
these vibration frequencies, which corroborated a limited effect on carbonates and a more
selective effect on calcareous binder phases (CSH and CASH).
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Figure 4. FTIR spectral (1300-800 cm~1) before and after selective chemical extractions:
(a) WBA > 8 mm; (b) AA-WBA-25 °C; (c) AA-WBA-45 °C; (d) AA-WBA-65 °C; (e) AA-WBA-85 °C.
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The SEM micrographs of the AA-WBA binders are shown in Figure 5. All microstruc-
tures showed the presence of unreacted particles embedded in the binder matrix, which
come from the crystalline and poorly reactive phases of the WBA. These unreacted particles
probably act as fillers in the material, which results in a micro-mortar-like material. In
addition, the specimens cured at temperatures up to 65 °C had a compact appearance
(Figure 5a—c), which showed the uniform structure of the binder matrix. However, the
specimen cured at 85 °C had a non-homogeneous structure with the formation of disaggre-
gated phases.

Figure 5. SEM micrograph in the backscattering electron mode of AA-WBA at different curing
temperatures: (a) AA-WBA-25 °C; (b) AA-WBA-45 °C; (c) AA-WBA-65 °C; (d) AA-WBA-85 °C.

Figure 6 depicts the compressive strength (o.) of AA-WBA binders. The difference in
compressive strength between specimens cured at 25 °C and 45 °C (13.9 MPa and 14.1 MPa,
respectively) was insignificant. The maximum compressive resistance was obtained when
curing was performed at 65 °C (29.8 MPa), while a substantial decrease in mechanical
performance (21.2 MPa) was observed in the sample cured at 85 °C. This mechanical
behavior agrees with the mass dissolved percentage in chemical extractions (see Table 3)
and the compact and cohesive structure observed in the sample cured at 65 °C (Figure 5c).
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Figure 6. Compressive strength (o) of AA-WBA specimens at different curing temperatures.

A standard leaching test for granular waste materials (EN 12457-4) was performed to
assess the potential environmental impact of WBA and AA-WBA binders, simulating the
end of their lifecycle. Table 5 summarizes the leaching concentration of heavy metals and
metalloids in WBA and different formulations (two replicas per sample). The results ob-
tained were compared with the acceptable limits for waste in landfills (inert, non-hazardous
and hazardous) set by the European Union [56]. WBA could be classified as non-hazardous
waste since the concentration of antimony (Sb) was above the limit for classification as inert
waste. However, no distinct trend was observed in the AA-WBA binders as the curing
temperature increased. Small differences in leachate concentration for the same metal could
be attributed to the heterogeneity of the precursor, and not to the curing temperature. Most
of the heavy metals and metalloids (Ba, Cd, Cu, Cr, Hg, Mo, Pb, Ni, and Zn) remained
below the threshold established for classification as non-hazardous waste. Moreover, the
concentrations of most of the elements were below the limits for inert materials. By contrast,
arsenic (As) and antimony (Sb) exceeded the limits for non-hazardous waste, and even
in AA-WBA-65 °C, Sb exceeded the limit for hazardous waste. Both metalloids showed
a significant increase in their concentration compared to WBA leachates as a result of the
strong alkalinity, together with Ba, Cr, and Zn in smaller measures. The main source of
As and Sb derives from the high cullet content in the MSW [13,37], which can dissolve in
a strongly alkaline medium, releasing some of these metalloids. The increase in curing
temperature does not lead to an improvement in the release of As and Sb, so curing at room
temperature seems preferable in terms of the release of both metalloids.

Table 5. Leaching concentration (mg-kg~!) in WBA and AA-WBA binders at different curing
temperatures after leaching test (EN 12457-4). Curing time: 28 days.

Sample

Ba As Cd Cr Cu Hg Mo Pb Ni Sb Zn

WBA
AAC-WBA-25°C
AAC-WBA-45 °C
AAC-WBA-65 °C

0.25 0.23 <0.01 0.17 0.69 0.01 0.33 0.01 0.11 0.27 0.12
0.44 1.84 <0.01 0.41 0.59 0.01 0.25 0.34 0.07 3.90 0.62
0.46 2.07 <0.01 0.37 0.57 0.01 0.26 0.29 0.06 4.63 0.41
0.52 2.85 <0.01 0.43 0.64 <0.01 0.34 0.35 0.06 6.20 0.55

AAC-WBA-85 °C 0.39 1.25 <0.01 0.73 0.85 <0.01 0.16 0.49 0.07 4.32 1.00

! Inert Waste 20 0.5 0.04 0.5 2 0.01 0.5 0.5 0.4 0.06 4

1 Non-hazardous waste 100 2 1 10 50 0.2 10 10 10 0.7 50
1 Hazardous waste 300 25 5 70 100 2 30 50 40 5 200

1 Limit for acceptance at landfills [56].
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The leaching test for the AA-WBA-65 °C specimen was repeated after 105 days to
evaluate the effect of curing time on leaching concentration. Table 6 shows that the increase
in curing time led to a significant decrease in the leaching of heavy metals and metalloids,
mainly in the case of Sb. Hence, the material is very close to being classified as non-
hazardous waste, and only As and Sb were slightly above the established limits. This
reduction was probably due to the precipitation and/or adsorption of Sb in the newly
formed mineral phases. In this regard, Lancellotti et al. [57] also demonstrated that the
increase in curing time of alkali-activated binders formulated with mine tailings led to a
decrease in the release of heavy metals and metalloids.

Table 6. Leaching concentration (mg-kg_l) of AA-WBA-65 °C binder at different curing times after
leaching test (EN12457-4). Curing temperature: 65 °C.

Curing Time

Ba As Cd Cr Cu Hg Mo Pb Ni Sb Zn

28 days
105 days

0.52 2.85 <0.01 0.43 0.64 <0.01 0.34 0.35 0.06 6.20 0.55
0.30 2.20 0.02 0.20 0.41 <0.01 0.32 0.22 0.02 1.01 0.23

These results corroborate that the final properties of AA-WBA binders are highly
dependent on the curing temperature. An increase in curing temperature up to 65 °C
enhances the compactness of the binder matrix, produces the maximum compressive
strength, and improves the stability of specimens of the binder material. In samples
cured at higher temperatures, the mechanical properties decrease slightly, as does the
consistency and compactness of the binder matrix. These results are in line with the
conclusions proposed by Gebregziabiher et al. [58], who determined that curing at elevated
temperature greatly accelerated product formation and increased strength in calcium-rich
precursors activated by waterglass solutions. However, a curing temperature close to the
boiling temperature of water (i.e., 85 °C) accelerated evaporation of the mixing water,
decreased the cohesion of the cementitious phases, and increased porosity (see Figure 5d),
with a loss of mechanical properties.

Consequently, the study on the effect of humidity on the curing stage was carried out
at a curing temperature of 65 °C.

3.2. Effect of Relative Humidity

A new formulation was developed (AA-WBA-65 °C-CC) that was completely cured
in the climatic chamber: first, at 65 °C and 95 & 2% RH (for 3 days), and subsequently, at
25 °C and 95 £ 2% RH (up to 28 days). The results were compared with those obtained for
AA-WBA-65 °C specimens, which were cured in an oven and inside a sealed plastic bag
(for 3 days) and then in a climatic chamber (25 °C; 95 + 2% RH).

No significant differences were observed in the XRD and FTIR characterization of
the specimens obtained in both experimental trial formulations. The same crystalline
mineral phases were determined (see Table 4) and the most characteristic peaks and bands
of AA-WBA (see Figure 3d) were obtained at very similar wavenumbers as well. Therefore,
from a qualitative perspective, humidity does not affect the formation of new binder
phases (CSH and CASH). However, microstructural differences were observed between
both formulations as can be seen in the SEM micrographs of Figure 7. The AA-WBA-
65 °C specimen showed lower porosity and a more cohesive microstructure and compact
appearance (Figure 7a). In contrast, the AA-WBA-65 °C-CC specimen presented higher
porosity and lower cohesion between the binder matrix and the unreacted particles.
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Figure 7. SEM micrograph of AA-WBA cured at 65 °C and different humidity conditions:
(a) AA-WBA-65 °C; (d) AA-WBA-65 °C-CC.

These facts were corroborated by determining the density and calculated porosity of
the cured specimens in different humidity conditions (Table 7). As expected, AA-WBA-
65 °C-CC had higher porosity and lower density than the AA-WBA-65 °C specimen.
Considering the equilibrium between water and water vapor (H,O(,=H0Oy)), a high
partial pressure of water vapor (e.g., 95 £ 2% RH) hinders the evaporation of mixing water.
The mixing water retained in the bulk will lead to voids in the binder matrix during curing
and, consequently, to an increase of porosity. However, low relative humidity in the initial
stages of curing (e.g., inside a sealed plastic bag) facilitates the evaporation of mixing water
and, therefore, decreases the porosity of the binder material.

Table 7. Density and calculated porosity of the specimens cured at different humidity conditions.
Curing temperature: 65 °C.

AA-WBA-65°C AA-WBA-65 °C-CC
(Inside Sealed Plastic Bag) (Climatic Chamber; 95 + 2% RH)
Relative density (g-cm_3 ) 2.35 2.21
Apparent density (g-cm~3) 1.86 1.68
Porosity (%) 21.00 2423

The high porosity and low relative density of the AA-WBA-65 °C-CC specimen led to
a decrease in compressive strength, as is shown in Figure 8.

40
35

30
25
20
15
10

Compressive strength (MPa)

AA-WBA-65 °C AA-WBA-65 ‘C-CC
(sealed bag) (climatic chamber)

Figure 8. Compressive strength (oc) of AA-WBA specimens at different curing humidity. Curing
temperature: 65 °C.



Sustainability 2022, 14, 1848

150f18

Table 8 compares the leaching concentration of heavy metals and metalloids between
AA-WBA-65 °C and AA-WBA-65 °C-CC specimens. Low concentrations (except Sb and
Zn) were observed in the AA-WBA-65 °C specimen due to its lower porosity. In this regard,
higher porosity (i.e., AA-WBA-65 °C-CC) increases the contact surface of the binder material
with the leaching medium, which favors the diffusion of heavy metals and metalloids.

Table 8. Leaching concentration (mg~kg*1) in AA-WBA-65 °C binder at different curing humidity
after leaching test (EN 12457-4). Curing temperature: 65 °C.

Ba As Cd Cr Cu Mo Pb Ni Sb Zn

AA-WBA-65 °C
(sealed plastic bag)
AA-WBA-65 °C-CC
(climatic chamber)

0.52 2.85 <0.01 0.43 0.64 0.34 0.35 0.06 6.20 0.55

1.60 4.62 0.20 0.48 0.86 0.66 0.73 0.31 4.39 0.2

4. Conclusions

This research highlights the potential of the coarse fraction of WBA (>8 mm) as the sole
precursor used in the formulation of alkali-activated binders. Selective chemical extractions,
XRD analysis, and FTIR analysis revealed the presence of CSH and/or CASH gels as the
main reaction products that were formed. Although the presence of sodium gels is limited,
the formation of (IN,C)ASH gels should not be excluded. Likewise, it was determined that
a large number of unreacted precursor particles are distributed in the binder matrix, which
act as fillers and are similar to those obtained in micro-mortars.

According to the results obtained in this preliminary study, temperature plays a
fundamental role during the initial curing process of the alkali-activated binder matrix. As
the curing temperature increases, an increase in the compressive strength of the binder
material is evidenced. Likewise, a more cohesive and compact microstructure is observed.
With the increase in curing temperature, an increase in the percentage of binder phases was
also observed, mainly CSH/CASH, whose reaction kinetics were favored by the increase
in temperature. However, curing temperatures higher than 65 °C generate the formation
of a microstructure of agglomerates that are not very cohesive, with a significant loss of
compressive strength.

For the same curing temperature, humidity also played an important role in the final
properties of the alkali-activated binder. The equilibrium between water and water vapor
regulated the removal of mixing water. A high partial pressure of water vapor (high relative
humidity) prevents the evaporation of the mixing water, which is retained in the binder
matrix and generates greater porosity. As a result, as porosity increases, compressive
strength decreases, and the diffusion and release of metals and metalloids contained in the
precursor into the environment increases.

Regarding the potential release of metals and metalloids, for the same relative hu-
midity, it was found that is not significantly affected by the curing temperature. However,
lower porosity and a longer curing time considerably decrease the leaching potential of
alkaline-activated binders formulated using WBA > 8 mm as the only precursor.
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Abbreviations
AAB alkali-activated binder
AA-WBA  weathered bottom ash-based alkali-activated binders
APC air pollution control residues
ATR attenuated total reflectance mode
CASH calcium aluminosilicate hydrate
CSH calcium silicate hydrate
FA coal fly ash
FTIR Fourier transform infrared spectroscopy
GBFS granular blast furnace slag
IBA incineration bottom ash
ICP-MS inductively coupled plasma mass spectrometry
MK metakaolin
MSW municipal solid waste
NASH sodium aluminosilicate hydrate
PC Portland cement
RH relative humidity
SAM salicylic acid /methanol
SEM scanning electron microscopy
WBA weathered bottom ash
WHE waste-to-energy facilities
XRD X-ray diffraction
XRF X-ray fluorescence
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