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Keywords:

The current climate emergency leads to reduction of virgin raw material extraction and promotes circular

Tuff economy. In this framework, alkali activation of unemployed fraction of grey tuff, combined with glass waste,
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provides a range of sustainable construction materials. For the sake of sustainability, tuff powder was subjected
to rapid attack (30 min), operated by a ‘weak’ alkaline solution (3 M NaOH), and then left to dry at low tem-
perature (75 °C) for 72 h. The addition of Triton X-100 surfactant was considered to obtain foams starting from

slurries with different liquid-to-solid ratio. A thermal treatment was applied to selected samples, at low tem-
perature (700 °C). Despite the ‘mild’ activation conditions, all products survived after immersion in boiling water
or acid solution, already in the unfired state, according to the formation of a multiphasic gel. The strength-to-
density ratio, especially for foams, in both unfired and fired form, compares well with that of already existing
construction materials (e.g. it could exceed 5 MPa cm®/g).

1. Introduction

One of the most beneficial approaches to solid waste reduction is
industrial ecology [1]. Ordinarily industrial waste or unemployed ma-
terials cannot be directly used, but in a circular economy prospective
they may be combined in an up-cycling perspective. Up-cycling is a
process that converts low-value substances into higher-value products,
with limited energy and materials inputs. The building sector is one of
the most environmentally impacting industrial fields: as an example,
Portland cement production reckons for almost 5-7 % of the global
carbon dioxide (CO2) emission, as manufacturing one ton of cement
(OPQ) liberates one ton of carbon dioxide [2]. It is evident that the
development of alternative binders is a fundamental ecological
challenge.

A classical solution to reduce emissions and save both energy and
natural mineral resources is the incorporation of supplementary
cementing materials (‘pozzolanic’ materials, reacting with portlandite
by-product from cement hydration), of natural and industrial origin [3].
A fundamental alternative is provided by binders featuring a completely
different molecular structure, such as geopolymers. Geopolymers are
produced according to the reaction between alumino-silicate feedstock,
such as metakaolin, and concentrated solutions of alkali hydroxides or
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silicates. Alumino-silicate raw materials are firstly subjected to disso-
lution, due to the dismantling of Si-O and Al-O bonds; secondly,
condensation reactions involving the dissolution products promotes the
formation of a ‘zeolite-like’ gel, consisting of a continuous,
three-dimensional alumino-silicate network, amorphous or crystalline,
from the polymerization of SiO4 and AlO4 units (the latter being stabi-
lized by alkali ions), sharing bridging oxygens [4].

The sustainability of the geopolymer approach increases when
considering, instead of metakaolin, resulting from calcination of pure
kaolin clay, heterogeneous systems of natural origin, such as laterite
rock and clays [5,6] or volcanic ash [7-9], or industrial by-products,
such as slags and fly ash from coal combustion [10], often used also as
pozzolans. The above-mentioned network, as an effect of the remarkable
iron oxide content in the feedstock, may comprise even FeO4 units [7].
Alkaline attack may be even replaced by acid attack, e.g. by means of
concentrated solutions of phosphoric acid, yielding PO4 units [5,11].

Among volcanic materials, tuff is known for its multiple variants,
resulting in different changing physical and mechanical properties [12].
Turkey has about 15.8 % of the global volcanic tuff reserves, with major
amounts located in Anatolia peninsula (Eastern Anatolia and Central
Anatolia), where intense volcanic activities took place [13,14]. Due to
its high porosity, the local grey tuff variant can be used, in buildings, in
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form of thermally insulating blocks [15]. The cutting of regular pieces
from natural coarse blocks obviously generates powders, which can be
considered a form of natural waste. A sustainable exploitation of this tuff
occurs only in the perspective of application of the fine fraction, sup-
ported by the significant amounts of alumina and silica [16,17].
Nowadays, powders are used as masonry mortars and lightweight con-
cretes, according to direct geopolymerization or formation of ‘hybrid’
binders (combined with ordinary Portand cement) [18,19]. The prod-
ucts are undoubtedly interesting, but it must be underlined that acti-
vation is generally performed by means of highly concentrated alkaline
solutions, and with the support of additives. These components are
necessary also for ‘green’ concrete (from 10 % to 15 %), resulting from
the use of tuff simply as pozzolanic material [20].

In the perspective of sustainable manufacturing, also additives
should consist of discarded materials. In this framework, glasses are
interesting, since industrial practice contradicts the general perception
of fully recyclable materials, by remelting. Due to issues in color sorting
and the presence of impurities, remarkable amounts of waste glass are
still disposed in landfills [21]. More precisely, heterogeneous contami-
nants (metallic, ceramic, polymeric particles) are mostly concentrated in
the fine fraction of soda-lime cullet, resulting from purification of
crushed containers [22]. The use as pozzolanic material, in concrete
[21], or as component, in geopolymer-yielding mixtures [23] is inter-
esting, but not exhaustive.

A possible weakness of alkali-activated materials, in terms of sus-
tainability, concerns the molarity of activators, also comprising syn-
thetic compounds, such as alkali silicates. As mentioned before, a
common trend involves the extensive dissolution of the starting feed-
stock, operated by very concentrated activating solutions. As an
example, natural volcanic pozzolan undergoes optimized activation
after attack by a solution with a NaOH molarity equal to 8 mol/L (8 M)
and NaySiO3/NaOH ratio of 1.2 [24]; palm oil clinker is activated in
even harsher conditions (14 M NaOH) [25]. This investigation aims at
exploring the potential of ‘weak’ alkali activation, applied on grey tuff
alone or combined with soda-lime glass waste. According to recent
studies [22], mixtures of volcanic material and glass undergo gelation
after activation with NaOH aqueous solution even at low molarity (3 M):
unlike in many geopolymerization studies, the chemical attack is not
intended to determine a substantial dissolution of the starting feedstock;
on the contrary, the attack involves the activation of surfaces. Adjacent
particles, according to condensation of surface gels, form strong chem-
ical bonds (Si-O-Si, Si-O-Al, Al-O-Al), preventing any disintegration
upon the immersion of samples in boiling water. We will show that grey
tuff may be activated in weak alkali solution, with the definition of
stable ‘cold consolidated’ blocks, with or even without the support of
soda-lime glass. The process can be tuned, operating on solid/liquid
ratio and the application of intensive mechanical stirring, for the defi-
nition of highly porous foams [26,27].

A thermal treatment at 700 °C is presented as further tuning possi-
bility, to be used ‘ab initio’ or as a way to recycle end-of-life dense and
porous ‘unfired’ products [22]. The adopted temperature was chosen as
the minimum temperature for experiencing viscous flow sintering of
soda-lime glass [26], far lower than one used for cheapest ceramics, such
as clay bricks [28,29]. Selected samples were finally found to compare
favorably with commercial building materials.

2. Materials and methods

Grey tuff (T) from Anatolia (Turkey) and soda-lime glass waste (SLG,
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provided by SASIL SpA, Biella, Italy) were selected as starting materials
in form of fine particles (diameter < 75 ym). The chemical composition
of raw materials, obtained using XRF analysis, is reported in Table 1. An
alkaline solution, at a concentration of 3 mol/L (3 M), was prepared
using commercial sodium hydroxide (Honeywell, North Carolina, USA).

To obtain consolidated samples, a solid phase consisting of tuff in
100 wt% or tuff and soda-lime glass in 50-50 wt%, was cast in alkaline
solution to form slurries with liquid-to-solid ratio of 0.42. The slurries
were stirred for 30 min at 450 rpm, and then cast in polymer moulds and
cured for 72 h at 75 °C.

Foamed samples were prepared starting from slurries with different
solid-to-liquid ratio (0.82-0.67-0.54), stirred at 900 rpm for 3 h, in
plastic containers. The suspensions were left at 75 °C for 15 min (pre-
foaming phase) and then added with 4 wt% of Triton X-100 surfactant
(polyoxymethylene octyl phenyl ether, C14H250(CoH40),, n = 9-10,
Sigma-Aldrich, Gillingham, UK) and subjected to intensive mechanical
stirring (2000 rpm). The trapping of air bubbles, favored by surfactant,
determined a substantial foaming [26,27]. Samples were dried at 40 °C
for 48 h.

Selected samples were fired at 700 °C, for 1 h, with a heating rate of
2 °C/min. Expressly for foams, a intermediate step at 300 °C for 2 h, with
a heating rate of 1 °C/min, was applied in order to degrade the
surfactant.

Fourier-transform infrared spectroscopy and X-ray diffraction were
performed to evaluate the phases developed during alkali activation and
subsequent foaming process. FTIR spectra were collected using Jasco
4200 FTIR spectrometer (Jasco, Japan) and measurement were acquired
in the 4500-400 cm ™! region. XRD (Bruker D8 Advance, Karlsruhe,
Germany - CuKa radiation, 0.15418 nm, 40 kV-40 mA, 26 = 9-70°, step
size 0.02°, 2 s counting time) was used for mineralogical analysis.
Match! ® program package (Crystal Impact GbR, Bonn, Germany),
operating with the PDF-2 database (ICDD-International Centre for
Diffraction Data, Newtown Square, PA, USA) supported the phase
identification.

Compressive tests were performed on specimens (10 mm x 10 mm x
10 mm, at least 5 for each batch), cut from larger samples, using uni-
versal material testing machine (Quasar 25, Galdabini, Cardano, Italy)
with a crosshead speed of 1 mm/min. The geometrical density (pgeom)
was calculated as ratio between the mass and the volume of samples; the
apparent density (papp) and the true density (pyue) were measured using
helium pycnometer (Micromeritics AccuPyc 1330, Norcross, GA, USA)
operating on bulk or crushed samples, respectively. These density data
were used to calculate the value of open and close porosity. CES
(Cambridge Engineering Selector) software package (Granta EduPack,
Ansys Granta, Canonsburg, PA, USA) was used to obtain the strength-to-
density trade-off chart adopted to compare new alkali activated mate-
rials (unfired and fired) with existing commercially available construc-
tion materials.

The morphology and the microstructure of samples were assessed by
optical stereomicroscopy (AxioCam ERc 5 s Microscope Camera, Carl
Zeiss Microscopy, Thornwood, New York, USA) and scanning electron
microscopy (FEI Quanta 200 ESEM, Eindhoven, The Netherlands).

To evaluate gel stability, both boiling test and acid attack were
performed. Cubic samples were immersed in distilled water, at 100 °C,
or in a solution of HCI (pH=D5), to establish integrity in harsh conditions.

Table 1

Chemical composition of grey tuff and soda-lime glass.
Oxides [%] SiO2 Aly03 Fey03 TiO, CaO MgO NayO K20 P20s Mn303 SO3
Tuff 43.5 14.1 12.3 2.3 8.3 10.4 2.0 1.5 0.45 0.11 0.06
SLG 72 3.2 0.42 0.07 10 2.3 12 1 - - -
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3. Results and discussion
3.1. Cold consolidated samples

As received tuff did not feature a uniform particle distribution.
Relatively coarse particles (with a diameter of 10-15 ym) were accom-
panied by a multitude of smaller particles (Fig. 1a). The alkali activation
(Fig. 1b) did not determine any significant dissolution, even of finer
particles; it basically caused the development of a thin layer of surface
gel, binding particles to each other. This is evident especially from the
surface of coarser particles: in the as received state particles exhibit
smooth, vitreous surfaces (Fig. 1a); on the contrary, the surface of
coarser particles, after activation, exhibited some texturing (Fig. 1b).

The transformations occurring upon activation were first monitored
by means of X-ray diffraction analysis, shown in Fig. 2a. As received tuff,
in analogy with other volcanic materials (such as volcanic ash from Mt.
Etna [22]), featured main lines attributable to plagioclase feldspar
(Cap 72Nag 2gAl; 72Si2 280g, PDF#89-1468). Plagioclase is a solid solu-
tion between sodium feldspar (albite, NaAlSi3Og) and calcium feldspar
(anorthite, CaAlySi2Og), with a Na/Ca ratio of approximately 1:4. Other
peaks are consistent with a pyroxene solid solution (diopside ferrian,
Cal,022Mg0‘857F60,266Si1.87706, PDF#89-0834), quartz (SiOZ,
PDF#85-1780) and calcium aluminum silicate hydrate (stellerite B,
Cag 4Mg15.90146.56Hs 24, PDF#71-1874). The latter phase, belonging to
the vast class of zeolites, is accompanied by traces of other zeolites,
based on sodium (natrolite, NayAl5SizO15Ho, PDF#80-1572, and un-
named zeolite, Nag sHp sAlSioOg, PDF#80-1394).

Alkali activation did not determine significant transformations in the
mineralogical structure (Fig. 2a); the most relevant changes are associ-
ated with the height of feldspar main peak (20 ~ 28°). This could be due
to the partial dissolution of feldspar upon alkaline attack, known to be
insensitive to the Ca-Na proportion [30]. The condensation of reaction
products, during drying step, evidently promoted the rebuilding of
strong Si-O-Si and Si-O-Al bonds: hardened samples did not degrade
substantially, after immersion in boiling water or in HCl (pH=5). The
crystal phases, already detected after activation, were confirmed, with
the notable increase of the signal-to-noise. In our opinion, this was due
to the formation of a mixed gel: the increase in the signal could come
from a reduced amount of amorphous phase. SiO4 and AlO4 units,
originally present in feldspar and put in solution after alkaline attack,
reorganized in the gel surrounding unreacted particles (see Fig. 3a).
While a highly polymerized fraction (SiO4 bound with AlO4, the latter
stabilized by Na™ ions) survived to boiling water and acid, a depoly-
merized fraction (concentrating alkali ions) was removed (see the
slightly more abundant voids, in the gel between unreacted particles, in
Fig. 3b,c).
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Soda-lime glass (practically Al,Os-free, in 1:1 proportion with tuff)
was first conceived to drastically reduce the nominal Al;03/SiO; content
and thus the capability to stabilize alkali ions, coordinated with AlO4
units. Despite this, drying of alkali activated tuff/glass suspensions still
yielded a stable material, resisting to boiling water. For this sample, the
intensity of quartz and pyroxene peaks remained practically unaltered
(Fig. 2b), despite the sensible reduction of tuff; the addition of soda-lime
glass evidently promoted an increase of amorphous fraction.

FTIR spectroscopy provided additional information regarding the
consolidation mechanism. As illustrated by Fig. 4a, as received, acti-
vated and ‘boiled’ tuff samples share the most intense band centred at
approximately 1000 cm ™, corresponding to Si-O-Si or Si-O-Al asym-
metric vibration. A secondary band, located at 880 em™L, is attributed to
overlapping of Al-OH and Si-OH vibration signals [31-,32,33]. The al-
kali activation actually determined some broadening and (slight)
downshifting of the main band, consistent with the formation of a gel
with mixed ions [34]. The presence of the band at 1400 cm! s
attributed to C-O bond stretching, typical of inorganic carbonates,
evidently present as amorphous material [35]. The observed reduction
of the C-O related band, with boiling, is consistent with the solubility of
(hydrated) carbonates. As shown in Fig. 4b, the ‘dilution’ of tuff with
soda-lime glass, entailed shifts in both main and carbonate bands, likely
due altered balances between Al** and Si** ions and between Ca®* and
Na™ ions.

As reported in Table 2, the porosity of samples from activated tuff
and tuff/glass mixture, mostly open, approached 40 vol%. The
geometrical density is in the range of that exhibited by structural
lightweight concrete; the correlation with compressive strength (in the
order of 2 MPa) should be evaluated in the perspective of possible
application in constructions. The graph in Fig. 5 displays the delicate
trade-off between density and compressive strength of commercial
construction materials: materials with the highest porosity content
typically exhibit the lowest strength values (and highest values of 1/
compressive strength) and viceversa. A solution can be considered as
‘non-dominated’ [36] when, at a given value of density, it provides the
highest strength; as an alternative, a ‘non-dominated’ solution, at a
given strength, offers the lowest density. Hardened tuff and tuff/glass
mixture were actually far from offering an optimized situation; with the
same density, as an example, they were much weaker than structural
lightweight concrete. It should be noted, however, that the newly
developed materials were ‘binder-only’ systems, i.e. they did not contain
any aggregate (sand or crushed stone); in the same strength range, they
were only slightly denser than insulating lightweight concrete.

A firing treatment was applied to study any possibility of further
consolidation, by viscous flow sintering. For the sake of sustainability,
the treatment was performed at only 700 °C, i.e. far below the

Fig. 1. Grey tuff before alkali activation (a) and after activation and drying (b).
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Fig. 4. FTIR diffraction patterns obtained for (a) tuff in different analyzed conditions (b) tuff and tuff+SLG after alkali activation.

temperatures (>850 °C [28]) adopted for the sintering of clay bricks,
and corresponding to the minimum temperature for the pressure-less

sintering of soda-lime glass [27].

As received tuff did not exhibit any densification (Fig. 6a). On the

contrary, the activated material exhibited some binding of adjacent
particles (Fig. 6b): the thin layer of gel, binding particles already after
activation, evidently transformed into liquid phase, favouring sintering
despite the low temperature. As shown by Table 2 and Fig. 5, fired tuff
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Table 2
Physical and mechanical properties of ‘dense’ samples.

Sample type Density ~ Total Open Closed Compressive
[g/ porosity porosity porosity strength
cm?] (vol%) (vol%) (vol%) [MPa]

Tuff 1.58 39.8 39.3 0.5 1.8+0.3
+ 0.09 +0.1 +0.1 +0.1

Tuff+SLG 1.56 39.8 38.9 0.9 2.4+0.9
+ 0.07 + 0.1 +0.1 + 0.1

Tuff fired 1.76 34.1 28.6 5.5 2.0+0.2
+0.1 +0.1 +0.1 + 0.1

Tuff+SLG_fired 1.16 53.5 30.6 22.9 2.3+0.4
+0.1 + 0.1 +0.1 + 0.1

(after activation) exhibited a slight densification and a slight increase of
compressive strength, compared to activated material; the liquid phase
allowed just for some ‘necking’ of adjacent particles, leaving an abun-
dant open porosity. Enhanced viscous flow sintering was observed with
the glass-modified mixture (Fig. 6¢); the softening of soda-lime glass
provided, already at 700 °C, an abundant liquid phase. This phase
promoted the formation of uniform pyroplastic mass, which could more
effectively trap gasses released by dehydration reactions occurring to
the compounds developed upon activation. As shown by Fig. 5, activated
and fired tuff/glass mixture overlaps with insulating lightweight con-
crete; we can think at granules of fired tuff/glass mixture as a possible
filler in this type of concrete.
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The firing at 700 °C was studied also in terms of mineralogical
transformations (Fig. 7). Diffraction peaks ascribed to zeolites are not
traceable, since these phases are known to decompose (by dehydration)
above 500-550 °C [37]. In agreement with the thermal transformation
of many alkali activated materials, dehydration likely promoted the
crystallization of an anhydrous sodium aluminum silicate phase
[nepheline (Si-rich), Nagg(Alg 3Sig7032), PDF #79-0994]. Moreover,
the ionic interdiffusion determined some evolution of the original
feldspar phase: after firing the diffraction lines are consistent with the
simultaneous presence of calcium aluminum silicate [anorthite, Ca
(AlxSizOg), #89-1462], with alkali left in potassium sodium calcium
alumino-silicate [sanidine, Kg 42N 58Cag 03(AlSi3O0g), #89-1455]. This
phase assemblage is confirmed also for the tuff/glass mixture.

3.2. Foamed samples

To obtain foamed samples, tuff was suspended in alkaline solution
with increasing liquid-to-solid ratio. Changes in the latter had dramatic
effects on the pore distribution, as shown by Fig. 8a,b: higher contents of
solid obviously enhanced the viscosity, in turn limiting the coalescence
of small air bubbles, embedded upon intensive mechanical stirring, into
larger ones. No practical change was observed on the phase assemblage
(Fig. 9a). The thermal transformation maintained the open-celled
structure (Fig. 8c). As in cold consolidated dense samples, the diffrac-
tion analysis is consistent with the concurrent presence of anorthite and
sanidine, accompanied by nepheline (Fig. 9b).
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Fig. 6. Microstructural images of (a) Tuff fired before alkali activation (b) Tuff fired after alkali activation (c)Tuff+SLG fired after alkali activation.
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Compared to dense samples, some differences emerged from FTIR
spectroscopy (Fig. 10a). In all spectra, the main absorption band
remained between 900 and 1100 cm ™}, attributed to the Si-O-Al and Si-
O-Si asymmetric stretching vibrations [38]. The band at about
1450 cm ™!, associated with C-O bond is much more pronounced, is
referred to the carbonate formed by the reaction between alkali and CO»
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[39]. Finally, a wide band in the 3000-3500 cm ! interval is due O-H
stretching vibrations, probably due to atmospheric humidity or hy-
drated species. The peak absorbance at 2900 cm ™! represents the C-H
stretching vibration from the surfactant used in foaming process [27].
Vibrations attributable O-H, C-H and C-O bonds were absent after firing
(Fig. 10b). The more abundant formation of hydrated sodium carbonate
(not detected by XRD analysis), in form of needles, is confirmed by high
magnification electron microscopy (Fig. 11a); again, firing did not
determine, in the absence of glass, a substantial viscous flow, resulting in
foams with porous struts (Fig. 11b).

As reported in Table 3, the porosity remained, in all conditions,
predominantly open. This allowed an interesting calculation, starting
from the experimental values of compressive strength. According to the
Gibson-Ashby model [40], an open-celled body can be approximated by
a lattice of interconnected dense beams. The compressive strength o,
depends on the bending strength cpeng of the solid forming the same
beams (‘bending strength of the solid phase’), combined with the rela-
tive density (ratio between geometrical and true densities pr =
(100-TP)/100; TP is the total porosity):

Oc & Opena0.2- (prel)l.5

Using the experimental data of relative density, the compressive
strength could be fitted by ‘apparent’ values of opepg. It is interesting to
note that for unfired foams openg approached 50 MPa, which is sub-
stantial, considering that the bending strength of dense soda-lime glass
is approximately 70 MPa [41]. Firing led to a notable improvement,
with ‘apparent’ values of 6peng even exceeding 100 MPa. The excellence
of foamed products, especially after firing, is further testified by Fig. 5:

Fig. 8. Optical microscope images of (a) foam with w/s = 0.82 (b) foam with w/s = 0.54 (c) foam fired with w/s = 0.54.
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Fig. 9. X-ray diffraction patterns of foams: a) obtained starting from different liquid-to-solid ratio; b) transformed by firing at 700 °C.
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Fig. 10. FTIR diffraction patterns for (a) tuff foams obtained with different w/s ratio (b) tuff activated w/s = 0.54 in different conditions.

Fig. 11. Microstructural images of selected foam w/s = 0.54 (a) activated (b) fired.

Table 3
Physical and mechanical properties of foamed samples.

Sample type Density Total porosity (vol%) Open porosity (vol%) Closed porosity Compressive strength [MPa]
[g/em®] (vol%) [Bending strength of solid phase (MPa)]
Tuff foam_0.82 0.56 + 0.01 77.8 £0.1 77.3+£0.1 0.5+0.1 0.6 £0.1
[~26]
Tuff foam_0.67 0.75 + 0.01 71.0 £ 0.1 69.5 + 0.1 1.5+0.1 1.4+0.1
[~46]
Tuff foam_0.54 0.90 £ 0.01 64.7 £ 0.1 61.6 £ 0.1 31+0.1 1.1+0.1
[~26]
Tuff foam_0.82_fired 0.50 + 0.01 81.7 £0.1 80.6 + 0.1 1.1+0.1 1.2+0.2
[~76]
Tuff foam_0.67_fired 0.75 £ 0.01 72.5+0.1 71.3+0.1 1.2+0.1 3.9+0.1
[~135]
Tuff foam_0.54_fired 0.87 £ 0.02 68.6 + 0.1 66.6 + 0.1 2.0+0.1 41+0.2
[~1171

fired foams, in particular, overlap with refractory bricks.

A possible application concerns again lightweight concrete (all foams
fall in the strength range of lightweight concrete, combined with a much
lower density): beyond conventional processing, foams are suggested
also for the development of skeletal mass made of compacted preplaced
aggregates, later bound by forcing a flowable cement grout mixture
through the voids, in the so-called two-stage concrete (TSC) [42,43]. It is

worth to note that porous geopolymers derived from volcanic materials
exhibit an excellent strength-to-density ratio (5.5-7 MPa cm®/g [7-9]),
well above that (~2 MPa cms/g) of the best present tuff-derived foams,
in unfired state, but they are developed according to stronger activation
and addition of valuable resources, such as aluminum powders [9].
Firing at 700 °C makes the strength-to-density of tuff-derived foams
closer to that of porous geopolymers (5.2 MPa cm®/g for ‘0.67_fired’
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sample).
4. Conclusions

This study presents strategies for the exploitation of unemployed
fraction of grey tuff in new sustainable construction materials, according
to alkali activation. Despite being suspended in a low molarity activating
solution, tuff powders (alone or added with waste glass) undergo
consolidation, upon drying, by formation of strong bonds, resulting in
bodies resisting to both boiling water and HCI solution (pH = 5). This
result is promising in the perspective of a new generation of green
binders, to be accompanied by a vast range of aggregates (object of
future studies). A direct exploitation of this ‘weak’ activation approach,
excluding further additives, is already feasible by application of heat
treatment, at only 700 °C, and/or by foaming at the early stages of
gelation, by intensive mechanical stirring. Porous bodies, in fact, fall in
the strength range of lightweight concrete, with comparable or lower
density.
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