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Alkali activated materials from Tajogaite volcanic ash (La Palma, Spain):
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ABSTRACT
The 2021 Tajogaite eruption wasmarked by intense pyroclastic fallout that covered a substantial portion of La Palma island, with
maximum thicknesses in the central-western part. This, combined with lava flows, resulted in widespread damage to public and
private properties. In this study, we investigated if volcanic ash from this eruption could serve as a raw material in the synthesis
of alkali activated materials (AAMs) and contribute to the construction of eco-friendly buildings and the restoration of those
damaged by the eruption. Volcanic ash-based AAMs were synthesized using NaOH and Na2SiO3 as alkaline solutions and by
adding metakaolin to enhance ash reactivity and enable processing at ambient temperatures. Lightweight porous AAMs were
also produced using H2O2 and metallic aluminum as foaming agents. Chemical, textural, physical, and mechanical analyses
on the final products assessed their suitability as environmentally friendly materials to be used in the reconstruction of the
island infrastructure, opening new perspectives on recovery actions that can be undertaken after disastrous eruptions. Of all
the islands in the Canary Archipelago, La Palma has experienced the highest number of eruptions (8) in historical times, all of
which showing considerable similarity in terms of eruptive mechanisms and composition to the most recent Tajogaite event.
Although this study investigated fresh Tajogaite ash, similar perspectives can be envisaged for both other recent eruptions at
La Palma and other similar volcanic scenarios worldwide.
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1 INTRODUCTION
After 50 years of quiescence, Tajogaite volcano, located on La
Palma Island (Canary Archipelago, Spain), began its most re-
cent eruption on 19th September 2021 with the opening of two
200 m-long fractures [Longpré 2021] on the western flank of
the Cumbre Vieja ridge at 840–1100 m above sea level (a.s.l.)
in the municipality of El Paso. The effects of this 85-day-long
eruption had wide resonance worldwide due to the damage
caused to the surrounding areas and population as a result of
ash fallout and lava flow invasion, forcing the evacuation of
~8000 residents and leading to the loss of 2800 buildings and
100 hectares of plantations worth more than 800 million euros
[Longpré 2021; Carracedo et al. 2022]. The eruption was char-
acterized by lava fountaining, Strombolian activity, and fre-
quent ash emission frequently emitting considerable amounts
of volcanic ash [Romero et al. 2022b], which constructed the
200 m-high Tajogaite cinder cone in the earliest and main
stages of the eruption [Civico et al. 2022; Ruggieri et al. 2023,
and references therein]. Emissions of low-viscosity basanitic
lavas [Castro and Feisel 2022] and tephra alternated and over-
lapped throughout the eruption, with lavas that rapidly flowed
towards the inhabited areas of El Paraíso, Todoque, and El
Pedregal, reaching the sea in 10 days [Carracedo et al. 2022]
(Figure 1). The eruption had a Volcanic Explosivity Index =
3, producing ash columns mostly between 1.6 and 2.7 km in
height above the vents, with a peak of 8 km in the final stage of
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eruptive activity [Romero et al. 2022b]. During explosive activ-
ity, volcanic ash forms in the upper portion of a volcano feed-
ing system when magma fragments and pyroclasts are ejected
into the atmosphere [Dingwell et al. 2012]. Small fragments
may cool sufficiently quickly to avoid complete crystallization,
producing clasts with abundant glassy groundmass. During
the 2021 Tajogaite eruption, a total amount 45 × 106 m3 of
tephra was discharged into the atmosphere [Carracedo et al.
2022] with a peak ejection rate of ~18 m3 s−1 [Romero et al.
2022a; b]. Although the ash deposit isopach contours were
elongated NE–SW [Romero et al. 2022a], the pyroclastic fallout
affected many areas of the La Palma Island, with deposit thick-
ness varying between 3 mm and 1.2 m from 13.5 to 1.1 km
in distance [Romero et al. 2022a]. The large amount of tephra
fallout had a serious impact on the economic activities (includ-
ing touristic ones) of the entire island, since it affected differ-
ent sectors of society and infrastructure, e.g. causing severe
damage to agricultural production, destruction of roads, and
flight cancellations. Besides the immediate aftermath of py-
roclast emission and fallout, long-term impacts include risks
to human and animal health related to air quality and water
contamination [Horwell and Baxter 2006; Stewart et al. 2006;
Barone et al. 2021; Ruggieri et al. 2023].

Therefore, an urgent need arises for swift clean-up opera-
tions in order to avoid respiratory and ingestion hazards and
to restore functionality to both rural and urban environments.
This, in turn, leads to the necessity of disposing of and storing
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Figure 1: [A] sampling locations and lava field of the 2021 erup-
tion; [B] Explosive activity of Tajogaite crater seen from El Paso
municipality (December 2021). Aftermath of tephra fall on vil-
lages [C] and cultivated areas [D].

the removed ash in specific landfills and adopting strategies
for its potential re-use.
One of the most promising approaches to addressing these
issues is the transformation of volcanic ash from waste to re-
source. Volcanic clasts > 63 µm can be potentially used as
light aggregates for mortars, concrete, plasters, and ceram-
ics in order to provide a structural support for the finished
product, while the finer fraction (< 63 µm) has features ideal
for its use as filler (i.e. a fine material, often inert, added to
cement or concrete to improve its properties), aimed at re-
ducing the porosity of the paste (the mixture of cement and
water that binds aggregate particles in concrete) and improv-
ing its mechanical properties. Recently, both fresh and old
volcanic ash has been exploited as a natural resource in the
production of sustainable and innovative “cement-free” ma-
terials known as alkali activated materials (AAMs) in various
geographic contexts with past or presently active volcanism
(Colombia, Democratic Republic of Congo, Indonesia, Italy,
Russia, and United States) thanks to its pozzolanic proper-
ties whereby, despite having few or no cementitious proper-
ties on its own, volcanic ash can undergo chemical reactions
to form cementitious compounds [Tchakoute Kouamo et al.
2012; Tchakoute et al. 2013; Djobo et al. 2017; Finocchiaro
et al. 2020; Barone et al. 2021; Játiva et al. 2021; Lemougna
et al. 2021; Occhipinti et al. 2022; 2023a; b]. AAMs can be
prepared without any thermal treatment by mixing powdery
aluminosilicate materials (precursors) with an alkaline solu-
tion, such as NaOH and NaSi2O3 (activators). The alkaline
attack allows the aluminosilicate chains of the precursor to
break down and reorganize into an amorphous gel through
a polycondensation mechanism [Davidovits 1991]. After cur-
ing process (i.e. the process of setting and hardening of the

paste), the gel takes on the appearance of a cement and the
final product shows good performance in terms of mechani-
cal strength, chemical stability and heat resistance [Provis and
van Deventer 2009].
The versatility and adaptability of AAMs lies in the na-
ture of the raw materials. Indeed, AAM technology exploits
a wide range of aluminosilicate sources as precursors with
different availabilities, reactivities, costs and value in different
geographic contexts. In past decades, AAMs were developed
and promoted as components of a “sustainable” cement-based
system for the future. The feasibility of transforming industrial
by-products (e.g., fly ash) or natural materials into resources
through alkali activation processes offers a green alternative to
traditional cement-based materials, whose manufacturing pro-
cess contributes to approximately 10 % of global CO2 emission
into the atmosphere [Shi et al. 2019; Belaïd 2022]. The pre-
cursors utilized in alkali activation technology can have var-
ious origins, from industrial waste (i.e. fly ash, metallurgical
slag, glass waste and residues of mining activity) [e.g. Bernal
et al. 2016; Matinde 2018; Occhipinti et al. 2021] to natural
raw materials [e.g. Clausi and Pinto 2023]. Among the latter,
mafic volcanic ash has proven particularly suitable in promot-
ing alkaline activation because of its comparably high bulk Al-
and Si-content and the presence of volcanic glass. Recently,
basaltic to trachybasaltic ash from Mt. Etna volcano (Sicily,
Italy) was successfully used as precursor in the production of
AAMs [Finocchiaro et al. 2020; Barone et al. 2021; Occhipinti
et al. 2022; 2023a; b]. AAMs made with volcanic ash with an
alkali-basaltic composition show good polymerization (extent
of the three-dimensional development of the polymeric gel),
mechanical strength, durability, and versatility, and have been
proposed both for use as a construction material and, more re-
cently, for restoration purposes [Barone et al. 2021; Fugazzotto
et al. 2023; Portale et al. 2023].
During and after the 2021 Tajogaite eruption, a substantial
amount of volcanic ash from roads and residential areas was
collected and stored in containers arranged in city disposal
areas. Treated as waste, this natural product was therefore
devalued and destined for landfill or simply thrown into the
sea. In this study, different kind of AAMs were produced using
Tajogaite volcanic ash and investigated as potential green con-
struction and restoration materials. If suitable, they could con-
tribute to the reconstruction of infrastructure. Recent attempts
by Tashima et al. [2023] and Mañosa et al. [2023] demonstrated
that Tajogaite volcanic ash can be properly used as a raw ma-
terial in the preparation of AAMs after curing at temperatures
in the range of 40 to 85 °C for several hours. Working at
these temperatures increases the reactivity of the ash, ensur-
ing good mechanical properties [Djobo et al. 2017]. However,
such a process is expensive and requires large amounts of en-
ergy as well as specific equipment such as ovens, which are
not commonly available in situ (e.g. on the construction site)
and can only be used in the production of pre-casted mate-
rials. In this regard, the main focus of this study is to avoid
any thermal curing treatment, obtaining products that can be
synthesized directly on-site.
Alkali activated materials (binder and porous types) were
developed and tested (Figure 2 and Table 1). Binders can
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Table 1: Details of AAM mix design expressed as wt.% of the total slurry.

Samples Ash MK NaOH Na2SiO3 H2O H2O2 Al L/S∗(wt. %) (wt. %) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

LP0 80.6 - 19.4 - - - - 0.2
LP0-NaOH-Na2SiO3 79.0 - 10.5 10.5 - - - 0.3
LP10-NaOH 71.7 8.0 20.3 - - - - 0.3
LP20-NaOH 61.4 15.4 23.2 - - - - 0.3
LP10 68.2 7.6 4.6 14.4 5.3 - - 0.3
LP20 60.6 15.2 4.6 14.4 5.3 - - 0.3
LP10-P 64.3 7.2 4.3 13.6 5.0 5.7 - 0.3
LP10-Al 67.9 7.5 4.5 14.3 5.3 - 0.4 0.3
LP20-P 57.2 14.3 4.3 13.6 5.0 5.7 - 0.3
LP20-Al 60.4 15.1 4.5 14.3 5.3 - 0.4 0.3
∗ L/S = liquid to solid ratio includes all the solution and water.

Table 2: Major oxide composition of volcanic ash (wt.%) and crystal composition of volcanic ash and AAM binders. Ant =
anatase; Aug = augite; Fo = forsterite; Mag = magnetite; Ms = muscovite; Pl = plagioclase; Qz = quartz; Tnat = thermonatrite.

Volcanic ash AAMs
Sample LP1 LP2 LP3 LP4 LP5 LP6 LP10 LP20

X-ray fluorescence
SiO2 44.54 44.38 44.41 44.82 44.87 44.99 n.a. n.a.
TiO2 3.60 3.62 3.79 3.67 3.71 3.72 n.a. n.a.
Al2O3 13.48 13.47 14.29 15.63 15.10 15.17 n.a. n.a.
FeO 12.20 12.26 12.40 11.57 11.84 11.88 n.a. n.a.
MnO 0.19 0.19 0.20 0.20 0.20 0.19 n.a. n.a.
MgO 8.67 8.61 7.37 5.70 6.32 6.25 n.a. n.a.
CaO 11.31 11.33 11.20 9.90 10.45 10.46 n.a. n.a.
Na2O 3.63 3.67 3.89 4.83 4.31 4.41 n.a. n.a.
K2O 1.44 1.43 1.56 1.94 1.76 1.77 n.a. n.a.
P2O5 0.75 0.75 0.84 1.06 0.86 0.86 n.a. n.a.
Tot 99.82 99.73 99.94 99.32 99.43 99.69 n.a. n.a.

X-ray diffraction
Ant n.a. - n.a. n.a. n.a. n.a. - 1.8 (± 0.03)
Aug n.a. 25.1 (± 1.3) n.a. n.a. n.a. n.a. 18.9 (± 0.9) 15.6 (± 0.7)
Fo n.a. 9.4 (± 0.5) n.a. n.a. n.a. n.a. 4.9 (± 0.03) 4.5 (± 0.2)
Mag n.a. 2.2 (± 0.1) n.a. n.a. n.a. n.a. 0.1 (± 0.02) 0.03 (± 0.03)
Ms n.a. - n.a. n.a. n.a. n.a. 11.2 (± 0.7) 11.19 (± 0.7)
Pl n.a. 12.1 (± 0.9) n.a. n.a. n.a. n.a. 10.6 (± 0.8) 8.2 (± 0.4)
Qz n.a. - n.a. n.a. n.a. n.a. 0.4 (± 0.04) 1.5 (± 0.1)
Tnat n.a. - n.a. n.a. n.a. n.a. 1.8 (± 0.2) 1.0 (± 0.1)
Amorphous n.a. 51.3 (± 3.7) n.a. n.a. n.a. n.a. 52.7 (± 2.4) 60.2 (± 1.8)
Total - 100 - - - - 100 100

be used in the construction and restoration fields [Clausi et
al. 2016; Barone et al. 2020; Occhipinti et al. 2020], whereas
porous AAMs can be used in a wide range of applications in-
cluding adsorbents [Ge et al. 2015; Bhuyan et al. 2022], catalysts
or catalyst supports [Alzeer et al. 2016; Alzeer and MacKen-
zie 2018; Clausi and Pinto 2023], thermal [Feng et al. 2015]
and acoustic insulation [Zhang et al. 2015; Luna-Galiano et al.
2018], fire-resistant materials [Rickard et al. 2013; Rickard and
van Riessen 2014], and pH regulators [Novais et al. 2018; Vi-

tola et al. 2020]. A multidisciplinary approach allowed us to
fully characterize both the chemical and textural features of
the starting material and the mechanical and physical proper-
ties of the resulting AAMs. Results indicate that this approach
could represent a potential solution to the issue of the volcanic
ash accumulation and thus lead to a reduction in waste dis-
posal costs. Indeed, the transformation of waste materials into
resources forms part of the virtuous mechanism within a cir-
cular economy, leading to a more limited exploitation of virgin
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Figure 2: Binders and porous AAMs based on Tajogaite ash at
hand-scale after 28 days of room temperature curing.

resources and promoting the use of local materials. Addition-
ally, the possibility of creating highly versatile materials suit-
able for green construction practices and adaptable to many
fields of application opens up the way for the widespread
adoption of alternative technologies and innovative processes
in the construction and manufacturing industries.

2 METHODS AND MATERIALS
2.1 Raw materials
The sampling campaign was performed during the last phase
of the Tajogaite eruption, in mid-December 2021. Ash was
sampled at six different localities of the island at increasing
distances from the eruptive centre. LP1 and LP2 were col-
lected close to the eruptive vent, LP5 and LP6 at the greatest
distance (Figure 1A). Specifically, LP1 to LP4 were collected
from natural deposits (Figure 1B–D), while LP5 and LP6 were
collected from waste bins set up by the authorities in different
inhabited areas around the island, with the purpose of further
disposal. Consequently, in addition to the material naturally
ejected by the volcano, dirt of organic and inorganic nature
is found in these two samples. Among the natural deposits
(LP1-LP4), cleaner in terms of extraneous particulate matter,
LP2 was chosen as a precursor for AAM preparation. It is
worth noting that this ash should not be considered strictly
pristine, since between emission and collection, it had been
subjected to weathering that may have leached out soluble
elements.
All samples were dried for 24 hours at 100 °C to remove
moisture and then mechanically milled using an agate jar stir-
rer in order to obtain a powder with particle size < 50 µm.

2.2 Alkali activated products
In order to assess the reactivity of the sole raw material
through the alkaline activation process, ash was activated with
NaOH (8 M) and NaOH/Na2SiO3 solutions. The formulations
were defined on the basis of the liquid to solid (alkaline solu-
tion/precursor) ratio. This ratio is crucial in achieving optimal
workability in the production of AAMs and plays a significant
role in both the mixture consistency and ease of handling dur-
ing application. Next, in order to improve the reactivity of
the ash while avoiding any thermal curing or an increase in
the alkalinity of the activators, a small percentage of commer-
cial metakaolin (MK, ARGICAL™ M - 1000, Imerys, France,
a high reactive aluminosilicate source) was added to the ash

(refer to Davidovits et al. [1999] and Gimeno et al. [2003] forthe
explanation of this procedure), following the well-established
procedure tested for the formulation of AAMs using basaltic
Etnean ash [Barone et al. 2020; Finocchiaro et al. 2021; Oc-
chipinti et al. 2022; 2023a; b].

Alkaline activators used in this study were 8 M sodium hy-
droxide (Carlo Erba reagents s.r.l., Italy) and sodium silicate
(molar ratio SiO2/Na2O = 2 Ingessil s.r.l., Italy). Tap water,
sourced from Etnean groundwater, was added to all formula-
tions to transform the pastes from sticky to workable and to
mitigate the alkaline conditions of the operational procedure.
Solid precursors were mixed with the alkaline solution by me-
chanical stirring for 3 min. The slurry was then poured into
moulds and vibrated for 60 seconds to remove the air bubbles
formed during the mixing. Finally, porous alkali activated ma-
terials were also produced in separate experiments by adding
a well-defined percentage of hydrogen peroxide or metallic
aluminum directly to the slurries. These foaming agents are
capable of an in-situ generation of gas which becomes trapped
during the hardening of the pastes [Bai and Colombo 2018;
Novais et al. 2020; Zhang et al. 2021]. Before any physical-
chemical characterization took place, all samples were cured
at room temperature for 28 days in a sealed vessel. All the
details of formulations are reported in Table 1.

2.3 X-ray Fluorescence (XRF)

Concentrations of major elements of volcanic ash were deter-
mined by wavelength dispersion X-ray fluorescence at CCiT-
UB (Centres Científics i Tecnològics de la Universitat de
Barcelona) by means of a wavelength dispersive X-ray fluores-
cence spectroscope (WDXRF), Panalytical, Axios PW 4400/40
sequential spectrophotometer. Powdered samples were con-
served overnight in an oven at 90 °C in an open glass beaker.
Next, 0.3 g of powder was mixed with lithium tetraborate of
pure analytical grade in a 1:20 ratio and homogenized with a
glass bar before being placed inside of a Pt crucible. Three
drops of lithium iodide were added to the mix in order to
obtain a good correction of the mix prior to melting, follow-
ing which the crucible was placed inside the refractory cup
of an induction kiln and melted at 1400 °C in a heating cy-
cle lasting 15 minutes. Finally, the incandescent liquid was
poured into a flat Pt dish in order to obtain a glassy homo-
geneous pearl with an ideal analytical flat surface, and cooled
in a two-minute cycle in order to avoid crystallization of the
pearl. This was repeated three times with each sample. Inter-
national reference standards JA-3 and JB-3 kindly provided
by the Geological Survey of Japan were repeatedly measured
as unknown to monitor precision and accuracy. For major
elements, analytical precision (1σ, 𝑛 = 12) was 2 % or better
[Gisbert and Gimeno 2017] except for Na at values lower than
2.5 % of Na2O, but this poorer precision was controlled sys-
tematically in-house through ICP-OES analysis (see Aulinas et
al. [2010] for procedures). Loss on ignition (LOI) in an oxi-
dizing environment furnace (see Lechler and Desilets [1987]
for implications) was not determined since most of the iron
present in the samples is in a reduced for and due to the ex-
tremely pristine nature of the samples. The XRF device was
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calibrated using international rock standards (see Gisbert and
Gimeno [2017] for a detailed procedure).

2.4 X-Ray Diffraction (XRD)
XRD measurements were performed on both raw materials
and AAMs by using a Miniflex Rigaku X-ray powder diffrac-
tometer, equipped with Ni filter Cu Kα radiation generated
at 40 kV and 15 mA. The measurement was set at a scan-
ning speed of 5.0° min−1, step of 0.0200° within the range
of 5 to 65°, for a duration of 14 minutes per sample. Qual-
itative analysis was performed via the search/match tech-
nique using Profex 5.0.0 software, while quantitative analy-
sis of crystalline and amorphous phases was carried out using
the Rietveld method and corundum as an internal standard
[Gualtieri and Zanni 1998].

2.5 Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR analyses were performed using a Thermo Fisher Scien-
tific Nicolet 380 infrared spectrometer in the Attenuated Total
Reflection (ART) mode. The powered samples were placed
onto a diamond support and all measurements were carried
out at room temperature. The spectra wavelength ranges be-
tween 400 and 4000 cm−1, with a resolution of 4 cm−1. Re-
sults were collected using Omnic software.

2.6 Scanning Electron Microscopy (SEM-EDX)
Back-scattered electron (BSE) images and chemical analyses
were performed on both carbon coated volcanic ash and
AAMs by means of a Tescan Vega-LMU Scanning Electron
Microscope equipped with an EDAX Neptune XM4-60 micro-
analyzer operating by energy dispersive system. The micro-
analyzer is characterized by an ultrathin Be window coupled
with an EDAXWDS LEXS (wavelength dispersive low energy
X-ray spectrometer) calibrated for light elements. Operating
conditions were set at 20 kV accelerating voltage and approx.
8 nA beam current for obtaining high resolution BSE images
and 20 kV accelerating voltage and 0.2 nA beam current for
analysing major element abundances.

2.7 pH and electrical conductivity
pH and electrical conductivity were evaluated by dipping a cu-
bic sample of each formulation into beakers filled with double-
distilled water using a weight ratio of 1:10. The measurements
were taken at 0, 15, 30, 60, 120, 720, and 1440 minutes af-
ter immersion for a total testing time of 24 h [Barone et al.
2021]. The pH was measured using a pH/mV/Temp Meter
Eurotek by ORMA calibrated on solutions at pH 4.01, 7, and
9.18. Data on electrical conductivity was collected using an
Orion Portable Conductivity Meter model 150.

2.8 Synchrotron Radiation X-ray microtomography (SR µCT)
and 3D image analysis

The study of 3D texture and pore phase of the 6 AAF samples
was performed by high-resolution SR µCT in phase-contrast
mode [Cloetens et al. 1997]. The experiments were carried
out at the SYRMEP beamline of the Elettra - Sincrotrone Tri-
este laboratory in Basovizza (Trieste, Italy). Samples with a
regular shape (size of ~4 × 4 × 8 mm) were illuminated by a

filtered (1.5 mm Si + 1.0 mm Al) polychromatic X-ray beam
delivered by a bending magnet source in transmission geom-
etry. The resulting mean X-ray energy was of approximately
27 keV. For each sample, 1800 radiographs (projections) were
acquired at a sample-detector distance of 150 mm, with an
exposure time of 1 s per projection and an effective pixel size
of the detector set to 2.4 × 2.4 µm, yielding a maximum field
of view of approx. 4.91 × 4.91 mm. The detector used was an
air-cooled, 16 bit, sCMOS camera (Hamamatsu C11440-22C)
with a 2048 × 2048 pixel chip. Reconstruction of tomographic
slices was performed using the Syrmep Tomo Project (STP)
software suite [Brun et al. 2017], applying a single-distance
phase-retrieval algorithm based on the Transport of Intensity
Equation (TIE) [Paganin et al. 2002] to the sample projections.
The 3D processing and analysis of the microtomographic im-
ages were performed by Fijii freeware software [Schindelin
et al. 2012] and pyPore3D software library developed at Elet-
tra [Aboulhassan et al. 2022]. Using Fijii, Volumes of Interest
(VOIs) corresponding to a size of about 12–14 mm3 (Figure 5
and Supplementary Material 1 Table S1) were extracted from
each image stack, filtered by a mean filter in order to remove
noise and manually segmented to isolate the sole pore phase.
Binary images were then processed by pyPore3D applying a
cycle of erosion and dilation in order to remove outlying back-
ground objects of < 3 voxels. On these images, quantitative
investigations were performed following the procedures de-
scribed in Lanzafame et al. [2020] in order to calculate the
samples’ porosity and the morphological characteristics (vol-
ume, sphericity, aspect ratio) of each pore. The degree of
connectivity of the pore network, expressed by the connec-
tivity density parameter [Brun et al. 2010], was determined
by a skeletonization approach, using the LKC algorithm [Brun
et al. 2010]. The 3D visualization of the reconstructed and
processed images was performed by volume rendering proce-
dures using the commercial software VGStudio MAX 2.0 (Vol-
ume Graphics).

2.9 Mechanical strength tests

Flexural and compressive strength tests were performed on
samples after 28 days of curing by means of a 70-T1182
UNIFRAME (Controls) automatic compression testing ma-
chine. The three-point bending test was performed on sets
of three prisms per formulation (2 × 2 × 8 cm) according
to UNI EN 1015-11: 2019. This allowed an assessment of
the AAMs’ flexural strength via the application of increasing
stress operated by a 10 kN load cell at a rate of 20 N s−1. Fol-
lowing the flexural test, the obtained half prims were subject
to compressive strength according to UNI-EN 1015-11: 2019.
Each specimen was tested by means of a 50 kN gauge load
cell at a rate of 1200 N/sec until the maximum bearable stress
was reached. Measurements were collected by RTM Terminal
software.

3 RESULTS
3.1 Volcanic precursor characterization

Bulk rock analysis performed on the volcanic ash employed
as a precursor revealed an Ocean Island Basalt (OIB) composi-
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Figure 3: Electron back-scattered images of two ash grains
from Tajogaite 2021 eruption displaying texture made of small
crystals of plagioclase (plg), olivine (ol), clinopyroxene (cpx)
and Ti-Fe oxides (Ox) in [A] glassy (gl) and [B] cryptocrystalline
groundmass. The cryptocrystalline matrix displays dendritic
crystals (micrometric to sub-micrometric) grown under high
cooling rates during the solidification of the sample in the air.

tion, confirming previous studies reported in literature for the
2021 eruption tephra and lavas [Pankhurst et al. 2022; Romero
et al. 2022a; González-García et al. 2023]. The volcanic ash
falls in the basanite field of the Total Alkali vs. Silica diagram
[Le Maitre 2002] (Supplementary Material 1 Figure S1) with a
range of SiO2 = 44.43–45 wt.%, Al2O3 = 13.50–15.74 wt.%,
MgO = 5.73–8.68 wt.%, and Na2O+K2O = 5.07–6.81 wt.%
(Figure 2). SEM-BSE images (Figure 3) show that ash grains,
with a size of about one millimetre, have a very irregular
shape, a generally aphanitic structure with a hypocrystalline
texture containing a low amount of tiny (up to 200 µm) crys-
tals of plagioclase (An46–61), diopside and augitic clinopyrox-
ene, olivine (Fo80–84) and Ti-Fe oxides, with euhedral to sub-
hedral habitus. The groundmass, when not completely hya-
line, can be either microcrystalline or cryptocrystalline. SEM
micro-chemical analyses of samples LP1, LP2, and LP5 reveal
a slight increase in the alkali and silica content of the glass
with respect to the whole-rock (Supplementary Material 1 Fig-

ure S1) with a composition shifted towards phono-tephrite.
XRD analysis results (Supplementary Material 1 Figure S2) dis-
play detected peaks attributable to the same crystalline phases
described above plus a consistent amorphous phase due to the
glassy nature of the ash. Quantitative calculation confirms the
typical assemblage of OIB alkaline products given by crys-
tals of plagioclase and pyroxene (20.20 wt.% and 20.78 wt.%,
respectively), followed by olivine (7.72 wt.%) and iron oxides
(2.42 wt.%). The amorphous phase reaches values higher than
46 wt.%. FT-IR spectra in Attenuated Total Reflection (ATR)
mode of the investigated ash (Supplementary Material 1 Fig-
ure S3) show a main broad band characterized by two shoul-
ders, one at 960 cm−1 and the other at 906 cm−1. According
to available literature, the area between 900 and 1200 cm−1 is
attributable to Si-O-T vibration (where T = Si or Al) [Rees et
al. 2007], thus indicating the occurrence of aluminosilicate ma-
terials. Moreover, low intensity bands around 750–790 cm−1

are attributable to the ring vibration of Si-O bonds [Sitarz et al.
2000]. A small band in the area of 675 cm−1 is attributable to
the stretching vibration of Al-O bonds when the aluminum
ions are in fourfold coordination [Clayden et al. 1999].
Characterization of alkali activated materials
A first series of mixtures of only Tajogaite ash and alkaline
activators, i.e. NaOH (8 M) and NaOH/Na2SiO3 for samples
LP0 and LP0-NaOH-Na2SiO3 (where LP0 corresponds to a
mixture of ash and NaOH and LP0-NaOH-Na2SiO3 also in-
cludes the addition of Na2SiO3, see Table 1), respectively, was
prepared at room temperature in order to test the simplest
possible system. Nevertheless, the tested formulations did not
harden within 72 hours at room temperature and did not show
chemical-physical stability due to the low volcanic ash reactiv-
ity in such alkaline conditions. Therefore, formulations with
10 and 20 wt.% of metakaolin (LP10-NaOH and LP20-NaOH,
respectively, where ‘10’ and ‘20’ refer to the metakaolin con-
tent, see Table 1) were tested using at first only 8 M NaOH.
Although the pastes hardened within 72 hours, they did not
adequately strengthen, appearing very brittle. Good results
were obtained when an amount of 14.4 wt.% (over the total
weight of the paste) of Na2SiO3 was added to the NaOH so-
lution (LP10 and LP20, see Table 1). In this work, only the
binders which developed strength after 24 hours (LP10 and
LP20) were selected and then investigated after 28 days in
order to study their mineralogical, microstructural, physical,
and mechanical features. These formulations were then used
as binders to prepare porous AAMs.
The mineralogical composition of the obtained binders is
reported in Table 2. Both samples LP10 and LP20 show the
same mineral phases of the original ash except for the pres-
ence of quartz, muscovite and anatase, which derive from
metakaolin. All binders show a signal related to the amor-
phous aluminosilicate gel [Barbosa et al. 2000; Rowles and
O’Connor 2003; Fletcher et al. 2005], recognizable by a slight
halo between 20 and 35° 2θ. Peaks related to the occurrence
of thermonatrite (Na2CO3 · H2O) were detected at 2θ values
of 33.8, 38.2, 45.5°, even though there are no visible efflores-
cences on the surface of the samples which generally form
by salts precipitation due to an excess of Na+ reacting with
atmospheric CO2.
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Quantitative analyses of the mineralogical and amor-
phous phases were carried out through the Rietveld method
[Gualtieri and Zanni 1998] (Table 2). As expected, both binders
show an increase in the amorphous phase with respect to the
starting material (LP10 Amorph = 59.86 wt.%; LP20 Amorph
= 67.47 wt.%; Ash Amorph = 46.88 wt.%). We observed a
positive correlation between the amorphous content and the
amount of metakaolin added, and a negative correlation be-
tween the amount of metakaolin added (LP20) and thermona-
trite occurrence. In terms of nature and amount of constituent
minerals, no significant differences were detected by XRD pat-
terns in the porous samples compared to the binders.
FTIR-ATR analyses of LP10 and LP20 binders and of the
corresponding porous samples (LP10-P, LP10-Al and LP20-
P, LP20-Al with peroxide and aluminum as foaming agents,
respectively) are shown in Supplementary Material 1 Fig-
ure S3. Overall, the position of the main absorption band
related to anti-symmetric Si-O (Al) stretching vibrations is de-
tected in the range of 970 cm−1, which is shifted to higher
wavenumbers with respect to the original volcanic ash pre-
cursor (960 cm−1). The shoulder at 888 cm−1 is visible in
the ash spectrum and attributable to the presence of insol-
uble crystalline anorthite or diopside [Taylor 1990] from the
original raw material. These crystals do not take part in the
reaction [Tashima et al. 2023]. This shoulder appears shifted
towards lower wavenumbers (i.e. 867 cm−1 for LP10, LP10-
P and LP20, LP20-P and 864 cm−1 for sample LP10-Al and
LP20-Al) as a consequence of the Al-OH stretching vibration
[Hajimohammadi et al. 2017; Occhipinti et al. 2023b] or of the
Si-OH bending vibration, indicating that structural modifica-
tion has occurred. Furthermore, Al-O bond vibration deter-
mines less intense bands found at 675 cm−1 and 692 cm−1.
Finally, two new bands were detected at 1263 cm−1 and
at 795 cm−1 for the samples LP10-Al, LP20-P and LP20-Al.
These bands can be attributed to the stretching vibration of (Si,
Al)–O and O–Si–O respectively [Razak et al. 2014; Lemougna
et al. 2021]; however, they are more pronounced in the sample
with 20 wt.% metakaolin and in the presence of aluminum. A
signal at 1400 cm−1 occurs in all the spectra and is determined
by the stretching vibration of (CO3)−2 [Pathak et al. 2008]. This
may denote the presence of carbonates formed with the con-
tribution of atmospheric CO2 [Criado et al. 2005] while those
at 1650 cm−1 and 3350–3390 cm−1 can be attributed to the
vibration of H-O-H and OH bonds due to the presence of tap
water used for the formulation during the preparation of the
AAMs [Clausi et al. 2016].
SEM-EDS analyses confirm the amorphous structure of
both LP10 and LP20 binders, with matrices appearing com-
pact and dense. Some unreacted particles from the original
precursor are still present, as confirmed also by XRD analyses
(Supplementary Material 1 Figure S2). The elemental compo-
sition of the two binders, as determined by EDS is plotted on
ternary phase diagrams of CaO-SiO2-Al2O3 and SiO2-Na2O-
Al2O3 (Supplementary Material 1 Figure S4 and Table S2 in
supplementary material). Most of the points fall within the
N-A-S-H region or the low Ca (C-(N)-A-S-H) region [van De-
venter et al. 2014]. The chemical composition is comparable
to that of alkali-activated volcanic ash [Djobo et al. 2016]. In-

creased Si and Al content provided by the higher amount of
MK within the AAM mixtures leads to the increased forma-
tion of N-A-S-H gel, as seen in the case of the LP20 binder
(Supplementary Material 1 Figure S4A, S4B).

Figure 4: 3D renderings of the analysed Volume of Interest
(VOIs) and related isosurface renderings of the extracted vesi-
cle phase.

The release of OH− and alkaline ions into water was as-
sessed by measuring pH and electrical conductivity with the
aim of testing the progression of the alkaline reaction. The
electrical conductivity of the binders varied with a significant
rate from 0 to 60 min and slowed down in the following hours
(Supplementary Material 1 Figure S5). At minute zero the con-
ductivity values of LP10 and LP20 were 171 and 88 µS cm−1,
respectively (electrical conductivity of the double-distilled wa-
ter in which they were immersed = 1 µS cm−1). After 1 hour,
the values measured for LP10 became 5 times higher and for
LP20 almost 7 times higher, reaching 856 and 588 µS cm−1,
respectively. After 24 hours, at the end of the measurement,
LP10 showed an electrical conductivity of 2830 µS cm−1,
against 1154 µS cm−1 of LP20, two and a half times higher
than the latter. Similar tests carried out using volcanic ash
from Etna volcano, Italy, as additive for alkali activated mate-
rials showed an electrical conductivity ranging between 1000
to 10,000 µS cm−1 [Barone et al. 2021]. After introducing
the samples into the water solution, pH values suddenly in-
creased toward alkaline values from 7.2 to 10.45 (LP10) and
10.22 (LP20), subsequently remaining quite stable during the
24 hour-long test, reaching 10.58 for LP10 and 10.56 for LP20.
Porosity (φ), investigated via the analysis of microtomo-
graphic 3D images (Figure 4), is present in all samples. It
ranges from 5.78–6.41 vol.% in binders to 23.68–51.39 vol.%
when hydrogen peroxide (H2O2) is added and φ = 48.35–
61.53 vol.% when using metallic aluminum (Figure 5 and Sup-
plementary Material 1 Table S1). The volumes of single pores
cover a wide range of sizes (from 10−8 to 1 mm3) and their
distribution differs from binders and foamy AAMs. In par-
ticular, the volume frequency distribution diagram (Figure 5)
shows that the binders are quite similar, marked by a bi-modal
distribution peaking at 10−6–10−5 and 10−3 mm3. Samples
with H2O2 and metallic Al, on the contrary, show a shift of
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Figure 5: Results of the 3D image analysis of the pore phase showing the Number Frequency and Volume Frequency vs. Size
distribution [see Lanzafame et al. 2020], and the values of porosity, average volume of each pore, pore density, and connectivity
density for each sample.

the curves toward unimodal distributions peaking at 10−1 to
1 mm3. Pore density (2800–10,500 mm−3), average volume
(5.4 × 10−6–2.58 × 10−4 mm3) and connectivity density (7–
1149 mm−3) are strictly correlated to each other, varying ac-
cording to the total pore amount of the samples.

Results of flexural strength tests (Table 3) on the AAMs syn-
thesized by using 10 wt.% of MK have comparable average
values to their respective terms with 20 wt.% MK. LP10 and

LP20 achieve 10.2 (± 0.3) MPa and 10.0 (± 1.6) MPa as average
values, respectively. The uniaxial compressive strength test
of four replicas for LP10 and LP20 (Table 3) display average
values of 26.8 (± 2.5) MPa for LP10 and 27.7 (± 3.2) MPa for
LP20. These results are comparable to C20/25 or C25/30 class
of traditional concretes reported by Pucinotti [2013]. Follow-
ing UNI EN 206-1: 2006, the two values indicate the minimum
characteristic resistances, expressed in MPa, that a cylindric
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Table 3: Results of flexural and compressive stress tests.

Test Sample Max stress (MPa) Average (MPa) St. Dev.∗

Three points bending

LP10_1 10.3
10.15 0.28LP10_2 9.8

LP10_3 10.4
LP20_1 11.9

10.02 1.6LP20_2 9
LP20_3 9.2

Uniaxial compressive strength

LP10_1 26.8

26.8 2.5LP10_2 26.8
LP10_3 23.6
LP10_4 29.8
LP20_1 25.7

27.7 3.2LP20_2 27.2
LP20_3 32.4
LP20_4 25.5

∗ St. Dev. = standard deviation.

or a cubic specimen of concrete must bear, respectively. The
trend of the stress-strain curves (Figure 6) shows small drops
in stress as the strain increases, as recorded also for the same
type of material by Occhipinti et al. [2020]. The two formula-
tions differ only in terms of MK amounts, but the differences
in terms of the average flexural and compressive strength are
not relevant as reported in literature by Barone et al. [2020] and
Occhipinti et al. [2023a]. These authors demonstrated a di-
rect relationship between Etnean volcanic ash-based samples
with 10 and 20 % of MK addition and resistance to mechanical
stress.

Figure 6: Uniaxial compressive strength of the samples: LP10
(blue lines) and LP20 (red lines). Solid lines indicate the max-
imum strength borne, while dashed lines indicate the aver-
age strength of the samples sets. Following UNI EN 206-1:
2006, reference uniaxial compressive strength of traditional
concretes, reported by Pucinotti [2013] and referring to cubic
specimens, are plotted as dark grey dashed lines.

4 DISCUSSION
The synthesis of green alkali activated materials with me-
chanical properties matching the requirements for their use in
building construction and restoration interventions is nowa-
days a well-established procedure that promises to speed up
the ecological transition, involving the use of local materials
and decreasing production costs. However, the challenge of
this approach is to find the best balance between the num-
ber of raw materials, additives, and alkaline reagents and the
curing temperature, which plays a crucial role in the energy
demands of the entire productive process. Working at a tem-
perature of > 40 °C assures good results, but partially hinders
the aims of this technology. The main goal of this research
is therefore to avoid any thermal curing treatment, obtaining
products that can be synthesized directly on-site. Our first at-
tempt to formulate AAMs using only Tajogaite ash and the
alkaline activators at room temperature did not give satisfac-
tory results since the materials did not harden. Based on these
first results, a second set of AAMs was synthesized adding MK
in amounts of 10 and 20 wt.% of the total of the solid, which
guaranteed the development of both mechanical strength and
chemical stability.
The use of MK also hindered the development of efflores-
cence that often forms in systems with only volcanic ash due
to the low amount of Al− which does not balance the Na+
from alkaline solution. In fact, the excess of Na+ in the gel
system is often the cause of the formation of undesired solu-
ble salts [Criado et al. 2005; Najafi Kani et al. 2012; Pacheco-
Torgal et al. 2014], since it combines with atmospheric CO2
leading to the formation of sodium carbonates that decrease
the durability of the materials over time [Najafi Kani et al.
2012]. The absence of macroscopic efflorescence visible by
the naked eye in all binders after 28 days of curing in air is
encouraging and denotes chemical and mineralogical stability.
Nevertheless, it appears from XRD, FTIR-ATR, and SEM-EDS
analyses that only part of the ash had reacted under these con-
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ditions and contributed to gel formation. This is evidenced
by the slight increase in the amorphous amount within the
AAMs (Table 2) and further corroborated by results of FTIR-
ATR analysis (Supplementary Material 1 Figure S3). These
results show changes in the shape and position of the main
aluminosilicate band with respect to the original volcanic pre-
cursor due to both the contribution of the metakaolin in the
mixtures (which forms the main band at 1034 cm−1) and the
reorganization of the molecular structure with the formation
of aluminosilicate hydrate phases [Rees et al. 2007]. On the
other hand, the unreacted fraction of ash acts as a filler, con-
tributing to mechanical strength. The occurrence of the bands
centered at 1263 cm−1 and at 795 cm−1 for LP10-Al, LP20-
Al, and LP20-P can be attributed to the presence of aluminum
in the first two, and to the higher quantity of metakaolin in
the latter. Al and MK might affect the overall structure of
the material, leading to an increase in Si–Al bonds and to a
greater cross-linking of the gel network. Since MK is more re-
active than volcanic glass, AAMs with 20 wt.% of MK benefit
from a greater amount of aluminum and silicon than AAMs
with 10 wt.% of MK. This leads to the appearance of bands
linked to the bonds between silicon, aluminum and oxygen
(Supplementary Material 1 Figure S3). An increase in Si–Al
bonds is also shown by LP10-Al, but in this case, it can be
attributed to the metallic aluminum used as a foaming agent
for this specific sample. The presence of sodium carbonates,
confirmed by XRD, FTIR analysis and electrical conductivity
measurements, is lower in LP20 than in LP10 because of the
higher amount (20 wt.%) of metakaolin used in LP20. This
leads to a better stability of the polymeric structure in water,
as confirmed by conductivity tests indicating a lower release
of ions into the H2O solution for LP20 with respect to LP10.
The formation of the gel is also confirmed by SEM analyses,
showing N-A-S-H gel as a first reaction product, with some
areas from the original binders (LP10) to the porous samples
obtained with hydrogen peroxide (LP10-P) and metallic alu-
minum (LP10-Al). The amount of metakaolin added (10 and
20 wt.%) had no impact on binder porosity (low for LP10 and
LP20), whereas the use of H2O2 or metallic aluminum trig-
gered foaming and led to very similar results in terms of pore
amount, density, size, and volume distribution (Figure 5). In
particular, the tendency to develop large pores in the LP20
porous samples is highlighted by the Volume Frequency dia-
gram in Figure 5, showing that > 90% of the porosity is consti-
tuted by a small number of pores with larger sizes (1–10 mm3).
These results confirm the recent achievements of Occhipinti
et al. [2023b] in the formulation of porous AAMs based on vol-
canic precursors: the pore phase can be tailored to obtain the
desired amount of voids with a specific size. Porous mate-
rials are potentially attractive for a wide field of applications
(e.g. thermal or acoustic insulation to water treatments and
pH regulators). As an example, they may be useful in mak-
ing the lightweight bricks widely employed on the island for
plantations and gardens, in developing panels to be used for
the reconstruction of some essential public buildings or in pro-
ducing tiles for the finishes of new houses and apartments.

Previous authors have already performed feasibility stud-
ies making use of 2021 Tajogaite ash for the preparation of

AAMs [Mañosa et al. 2023; Tashima et al. 2023]. In particular,
Tashima et al. [2023] obtained good results in terms of work-
ability and compressive strength (up to 95 MPa) for alkaline
binders obtained using 8 mol kg−1 of Na+ cured at 85 °C for
up to 168 hours. Similarly, in the study of Mañosa et al. [2023],
Tajogaite volcanic ash activated using 6 M NaOH is reported
and shows a compressive strength of 16.5 MPa after 28 days of
curing at temperature of 40–60 °C. In contrast to these studies,
AAMs developed in this study were synthesized exclusively at
room temperature, thanks to the addition of a small percent-
age of metakaolin that compensated for the low reactivity of
the volcanic ash in the short timeframe, allowing faster hard-
ening and the formation of the binding aluminosilicate gel.
Room temperature curing is an essential condition for lower-
ing both costs and energy demand related to the synthesis of
the final products. In addition, the use of metakaolin meant
a reduction in the use of industrial alkaline activators such
as sodium silicate, which are the most expensive and energy
demanding ingredients of the alkaline activation technology.
Moreover, the use of non-pristine volcanic ash seems to be a
good strategy, as early natural leaching allows the elimination
of potentially dangerous components (S, Cl, Hg, Sb, As, etc.
which pass to the hydrosphere [see e.g. Ruggieri et al. 2023])
in the raw materials and therefore in the AAM produced (for
example, Mañosa et al. [2023] refer to the XRD detection of
corderoite and fueloppite in their AAMs).
The use of volcanic ash from the island of La Palma (Spain)
as a precursor in the alkali activation process allowed us to ob-
tain innovative and sustainable materials that can be applied
in both the construction and restoration fields. It is worth not-
ing that Tajogaite products have mineral and chemical com-
positions typical of OIB volcanoes, with higher values of MgO
and FeO compared to the common ash erupted by Etna vol-
cano [Giacomoni et al. 2018; Viccaro et al. 2019; Giuffrida et
al. 2023] which have already been successfully used in AAM
production. For this reason, since OIB-related products occur
in different areas of the globe and often represent the only nat-
ural resource locally available (as in the case of the volcanic
island of La Palma), it is crucial to prioritize their use as raw
materials as part of the green transition. The possible applica-
tion of these materials is virtually infinite, and we encourage
further studies aimed at discovering new applications for the
recovery of La Palma.

5 CONCLUSIONS
A brief summary of the findings and significance of this work
is reported below:

• The Tajogaite 2021 eruption ash can be efficiently used
as precursor for the production of AAM binders with mechan-
ical strength comparable to C20/25 or C25/30-class concrete
(UNI EN 206 1:2006, see Figure 6), similar to those obtained
from AAMs based on ash from Etna volcano, marking them as
potential materials for construction and restoration purposes.

• The addition of a small percentage of metakaolin is cru-
cial for formulating Tajogaite ash based-AAMs at room tem-
perature. It enhances the reactivity of the ash in the alka-
line activation process, reduces energy demand, and low-
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ers CO2 emissions in industrial production while maintaining
high product performance.

• Pre-casted porous materials can be efficiently obtained
chemically (i.e. by adding foaming agents such as hydrogen
peroxide and metallic aluminum) which can be employed as
lightweight monoliths or panels for industrial and environ-
mental applications.

In conclusion, the results of this work demonstrate that the
impact of disastrous eruptions such as the 2021 Tajogaite can
be partially mitigated through the recovery and reuse of the
huge volume of ash emitted, as part of the green transition.
Instead of disposal, ash can be efficiently used as a raw ma-
terial for AAM production in the reconstruction of public and
private infrastructure. This would limit the costs related to
the importation of traditional raw materials (e.g. cement) and
favour a drastic cut in energy consumption related to the con-
struction supply chain.
This work represents a first step toward the production of
AAMs at room temperature using the 2021 Tajogaite volcanic
products, and further studies are currently ongoing in order
to improve the mechanical strength of the binders and better
control the pore structure by varying the amount of foaming
agents. The development of alkaline activation technology us-
ing OIB volcanic ash is of considerable significance. Indeed,
such products are frequently emitted in volcanic areas that,
despite being inhabited, are often situated in remote locations
where the supply of raw materials involves high transporta-
tion costs. This offers a sustainable solution for regions where
the efficient recycling of local resources can lead to both eco-
nomic and ecological benefits.
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