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The huge availability of volcanic deposits in Mt. Etna volcano and the wide use of volcanic materials as
aggregates in local architecture encouraged us to apply them in alkaline environment to produce
geopolymeric binders to restore historical buildings of Mt. Etna area. Two clusters of samples for each
volcanic precursor (volcanic ash and ghiara paleo-soil) were produced, using 10 and 20% wt. of metakao-
lin and two different alkaline solutions based on sodium and potassium respectively. A comparative
study was made in relation to activators used, focusing on evaluation of polycondensation step (in
ATR); chemical and structural characterization (FT-IR); TGA analysis, qualitative XRD analysis and
mechanical compressive test after 7 and 21 curing days. ATR results confirmed the occurrence of geopoly-
merization for all samples; FT-IR analysis showed a higher content of carbonates in potassium-samples,
decreasing at increasing of metakaolin content. A low weight lost was recorded in consolidated samples,
as well as a partial dissolution of volcanic phases. Higher mechanical compressive strengths for K-
samples, reaching 89 MPa as highest value after 21 days, differently to sodium-samples (51 MPa) were
recorded, reflecting the porosity of the different specimens.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The interest to develop new construction materials which are
environmentally friendly, low-energy-consuming and cost-
efficient, as well as the attention to a sustainable management of
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Table 1
Chemical molar ratio of raw materials (volcanic ash, ghiara raw and metakaolin) used
as precursors in alkaline activation.

Ratios Volcanic ash raw Ghiara raw Metakaolin

Si/Al 2.54 2.17 1.17
Si/Fe 5.56 5.50 52.21
Si/Mg 8.27 11.90 –
Si/Ca 4.37 5.90 –
Fe/Al 0.46 0.40 0.02
Mg/Al 0.31 0.18 –
Ca/Al 0.31 0.37 –
LOI 0.44 0.49 1
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waste materials, increased exponentially in the last decades [1–3].
In this scenario, geopolymer and alkali activated materials (AAMs)
are good alternatives, enclosing all features requested by industrial
community. These materials are produced by the activation of an
aluminosilicate source with an alkaline solution [4,5]. The chemi-
cal reaction includes different steps starting from the dissolution
of aluminosilicate precursors activated by an alkaline solution to
a polycondensation reaction, forming an amorphous three-
dimensional network. However, the recognition of each reaction
steps is very complicated due to their contemporary and rapid
manifestation [6] and also because they are strongly dependent
with rawmaterial type, becoming difficult to propose a single reac-
tion kinetics model.

Volcanic precursor is one of the most suitable aluminosilicate
source for AAMs production thanks to high amorphous content
generated by the rapid quenching during a volcanic explosion
which prevail on crystallinity grade, as well as different oxides
contents compared to SiO2/Al2O3 [7–9]. However, volcanic glass
maintains higher stability in alkaline environment in comparison
with other more common precursors, such as metakaolin and fly
ashes, requiring thermal treatments to enhance the final properties
of AAM as proposed in literature (e.g. [10]). In this context, Mt. Etna
materials represent an important resource that may be exploited
as raw material aluminosilicate sources for AAMs production,
although thermal treatments or metakaolin addition (10–25%)
was required to reduce the setting time [11]. Mt. Etna volcano,
located in the bigger island of Italy (Sicily), is the second most
active volcano in the world, following the Kilauea volcano on
Hawaii and preceding the Piton de la Fournaise on La Réunion
island. However, it preserves the Guinness as Europe’s highest vol-
cano. Behind the volcano activity, a potential risk is linked to the
volcanic ash emissions. Moreover, volcanic ash, once erupted, rep-
resents a waste material due to the possible interactions with other
anthropic and environment matrixes, representing so a serious
management problem. Various attempts were tried to use the
products of recent eruption as aggregates in traditional mortar pro-
duction, taking into account the weight ratios of aggregates/binder,
grain size of aggregates and thus their destination of use [12].
However, the ashes interaction with the volcanic gasses represents
an important limit due to the negative effects of the high chlorides
and sulphates deposited on the particles surface [13]. Contrary, old
pyroclastic deposits in which the undesirable elements had been
leached, are largely used in the traditional cement industry. More-
over, Mt. Etna volcano, in addition to the common massive and
pyroclastic rocks, offers another volcanic material, locally named
ghiara. It is a volcanic paleo-soil generated by high temperature
and oxidizing conditions reached in contact with the overlying lava
flow, to which it owes its uniqueness in the world [11]. The addi-
tion of ghiara in the plasters and mortars as aggregate was a com-
mon practice in the seventeen and eighteen centuries in this area
of Sicily due to its peculiar reddish hue and high hydraulic modu-
lus [14–19].

In this work, volcanic materials of Mt. Etna volcano, specifi-
cally volcanic ash and ghiara paleo-soil, were activated using
two type of alkaline solutions: i) sodium-based, developed at
Dept. of Biological, Geological and Environmental Sciences (Cata-
nia University); ii) potassium-based, provided by IRCER lab
(Limoges University). Formulations developed using these two
different activators were compared with the goal of highlighting
the strengths and weaknesses in terms of polycondensation rate,
structure and mechanical strengths. In detail, in situ FTIR and
TGA analyses were aimed to evaluate the development of molec-
ular reticulation, while XRD analysis the dissolution of crys-
talline phases, as well as mercury intrusion porosimetry (MIP)
and mechanical test for porosity and compressive strength,
respectively.
2. Experimental part

2.1. Raw materials

In this work, volcanic ash, considering with this term all the
pyroclastic rocks with dimension <64 mm, was sampled near Santa
Venerina, Italy, a small town in the south-east slope of Mt. Etna
volcano, following the 16 March 2013 eruption. A first grain size
selection was made sieving the deposit, choosing the <2 mm frac-
tion. The particles have been cleaned with water after the sampling
to remove organic elements. Ghiara deposit were sampled in the
‘‘Orcio” quarry, situated in the area of Trecastagni village (in the
south slope of Mt. Etna). Historically, it was widely used for ghiara
extraction due to its large extension, representing one of the most
important anthropic cavities of Etnean area. The thick of this
deposit is variable (1.20–1.60 m), mainly characterized by a grain
size between 2 mm and 0.5 mm. Ghiara colour changes tones from
yellowish to reddish ones according to the layer position respect
the lava roof.

Once the moisture has dried and removed at 110 �C using an
oven, both materials were dry milled (using porcelain jars and alu-
mina balls after sediment quartering). In detail, volcanic ash was
milled, following a preliminary and manually sieving, starting from
500 mm (d90) for 1 h, while ghiara starting from 120 mm (d90) for
45 min, until to reach a grain size quite homogeneous in compar-
ison to commercial metakaolin.

The chemical molar ratios of volcanic precursors and metakao-
lin, used as additive to enhance the reactivity of the system and
whose chemical composition provided by Balco company, have
been listed in Table 1. For each volcanic raw materials, four alka-
line activations were carried out using the addition of 10 and
20% wt. (on the total weight of the powder) of metakaolin, known
as ARGICALTM M1000 [20], (IMERYS, France, reported chemical
composition from producer: SiO2 = 55%; Al2O3 = 40%,
Fe2O3 = 1.4%; TiO2 = 1.5%; Na2O + K2O = 0.8%; CaO + MgO = 0.3%;
LOI = 1%), and two different alkaline activators based on Na or K
alkaline cation.
2.2. Samples preparation

For the Na solution, combination of sodium hydroxide (8 M)
and sodium silicate, provided by Ingessil s.r.l. with a molar ratio
SiO2/Na2O = 3 was used, while a potassium silicate, commercially
named Geosil 14515, provided by Wollner with 0.65Si/K molar
ratio [21], were used for the K solution. The same formulation pro-
tocol was used: preparation of solutions and following addition of
the powders, once weighted in a precision balance; mixing with
mechanical mixer for 5 min and, once filled the cylindrical plastic
pots, vibrating to remove air bubbles. High viscosity was obtained
for every formulation with a liquid / solid (L/S) ratio ~0.3 to reduce
at minimum the use of alkaline solution and the setting time. Four
samples for each volcanic precursor (indicating with the letter ‘‘V”,
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the samples with volcanic ash, while with the ‘‘G”, the samples
with ghiara) were prepared: two activated by sodium solution
(prefix Na-) and likewise the others by potassium (prefix K-) with
the respectively of 10 and 20% wt of metakaolin (M�10 or M�20)
used as additive to allow the reaction at room temperature, simu-
lating so in situ applications. Therefore, the samples with volcanic
ash activated by sodium solution were labeled with Na-VM-10 and
Na-VM-20, while those with the potassium one, K-VM-10 and K-
VM-20, as well as the samples with ghiara as listed in Table 2.
2.3. Characterization techniques

Several characterization techniques were chosen with the aim
to evaluate firstly the polycondensation reaction of the fresh pastes
(in situ FTIR analysis) and of the solid geopolymers (FTIR in KBr
mode, XRD and TGA analyses), once evaluated the chemical stabil-
ity in water and at air exposure according the procedure explained
in [11]. Additionally, we evaluated the physical–mechanical per-
formance of consolidated materials (through MIP analysis and
compressive test). For this latter, ten samples were prepared,
whose sherds or their powders were used for the other techniques
to obtain a complete characterization of binders. Generally, each
measurement was replicated three times.
2.3.1. FT-IR analysis
In this work, two different FT-IR approaches were used. On one

hand, punctual and continuous measurements on fresh alkaline
pastes to observe the structural changes in time after the alkaline
reaction, while on the other hand, measurements on consolidated
samples after 21 days. All measurements were performed using a
Thermo Fisher Scientific 380 infrared spectrometer (Nicolet). For
the first approach, a micro diamond cell was used and punctual
analysis were carried out all fresh paste starting from 0 to 8 h
recording every 10 min. In detail, once mixed the aluminosilicate
sources with both alkaline solutions, a drop of each formulation
was deposited onto diamond substrate of FT-IR apparatus in the
ATR mode to monitor the structural evolution of the synthesized
mixtures. This technique permits to observe two steps: solid mix-
ture dissolution’s and the geopolymerization process, thus high-
lighting the kinetic variations of samples activated respectively
with both alkaline solutions. Contrary, KBr method was carried
out as second approach. Briefly, pellets were prepared by mixing
1 mg of powdered sample with 150 mg of KBr. The mixture was
then compressed with a manual press applying 6 metric-tons of
force. For each sample three pellets were prepared to have a good
statistical redundancy. All IR spectra, regarding both approaches,
were recorded between 4000 and 400 cm�1 with a resolution of
4 cm�1. For comparison, the spectra were baseline-corrected and
normalized [22] and treated in absorbance. The OMNIC software
(Nicolet Instruments) was used for data acquisition and spectral
analysis.
Table 2
List of formulations, detailing labels, precursors and activating solutions.

Labels Volcanic powder Metakaolin (% wt) Activating solution

Na-VM-10 Volcanic ash 10 Sodium
Na-GM-10 Ghiara
Na-VM-20 Volcanic ash 20
Na-GM-20 Ghiara
K-VM-10 Volcanic ash 10 Potassium
K-GM-10 Ghiara
K-VM-20 Volcanic ash 20
K-GM-20 Ghiara
2.3.2. XRD analysis
X-ray diffraction (XRD) patterns were obtained with a Brucker-

D8 Advance with a Bragg-Brentano geometry and a Cu Ka1a2
detector. The analytical range is between 20 and 50 (2h) with a res-
olution of 0.02 (2 h) and a dwell time of 1.5 s. Phase identification
was performed with reference to a Joint Committee Powder
Diffraction Standard (JCPDS). The patterns were processed using
Eva software.

2.3.3. TGA/TDA analysis
Thermal analysis was performed both on volcanic rawmaterials

as well as on AAMs, aged 7 days, using an SDT-Q600 apparatus
from Thermal Analyzer in an atmosphere of flowing dry air
(100 mL/min). The signal was measured with Pt/Pt-10% Rh thermo-
couples. The volcanic precursors were heated at 1350 �C with a
rate of 5 �C/min in alumina crucibles under air, while the AAMs
were heated at 500 �C with a rate of 5 �C/min using platinum
crucibles.

2.3.4. Mechanical compressive test
Compressive test was performed on 5 samples of each formula-

tion, using an Instron 5969 universal testing machine with a cross-
head speed of 0.5 mm/min and a 50 kN sensor. The samples were
cylindrical in shape with a diameter of 15 mm and a height of
approximately 30 mm. Once hardened, respectively at 7 and
21 days, rectification on both basal surfaces were carried out to
obtain homogenous and parallel surfaces.

2.3.5. Hg intrusion porosimetry (MIP) test
All consolidated samples were analysed by Hg intrusion

porosimetry (MIP) to investigate the porosity at sub-micrometric
scale once removed humidity in the oven at 105 �C temperature.
In this scenario, shards of specimens activated by both alkali solu-
tions were compared, as well as the influence of volcanic precur-
sors and the amount of metakaolin used as additive were
evaluated. Porosimetric analysis was carried out with a Thermo-
quest Pascal 240 macropore unit in order to explore a porosity
range ~0.0074 mm < r < ~15 mm (indicating with r the radius of
the pores), and by a Thermoquest Pascal 140 porosimeter instru-
ment in order to investigate a porosity range from ~3.
8 mm < r < ~116 mm.
3. Results and discussions

3.1. Raw materials

The chemical composition of the three used precursors (V, G
and M) was determined. The molar ratios of the major elements
are presented in Table 1. V, G precursors show higher Si/Al molar
ratio than metakaolin (2.54, 2.17 and 1.17 for V, G and M respec-
tively). V and G are also rich in iron, magnesium and calcium ele-
ments compared to metakaolin. The mineral phases were also
determined. XRD patterns are presented in Fig. 4. The crystalline
phases present in metakaolin are quartz, anatase and muscovite.
However, V and G show more crystalline phases such as anorthite,
augite, forsterite, magnetite and hematite with different peak
intensities.

Thermal analysis (DTA -TGA) were carried out on rawmaterials.
The obtained thermal curves of volcanic precursors are showed in
Fig. 1. Both V and G showed a very low weight loss about 0.5% until
200 �C corresponding to the elimination of physically adsorbed
water. Afterwards, the main weight loss was recorded at 500 �C
(1%) for volcanic ash (Fig. 1a), whereas at 1100 �C (1%), ending
point of analysis, for ghiara (Fig. 1b) following a possible release
of silica hydroxyl groups (Si (OH4))[21]. These low values are in



Table 3
Weight’s loss values in the two temperature regions (25–200 �C and 200–500 �C) for all the AAMs considered.

Ranges (�C) VM GM

10 20 10 20

Na K Na K Na K Na K

% Weight loss 25–200 7.8 6.2 6.3 7.1 4.9 4.9 6.5 6.1
200–500 0.6 0.7 0.8 1.0 0.7 0.9 1.0 1.2
Total 8.3 6.9 7.1 8.1 5.7 5.8 7.5 7.4

Table 4
Values of apparent density and average mechanical compressive strength (MPa) of all samples after 7 and 21 of aging days.

Labels After 7 days After 21 days

App. q (g/cm3) r (MPa) App. q (g/cm3) r (MPa)

Na-VM-10 2.155 17 2.150 18
Na-GM-10 2.145 16 2.139 17
Na-VM-20 2.132 44 2.122 50
Na-GM-20 2.129 46 2.124 51
K-VM-10 2.191 23 2.197 29
K-GM-10 2.211 26 2.208 30
K-VM-20 2.176 69 2.161 71
K-GM-20 2.161 78 2.163 89
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Fig. 1. Thermal analysis curves of weight loss (─) and heat flow (—) for (a) V and
(b) G raw materials.
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accordance with literature [23,24] and confirmed the volcanic ori-
gin of both raw materials, in addition to the further natural oxida-
tion undergone by ghiara during its formation with the covering
lava layer such as to require higher temperature before structural
modifications occurrence. To corroborate these data, FTIR analysis
were performed on volcanic precursors (see Fig. S1 as supplemen-
tary files) which revealed only the presence of aluminosilicates
species.

According to these results, volcanic precursors show differences
compared metakaolin ones, suggesting different reactivity in alka-
line environment.

3.2. Fresh geopolymeric pastes

Different samples were synthetized based on Na or K solution
with a mixture of volcanic precursors (V and G) and 10 or 20 wt
% of metakaolin as detailed in Table 2. The fresh pastes were mon-
itored by in-situ FTIR spectroscopy to record the structural evolu-
tion. The main peak position related to Si-O-M band is plotted in
function of time in Fig. 2. Whatever the sample, a continuous
and progressive shift of the Si-O-M band position in time toward
lower wavenumbers was evidenced. This behaviour indicates the
substitution of Si–O–Si by Si–O–Al bonds which reflects a polycon-
densation reaction [22]. Moreover, the slope of the curve is charac-
teristic of the kinetics of this substitution (i.e. low slope indicates a
slow kinetic) [25]. Na/K-VM-10/20 showed the same behaviour
regardless of the different quantity of metakaolin added in the
mixture. In both cases, the trends of the samples, activated with
Na solution, highlighted higher wavelengths than that ones with
K solution (Fig. 2 a-b). Analogously, Na/K-GM-10/20 showed the
same trend. However, differently from Na/K-VM-10/20, the sam-
ples with 20% of M showed a higher displacement among the
two trends (Fig. 2 d), while a different behaviour was recorded
for the samples with 10% of M. In this latter case, the trends, ini-
tially, showed the high displacement, which was recovered over
time (Fig. 2 c). For all the samples considered regardless the type
of volcanic precursors used and the quantity of M added, the shift
is almost the same reaching values ranging 12–18 cm�1, as well as
the slope of the curves expect for Na/K-GM-10 sample. Therefore,
FT-IR analysis in situ on the slurries were useful to demonstrate
the occurrences of polycondensation reactions. Moreover, the
obtained shift values are characteristic of aluminosilicate network
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Fig. 2. Trends of FT-IR considering the progressive shift of Si-O-M positions in function of time, for (a) VM-10, (b) VM-20, (c) GM-10 and (d) GM-20, samples activated with
sodium solution (j) or with potassium solution ( ).
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formation, although are lower than other formulations based on
metakaolin [20]. However, to make sure of an exhaustive compre-
hension of the reaction rate, NMR analysis is necessary.

3.3. Hardened samples

3.3.1. Structural data
All consolidated samples considered in this work were analyzed

also using FT-IR with KBr method with the aim to characterize
their structures. The results showed for both series (VM and GM)
the same behaviour: no differences in terms of water content or
silicate contributions. In the first case, vibrations of bound water
molecules were recorded at 3445 and 1650 cm�1 assigned to the
stretching (–OH) and bending (H–O–H) respectively [24,26], while
the silicate structure is characterized by the main peak located at
1015 cm�1 related to the vibration of SiO/Al–O bond of aluminosil-
icate framework reflecting the formation of the amorphous alumi-
nosilicate gel in binary systems [27] and by the ring vibrations of
Si–O bonds of silicate network at 575 and 530 cm�1 [24,26]
(Fig. 3a). However, an evident difference in terms of intensity for
the influence of carbonates, located at 1430 and 1385 cm�1

(Fig. 3b), corresponding to the stretching vibrations of O-C-O bonds
in the carbonate group (CO3

2�) due to the carbonation reaction
between the carbon dioxide from the air and the geopolymer
was recorded [28–31]. The detected increases were caused by a
larger carbonation due to high free ions amount. The contribution
of carbonates is higher in the samples activated using potassium
solution and in those one with 10 wt% of M added revealing the
presence of free alkali cation which can react with atmospheric
CO2 to form K2CO3 or Na2CO3 species [32], while the decreasing
of intensity, recorded in samples with higher metakaolin amount
can be explained by lower amount of alkali cation due to a better
organization of geopolymer network.

XRD analysis was also performed on the hardened materials
(Fig. 4). All the samples showed anorthite, augite, forsterite, mag-
netite and hematite derived from original precursors (V and G)
and quartz and anatase from metakaolin (M). However, in Na/K-
VM-20 samples, anorthite and forsterite peaks showed lower
intensity in comparison with rawmaterial patterns, demonstrating
a partial dissolution due to polycondensation reaction regardless of
the alkaline solution used (Fig. 4) and revealing the low reactivity
of volcanic materials in alkaline environment [8]. On the contrary
in GM-20, a slight difference of intensity of anorthite peaks among
Na and K samples were observed, highlighting a higher dissolution
in K-GM-20 (Fig. 4) than in the Na-ones. Finally, these intensity
modifications in comparison with volcanic raw materials can be



Fig. 3. (a-b) – a) FT-IR spectra obtained using KBr method collected in the range of 4000–400 cm�1 for (—) K-VM and (─) Na-VM; b) in the range of 1800–800 cm�1. The
dashed arrows indicate the carbonate contributions.
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associated to metakaolin contribution which induces the increase
of the Si and Al species available, thereby favoring dissolution
and network formation [33,34].

3.3.2. Thermal analysis
Thermal analysis was performed on all VM and GM samples to

compare the effect of the activating solutions on the thermal sta-
bility of the consolidated materials. Fig. 5 shows the thermal
behavior of GM-10 samples (selected as representative sample),
activated respectively by Na (Fig. 5 a) and K (Fig. 5 b) solutions.
Regardless alkaline solution used, the major weight loss of 4.9%
is observed below 200 �C and reveals the water of the geopolymer
samples [21]. Moreover, the remaining weight loss recorded at
higher temperature (200–500 �C) is minimal attesting below 1%
related to the release of silicate or aluminate hydroxyl groups as
in all materials [21]. Furthermore, the heat flow profiles show a
large endothermic peak from 25 to 125 �C, corresponding to water,
which appears to be controlled by the alkaline solutions used.
Indeed, the thermal curve of sample Na-GM-10 (Fig. 5a) shows a
splitting of the large endothermic peak into two smaller ones
(~30 and 70 �C), slowly differently from sample K-GM-10, whose
endothermic peak is centered around 50 �C (Fig. 5b). The small dif-
ference is only due to the intensity of the both contribution corre-
sponding to physical water’s loss indicates that there are two type
of evaporation process: one of the water molecules evaporating
from the pores in the proximity of the particle surface (peak at
30 �C), and one due to the evaporation of water entrapped pores
(peak at about 70 �C). Porosity in NaOH/Na silicate activated
geopolymers seems to be finer than in the KOH/K silicate activated
ones due to the difficulties of water to leave the pores. Further
explanation in the paragraphs reporting porosity measurements
(Table 5 and Fig. 8). All TGA results are reported in Table 3. Gener-
ally, in the low temperature range (25–200 �C), the samples acti-
vated by the potassium solution have evidenced a lower weight
loss than those activated by sodium solution, except for Na-VM-
20, which have showed a contrary tendency. Instead, GM-10 sam-
ples evidenced the same values irrespective of the alkaline solu-
tions. These results correlated well with those obtained from FT-
IR. The higher the reticulation degree, the lower amount of water
is found in the geopolymeric network. In details, the weight loss
recorded below 120–150 �C is due to the water content located
in the porosity of the samples where are entrapped few H2O mole-
cules produced during the polycondensation step of the geopoly-
merization reaction. Such progressive release of water molecules
was observed with in situ FTIR analysis during the induration of
the fresh pastes. No relation between water and amorphous net-
work was observed with XRD analysis since no hydrated phases
were detected. In addition, the TGA results did not show dihydrox-
ylation phenomenon occurring generally from 300 to 800 �C (tem-
perature range for the study of residual polycondensation) [35],
demonstrating the stability of the aluminosilicate network and
OH– groups already condensed.

3.3.3. Mechanical properties
The stress/strain (r/e) curves of all samples after 7 and 21 cur-

ing days were plotted in Fig. 6. In general, the metakaolin addition
strongly influenced the final mechanical properties such as to
observe a considerable increasing of strengths in both VM-20 and
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GM-20 samples. During mechanical test procedure, the geometri-
cal determination of the apparent density was required, and its val-
ues after 7 and 21 curing days, as well as the compressive strength
values given by the average of the best 4 values recorded per each
formulation with a variability attesting around 5% were reported in
Table 4. All samples showed apparent density values ranging
between 2.1 and 2.2 g/cm3 with K-activated samples reporting
slightly higher one (Table 4).

The sodium samples (Fig. 6A) evidenced the lowest strengths in
comparison with the potassium ones. The higher value after 7
aging days of samples belonging to Na-VM formulation (Fig. 6
Aa), was reached by Na-VM-20 (44 MPa), contrary to 17 MPa
recorded for Na-VM-10. Analogously, the samples aged 21 days
showed the same behavior: 50 and 18 MPa respectively for Na-
VM-20 and Na-VM-10. Similar values were obtained by Na-GM
formulation (Fig. 6 Ab), whose values reached respectively 46
and 16 MPa after 7 days and 51 and 17 MPa after 21 days, respec-
tively for Na-GM-20 and Na-GM-10. The compressive strengths
values after 21 days find corresponding feedback in literature
within the range of 23–60 MPa, depending on alumina available
in the geopolymer matrix [27,31,36]. Differently, the potassium
samples (Fig. 6B) showed the highest values. Indeed, K-VM sam-
ples recorded 23 and 69 MPa after 7 days and 29 and 71 MPa after
21 days, while K-GM samples achieved the highest values of all for-
mulations with 26/78 MPa and 30/89 MPa respectively after 7 and
21 aging days (Fig. 6 Bb). We can deduce that the addition of meta-
kaolin generates a dense composite/mortar where the volcanic ash
or ghiara particles act as reactive aggregates. At short aging time
(7 days) the strength is not yet developed, indicating the slow reac-
tivity of the volcanic materials with respect to metakaolin that
usually completes the reticulation in 7 days for a final strength
around 30 MPa [20]. Additionally, even though all samples showed
a brittle behavior, there are evidence of a plastic trend, visible as a
relevant value of elongation before fracture, in both VM-10 and
GM-10 series when activated with sodium (Fig. 6Aa and Ab). This
is another indication that the geopolymers with these formulations
are not yet completely rigid even after 21 days. Differently from Na
activation, K-solution strongly increases elastic modulus and the
final mechanical strength (Fig. 6Ba and Bb). When 20 wt% of M is
added, the shape of the curves drastically changes and the elonga-
tion is strongly reduced.
3.3.4. Porosimetric properties
The comparison of cumulative pore volume trends for each

sample taking into account the influence of metakaolin added in
the mixture were showed in Fig. 7. Moreover, all porosimetric val-
ues obtained by Hg porosimetry analysis, including accessible
porosity and cumulative pore volume values in the specific ranges
considered were summarized in Table 5. In detail, Na-VM recorded
a higher pore volume in the range 1–0.1 mm (2.61 cm3/g) and 0.1–
0.01 mm (59.26 cm3/g), respectively in VM-10 and VM-20 samples
(Fig. 7 Aa) with quite equivalent accessible porosity (~25%) and
bulk density (1.9 g/cm3; Table 5). Instead, K-VM evidenced a higher
cumulative pore volume in the large range 1–0.01 mm (18.06 cm3/
g) in VM-20, while the main pore volume for VM-10 was recorded
in the smallest range 0.01–0.001 mm (6.36 cm3/g) (Fig. 7 Ba),
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demonstrating its low accessible porosity attesting around 15%
contrary to a higher bulk density (2.1 g/cm3) (Table 5). The Na-
GM samples showed the same trends of Na-VM. Indeed, higher
cumulative pore volume in 1–0.1 mm range (12.58 cm3/g) for
GM-10, while 12.58 cm3/g in the 0.1–0.01 range for GM-20
(Fig. 7 Ab). Moreover, slight difference in terms of accessible poros-
ity (±1) and bulk density (±0.1) were recorded (Table 5). K-GM
showed a lower porosity (12%) and higher density (2.1 g/cm3) in
GM-10 than GM-200s features (Table. 5), in addition to higher pore
concentration in the bigger range 100–1 mm (0.22 cm3/g) differ-
ently to 24.05 cm3/g in 0.1–0.001 mm range (Fig. 7 Bb). Therefore,
the potassium-samples (K-VM and K-GM) evidenced, generally,
higher density and lower accessible porosity with a general
decreasing of bigger pore volume than those of sodium one, as also
reported by [37]. The porosity values of Na-samples are in accor-
dance to values found in literature [11] as well as the density
[38]. Moreover, the influence of metakaolin is better highlighted
in potassium samples, which recorded a lower porosity in VM-10
and GM-10 than those with higher metakaolin.

3.3.5. Physical properties correlations
From FTIR data, it was evidenced that the formation of a retic-

ulated network in sodium and potassium with the presence of
some carbonate species in both series (Na/K-VM/GM), decreases
at increasing M content. Indeed, the mechanical compressive
results evidenced some differences among the two activators used.
In detail, the samples activated by potassium solution recorded the
higher values than those with the sodium, with an increase esti-
mated about 50–60%. Furthermore, an increase of strength for
the samples with 20% of M, reached an increase of about 200%.
The compressive strengths showed a slight variation, of about
15%, between the values obtained by the test at 7 and 21 days of
curing. Moreover, taking into account the average density of each
formulation’s set and the concentration of alumina in the matrix,
progressive linear trends, more evident for the AAMs based on vol-
canic ash than those one with ghiara were highlighted in Fig. 8.
Therefore, the direct proportionality among the concentration of
alumina of the precursors and the final compressive resistance
was demonstrated.

To obtain an overview on physical properties measured with
different methods (apparent density, weight loss, compressive
strength and accessible porosity) and to compare the behaviour
of the two alkaline solutions used (not focusing on M content),
we proposed a matrix scatter plot with the boxplot of variables
set in the diagonal to enclose all values measured for easily sum-
up (Fig. 9). Indeed, considering the diagrams IIc and IIIb of Fig. 9,
a direct correlation between the weight loss [200–500 �C] and
the compressive stress values after 7 days can be observed. The
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Table 5
Density, porosity and pore information obtained by Hg porosimetry analysis for each samples and summary results.

VM GM

10 20 10 20

Na K Na K Na K Na K

Bulk density (g/cm3) 1.9 2.1 1.9 1.9 1.9 2.1 1.8 1.9
Accessible porosity (%) 25 15 26 26 25 12 24 19
Total pore volume (cm3/g) 0.13 0.07 0.14 0.08 0.13 0.05 0.13 0.10
Average pore diameter (mm) 0.04 0.03 0.04 0.06 0.07 0.12 0.04 0.05
P

incremental volume (cm3/g) in the following ranges: 100–10 mm 0.04 0.00 0.02 0.00 0.00 0.03 0.00 0.00
10–1 mm 0.17 0.01 0.19 0.04 0.01 0.19 0.01 0.03
1–0.1 mm 2.61 3.29 0.48 5.65 12.58 6.75 0.18 8.48
0.1–0.01 mm 45.19 8.28 59.26 12.41 31.09 6.75 28.45 17.41
0.01–0.001 mm 7.53 6.36 7.11 4.73 6.56 2.83 6.82 6.64
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potassium samples with higher M content show higher weight loss
differently to sodium samples with lower M amount. Moreover,
there is a relation between apparent density and weight loss for
all the samples, the lower the density, the higher the weight loss
(Fig. 9, see the box Ic and IIIa), in addition to a clear distribution
of Na and K-samples represented by two parallel trends. Finally,
an inverse correlation between apparent density, geometrically
determined, and accessible porosity, as measured by the Hg-
intrusion porosimetry (Fig. 9, see the box IVa and Id) was found
indicating the validity of our measurements and a clear polymer-
ization degree, more evident for Na-samples.

4. Conclusion

This paper illustrated the results of polycondensation reactions
monitoring of AAMs considered, making a comparison of Na and K
solutions in terms of networks, mechanical strengths and porosity.
The main conclusions drawn are the following:
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� The continuous and progressive shift of the Si-O-M band position
(in situ FTIR) in time toward lower wavenumbers confirmed the
occurrence of polycondensation reactions regardless of activating
solutions used.

� The presence of some carbonate species, starting already in few
hours, decreased with higher metakaolin content, as well as
potassium samples have evidenced a higher effect regardless
the volcanic precursors used.

� The metakaolin contribution favored the partial dissolution
of volcanic precursor’s mineralogical phases, inducing the
increase of the Si and Al species available to create a better
network organization. This latter was also confirmed by the
low weight loss recorded due to few amounts of free water
in the structure.

� The compressive strengths were positively influenced by Al spe-
cies presented in the matrix thanks to metakaolin amount used,
as well as potassium solution enhanced the mechanical proper-
ties. Indeed, potassium samples recorded a higher density com-
bined to a lower porosity differently to sodium samples.
Fig. 9. Matrix scatter plot of density, mechanical strengths after 7 days, weight loss in the
IV for columns; a-d for rows. The boxplots of each variable are reported in the matrix di
defined by the intersection with the diagonal.
Therefore, this work evidenced the possibility to valorise the
volcanic deposits of Mt. Etna area in alkaline environment, whose
binders can be applied in the local Cultural Heritage restoration
preserving the authenticity of substrate in terms of chromatic
and chemical-physical aspects [39]. Moreover, their future and
potential application will be anticipated by experimental test to
evaluate the effects on substrate and immediately after the
restoration. The development of these binders, whose precursor
is a natural waste material as volcanic ash, represents an important
opportunity for all volcanic areas in the world.
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