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The disposal of the volcanic ashes from explosive eruptions, like those of Mount Etna (Sicily, Italy), poses sig-
nificant health, environmental, and economic concerns. Herein, we show that the volcanic ashes can be trans-
formed into porous ceramics by the cold sintering process (CSP) at temperatures lower than 200°C. The

Mount Etna consolidation is aided by a liquid medium that can be either water or a caustic KOH solution and by the
Porous ceramics . . . . . .
Recycling application of a few hundred megapascals. The obtained porous materials possess a residual porosity between

22% and 39%, depending on the sintering conditions (pressure, temperature, KOH concentration). The CSP ash
exhibits a fairly low thermal conductivity between 0.6 and 1.1 W/m K, which matches the benchmark of
common ceramic bricks fired at high temperatures, but with substantially improved mechanical resistance
ranging from 13 to 70 MPa (well above traditional bricks). In summary, CSP offers a new avenue to recycle
inorganic waste materials and transform them into industrial products with potential application in the building
industry.

1. Introduction Goals within the 2030 Agenda.

The ceramic industry's decarbonization is still far from being ach-

The building sector is a major consumer of raw materials, accounting
for approximately 40-50 % of global utilization [1,2] (~20 Gton in 2017
[3]) and around 40 % [1,4] of total energy consumption. Key materials
include limestone, clays, quartz, and feldspar. Additionally, its CO5
emissions are considerable, extending beyond those generated by hy-
drocarbon combustion in materials processing. A significant contributor
is the calcination of carbonates like limestone, magnesite, and dolomite,
used in ceramics, bricks, cement, and mortars. This process releases
carbon dioxide through the carbonate decomposition, amounting to
44-52 % of the carbonate weight itself. The development of sustainable
building materials is therefore a cornerstone for any public policy for
green development, the urgency of which has recently been crucial for
reducing environmental impact and aligns with global sustainability
efforts, as emphasized in the United Nations’ 17 Sustainable Development

ieved. While technological advancements in the efficiency of furnaces
have certainly been accomplished throughout the decades, it only ac-
counts for marginal improvements in terms of energy consumption. A
possible answer, though still confined to the lab scale, is based on the
introduction of innovative processing routes and, specifically, non-
conventional sintering processes [5]. While some of these approaches,
like flash sintering, spark plasma sintering, and microwave sintering,
cause a substantial reduction of the firing time and temperature, others,
like the cold sintering process (CSP), promise an even larger impact by
reducing the consolidation temperature to near ambient values [6-9].
CSP was first introduced by Randall and co-workers at Penn State
University in 2016 [10] following earlier works on the hydrothermal
consolidation of ceramics [7]. CSP is based on a pressure-assisted tran-
sient liquid phase consolidation, although the mechanistic
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understanding is still controversial [11,12]. The ceramic powder is
mixed with a solvent, usually a water solution, and pressed below 350°C
under a few hundred megapascals. Since its invention, CSP has been
applied to different classes of functional ceramics (bioceramics, piezo-
electric, ferroelectric... [13-21]); conversely, the literature on its
application to the building sector is still modest. Currently, one can find
just a few works on CSP applied to calcium carbonate [22-25], con-
struction demolition wastes [26,27], geopolymers [28-30], and
sand-gypsum composites [31]. While the functional ceramic industry
could undoubtedly benefit from CSP in terms of microstructural
tailoring and enhanced properties, addressing sustainability challenges
requires its application in energy-intensive sectors, with the building
industry certainly being the most significant among them.

Among the various raw materials that can contribute to a sustainable
production cycle for the building industry, volcanic ash represents a
promising yet underutilized resource. Volcanic ash is a type of pyroclast,
referring to fragmented rock material ejected during a volcanic eruption
due to the explosive fragmentation of magma [32]. It consists of fine
particles, typically lower than 2 mm [33] and is composed of a mixture
of silicate glasses and crystalline mineral phases, including feldspars,
pyroxenes, olivine, and transition metal oxides such as iron and titanium
oxides [34,35].

Due to its fine-grained size, volcanic ash can be transported by wind
over vast distances before settling, creating serious environmental,
infrastructural, and health-related challenges [36-42]. The large vol-
umes of ash generated during eruptions pose significant waste man-
agement issues for governments and communities. One of the most
notable examples is Mount Etna volcano in Italy, which has produced
about 290 violent explosive events (known as paroxysmal eruptions)
throughout the period 1986-2024 [43-45], generating eruptive col-
umns in the range 5-15 km above the sea level that caused conspicuous
ash dispersion into the troposphere and severe fallout of the pyroclastic
material on the volcano flanks. Each paroxysmal eruption is able to
release volumes in the order of 10°-10° m3, with cumulative quantities
that, in specific periods of activity, like the most recent 2020-22
sequence, exceed 10’ m® [46].

Based on these considerations, volcanic ash has generated significant
attention in the scientific community as a potential resource for sus-
tainable reuse and valorization [47-61]. A smaller portion of the liter-
ature has explored its use as a binder component in cementitious
products or as a temper in brick and tile manufacturing [61], whereas
the majority of the existing studies have focused on the incorporation of
volcanic ash into alkali-activated/geopolymer  materials.
Alkali-activated materials (geopolymers) are inorganic structures pro-
duced through the dissolution and re-polymerization of aluminosilicate
precursors under alkaline conditions on a timescale [55,56,58], yielding
cement-like networks that have recently demonstrated real-world
applicability, including use in heritage restoration works such as
cathedral masonry repair [62].

All these applications are valuable; however, they still rely on rela-
tively long treatment times and/or high-temperature processing, and
typically employ volcanic ash only as a partial constituent of the overall
feedstocks. The CSP enables low-temperature densification of inorganic
powders through interfacial dissolution and precipitation mechanisms,
offering relatively short processing times along with significant energy-
efficiency and sustainability advantages [6-9,63,64]. In addition, scal-
ability and component size are under active development, with recent
demonstrations indicating feasibility beyond laboratory-scale pellets
[65,66]. Therefore, the CSP represents a promising alternative, enabling
the direct consolidation of volcanic ash at significantly lower tempera-
tures while maximizing its utilization as the primary raw material.

In this study, we explore how the cold sintering process (CSP) can be
employed to produce porous ceramics by recycling volcanic ash from
Mount Etna. This approach offers multiple advantages: it reduces CO5
emissions associated with ceramic manufacturing, promotes waste
valorization, and decreases the demand for virgin raw materials, thereby
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mitigating the environmental impact of traditional mining activities
and, overall, of the production of building materials.

2. Methods

The ashes of this study were collected on the upper southern flank of
Mount Etna and are associated with pyroclastic deposits from the
2020-22 paroxysmal activity. The main chemical composition of the ash
by weight was SiO3 (46.9 %), Al;O3 (16.2 %), FeOyy (11.5 %), CaO
(10.8 %), MgO (5.59 %), Naz0 (3.32 %), K20 (1.89 %), TiO, (1.91 %),
MnO (0.21 %), P20s (0.46 %), and the LOI (1.28 %). A detailed textural
and compositional description of the ashes can be found in [43]. The
ashes were first ground in an agate mortar to comminute them below
1 mm. The obtained powder was then ball-milled in deionized water
(DIW) using a Turbula mixer for 24 h to further reduce particle size.
5 mm diameter alumina spheres filled half of the milling jar, where a
slurry containing 1:1 wt ratio of powder and DIW was added.

The particle size distribution of the obtained powder was analyzed
by a laser scattering particle size analyzer (Partica LA-960 V2, Horiba,
Japan) in aqueous medium, assuming a refractive index of 1.58 [67].
The results show a reduction of the particle size down to about 0.8 pm
(dsp) with monomodal distribution after 24 h of ball milling (Fig. 1).

A sketch summarizing the workflow from the volcanic ash to the final
cold-sintered product is shown in Fig. 1. The CSP samples were prepared
by mixing 0.6 g of milled ash with KOH (CAS#:1310-58-3, J.T.Baker,
Holland) water solutions of various molarity (from O to 5 M). The
amount of liquid for most of the experiments was 20 wt% with respect to
the powder; some experiments were carried out using a liquid amount of
25 wt%. The powder and the liquid were mixed in an agate mortar until
a homogeneous paste was achieved. Then, the mixture was introduced
into a cylindrical tool steel die (®=13 mm). A uniaxial pressure (ranging
from 100 MPa to 500 MPa) was applied using a universal testing ma-
chine (MTS 810, Material Testing System, USA). A heating jacket around
the die was used to heat the sample to various temperatures (from room
temperature to 250 C) with a heating rate of 10 ‘C/min. The tempera-
ture was monitored with a K thermocouple and lab-view software. The
heating cycle started just after the uniaxial pressure application, which
was kept constant throughout the whole process. Most of the samples
were isothermally held at the CSP temperature for 15 min; some ex-
periments with longer (60 min) and shorter (5 min) holding times were
also performed. After CSP, the system was free-cooled. To ensure a
consistent comparison, all specimens were dried at 130 °C, regardless of
their cold sintering temperature (from room temperature to 250 C).
Although this additional heating step may promote limited geo-
polymerization in the room-temperature specimens, such changes are
expected to be minor and not influential on the macroscopic physical
properties (like density/porosity).

The bulk density was determined by Archimedes’ method using the
ASTM C830 standard as a reference. Distilled water was used as the
buoyancy medium, and the weights were measured with an analytical
balance with a sensitivity of 0.1 mg. The milled ash real density, equal to
2.81 g/cm®, was assessed by a He-pycnometer (Ultrapyc5000 from
Anton Paar®). Microstructural analysis was carried out on fresh fracture
surfaces by scanning electron microscopy (SEM, SUPRA V40, Carl-Zeiss,
Germany). Before the analysis, the samples were coated with a thin Pt/
Pd film by sputtering.

The mineralogical composition was evaluated by X-ray diffraction
(XRD) using an Italstructures IPD3000 diffractometer equipped with a
copper anode (A = 1.5406 /?\, 40 kV, 30 mA). Fourier transform infrared
spectroscopy spectra (FTIR) were acquired in ATR mode (attenuated
total reflectance) between 650 and 4000 cm~ L. Four scans were recor-
ded for each sample with a resolution of 4 cm ™! using a Perkin-Elmer
FT-IR Spectrometer (Perkin-Elmer, USA).

The thermal properties (conductivity, diffusivity, specific heat) of
selected samples were assessed. Thermal diffusivity was measured using
Netzsch 467 HyperFlash (Selb, Germany) using the laser flash method.
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Fig. 1. Schematic of the cold sintering process used for the volcanic ash consolidation, the Mount Etna picture was taken during the March 2020 eruption. The center
inset shows the particle size distribution (PSD) of the milled ash. Schematic of the flexural strength test in a piston-on-three-balls configuration and other charac-

terization techniques are reported in the bottom panel.

The pulse width was 0.5 ms, the discharge voltage 250 V, and the spot
size 3.7 mm. Data were collected every 20 C in the temperature range
20-100C. Before the measurement, the samples were coated with a
layer of graphite. The data were fitted through the transparent model
from the device library. To calculate the thermal conductivity values,
the specific heat was measured by DSC (METTLER TOLEDO DSC 5 +)
carried out at 10 'C/min in the temperature range —20-110'C in a
controlled atmosphere (nitrogen flow 100 mL/min). The equibiaxial
flexure test (piston-on-three-balls) was used to determine the mechani-
cal strength of the cold sintered material. A comprehensive description
of the flexural three-ball testing procedure has been reported elsewhere
[68]. The tests were performed on 4 samples for each condition using a
universal testing machine (MTS 810, Material Testing System, USA)
equipped with a 100 kN load cell. The specimen (®=13 mm) was placed
on three supporting balls, equally spaced at120°, and loaded by a steel
piston (®=2 mm) moving at 2 mm/min. The biaxial flexural strength
was determined as follows (Eq.1):

_3P((1+v) a (1-v) b
o= P14y 1+21n7+(1+v){17ﬁ}ﬁ}

4nt? b M

P being the failure load, t the sample thickness, v Poisson’s ratio, b
the radius of the piston, R the radius of the sample, and a the radius of
the circle of the support.

To better elucidate the mechanism, dissolution tests were performed
on the blend prepared from the milled ash and KOH solution (1:1 by
weight), ensuring complete wetting of the powder, following a similar
approach reported in a previous study [69]. The mixture was ultra-
sonicated in a polypropylene falcon tube for 1 min and subsequently left
to stand at room temperature for 1 h, approximating the total interac-
tion time used in CSP experiments. The dissolved species were then
extracted into deionized (DI) water to a total volume of 50 mL. The
resulting suspensions were ultrasonicated for 10 min and centrifuged at
6000 rpm for 15 min to collect the supernatant. The cation concentra-
tions in the supernatant were quantified using inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer Avio 550
Max, Shelton, USA) and corrected using a prepared KOH-containing
blank.

Thermal analysis of the sample achieving the highest density in CSP
was performed using a simultaneous thermal analyzer (STA 449 F3
Jupiter, Germany) coupled with FTIR gas analysis, with the gas cell
maintained at 200°C. To ensure reliable detection of the Gram-Schmidt
signal, approximately 90 mg of sample was placed in an alumina cru-
cible and heated to 850 °C at a rate of 40 °C min™'. The measurements
were performed under a continuous flow of synthetic air at 50 cm?
min™!, and infrared spectra were continuously recorded to identify
gaseous decomposition products.

3. Results

The key parameters governing the consolidation during CSP are the
molarity of the KOH solution, the process temperature, and the applied
pressure (Fig. 2a,a’). Some preliminary activity showed that the CSP
time has a modest effect on the consolidation, and changing it from
5 min to 60 min. For instance, at 200 °C a relative density of ~73.4 %
was obtained using 2 M KOH solution after 60 min, while a comparable
value of ~73.0 % was reached with a reduced dwell time of 15 min. The
difference between these two conditions is less than 1 %, indicating that
extending the dwell time to 60 min does not significantly enhance
densification. When the dwell time was further reduced to 5 min, the
relative density decreased to ~71.5 %, demonstrating a more substan-
tial deviation. Considering both the energetic benefit and the necessity
to allow sufficient dissolution-reprecipitation kinetics, the experiments
were therefore carried out using a fixed time of 15 min for the present
study. Similarly, an increase in the solution amount from 20 to 25 wt%
had a marginal impact on the final density.

The relative density generally increases with the KOH molarity in the
solution (i.e., with the pH) or when higher temperature and pressure are
used, and, consequently, the porosity (100 — relative density) decreases.
The porosity values, reported for the different sintering conditions in
Tab.S1 (Supplementary Material), confirm the porous nature of the
sintered artifacts (= from 22 % to 39 %). Most of the improvements in
terms of temperature occur between 50 and 200°C, the density plot
exhibiting a sigmoidal shape characteristic of a typical sintering curve.
When the temperature is above 200°C, a saturation is reached and the
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Fig. 2. Physical and microstructural evolution of the volcanic ash during CSP with a duration of 15 min. Relative (bulk) density evolution as a function of (a) CSP
temperature (pressure = 500 MPa) and (a’) pressure (T = 200°C). The KOH solution molarity is also shown. The dashed lines are just guides for the eye. SEM
micrographs of the fracture surface of Etna’s ashes cold sintered under various conditions at (b) low and (c) high magnification. The yellow and pink arrows in (c)
indicate regions characterized by intra-particle cleavages and by the formation of necks in the early sintering stages, respectively.

density plot flattens. On the other hand, no saturation is recorded when
considering the pressure-density plot up to 500 MPa.

The SEM micrographs at low (Fig. 2b) and high (Fig. 2¢) magnifi-
cation highlight a substantial evolution of the microstructure from a
low-density system characterized mainly by distinct particles still
largely maintaining the geometry of the parent powder to a quite dense
material with reduced porosity. Interestingly, already at room temper-
ature, despite the modest densification, inter-particle necking occurs
(shown by the pink arrows in Fig. 2¢), thus providing robust evidence for
the activation of some mass-transport phenomena already at room
temperature. The powder morphology is, however, substantially
different at 200°C (both for 0 and 5 M KOH solutions), the micrographs
showing the formation of a “curly” surface indicating a stronger reaction
with the liquid medium. Interestingly, the samples cold sintered at
200°C also show regions where the crack propagated across the parti-
cles, not simply following the inter-particle regions. Additional micro-
graphs are available in Supplementary Materials.

The mineralogical composition of the ash does not evolve during CSP
(Fig. 3a). All tested materials contain crystalline phases, including sili-
cates, namely tectosilicates (Ca-plagioclase, i.e., anorthite), pyroxenes
(augite), and nesosilicates (olivine), and a mixed Fe/Ti magnetite. In
addition to the crystalline components peaks, the XRD diagrams show an
amorphous hump.

The vibrational spectra (ATR-FTIR Fig. 3b) do not show substantial
evolution with CSP, as well. The ATR spectra are dominated by the
asymmetric stretching of M-O tetrahedra (M being predominantly Si)
with peaks at 960-970 cm L. The ATR peaks below 1000 cm ™! corre-
spond to a largely depolymerized glass network rich in non-bridging
oxygen [70] while pure silica glass accounts for a peak around
1100 cm ™! [71]. No substantial signal originating from water or Si-OH
vibrations can be detected in the spectra (note that after CSP at RT,
the samples were still dried at 130°C overnight before the tests). In
addition, the band observed around ~1450 cm~! can be attributed to
carbonate formation (asymmetric stretching of CO%'), consistent with
previous reports on cement/geopolymer systems where similar features
have been oserved [57,72].

The TGA plot of the sample CSPed under 500 MPa at 200°C with the
5 M KOH solution (i.e., the densest one) is reported in Fig. 4 along with
the Gram-Schmidt curve. The total weight loss is about 4 wt%with the
weight stabilizing at 750°C. A first weight loss starts from about 100°C
and steadily evolves up to 400°C and accounts for more than 3 wt% of
evolution, a second smaller event is localized between 550°C and 750°C.
The FTIR analysis of the evolved gases (Fig. 4b,c) shows a significant
water evolution from 100°C to about 400°C, while CO; evolves at higher
temperatures with two distinct peaks at 335 and 650°C.

As CSP was carried out in a “closed” die configuration, a direct
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sintered materials for different KOH solution molarity and processing temperature (pressure = 500 MPa). The samples consolidated were dried overnight at 130°C.
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identification of the dissolution products is unfeasible [69]. Therefore, and 100°C is shown in Fig. 5a where the trends mirror the evolution of
separate dissolution tests were performed to assess which elements density, with materials processed at higher temperatures, pressures, or
preferentially dissolve and may assist densification. The ICP-OES results with more concentrated KOH solutions exhibiting higher diffusivity. The
are summarized in Table 1. Changes in Al, Si, Fe, Mg, Ca, and Na con- evolution of TD as a function of density is shown in Fig. 5b. It clearly
centration were observed in the solution corrected by the blank KOH increases with density, although differences are observed between
sample. ICP measurements (mmol/L) revealed that Na dissolved most samples processed at 200°C and 20°C, CSP carried out at room tem-
extensively, with Si, Al, Ca and Mg following in decreasing order. perature generally results in lower TD materials.

The thermal diffusivity (TD) measured between room temperature The thermal conductivity (TC) between 20 and 100°C, calculated
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Table 1

Dissolution data for the milled ash prepared with 0, 2, and 5 M KOH solution.
Concentrations of the dissolved species are reported in mmol/L, as determined
by ICP-OES.

0 M (mmol/L) 2 M (mmol/L) 5 M (mmol/L)
Al 0.1746 0.4292 0.6277
Si 0.3771 0.8293 0.9546
Fe 0.0500 0.0213 0.0063
Mg 0.0736 0.0252 0.0076
Ca 0.0924 0.0962 0.0704
Na 1.0505 2.5816 3.0755

from the TD data and the specific heat (not reported), is shown in Fig. 5c.
There is a general increase of TC as a function of the measuring tem-
perature. Similarly to TD data, TC also increases with density and,
therefore, is higher when CSP is carried out at 200°C or when a
concentrated KOH solution is employed (Fig. 5d). The room temperature
TC ranges between 0.7 and 1.1 W/m K depending on the processing
conditions (Table 2).

The mechanical strength of the CSP bodies was assessed by the
piston-on-three-balls method (equibiaxial flexure, Table 2). While the
strength for the samples consolidated at RT is in the order of 10-20 MPa,
it substantially increases at 200°C, reaching values of about 60 —
70 MPa.
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4. Discussion

Cold sintering process (CSP) offers a promising approach for the
valorization of waste silicate materials such as volcanic ash. In this
study, we focused on volcanic ash from Mount Etna (Sicily, Italy), a
highly active volcano that experiences frequent eruptions each year.
These eruptions generate plumes reaching up to 15 km above the sea
level and release ash volumes of up to 107 m® annually [73].

Explosive eruptions are particularly relevant for two reasons. First,
they disperse volcanic ash over a vast region, leading to significant
environmental, infrastructural, and health concerns. The widespread
deposition of ash results in high disposal costs, making its recycling into
value-added products an attractive alternative. Second, explosive
eruptions produce magma that does not form monolithic blocks (i.e.,
lava) in the form of aggregates of various sizes. Due to the rapid cooling
of the ejected melt, the resulting ash is often highly porous and contains

Table 2
Room temperature (20°C) thermal conductivity and biaxial bending strength for
volcanic ash CSP at 20°C and 200°C with water and 5 M KOH solution.

Samples TCrt, W/mK Bending strength, MPa
20 %_5M_20°C_500MPa 0.76 + 0.03 18.4 + 4.8
20 %_5M_200°C_500MPa 1.13 +0.03 74.1 +12.9
20 %_0M_20°C_500MPa 0.60 + 0.01 13.2+0.3
20 %_0M_200°C_500MPa 0.83 +0.03 60.6 + 8.8
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Fig. 5. Thermal diffusivity measured between RT and 100°C as a function of the CSP (a) temperature and (b) pressure. The effect of other parameters like KOH
molarity is also shown. (c) Thermal diffusivity as a function of relative density for samples CSP at RT and 200°C. (d) Thermal conductivity between 20 and 100°C for
volcanic ash CSP at 20°C and 200°C using water and a 5 M KOH solution (pressure = 500 MPa).
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a substantial glassy phase, aspects which facilitate its excavation, pro-
cessing, and cold sintering.

The porous nature of ash generated by explosive eruptions provides
an advantage in milling processes, allowing comminution to submicron
sizes within just 24 h of ball milling. Additionally, the presence of a
reactive amorphous phase enhances the solubility of the material, which
is a key parameter for the success of CSP-based consolidation. Although
this study focused on Mount Etna ashes, the approach could be extended
to other volcanic systems exhibiting similar explosive behavior. The
findings suggest that volcanic ash from explosive eruptions has great
potential as a sustainable raw material for advanced ceramic
applications.

CSP enables the production of porous ceramics using volcanic ash as
the sole raw material, supplemented only with a water solution. This
represents a significant advantage compared to previous studies, where
volcanic ash was used merely as a tempering agent in tile production
[47,50]. In this regard, CSP allows the incorporation of the recycled
component in a substantially larger amount compared to the literature,
where its use is limited to only 10-20 % of the raw materials batch.
Besides the possibility of using large amounts of ash, CSP offers obvious
environmental advantages over the conventional firing processes in
terms of energy consumption and carbon footprint (note that about
60-70 % of the energy consumed by the ceramic industry is used for
firing).

The density and microstructural (Fig. 2) evolution during CSP are
primarily influenced by the solution composition, processing tempera-
ture, and pressure. Conversely, factors such as solution quantity
(15-25 wt%) and the sintering time (5 -60 min) have only a minor
impact on final properties. As expected, higher temperature and pres-
sure enhance densification by accelerating mass transport kinetics,
promoting dissolution phenomena, and increasing the driving force for
sintering. The effect of temperature seems to saturate above 200°C, with
only small improvements at 250°C. This might be related to water
evaporation during CSP at temperatures exceeding 200°C. On the other
hand, the effect of pressure does not saturate (Fig. 2a’) up to 500 MPa.
Further, improvements in terms of density are possible by applying
higher pressure but are constrained by technological limitations (spring
back of the ceramic pellet, wear of the die punches, yielding of the
pressing tooling etc.). The KOH molarity also plays a significant role,
similar to other silicate systems [74-76]. In fact, the solubility of silica is
greatly enhanced in a caustic environment, which in turn promotes
higher density levels [77].

In some samples processed at room temperature, clear inter-particle
necking by particle-particle contact points is visible (Fig. 2c), thus
indicating the activation of mass transport phenomena at ambient
temperature [78]. On the other hand, a substantial reaction of the
powder with the solution can be spotted at 200°C with the formation of a
rounded morphology of the particle's surface, all resulting in densifica-
tion via dissolution-precipitation [79]. This reactivity is responsible for
the substantial enhancement in the pellet density, which increases by
about 10 % between RT and 200°C. Despite some reaction occurring
between the solvent and the powder, still, no substantial macroscopic
evolutions in terms of vibrational features and XRD patterns can be
pointed out (Fig. 3). The CSP porous ceramics are therefore similar to the
starting ash from a mineralogical and structural point of view, con-
taining magnetite, plagioclase, augite, olivine, and a depolymerized
glass. These results are consistent with the literature, highlighting
compounds that are usually found in the ash produced during explosive
eruptions [34]. It is also worth noting that cold sintering of inorganic
powders predominantly promotes densification through limited dis-
solution-reprecipitation and the development of thin amorphous/glassy
interparticle films, rather than through reconstructive phase trans-
formations of the majority of the material’s volume detectable by XRD.
In such a case, the crystalline phases observed before and after CSP
remain the same. This behavior has also been demonstrated in several
silicate or ash-based systems subjected to CSP. For example,
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diatomaceous earth powders processed via cold sintering showed no
phase transformation by XRD, and densification was attributed to the
interaction between the CSP solution and the silicate glass present in the
compound [76]. Likewise, regolith-like silicate powders exhibited un-
changed phase compositions after CSP [69]. Furthermore, in
metakaolin/geopolymer-like systems treated under CSP conditions, no
crystalline phase transformation was detected; instead, the amorphous
phase increased, suggesting a partial dissolution of the crystals and their
precipitation in an amorphous state [80].

The thermal diffusivity increases with relative density and is there-
fore dependent on the CSP parameters (Fig. 5). Materials cold sintered at
RT and 200°C can be grouped in two different regions in the density vs.
TC space (Fig. 5¢), with those processed at room temperature possessing
lower TC than those processed at 200°C at a similar density level. This
might be due to the presence of a small amount of residual water after
CSP at RT (actually, these samples also possess a larger heat capacity
determined by DSC - data not reported).

The thermal conductivity (Fig. 5d) increases with temperature,
similarly to many other amorphous systems [81]. The typical RT values
for TC are about 0.6-0.8 W/m K and 0.8-1.1 W/m K for samples pro-
cessed at RT and 200°C, respectively. Such TC is similar to traditional
brick materials fired at high temperatures, typically ranging between 0.5
and 1.4 W/m K [82-84]. However, the bending strength of the CSPed
ash is fairly high: 10-20 MPa and 60-70 MPa after CSP at RT and 200°C,
respectively (Table 2). These values are generally well above those of
traditional ceramic bricks, which typically do not exceed 10 MPa
[85-871].

The excellent mechanical properties of the samples cold sintered at
200°C are reflected in the SEM micrographs (Fig. 2). These highlight the
cleavage of some particles, thus underscoring the high strength of the
interparticle bonding during CSP. We can also observe from Table 2 that
the samples consolidated with 5 M KOH solution at 20°C and with water
at 200°C possess similar TC, but the mechanical strength of the latter is
three times that of the former. In other words, CSP at 200°C enhances
the mechanical properties more than the thermal conductivity
compared to processing at 20°C. Again, this can be correlated to the
stronger interparticle bonding formed in “warm conditions”. Conse-
quently, the increase in flexural strength and thermal conductivity is
consistent with the SEM-observed neck thickening and reduction in
intergranular pore volume with increasing temperature and molarity.

Highly alkaline media induce silica depolymerization silicate species
[69,88,89]. These species may reorganize into more ordered networks
during CSP. Although the dissolution data reflect only the
room-temperature behavior of the ash in the absence of pressure, they
support the notion that CSP promotes partial dissolution and
stress-assisted densification through a dissolution-reprecipitation
mechanism [69,90]. Confirming our work, a previous dissolution study
on the volcanic ash in NaOH environments has already shown that the
silicon load in solution is larger than the Al one [91].

Based on the dissolution test results, the Si/Al ratio decreased with
increasing alkali molarity, from approximately 2.2 at 0 M to about 1.5 at
5 M. These values fall within the range generally considered favorable
for geopolymerization, indicating suitable conditions for the formation
of aluminosilicate networks [92]. In addition, the Ca/Si ratio showed a
pronounced decrease with increasing molarity, decreasing from
approximately 0.25 at 0 M to 0.12 at 2 M, and further to 0.07 at 5 M.
The relatively higher Ca/Si ratio observed at 0 M may suggest a greater
contribution of Ca-rich binding phases. Accordingly, the satisfying me-
chanical properties measured for the samples prepared at 200°C with
0 M can be attributed to the increased formation of C-S-H or C-alkali
oxides-A-S-H type phases, which are known to enhance mechanical
strength due to their dense and compact gel structure [93,94]. Such gel
is expected to precipitate at the particle neck region, providing
inter-particle bonding.

Besides the formation of geopolymer-like gel, carbonates form from
the reaction of metal oxides with the atmospheric CO5. Such a reaction is
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facilitated by the “wet conditions” of CSP, similar to the reaction path-
ways occurring during the setting of burnt lime. The presence of car-
bonates is clearly evidenced by their vibrational features in FTIR
(Fig. 3b). However, they are not visible in XRD, likely due to their
nanocrystalline/defective nature or because they are present in small
amounts, below the detection limit of the instrument. This makes a clear
identification of the carbonate stoichiometry not trivial, though one can
suppose they mostly involve alkaline and alkaline earth oxides. The
carbonate formation is further confirmed by the FTIR-coupled TGA,
pointing out of CO5 evolution through two main thermal events occur-
ring at 335 and 650°C.

The geomplymer-like gel can be partially, but not entirely, de-
hydroxilated during CSP (if carried out at 200°C) or during the drying
step (130°C). The TGA analysis (Fig. 4) points out a small but detectable
water evolution localized between 80 and 400°C. The weight loss at
lower temperatures can be primarily attributed to adsorbed water from
environmental humidity. Even if the sample was dried at 130°C the
night before TGA, still some water was adsorbed during its handling in
the atmosphere (these highly hygroscopic species could be the carbon-
ates). However, a substantial water signal above 150°C, confirms the
presence of structurally-bounded water.

The cold sintering process enables the densification of the volcanic
ash at remarkably low temperatures by employing a transient liquid
phase together with external pressure. Geopolymerization relies on se-
lective bulk dissolution of reactive aluminosilicate phases followed by
gel formation and polycondensation with longer treatment times
(generally progressing over hours to days at ambient or mildly elevated
temperatures) [56], whereas cold sintering involves interfacial dissolu-
tion and solution-mediated precipitation at grain boundaries in a rela-
tively short time (typically within minutes to hours), yielding
densification without forming a new continuous main binder phase.
Despite these differences, both routes rely on aqueous-assisted dis-
solution-transport-reprecipitation (or polycondensation) mechanisms,
albeit at different length scales and yielding different outcomes. This
also suggests that, under comparable alkaline and aqueous conditions, a
geopolymer-like dissolution and reprecipitation process may occur
locally at particle boundaries during cold sintering.

Note that in pressure-less conditions (geopolymer-like processing),
the consolidation of the ash is expected to be very modest using the said
molarity/solution content. In fact, under 100 MPa the material density
(about 60 %) is very close to that of a green body.

The overall results point out that CSP can be used to use volcanic
ashes to produce porous ceramics with fairly low thermal conductivity
and excellent mechanical strength compared to traditional ceramic
bricks.

5. Conclusions

The cold sintering process (CSP) proves to be an effective and energy-
efficient method for producing porous ceramics using volcanic ash as a
raw material. The evolution of microstructure and density during CSP is
primarily influenced by temperature, pressure, and solvent chemistry.
Typical processing conditions involve temperatures below 200°C,
pressures of a few hundred MPa, and a caustic medium (such as KOH
solutions). Notably, significant consolidation of the ash can also be
achieved using distilled water as a transient liquid phase. It is therefore
plausible that cold sintering may trigger a geopolymer-like dis-
solution—precipitation pathway at the interparticle region. The forma-
tion of hydrated and carbonated phases has been confirmed by ATR-
FTIR and by TGA analysis coupled with the fume FTIR investigation.
The total loss of volatile components is about 4 wt%, highlighting that in
CSP, only a modest portion of the material undergoes the geo-
polymerization reaction. Note that the sample processed under the
lowest pressure (100 MPa), does not show substantial densification,
highlighting that the external pressure is a mandatory requirement to
achieve some consolidation, thus differentiating CSP from the
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traditional geopolymerization of the volcanic ashes.

The key advantages of CSP include: (i) a significant reduction in the
energy consumption associated with the firing process compared to
conventional sintering; this reduces the environmental footprint of
ceramic production; (ii) elimination of additional fluxes and plasticizers,
enabling the fabrication of ceramics composed entirely of volcanic ash;
this enhances the value of an otherwise underutilized waste material,
simultaneously reducing disposal costs; (iii) enhanced material proper-
ties, as CSP-derived ceramics exhibit thermal conductivity comparable
to standard bricks while achieving a flexural strength up to ~70 MPa,
surpassing traditional counterparts.

In conclusion, CSP presents a sustainable and scalable approach for
repurposing volcanic ash into ceramics with attractive mechanical and
thermal properties. This aligns with circular economy principles and
offers a practical solution for waste valorization.
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