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Abstract 
Volcanic rocks have been used for building activity by the inhabitants of important cities located on the slopes of Mt. Etna, 
Italy. In this paper, the potential use of volcanic residues (code 20 03 03—“Municipal waste” residues from road cleaning in 
the European Waste Catalogue (EWC)) for the production of alkali activated material, especially devoted to the restoration of 
buildings belonging to the Baroque Sicilian architecture, was investigated. In particular, large volcanic pyroclastic deposits 
of recent eruptions considered waste materials were studied and a volcanic paleo-soil, locally named ghiara, widely used for 
mortars and plaster production in XVII–XVIII century with good pozzolanic features, was also considered. Both volcanic 
materials were activated using different mixtures of NaOH and Na2SiO3. Furthermore, formulations with different amount 
of metakaolin addition (10–25 wt%) were prepared due to low reactivity of volcanic materials and to allow the activation at 
room temperature. X ray diffraction revealed the formation of small quantities of zeolites as a result of the alkali activation 
process. The mechanical-physical results evidenced that the mechanical strength is strongly dependent on the metakaolin 
amount (10–38 MPa); accessible porosity average 25% and an average pore diameter of 0.06 µm; water absorption range 
9–15%, eluates conductivity in the range 20–350 µS/m. These results confirm the occurring of alkali activation and the good 
potential for these pyroclastic wastes for valorization in the restoration field.
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Statement of Novelty

The novelty of this study is the valorization of a local paleo-
soil, ghiara, to obtain alkaline activated materials and their 
characterization. Notwithstanding volcanic ash are already 
reported in literature for alkaline activation, ghiara paleo-
soil has not yet been investigated as resource for build-
ing materials. The concept of using low cost additives, as 
metakaolin in the proposed case, in the formulations allows 
the consolidation to occur without any thermal treatment, 
thus the formulated materials can be use in situ in the cul-
tural heritage/restoration field.

Introduction

The close relationship between architecture and raw mate-
rials provided by the geology of a territory is well-known 
[1]. This is particularly evident in the area of Catania, Italy, 
where, since prehistoric times, the rocks coming from Mt. 
Etna eruptive activity have been used [2–4]. Mt. Etna vol-
cano covers an area of 1250 km2 in the eastern Sicily, Italy 
(Fig. 1). It represents the highest volcano in Europe and one 
of the most active basaltic strato-volcanoes in the world, 
where both summit and flank eruptions occur very often, 
strongly influencing the densely populated territory. Histori-
cally, volcanic materials were mainly used as aggregates for 
the production of mortars and plasters. Indeed, the histori-
cal buildings of Etnean area are characterized by dark grey 

mortars for the use of pyroclastic rocks, while red hue for 
the use of the so-called “ghiara”.

This latter is a paleo-soils characterized by a reddish hue 
due its high iron content combined with the high tempera-
tures (800–900 °C) and oxidising conditions reached in con-
tact with the overlying lava flow (Fig. 2). Generally, the layer 
of “ghiara’’ paleo-soils has a thickness ranging from few 
centimetres to about 1 m, and is macroscopically heteroge-
neous, since its aspect reproduces the origin of the sediments 
involved by the overflowing lava, deriving from epyclastic or 
pyroclastic deposits [5]. The grain size of these paleo-soils is 
variable, but the ghiara deposits used as mortars aggregates 
are formed by prevailing sandy-silty granulometric fraction. 
Its volcanic origin is a peculiar feature of the Etnean area 
and it is found nowhere else in the world. Indeed, this mate-
rial was extracted for a long time in different anthropic cavi-
ties (tunnels also several kilometres long), located in Etnean 
territory, to be used as aggregate in Catania architecture in 
the seventeenth and eighteenth centuries in mortar and plas-
ter production (Fig. 3a, b).

Worthy of note is the fact that the use of pyroclastic rocks 
in the mortars is limited to the old leached deposits, since 
the fresh volcanic products have an excessively high chlo-
rides and sulphates content due to their interaction with the 
volcanic gasses [6]. In this scenario, the thick pyroclastic 
deposits produced by the recent frequent explosive activity 
of Mt. Etna cannot be used in the traditional cement industry.

The purpose of our research is to investigate the potential 
valorization of pyroclastic volcanic products and ghiara as 
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raw material for alkali activated material (AAM), also with 
the aim to reproduce ancient mortars for the restoration of 
historical monuments and buildings.

In particular, we tested ghiara as precursor for AAMs 
production with the aim to overcome durability problems 
caused by use of traditional Ordinary Portland Cement based 

Fig. 1   Geological map of Mt. Etna volcano, Sicily, Italy

Fig. 2   Ghiara quarry (Mt. Etna, 
Italy): the dashed line divides 
the ancient volcanic soil with 
the 1408 lava flow
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mortars (e.g. detachments) in the restoration works of histor-
ical buildings characterised by reddish façades and mortar.

At the moment, pyroclastic particles, once erupted and 
deposited on ground, are classified as waste with code 20 
03 03—“Municipal waste” residues from road cleaning in 
the European Waste Catalogue (EWC). However, on March 
2014, the waste code was temporarily modified in “Soil and 
Rock—excavated” (code 17 05 04) after a significant erup-
tion of volcano Etna, occurred on March 2013 [7]. At this 
purpose, our work is also motivated by the absence of nor-
mative references regarding the management of this natural 
“resource”. Therefore, the use of volcanic pyroclastic wastes 
for the production of AAMs represents an opportunity for 
the economic development of this territory, a good alterna-
tive to traditional building materials and an improvement of 
their management.

In the last decades, scientific literature reports the prepa-
ration of AAMs with different natural and waste raw materi-
als mostly to reduce CO2 emission produced in traditional 
materials industry, such as cement or bricks [8–15]. These 
materials are aluminosilicate polymers, also called “geo-
polymers”, characterized by good mechanical and chemical 
properties, obtained by reaction of an aluminosilicate mate-
rial with an alkaline solution [16, 17]. They have several 
application fields, such as building materials and hazardous 
waste encapsulation, guaranteeing high strength, low shrink-
age, low carbon emission, acid resistance, etc. [18–20]. 
However, their properties depend on many factors among 
which: typology of precursor materials, mineralogical and 
chemical composition of the aluminosilicate sources, parti-
cle size distribution of the raw material, curing temperature, 
composition of the alkaline solution and liquid to solid ratio 
[21]. Alkali synthesis involves a three steps process made 
of dissolution of aluminosilicate raw material in high pH 
solution composed by alkali activators, followed by room 
temperature polymerisation of active surface groups and 
soluble species to form a gel, then subsequently polycon-
densation to form hardened three dimensional structures 

[22]. In particular, dissolution rate of the aluminium and 
silicon species depends on the amorphous nature of the pre-
cursor materials as well as the fineness of powder particles. 
Geopolymer structure is made of complex polymeric chains 
of connected SiO4 and AlO4 tetrahedra [23, 24] linked by 
shared oxygen atoms, with alkali cations (Na+, K+, Ca2+, 
etc.) from the activator solution present to balance the nega-
tive charge of tetrahedrally coordinated Al3+.

In this context, volcanic glass is one of the most suit-
able materials for AAMs production. Subsequently, it was 
used as precursor for alkali activation synthesis [17, 20, 25]. 
However, the higher stability in high alkaline environment of 
volcanic glass when compared to the more commonly used 
geopolymers materials, such as metakaolin and fly ashes, 
required thermal treatments to positively influence the final 
properties of AAM as evidenced in literature (e.g. [24].). 
This thermal treatment together with long setting time, high 
shrinkage and excess efflorescence strongly limited their 
application as a building material.

The final goal of our study is evaluating the use of Mt. 
Etna pyroclastic wastes to produce low cost building materi-
als suitable also for restoration of areas of cultural heritage 
damage. The alkali activation was chosen among the dif-
ferent possibilities of valorization [26] since it repeats the 
ancient construction procedures and maintains the original 
colours, morphologies, expansion, and vapour permeability 
of the old/ancient buildings. Several formulations of alkali 
activated materials containing volcanic ash or ghiara were 
tested with and without addition of metakaolin. The char-
acterization proposed in this paper is focused on evaluating 
chemical and mechanical stability of the consolidated mate-
rial, as well as its durability [27, 28].

The proposed procedure shows regional benefits in eco-
nomic and environmental terms thanks to a sustainable 
management of pyroclastic deposits with a recycling at km 
0, and represents a successful initiative in ancient building 
restoration starting from local raw materials.

Materials and Methods

The volcanic explosive activity produces pyroclastic parti-
cles normally distinguished into three main categories on the 
basis of their grain size: bomb (> 64 mm), lapilli (64–2 mm) 
and ash (< 2 mm) [29]. Going forward, we indicate with the 
term volcanic ash both categories of lapilli and ash. The 
pyroclastic particles used in this study were sampled near 
the Santa Venerina town (in the south-east slope of Mt. Etna 
volcano, Italy) after the 03/16/2013 eruption. The dimen-
sional sorting of the particles of the pyroclastic deposits 
was low ranging from 2 cm to 0.1 mm, hence they could be 
defined volcanic ash. The samples were collected, according 
to international recommendations [30], at the same time or 

Fig. 3   a Detachment of mortar based on ghiara; b Original plaster 
application in San Salvatore church in Viagrande, Catania, Italy
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shortly after deposition. Special care was taken to prevent 
the contamination of the volcanic material with other natural 
(e.g., dust or ash from previous eruptions) or anthropic par-
ticulates. Furthermore, the samples have not been in contact 
with water either during deposition or after the sampling.

Ghiara samples were collected in the “Orcio” quarry, 
located in the district of Trecastagni village (in the south 
slope of Mt. Etna), Italy. It is one of the largest anthropic 
cavities of Etnean area, mainly used in ancient time for the 
extraction of this red paleo-soils. The deposit has a variable 
thickness (1.20–1.60 m) and is characterized by a grain size 
between 2 and 0.5 mm. Ghiara colour changes from yellow-
ish hue near the contact with the lava roof, to brick-reddish 
hue in the deposit’s core (see onward in the text for colour 
assessment).

Once the moisture was dried and removed, both materials 
were dry milled and sieved to obtain a grain size < 75 μm, 
dimension which was considered suitable for the alkali acti-
vation process [31].

For alkali formulation without thermal treatments (series 
VM and GM for volcanic ash and ghiara, respectively), we 
also used the addition of 5–25% of ARGICAL™ M1000 
metakaolin, (IMERYS, France, reported chemical composi-
tion from producer: SiO2 = 55%; Al2O3 = 40%, Fe2O3 = 1.4%; 
TiO2 = 1.5%; Na2O + K2O = 0.8%; CaO + MgO = 0.3%; 
LOI = 1%).

Regarding activators, sodium hydroxide (8 M) and two 
sodium silicates were used. Specifically, a pure sodium sili-
cate (provided by Carlo Erba, Milan, Italy) (code: 373,908) 
with ratio SiO2/Na2O = 2 and a liquid sodium silicate (pro-
vided by Ingessil s.r.l., Verona, Italy) with a molar ratio 
SiO2/Na2O = 3.

After 7 days of curing, in order to obtain an immediate 
feedback, an “integrity test” was performed on all AAM 
samples to check the chemical stability and preliminary 
resistance to mechanical stress [31]. The test consisted of the 
immersion of the sample in de-ionized water with a solid/
liquid ratio of 1/10. After 24 h, the sample integrity was 
visually evaluated in terms of dimensional changes, surface 
modifications and water color.

Mineralogical characterization was carried out only on 
the samples that are undamaged after this test. In detail, the 
X ray powder diffraction (XRD) analysis was performed on 
powdered samples after seven days of aging using a Sie-
mens D5000 diffractometer, with Cu Kα radiation and Ni 
filter, in the 2θ range 3–70°, using a step size of 0.02°, a 
counting time of 5 s for step, divergence and antiscatter slit 
of 1° and receiving slit of 0.2 mm. The quantitative data 
were obtained with Rietveld method using GSASII software 
[32]. The amorphous abundance was calculated by means of 
internal corundum standard addition [33].

X ray fluorescence spectroscopy (XRF) analysis was car-
ried out on raw materials after grinding using a PHILIPS 

PW2404 spectrometer on powder-pressed pellets; total loss 
on ignition (LOI) was gravimetrically estimated after over-
night heating at 950 °C. The quantitative analysis was carried 
out using a calibration line based on 45 international rocks 
standards. The limits of detection (LOD) were: SiO2 = 1 
wt%, TiO2 = 0.01 wt%, Al2O3 = 0.1 wt%, Fe2O3 = 0.05 
wt%, MnO = 0.01 wt%, MgO = 0.02 wt%, CaO = 0.05 wt%, 
Na2O = 0.01 wt%, K2O = 0.05 wt%, P2O5 = 0.01. The preci-
sion was monitored by routinely running a well-investigated 
in-house standard (obsidian). The average relative standard 
deviations (RSD) were less than 5%. Finally, the accuracy 
was evaluated using an international standard that is com-
positionally similar to the analysed samples. The accuracy 
was good for major elements (< 3%), except MnO. In detail, 
both on ghiara and on volcanic ash, five XRF measurements 
for major and trace elements were performed and the final 
results were obtained from their average values.

To evaluate the effective permeable porosity of represent-
ative AAMs belonging to series VM1 and GM1 (with 10, 20 
wt% metakaolin), permeable porosity test for total absorp-
tion were performed. The test was conducted on small cubic 
samples dried in an oven at temperature of 100 °C for 24 h 
to ensure that a constant mass was achieved. The specimens 
were left at room temperature in a desiccator for two hours 
to allow the cooling and to obtain their initial weight (wd). 
Afterwards, they were immersed in distilled water at room 
temperature and covered by 2 cm of water. The samples, 
once swabbed with a damp cloth, were weighed at various 
time intervals (starting to 1 min up to few hours). The test 
was considered ended once no recorded significant variation 
of wet mass (< 1% ww) between two following measure-
ments. Water absorption was then quantified using Eq. (1) 
to quantify the change of weight as percentage of the initial 
one.

The investigation at sub-micrometric dimensional scale 
was carried out by Hg intrusion porosimetry (MIP) on 
small sherds of following samples: VM1-10, 20 and 20LS 
and the equivalents for ghiara once removed humidity in 
the oven at 100 °C temperature. Moreover, specimens aged 
one year of the same formulations were analysed with the 
aim to compare them with the shards of cubic samples aged 
5 months. Porosimetric analysis was carried out with a Ther-
moquest Pascal 240 macropore unit in order to explore a 
porosity range ~ 0.0074 µm < r <  ~ 15 µm (r being the radius 
of the pores), and by a Thermoquest Pascal 140 porosim-
eter instrument in order to investigate a porosity range 
from ~ 3.8 µm < r <  ~ 116 µm.

To assess the chemical stability of the material in the 
aqueous environment and to evaluate the efficacy of the 

(1)Water absorption, % =

w
w
− w

d

w
d

× 100
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consolidation process via alkali activation, the pH and the 
ionic conductivity measurements were carried out on the 
solutions produced at 25 °C immersing in de-ionized water 
five formulations belonging to the VM1 and GM1 series and 
containing 10–25% of metakaolin.

To perform pH tests it was used a Laboratory PH sen-
sor Hamilton type Liq- glass SL, and it was measured with 
OAKTON Eutech Instruments Ph5/6 and Ion 6. Electrical 
conductivity was measured with OAKTON Eutech Instru-
ments CON 6/TDS 6. This test was performed after 28 days 
of curing at room temperature and consisted of the immer-
sion of a solid piece of sample in distilled water, with a 
solid/liquid ratio of 1/10 stirring for 24 h in a beaker. Meas-
urements were determined for different times 0, 5, 15, 30, 
60, 120, 720, 1440 min. Adopting such a procedure it is 
possible to monitor the changes over the first 24 h of the test 
and provide information on the amount of dissolved solid.

Morphological analyses were performed using a Tescan 
Vega LMU scanning electron microscope (SEM), equipped 
with a with EDAX energy dispersive spectrometer (EDS). 
Data were collected using a voltage of 20 kV and a beam 
current of 0.2 nA. The measurements were performed on 
thin sections of samples fixed on a metal support and coated 
with a thin layer of graphitic carbon. SEM–EDS analysis 
were performed on two AAMs based on volcanic precursors 
plus 10 and 20 wt% of metakaolin, respectively, considered 
as representative of the VM1 and GM1 series, with the aim 
to highlight morphological and compositional features of 
microstructure whose characterize this type of material. Four 
images for each sample at low magnifications were taken 
to evaluate the main features of texture as whole porosity 
and general discontinuities (images as supplementary files), 
while different spot analysis were collected on small areas 
(high magnification) to estimate the chemical composition.

Mechanical compressive tests after 28 days of curing 
at room temperature were carried out on five formula-
tions belonging to the VM1 and GM1 series with 10–25% 
of metakaolin, including a “green” formulation (labelled 
with suffix LS), developed to reduce at minimum the use of 
sodium silicate solution with 20% of metakaolin addition. 
In this way, we can underline the influence of metakaolin on 
the final strength and to evaluate the effect of reducing the 
sodium silicate in alkaline solution, maintaining constant the 

other variables at the expense of workability. Compressive 
strength was determined using an Instron 5567 Universal 
Testing Machine with 30 kN load limit and displacement of 
3 mm/min according to the standard UNI EN 826. In par-
ticular, four specimens for each formulation were prepared 
in cubic plastic moulds with a side of 2 cm (Fig. 4).

Geopolymerization Process

Volcanic materials powders with < 75 µm grain size were 
mixed with different alkali solutions to obtain a highly vis-
cous paste, which was slip cast in a cylinder plastic mould 
and vibrated for 1 min to remove air bubbles. The speci-
mens were covered for 24 h with a thin polymer film to 
maintain a constant level of moisture, then, they were air 
exposed to complete alkali consolidation at room temper-
ature (25 ± 3 °C). However, consistency of some samples 
was not sufficient after a total of 48 h, revealing an uncom-
pleted alkali activation. Therefore, thermal treatments were 
performed on one sample of volcanic ash (VLA1) and four 
samples of ghiara (GHI1-4), as listed in the Table 1. The dif-
ference in terms of samples tested of each volcanic material 
for the aforementioned thermal treatments was due to the 
numerous results reported in literature for thermal treatment 
of AAMs based on volcanic ash [24]. On the contrary, no 
data were available for alkali synthesis of materials similar 
to the studied ghiara.

We also prepared AAMs with the addition of metakaolin 
to avoid thermal treatments and thus to reduce environmen-
tal impact in terms of energy and emission. In detail, two 
series were produced: one for each volcanic material (VM1 
and GM1) with an increase of metakaolin from 5 to 25% on 
total weight of the volcanic powder (called: VM1-5/25% and 
GM1-5/25%), as reported in the Table 1. Moreover, different 
NaOH/Na2SiO3% ratios (using a ratio SiO2/Na2O = 2) were 
used (Table 1) in order to investigate the best conditions to 
avoid efflorescence on samples’ surface after air exposition.

Regarding the formulations of these groups of AAMs, 
a methodological approach was considered, structured as 
following: preparation of the precursors, sieving step of 
the powders to well homogenise the matrix and avoid the 
formation of metakaolin clumps, mixing with mechanical 
mixer with addition of alkaline solution, filling in moulds 

Fig. 4   Representative pho-
tographs of cubic samples 
regarding the series GM1 (a) 
and VM1 (b) after polishing 
surfaces step, prepared for the 
mechanical compressive test
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and vibration to remove micro air bubbles; covering with 
plastic films for 24 h to maintain 100% humidity and follow-
ing exposition to air; removal of specimens once obtained 
consolidation after 24/36 h from the moulds; rectification 
surfaces (Fig. 5).

Results

Formulations (Table 1) were performed taking into account 
chemical compositions of both volcanic ash and ghiara 
powders carried out with XRF. The averages of the major 

elements’ chemical analysis are listed in in Table 2 in weight 
percentage. Moreover, considering the importance of the 
amorphous content (volcanic glass) of the precursors for 
the alkaline activation, we reported in Table 2 its chemical 
composition by literature [6].

Chemical compositions (Table 2) of both raw materials 
are quite similar, but ghiara has a higher Al2O3 abundance 
and on average lower CaO than volcanic ashes. Moreover, 
mineralogical compositions (Figs. 6, 7) of these materials 
were estimated by means of XRD analysis, using quantita-
tive Rietveld methods (Table 3 including indications of the 
crystallographic cards used for refinement processing). In 

Table 1   Labels, formulation, 
features and analysis carried out 
on samples considered in this 
work (metakaolin percentage 
was calculated on the basis 
of the total aluminosilicate 
powder)

The letter V indicates volcanic ash; G: ghiara; and M: metakaolin
The horizontal straight line divides up the samples with Na2SiO3 provided by Carlo Erba company above, 
from those below by Ingessil s.r.l

NaOH 
%weight

Na2SiO3%weight Water (ml) Metakaolin
%weight

Curing temp./time

VLA1_100 30 70 − − 100 °C (48 h)
VLA1_400 30 70 − − 400 °C (12 h)
GHI4_100 50 50 − − 100 °C (48 h)
GHI4_400 50 50 − − 400 °C (12 h)
GHI1_100 23 77 2 − 100 °C (24 h)
GHI1_400 23 77 2 − 400 °C (8 h)
GHI2_100 50 50 1.5 − 100 °C (24 h)
GHI2_400 50 50 1.5 − 400 °C (8 h)
GHI3_100 50 50 − − 100 °C (24 h)
GHI3_400 50 50 − − 400 °C (8 h)
VM 1-05 23 77 − 5 25 °C
VM 1-10 23 77 − 10 25 °C
VM 1-15 23 77 − 15 25 °C
VM 1-20 23 77 − 20 25 °C
VM 1-25 23 77 − 25 25 °C
VM1-20LS 30 70 − 20 25 °C
VM5-20 10 90 4 20 25 °C
VMT2-10 10 90 − 10 25 °C
VMT1-20 40 60 − 20 25 °C
VMT3-15 40 60 − 15 25 °C
VMX-20 50 50 − 20 25 °C
VMT4-25 60 40 − 25 25 °C
VM4-20LS 60 40 − 20 25 °C
GM 1-05 27 73 − 5 25 °C
GM 1-10 27 73 − 10 25 °C
GM 1-15 27 73 − 15 25 °C
GM 1-20 27 73 − 20 25 °C
GM 1-25 27 73 − 25 25 °C
GHIT3-15 10 90 − 15 25 °C
GM1-20 LS 30 70 − 20 25 °C
GHIT1-20 40 60 − 20 25 °C
GHI5-20 50 50 − 20 25 °C
GHIT2-20 60 40 − 20 25 °C
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general, they showed more than 50% of amorphous phase 
(volcanic glass), in the particular case of volcanic ash, the 
value reached almost 75%, so perfectly compatible to be 
used in alkali synthesis. Additionally, volcanic ash evi-
denced the typical mineralogical phases of Mt. Etna basaltic 
rocks, such as calcium plagioclase, pyroxene and olivine [6, 

34] while ghiara paleo-soil highlighted, in addition to the 
aforementioned phases, iron oxides and hydroxides (goethite 
and hematite) and, in some cases, calcite.

Fig. 5   Summary of the main steps for AAMs production with MK 
addition. a mixing of ghiara and metakaolin and use of a sieve to 
homogenise; b result after the sieving step; c mixing with alkaline 

solution and mechanical mixer; d fill of cubic moulds with the fresh 
slurry; e after 24/36 h of consolidation and before to unmould

Table 2   Major elements of 
studied raw materials (XRF) 
and of volcanic glass (SEM–
EDS)

The abundances are expressed as weight% of oxides

Volcanic ash Ghiara Volcanic glass

Average SD Average SD Average SD

SiO2 49.1 0.4 50.0 1.4 50.3 0.8
TiO2 2.0 0.1 1.5 0.1 2.3 0.0
Al2O3 16.4 1.0 19.5 1.1 15.7 0.3
Fe2O3 11.7 0.8 11.6 0.5 10.6 0.1
MnO 0.2 0.0 0.2 0.0 0.2 0.0
MgO 4.0 0.4 2.8 0.4 2.9 0.2
CaO 10.5 0.4 7.8 0.9 7.5 0.4
Na2O 3.5 0.2 3.5 0.7 4.2 0.2
K2O 2.0 0.1 1.7 0.2 4.0 0.3
P2O5 0.4 0.1 0.6 0.2 – –
LOI 0.4 0.2 0.9 0.6 – –
SiO2/Al2O3 (molar ratio) 5.1 0.3 4.4 0.3 5.4 0.1
SiO2 + Al2O3 65.4 0.6 69.4 1.7 65.9 1.0
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Volcanic Ash AAMs: Integrity Test

Results regarding the integrity test of AAMs based on vol-
canic ash only failed to dissolve partially or completely. 
Therefore, thermal treatments were performed on these for-
mulations to reach densification and to complete alkali con-
solidation process. Indeed, thermal treatments represent an 
important synthesis parameter for low reactivity materials, 
such as volcanic ones [24, 35–37]. Moreover, their effects 
were directly correlated to the mechanical behaviour [24]. 
In detail, VLA1 sample treated at 400 °C was chemically 
stable, while the sample at 100 °C did not pass the integrity 
test.

More interesting are the results of AAMs based on vol-
canic ash also when added of 5–25 wt% of metakaolin. In 
this case (VM1 set), the use of activation solution (formed 
by NaOH = 23% and pure water glass = 77%) produced 
AAMs with good chemical and resistance features with the 
exception of the sample with 5% of metakaolin. A second 
parameter to keep in consideration to establish the quality 
of the geopolymers is the appearance of the white efflores-
cence consisting of trona (Na3(CO3)·(HCO3)·2(H2O)), as 
determined by XRD analysis. In VM1 set, efflorescence 
occurrence was observed on samples with metakaolin con-
tent lower than of 20%.

With the aim to investigate the formulations that do not 
have this undesirable behaviour, other AAMs with differ-
ent activators ratio and metakaolin content were produced 
and passed the integrity test (VM5-20; VMT2-10; VM1-20 
LS; VMT1-20; VMT3-15; VMX-20; VMT4-25; VM4-20 
LS, see Table 1). Among these, VM1-20 LS was produced 
also with the aim to reduce the addition of sodium silicate, 
to reach high viscosity and to maintain a low setting time.

Ghiara AAMs: Integrity Test

At the same time, integrity test results of AAMs based on 
ghiara only, showed negative effects in terms of the chemical 
stability test and mechanical resistance suggesting an incom-
plete consolidation. For this reason, samples underwent ther-
mal treatments to reach consistency and hardness. In this 

Fig. 6   Representative pattern of volcanic ash for following typology: 
raw material, treated at 100/400 °C and one with metakaolin addition 
(20%) (An: anorthite; Au: Augite; Fo: forsterite; Mg: maghemite; Ph: 
phillipsite; Gs: gismondine; C: corundum)

Fig. 7   Representative pattern of ghiara for following typology: raw 
material, treated at 100/400  °C and one with metakaolin addition 
(20%) (An: anorthite; Ao: anortoclase; Au: augite; Fo: forsterite; He: 
hematite; Gt: gohetite: Mg: maghemite; Ph: phillipsite; Fj: faujasite; 
C: corundum)
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case, since the use of ghiara have not been studied up to now 
for AAM production, two formulations (GHI1 and GHI4) 
with different NaOH percentage were investigated. Further-
more, three samples for each formulation were analysed with 
the aim to have statistically representative data. All samples 
already reached a good stability and stiffness at 100 °C (after 
48 h), even though, impurities observed in water suggest a 
not complete activation. This demonstrates the efficiency 
of thermal treatment in enhancing the reactivity of the pre-
cursors powder and the potentiality of alkali activation of 
volcanic residues, even if the treatment at 100–400 °C is not 
a realistic solution to be used in-situ applications.

Using the same approach described for the volcanic ash 
formulations, AAMs based on ghiara and metakaolin were 
produced to obtain a complete scenario on efflorescence 
occurrence. A “green” formulation containing lower amount 
of Na-silicate (GM1-20 LS) with ghiara precursor was also 
produced and it demonstrates good water resistance.

XRD Results of AAMs

The used raw materials and the produced AAMs showed, 
as attested in the literature [18, 38–40], high amorphous 

content as evidenced by the broad band in the 20–35 2Θ 
range. The mineralogical phases typical of Mt. Etna vol-
canic ash (i.e. Ca-rich plagioclase, pyroxene, and olivine) 
and ghiara (i.e. Ca-rich plagioclase, anorthoclase, pyroxene, 
hematite, goethite ± calcite) are the prevalent ones in the raw 
materials as well as in AAMs. In these latter, in many cases, 
zeolites (phillipsite, zeolite-P, faujasite) are present, suggest-
ing the formation of novel and more ordered structure during 
the polymeralization process [41]. Finally, anatase is present 
in little quantity in the samples containing MK as accessory 
phase in kaolinitic materials (Table 3).

In particular, regarding the volcanic ash AAMs, the quali-
tative and quantitative analysis gives the following results: 
(i) in AAMs thermally treated and based on volcanic ash 
only (VLA1), the amorphous phase is the more abundant 
(> 80%) both after 100 °C and 400 °C curing; (ii) in the 
100 °C sample, zeolite P and phillipsite are present, while 
in the 400 °C only zeolite P is observable; (iii) in the sam-
ples obtained with the addition of MK (VM1), gismondina 
is the zeolitic phase observed (Fig. 6) (Table 3). The pres-
ence of zeolites after thermal treatment can be related to the 
reorganization of geopolymeric gel formed after alkali acti-
vation induced by temperature. In addition, XRD analysis 

Table 3   Mineralogical results obtained by XRD analysis with Rietveld Method

An: Anorthite, amcsd 0001287 [42]; Anor: Anorthoclase, code 9000855 [43]; Aug: Augite, code 1000035 [44]; Fo: Forsterite, amcsd 0000886 
[45]; Mgh: Maghemite, amcsd 0013508 [46]; Hem: Hematite, amcsd 0002228 [47]; Gt: Goethite, amcsd 0002226 [47]; Phl: Phillipsite, amcsd 
0012860 [48]; Fau: Faujasite, amcsd 0006772 [49]; ZeoP: Zeolite P, 8104214 [50]; Gis: Gismondine, amcsd 0020103 [51]; Cal: Calcite, amcsd 
0000989 [52]; Ant: Anatase, amcsd 0011765 [53]; Amorp: Amorphous

Zeolite group

Weight% An Anor Aug Fo Mgh Hem Gt Phl Fau ZeoP Gis Cal Ant Amorp

Raw materials Volcanic ash 12.4 − 12.5 0.7 − − − − − − − − − 74.5
Ghiara 23.3 11.8 9.1 − − 1.9 0.1 − − − − − − 53.8

Thermal treated samples VLA1_100 8.7 − 3.8 − 0.2 − − 0.6 − 0.3 − − − 86.5
VLA1_400 14.1 − 2.4 − 0.5 − − − − 1.6 − − − 81.5
GHI4_100 30.7 4.1 3.9 − 0.8 1.7 − − − − − 0.7 − 58.2
GHI4_400 28.5 5.8 11.2 − 0.6 2.0 − − − − − 0.3 − 51.6
GHI1_100 33.1 23.8 5.3 − 0.5 1.8 − 0.7 0.2 1.1 − 1.8 − 31.7
GHI1_400 39.1 12.0 12.3 − 1.1 0.3 − 6.8 0.1 − − 0.4 − 27.9
GHI2_100 34.4 5.7 7.4 − 0.8 1.0 − − 0.4 0.4 − − − 50.3
GHI2_400 50.4 7.2 9.8 − 1.9 1.3 − 0.1 0.3 0.4 − − − 28.6
GHI3_100 5.8 7.1 2.4 − 1.0 0.9 − 0.3 0.1 0.3 − 1.0 − 72.5
GHI3_400 41.5 14.6 4.6 − 0.7 0.8 − 0.1 − − − − − 38.2

Samples with MK addition VM 1-10 12.1 1.7 4.8 − − − − − − − 1.6 − 0.2 79.6
VM 1-15 15.5 8.4 4.5 − − − − − − − 1.5 − 0.2 69.9
VM 1-20 7.6 1.3 2.7 − − − − − − − 0.1 − 0.1 88.2
VM 1-25 21.2 3.9 5.8 − − − − − − − 0.4 − 0.1 68.7
GM 1-10 26.9 10.3 11.3 2.8 1.7 1.5 − 0.2 0.1 0.3 − 0.7 − 44.4
GM 1-15 14.5 12.7 8.0 2.2 0.7 1.8 − 0.5 0.1 0.2 − 0.5 0.3 58.6
GM 1-20 15.6 6.3 3.4 2.1 0.2 1.5 − 0.5 0.1 0.1 − 4.3 − 65.9
GM 1-25 15.9 8.3 7.4 2.2 0.5 0.3 − 0.3 − − − 0.7 − 64.4
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performed on samples exposed to air, evidenced trona and 
thermonatrite as carbonatic phases occurred during consoli-
dation due to the reactivity of excess Na + with CO2. These 
phases are not present in the bulk samples but only on the 
surface layer in contact with atmosphere.

On the other hand, mineralogical results related to AAMs 
based on ghiara evidenced: (i) in thermally treated AAMs, 
on average, we found a lower amorphous phase abundance 
than in the corresponding volcanic ash AAMs; (ii) the amor-
phous percentage of the formulations treated at 400 °C is 
lower than those treated at 100 °C; (iii) in all the thermally 
treated samples, small amount of zeolite were observed; 
(iii) GM1 set showed amorphous content higher than 44% 
and phases belonging to zeolite group in small quantities 
(Fig. 7).

Water Absorption and Porosity of AAMs

According to total absorption test results, the analysed sam-
ples reached the saturation very rapidly. Indeed, the water 
absorption range between 9 and 15% for both volcanic pre-
cursors (Table 4). Moreover, the samples with only 10 wt% 
of metakaolin evidenced the lowest percentage. However, 
we assumed that efflorescence formation influenced these 
results.

Hg porosimetry data showed a microporosity with an 
average accessible porosity of 27.31% and average pore 
diameter of 0.08 µm for VM1 series while 26.06% and 
0.05 µm for GM1 one (Table 5). Considering the amount of 
metakaolin added and the difference of alkaline solution in 
the "green" formulations, both series evidenced same fea-
tures: the samples with 20 wt% of MK showed a higher 
volume in the pore sizes range 0.1–0.01 µm than those with 
10 wt%, while the samples with lower liquid/solid ratio (LS 
composition) evidenced a similar pore volume distribution 
but a lower accessible porosity. All samples of both series 
were compared with the corresponding samples aged after 1 
year (Fig. 8a, b). The average value of this latter highlighted 
a decrease of accessible porosity and an increase of pore vol-
ume in the range 0.1–0.01 µm while the pores in the range 
100–1 µm decrease with the exception of GM1-10 samples.

pH and Ionic Solution Conductivity Measurements 
of AAMs

The ionic conductivity is electrical conductivity due to the 
motion of all the free ionic charges presented in the solution 
and it is linked directly to the total dissolved solids. The 
results of pH and ionic solution conductivity measurements 
of AAMs based on volcanic ash and ghiara belonging to the 
VM1 and GM1 series with 10–25% of metakaolin showed 
interesting information about chemical stability. Both pH 
and ionic conductivity measures are related to the ions 
released in water by the solid geopolymer. Concerning pH 
values, they remain fairly constant during the 24 h of test 
for both the VM1 and GM1 series, confirming the chemical 
stability of the material showing a steady value already after 
15 min and an average value slightly below 10.

As regards the conductivity results, it can be noted that 
the conductivity increases with the time (Fig. 9a, c), due to 
a release of ions into the water, with a similar trend for VM1 
and GM1 series.

It is interesting to note that with the increase of the per-
centage of metakaolin in the compositions, conductivity 
values decrease as the consequence of greater chemical sta-
bility of the formulation due to the composition optimization 
induced by metakaolin, which favors a higher degree of geo-
polymerization (Fig. 9b, d). The values of ionic conductiv-
ity are just one order of magnitude higher than that typical 
drinking water in the range of 5–50 mS/m. Other values that 
can be used as reference are high quality deionized water 
has a conductivity of about 5.5 μS/m at 25 °C, while sea 
water around 5 S/m (or 5,000,000 μS/m). From the graphs 
(Fig. 9a–d) of conductivity it appears evident that the effect 
of metakaolin is stronger in composition based on ghiara 
with respect to volcanic ash and the decrease of conductivity 
is particular evident for longer immersion times. Further-
more, the proper dosage of alkaline solution (samples named 
LS) leads to a decrease of conductivity, with respect to sam-
ples containing the same amount of metakaolin. This behav-
iour confirms the higher stability of the matrix formulated.

Microstructural Analysis of AAMs

All the SEM images obtained at low magnifications showed 
a microporous structure typical of these materials [20, 26, 
54–56] with variable pore size in the range of 50–200 µm 
and rounded shape (Fig. S1 as supplementary file). These 
pores occurred during sample preparation as air entrapped 
during mixing was not able to get to the surface as a conse-
quence of paste’s high viscosity. The grains of volcanic ash 
appeared as irregular polyhedral particles with dimensions 
measured in the 20–100 µm range as well as reported by 
[20].

Table 4   Results of permeable 
porosity test for total absorption 
(Wa) and average density of 
cubes prepared for mechanical 
compressive test

Samples ρ (g/cm3) Wa%

VM1-10 1.94 9
VM1-20 1.84 12
VM1-20 LS 1.99 15
GM1-10 2.03 9
GM1-20 1.89 14
GM1-20 LS 1.96 15
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Contemporary, other images were taken at high magni-
fications to evidence the finer microstructure and to collect 

the local chemical compositions in different spot analysis 
(Fig. 10a–d). Generally, the AAMs evidenced:

Fig. 8   Cumulative pore volume vs pore size graphs: a representative samples of VM1 set and the corresponding aged 1 year (dashed lines); b 
representative samples of GM1 set and the corresponding aged 1 year (dashed lines)

Fig. 9   Conductivity values for prepared formulations containing volcanic ash and ghiara as a function of metakaolin content (b, d) and time (a, 
c) (instrument sensibility ± 0.01)
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•	 A major micro porosity (pore diameter range 50–200 µm) 
was detected on samples with 10 wt% of metakaolin 
(VM1-10 and GM1-10) in comparison with the others 
(VM1-20 and GM1-20; see supplementary files).

•	 All samples at high magnifications showed elongated and 
acicular crystals whose compositions appeared to be sim-
ilar to that of the sodium carbonate laid down onto the 
amorphous matrix of geopolymeric gel [57] (for example 
point “b” in Fig. 10a).

•	 Other grains were detected with affinities in chemical 
compositions to volcanic glass (point “a” in Fig. 10a), or 
relict mineralogical phases not completely reacted during 
alkali activation (e.g. point “a” in Fig. 10b).

•	 Plies of metakaolin foils are not evidenced, indicating a 
good mixing process during fresh paste preparation.

Cracks and void are difficult to analyse and discuss due to 
fracturing operation during sample preparation. Neverthe-
less, the presence of irregular polyhedral grains of volcanic 
ash act as reinforcement for the alkali activated matrix, with 
crack bending or crack deflection toughening mechanism as 
indicated by the arrows in Fig. 10d.

Mechanical Compressive Strength of AAMs

The AAMs samples showed density ranging 1.7–2 g/cm3 
calculated after 24/36 h and the rectification step. Regard-
ing the series VM1 and GM1 and their “green” formula-
tions, the mechanical compressive values range from 10 to 
38 MPa after 28 days of curing (Table 6). The values of both 
series showed higher mechanical strengths with increasing 
of metakaolin content (wt%) (Fig. 11). This behaviour is 
more evident in GM1 set than in VM1 set. However, the 
results of green formulations of both series, where precur-
sors and activators were mixed in the same ratios, confirmed 
the chemical similarity of these volcanic precursors.

Discussion

According to the chemical and mineralogical composi-
tions, both the studied volcanic residues represent suitable 
aluminosilicate precursors for AAMs production thanks to 
their high volcanic glass abundances and the Si/Al ratios 
of the bulk and of the amorphous phase [38]. Furthermore, 

chemical and mineralogical composition of Mt. Etna lavas 
are similar to other volcanic rocks used in literature for geo-
polymer productions [20, 25]. However, the exclusive use of 
Mt. Etna raw materials with grain size round < 75 µm, with-
out the addition of low percentages of metakaolin, at room 
temperature evidenced negative results since such formula-
tions do not pass the integrity test. The thermal curing at 
100 and 400 °C give good results in the formation of AAMs 
as in the case of fly ash precursors [58] that have similar 
composition and behaviour of volcanic glass in presence 
of alkaline solution. In particular, 100 °C treatment is suf-
ficient to complete the alkaline activation and also to obtain 
a stiff and solid AAM of ghiara samples while for volcanic 
ash it is necessary to reach 400 °C. The curing tempera-
tures of 100 and 400 °C were chosen in order to evaluate the 
reactivity of volcanic residues as a function of temperature. 
Obviously, these curing conditions are not suitable for an 
in-situ application but the results of these tests are instru-
mental to providing the best possible understanding of the 

Fig. 10   SEM micro-images of thin sections with high magnifications 
with spot analysis expressed in red dots, EDS spectra of representa-
tive point analyses and tables with histograms where weight of the 
oxides (wt%) are listed. Legenda: a sample VM1-10 (magnifica-
tions × 498 and 2.38 kx); b sample VM1-20 (magnification 3.67 kx); 
c sample GM1-10 (magnification 2.58 kx); d sample GM1-20 (mag-
nification 3.23 kx). Crack deflection mechanism indicated by yellow 
arrows. (Color figure online)

◂ Table 6   Summary table with the average values regarding the density 
after 24/36  h and mechanical strength after 28 curing days with its 
relative standard deviation (SD)

Labels After 28 curing days

AAMs ρ (g/cm3) σ (MPa) SD (±)

VM1-10 1.9 14.3 2.6
VM1-15 1.9 15.3 1.1
VM1-20 1.8 20.5 4.8
VM1-25 1.8 38.0 1.1
VM1-20 LS 2.0 32.0 4.7
GM1-10 2.0 10.8 0.7
GM1-15 2.0 20.7 4.4
GM1-20 1.9 25.3 2.0
GM1-25 1.9 37.9 2.3
GM1-20 LS 2.0 32.2 3.2

Fig. 11   Correlation between compressive strengths and metakaolin 
(wt%)
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alkali activation conditions. In this paper authors decided to 
modify composition introducing percentage of metakaolin 
to avoid curing condition at high T.

The difficulty in obtaining good AAMs with Mt. Etna 
precursors at room temperature may be due to the chemi-
cal composition of the reactive amorphous phases and, in 
particular, the low abundances of Al2O3 and/or CaO accom-
panied with the low reactivity of the volcanic glass. The 
experimental results demonstrate that the addition of moder-
ate quantities of metakaolin (> 10%) allowed the formation 
at room temperature of AAMs with good resistance to the 
integrity test as suggested also by [37]. The formation of 
geopolymer gel is evidenced by the high amorphous con-
tents highlighted by XRD Rietveld analysis. In addition, 
in AAMs of both raw materials, the small quantities of 

minerals belonging to zeolite group confirmed a structural 
modification after alkaline synthesis [59].

In this context, the presence of white efflorescence con-
sisting of trona and thermonatrite represented an undesirable 
salification process. With the aim to observe the mixtures 
that give good results in terms of chemical stability and 
efflorescence, the data of the experimented geopolymers are 
reported in Figs. 11 and 12. In particular, samples with the 
use of volcanic ash, 20% of metakaolin and NaOH amount 
lower than 20% (VM5-20) or higher than 60% (VM4-LS) 
failed the integrity test while the efflorescence is not present 
in AAMs with MK > 20% and NaOH < 50%.

AAMs with ghiara and the addition of metakaolin content 
higher than 20% combined with NaOH lower than 10% suc-
cessfully passed the test, and efflorescence occurrence was 
not evidenced, such as sample with NaOH = 20% and treated 

Fig. 12   Carbonates crystallization micro-pictures (approximately 
each photo represents 1 cm2 of sample) with a short description of 
AAMs based on volcanic ash and metakaolin with different percent-
age of NaOH and metakaolin. Map results evidenced by different col-

ours (green: positive and without carbonates crystallization; yellow: 
passed the integrity test but crystallization occurred; red failed test). 
(Color figure online)
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at 400 °C (Fig. 12). Instead, despite the other treated samples 
and those with 10–15% of metakaolin and 20% NaOH have 
passed integrity test, carbonates crystallization occurred.

Moreover, the results obtained by efflorescence obser-
vations (Figs. 12, 13) showed interesting features: for both 
raw materials no evidence occurred with MK > 20% and 
20% < NaOH < 50%. Moreover, for AAMs based on ghiara, 
no Na-carbonates hydrate evidence with MK = 15% and 
10% < NaOH < 20% occurred, indicating higher durability. 
This undesirable salification process is linked to an excess 
of Na+ quantity (due to activators) within the pore net-
work, which reacted, after a few days, with air of laboratory 
atmosphere [60, 61]. Microstructure results showed a good 
mixing, confirmed by total absence of plies of metakaolin 
foils, despite the evidence of volcanic glass and mineralogi-
cal relicts. Results regarding Hg porosimetry confirmed the 

micro porosity nature of these materials, highlighting a clear 
decreasing of pore size vs time, as well as reported by [28]. 
Indeed, the samples aged one year showed a cumulative pore 
volume higher in pore size range 0.1–0.01 µm contrary to the 
range 100–1 µm, than the younger ones. Generally, Ordinary 
Portland Cement (OPC) concrete has lower water absorption 
than geopolymer pastes, such as to define OPC in high per-
meable concrete (> 5%) and low permeable concrete (< 3%) 
[28]. However, considering the possibility to improve the 
microstructure of geopolymer concrete with the addition of 
graphene nanoplatelets (GNPs) to geopolymer binders [27] 
and inversional proportionality between the water absorption 
and density of geopolymer paste, the obtained values match 
with those ones found by [62], even though efflorescence 
phenomena could have influenced them.

Fig. 13   Carbonates crystallization micro-pictures (approximately 
each photo represents 1 cm2 of sample) with a short description of 
AAMs based on ghiara and metakaolin with different percentage of 
NaOH (x-axis) and metakaolin (y-axis). Map results evidenced by 

different colours (green: positive and whiteout carbonates crystalli-
zation; yellow: passed the test but crystallization occurred; red failed 
test). (Color figure online)
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Literature data concerning the mechanical compressive 
test of AAMs show “higher” values in mechanical strength 
due to the larger size of the specimens. The proposed pre-
liminary tests for the mechanical properties used very small 
samples which are highly affected by defect and, eventually, 
by the air bubbles entrapped in the paste during the mix-
ing. Therefore, assuming the distribution of these defects 
as constant in the large samples, we expect much higher 
compressive strength during tests according to norm UNI 
EN 826 (Thermal insulating products for building applica-
tions–determination of compression behavior).

Conclusion

The large volume of volcanic residues suggested that these 
materials might be used for the development of new AAM 
thanks to their suitable alumina and silica ratio and avail-
ability in the large amorphous fraction.

The experimental results demonstrated that these mate-
rials are suitable for the consolidation via alkali activation 
if cured at high temperatures while at room temperature 
only the mixture with appropriate quantities of metakaolin 
attained products that satisfy the integrity test showing con-
solidation. Furthermore, the respective amounts of NaOH 
and metakaolin that avoided the appearance of efflorescence 
were identified. The choice to optimize the composition 
instead of curing at high temperature is due to application 
proposed as mortars for restoration which provide the use 
directly on site.

The consolidated AAM will be valorised in the restora-
tion work of historical Catania city-centre with the original 
volcanic raw materials in an innovative way, to overcome 
the common degradation forms such as detachment or plas-
ter crumbling, observable in important Baroque buildings. 
Indeed, considering the historical widely use of ghiara in 
Catania architecture, it was tested for the first time in alka-
line synthesis, and in the other hand, AAMs based on vol-
canic ash were used as comparative elements. The results 
obtained concerning integrity test in water and the study of 
efflorescence occurring after air exposition leave us signifi-
cant hope for applications in restoration field. Moreover, the 
chromatic aspects, essential parameters in Cultural Herit-
age field, between volcanic raw materials with the respec-
tive AAMs produced demonstrate a good compatibility, 
confirmed by the comparison with the colour classification 
(“Reichsausschuss für Lieferbedingungen”—RAL) which 
showed the following affinities: RAL 8019 for AAMs based 
on volcanic ash and RAL 8002 for AAMs based on ghi-
ara (Fig. 14). Moreover, in terms of mechanical strengths, 
AAMs are directly proportional to metakaolin used as addi-
tive, influencing also the density, workability, microstructure 
and water absorption. An increase of cumulative pore vol-
ume in the range size 0.1–0.01 µm (contrary to 100–1 µm) 
in the samples aged one year than the standard ones was 
recorded, confirming the improving of durability properties 
with time due to on-going geopolymerization and gel pro-
duction which fills up the voids of the gel matrix resulting 
in a more homogeneous and denser pore-structure with time 
as observed in [28].

Finally, the use of volcanic wastes for AAMs production 
can contribute to solve the problem of their storage in dedi-
cated areas during the emergency state occurring immedi-
ately after effusive eruptions.
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Fig. 14   Chromatic comparison between the volcanic raw materi-
als and the respective AAMs with the colour classification (RAL). 
Legenda: a ghiara raw material and representative sample belonging 
to GM1 series; b Colour card (RAL 8002) corresponding to signal 
brown; c volcanic ash raw material and representative sample belong-
ing to VM1 series; b Colour card (RAL 8019) corresponding to grey 
brown. (Color figure online)
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