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Abstract: Today, the need to dispose of a huge amount of ceramic industrial waste represents an
important problem for production plants. Contextually, it is increasingly difficult to retrieve new
mineral resources for the realization of building materials. Reusing ceramic industrial waste as
precursors for building blocks/binders, exploiting their aluminosilicate composition for an alkaline
activation process, could solve the problem. This chemical process facilitates the consolidation of new
binders/blocks without thermal treatments and with less CO, emissions if compared with traditional
cements/ceramics. The alkali-activated materials (AAMs) are today thought as the materials of
the future, eco-sustainable and technically advanced. In this study, six different kind of industrial
ceramic waste are compared in their chemical and mineralogical composition, together with their
thermal behaviour, reactivity in an alkaline environment and surface area characteristics, with the
aim of converting them from waste into new resources. Preliminary tests of AAM synthesis by
using 80%—-100% of ceramic waste as a precursor show promising results. Workability, porosity
and mechanical strengths in particular are measured, showing as, notwithstanding the presence of
carbonate components, consolidated materials are obtained, with similar results. The main factors
which affect the characteristics of the synthetized AAMs are the precursors’ granulometry, curing
temperature and the proportions of the activating solutions.

Keywords: recycling; alkali-activated materials; ceramic; construction waste; geopolymers; sustainability

1. Introduction

Nowadays, the abundance of ceramic industrial waste constitutes an issue of global
concern, and it requires a sustainable solution [1-3]. According to the current literature [4-7],
about 45%-50% of the total construction and demolition (C&D) waste in the world is due
to ceramic materials, while C&D waste in turn represents one third of the total waste gen-
erated by economic activities and households [8]. In particular, Italy produced 68 million
tons of waste from construction and demolition before the pandemic event of the year
2020 [9]. Additionally, it should be considered that these official data are underestimated,
since undesirable yet possible illegal dumping is not accounted for [8]. Besides the waste
management problem, a further question arises, which must be faced urgently. Indeed,
while the demand for construction materials grows [6,10,11], the availability of clay supply
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in Italy and in other European countries is dramatically reduced [2,3,10]. As the most com-
mon of construction materials (cement, concrete, bricks, tiles, etc.) are obtained from clays,
a consequent deep crisis in the entire field is obvious. In this scenario, the reuse of ceramic
industrial waste as new feedstock for the production of building materials is attracting
increasing interest, with the considerable advantage of minimizing the need to dispose of
waste and exploit virgin clay deposits, as well as minimizing the negative environmental
impact [1,3,12-15]. Due to their aluminosilicate composition and their partial amorphous
phase, ceramics are cited among those waste materials which offer potential for valorization
by alkali-activation [4,12,16,17]. Alkali-activated materials (AAMSs) are hydraulic binders
with amorphous structure and ceramic-like properties, chemically synthetized by the reac-
tion between an alkaline solution and an aluminosilicate powder [18-21]. Consolidating
at room temperature, or, at least, at much lower temperature compared to those required
for making traditional cements or ceramics, the AAMs allow the abatement of CO, emis-
sions. Furthermore, the use of ceramic waste supplied by local industries also promotes a
process of circular economy [16]. As eco-sustainable materials, technically advanced and
with performances similar to those of the traditional cements [18,19]—sometimes supe-
rior [22,23]—the AAMs could be considered the building materials of the future. Various
studies have investigated the possibility to obtain AAMs from C&D waste [24,25], but the
mix design, or formulation step, still remains challenging because of the heterogeneity of
these products [14,26]. Undoubtedly, the use of construction debris is much easier than that
of the demolition ones, because it is also easier to control their chemical and mineralogical
composition [12]. However, the structure and the performance of AAMs strictly depend
on the characteristics of aluminosilicate powders used as precursors [27-29]. Studying
how different kinds of ceramics are alkali-activated is therefore important. An extensive
experimental investigation was undertaken to compare six different kind of industrial
ceramic waste (three kind of tiles, solid brick, hollow brick and stoneware) in terms of
chemical and mineralogical composition, together with thermal behaviour, reactivity in an
alkaline environment and surface area, with the aim of converting them from waste into
new resources for the synthesis of alkali-activated products. Preliminary tests of synthesis,
laboratory observations, compressive and porosimetric analysis are also performed. All
the ceramic products selected are obtained from local clays and they are available in large
quantities as waste, due to damage during the manufacturing process, decoration or during
transport. They have therefore become unusable materials and, therefore, materials that
need to be disposed of in landfills.

2. Materials and Methods
2.1. Materials

Different types of industrial ceramic wastes were selected as potential precursors for
alkaline activation (Figure 1). Industrial and handmade tiles (labelled LBCa, LBCb, LBCc
and LBCf) were provided by the local industry La Bottega Calatina, located in Caltagirone
(CT), Italy; two types of red clay bricks (CWF and CWM) were recovered from the local
industry Laquattro, located in Rometta (ME), Italy. All the ceramic products selected are
pre-consumer waste.

LBCa is a tile waste characterized by a fine, homogeneous grain and pinkish body,
made industrially by mixing commercial clay with 3% of water and fired at around 1100 °C,
after natural drying. LBCb is a tile waste characterized by a coarse grain, dark red body,
handmade by mixing local clay with a higher water percentage; volcanic aggregates
and sand are present. The firing temperature to obtain it was between 900 and 1100 °C.
LBCc is tile waste of medium grain size, semi-industrially produced, of reddish colour
and homogeneous texture. LBCf is a stoneware tile waste, greyish in colour, perfectly
homogeneous and smooth. LBCf was produced by an industrial process starting from
kaolinitic clay fired at a temperature over 1300 °C. CWF is waste hollow brick, composed
of ceramic materials fired at low temperature, around 870 °C, originating from local clay
of the Plio-Pleistocene Rometta Formation retrieved from the areas of Fondachelli, San
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Pier Niceto and Barcellona Pozzo di Gotto (Italy), and local sand aggregates. The texture
is quite heterogeneous, light red in colour with fine grain size with white spots, probably
of carbonate nature, and dark grains of millimetric size. Lastly, CWM is waste from solid
brick, light red in colour, with a fine grain size and a homogenous texture. Sporadic
silver /gold-like millimetric lamellae are visible together with some white spots. According
to the literature [26,30-35], sodium hydroxide (NaOH) and sodium silicate (Na;SiO3) were
selected as alkaline activating solutions. A concentration of 8 M NaOH was chosen in order
to have an enough alkaline medium, preventing possible excessive efflorescence, without
being excessively aggressive towards the environment. The desired molarity was obtained
by diluting a commercial 10M NaOH solution, supplied by Carlo Erba, Milan (Italy). The
sodium silicate used was provided by Ingessil srl, Verona (Italy); it is characterized by a
module SiO, /NayO = 3.3 and pH = 11.5. Metakaolin (MK), one of the main raw materials
commonly used for the production of geopolymers because of its high reactivity [36-38],
is used here in small amounts (maximum 20% of the solid precursor) in order to increase
the reactivity and the performance of the ceramic-based geopolymers. The MK used is
ARGICAL™ M-1000, supplied by Imerys (France). Prompt (P), a natural cement prepared
and supplied by Vicat Group (France), was also used as additive (in substitution of MK) in
order to promote the reactivity of the ceramic precursors in the form of binary mixtures. It
is commonly known as Roman cement and it is characterized by rapid setting (2-3 min)
and hardening. The chemical composition of MK, according to the literature [36], and of P,
according to the data sheet, are shown in Table 1.

(b) (©)

— 5cm

Figure 1. Ceramic waste retrieved by local industries: (a) LBCa; (b) LBCb; (c) LBCc; (d) LBCf; (e) CWE;
and (f) CWM.

Table 1. XRF results on additives MK and P. nd = not determined.

Ma’&flgj‘)‘des Si0, AlLO; Fe,03 MgO CaO Na,O K,0 TiO, P,05 SO; LOI  Tot.
MK 5856 3403 257 - 2.08 - 069 18 02 - nd 100
P 1809 724 32 384 5307 028 116 113 035 324 928 100




Minerals 2023, 13, 815

40f18

2.2. Synthesis Parameters

According to the suggestions of the producers, LBCa and CWF were selected for
experimenting with alkali activation. Among all the ceramic waste supplied, indeed, these
are the most abundant, and thus, those mainly responsible for the largest disposal problem.
They are furthermore the most representative as industrial products and they are available
in greater amounts for the tests. The synthesis process was carried out after preparing
the solid and liquid raw materials. The LBCa and CWF raw materials were ground in
porcelain jars with Al,Oj3 balls in order to reach the desired granulometry. The first tests
were performed with a LBCa ground to around 75 pm. A granulometry similar to that of
commercial MK was also chosen (~10 um). For experimenting with binary mixture, MK or
P were dried in an oven and sieved before adding them, separately, to the ceramic powders,
in order to avoid the formation of agglomerates. The powdered components were carefully
homogenized in a porcelain jar before the addition of the activating solution. Preliminary
tests using only sodium hydroxide yielded poor results in setting and curing of the pastes.
Thus, alkali-activated mixtures of sodium hydroxide and sodium silicate were tested, as
well as activation by using only sodium silicate. When a mixture of sodium hydroxide
and sodium silicate was used, it was allowed to rest for some minutes before the synthesis,
in order to avoid the effect of the exothermic reaction between the two liquids on the
geopolymerization [39,40]. The liquid was then poured on the powders, and immediately
subjected to mechanical mixing for 5 min. The so-obtained slurries were then poured
into molds and manually agitated for 1 min in order to facilitate the escape of air bubbles
from the mixture [8,26,33]. After 24 h at room temperature, the samples were demolded
and wrapped with polyethylene film for the remaining curing time (fixed at 28 days).
Maturation was carried out at room temperature, around 25 °C, avoiding firing procedures
in order to reduce environmental impact. However, some formulation replicates were also
subjected to a low-temperature treatment (65 °C) for the first 24 h after synthesis [41], in
order to assess the effect of different curing temperatures. The best liquid/solid (L/S) ratio
for each formulation was defined according to the workability of the slurry during the
synthesis, while also considering the setting and curing times.

2.3. Analytical Methods

The as-received industrial ceramic wastes were characterized by X-ray Fluorescence
(XRF), X-ray Diffractometry (XRD), Reactivity Test + Inductively Coupled Plasma—Optical
Emission Spectroscopy (ICP-OES) and Thermogravimetric Analysis (TGA). The ground
samples were characterized via laser granulometry and Brunauer-Emmett-Teller analysis
(BET), while the obtained geopolymeric samples were studied using integrity tests, vi-
sual critical evaluations and tested by Mercury Intrusion Porosimetry (MIP) and uniaxial
compressive test. Where present, the efflorescence was investigated by XRD. Chemical
analyses by XRF were performed on pearls by a PANalytical instrument, model Zetium,
with ceramic tube with Rh anode; ultra-fine high transmission Beryllium front window,
at least 75 um and tube geometry below the sample; High Stability Power 4 kW X-ray
Generator; decoupled goniometer 0/20 with optical positioning system and high angular
reproducibility (0.0001°) (CIC—University of Granada, Spain). Mineralogical investigations
were performed by a PANalytical X'Pert PRO X-ray Diffractometer, with Cu Ko radiation
and operating at 45 kV and 40 mA; the following operative conditions were used: time 20 s,
step 0.04 in a range of 3-70 20 (Department of Mineralogy and Petrology—University of
Granada, Spain). The qualitative analysis was then conducted by using High Score Plus
software v.4.8. The reactivity test was performed following the experiments according to
the literature [42,43]; however, while they usually use HF, in this research the tests were
carried out reproducing the solubility conditions chosen for the alkaline activating process,
namely, ambient T and pH of a NaOH 8 M solution. An amount of 1 £ 0.05 g powder
of each material was subjected to a reactivity attack by using NaOH 8 M (NaOH, 99%,
J. T. Baker; water Millipore purified by Milli-Q UV, resistivity > 18 M()-cm) in 100 mL of so-
lution. The system was mechanically agitated (300 rpm) for 12 h at room temperature. The
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analysis of the eluate allowed the determination of the solid residue using the gravimetric
method, and obtained the amount of soluble Si and Al by ICP-OES. In particular, after the
basic attack, the eluates were filtered with Whatman paper and diluted with Milli-Q water
until reaching the volume of 1 L. The washing of the filters was carried out until reaching
a neutral pH. The solid residues were then obtained after drying in an oven at 110 °C
for 1 h. A Varian 720-ES ICP—OES was used for the chemical analysis of the eluates by
introducing the sample via a spray chamber. The quantification was obtained by using the
internal standard method of Ge (1 mg/L); the calibration curve was realized considering
6 points in the 2-200 pg/L interval (CSGI and Department of Chemistry—University of
Florence, Italy). TGA was performed by using a thermobalance TA Instrument, model
Q5000IR, according to the procedure reported in [44,45]. The analyses were performed
on about 10-15 mg of sample in a nitrogen flux, with gradual increases of 20 °C/minute,
considering a temperature range from the environmental temperature to a maximum of
900 °C (Department of Chemistry and Industrial Chemistry—University of Pisa, Italy).
Granulometric measurements were carried out by using the Laser Granulometer Master-
sizer 2000, Hydro 2000S model (Malvern Instrument). The measurements were conducted
in humid conditions; after the acquisition of a “white” reference, 10 successive acquisitions
for each sample were elaborated by the software, which returned an average curve. The
results were then expressed with a cumulative curve and a curve representing the granulo-
metric distribution. BET analyses were performed by using the Micromeritics Instrument,
Gemini Model 2380, with the following technical specifications: N, analysis adsorptive,
10 s equilibration time and pressure of 1.03979 x 10° Pascal (Department of Engineering
“Enzo Ferrari”—University of Modena and Reggio Emilia, Italy). Preliminary evaluations
of the pastes were conducted by simple observation of a few criteria concerning the curing
time required to demold the geopolymers, their complete hardening (when the surfaces
are completely dry), the tendency to shrink, the appearance in terms of homogeneity and
the efflorescence crystallization. The integrity test, on the other hand, is a preliminary test
generally adopted by the scientific community working with AAMs in order to check the
stability of the material in water, when soaked for 24 h [39]. The integrity test could be,
thus, considered a first step in the evaluation of the advancement of the geopolymerization
process, i.e., the formation of the alkaline gel [39]. The visible parameters considered to
check the sample’s integrity were the appearance of water (clear, with residues, turbid) and
the tendency of the geopolymeric fragment to be broken by a metallic pincer with hand
pressure. A formulation passes the test if the water remains clear and the geopolymer does
not break with the pincer (Figure 2).

SOAKING IN DISTILLED
WATER (24H)
\ \
x J CLEAR WATER

| ——
RESIDUES  TURBID WATER
m x J RESISTANT SAMPLE

//‘ - SOFT SAMPLE

Figure 2. Integrity test scheme.
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Three samples of 2 x 2 x 2 cm? for preliminary compressive tests were analysed
by the Instron Model 5592 instrumentation, maximum charge of 600 kN and a veloc-
ity of 0.5 MPa/s, according to CEN EN 1926:2006 standard [46] (Department of Earth
Science—University of Florence, Italy). For MIP, a Thermoquest Pascal 240 porosimeter
was used in order to explore the pore size distribution with radii between 0.0074 mm
and 15 mm, and a Thermoquest Pascal 140 porosimeter to investigate the pore radii range
3.8 mm-116 mm (Department of Biological, Geological and Environmental
Sciences—University of Catania, Italy). Before the analysis, the fragments were dried
in an oven for 24 h at 100 °C.

3. Results and Discussion
3.1. Chemical Composition of the Ceramic Industrial Wastes

The XRF results are shown in Table 2. Data related to LBCa major oxides are reported
from the literature [16].

Table 2. XRF results on the ceramic waste materials selected as precursors.

Ma’("‘:ﬁo%")‘des Si0, Al,03; Fe;03 MnO MgO CaO Na,O K;O TiO, P,05 Others LOI  Tot.
LBCa 6067 1630 569 008 231 873 135 327 069 014 030 047 100
LBCb 5791 1733 753 011 258 741 235 230 113 035 053 047 100
LBCc 6117 1703 563 004 208 781 049 402 076 017 029 051 100
LBCf 7237 1837 099 001 054 080 322 237 068 012 018 035 100
CWF 5733 1432 551 008 243 1199 116 249 073 017 033 346 100
CWM 5683 1520 563 007 252 1015 139 280 070 018 021 432 100

The materials show similar chemistry, with the exception of sample LBCf. In general,
all the materials show a SiO, content between 57 and 61 wt%. The second important
chemical component is Al,O3, with values between 14 and 18 wt%. CaO is the third
component of the chemistry, with values between 7 and 12 wt%. Another important element
is Fe;O3 (more than 5 wt%). The LBCf sample is the exception, showing the highest values
of silica reaching 72 wt%, while it could be considered free of calcium and iron components.
All the materials show a different LOI%, with very low values for the LBC samples and
higher values for CWF and CWM, which suggests the presence of carbonate phases in
these latter samples due to the lower firing temperature of bricks. This is confirmed below
by XRD analysis. In this context, the relatively high CaO content of the LBC samples is
attributable to non-carbonate phases, as calcium-rich silicates. The amounts of the three
major oxides, SiO,%, Al,O3% and CaO% are plotted in the triangular diagram (Figure 3),
showing the usual range of the composition of the aluminosilicate materials most commonly
used as precursors in the field of AAMs, and OPC as comparison—sketched approximately
according to [20]. It is evident that the ceramic waste has an intermediate composition, with
a high percentages of silica in comparison to the other materials, somewhat less alumina
and an intermediate content of CaO. Relative to this component, the studied ceramic wastes
are placed between the materials known as “low-calcium” (as metakaolin and fly ash)
and those of “high calcium” (as blast furnace slag) [20]. Particularly, they are located near
the limit area of fly ash, with a higher silica content. LBCf, on the other hand, falls much
closer to the SiO,-Al, O3 axis, because of the absence of the CaO component. The data are
consistent with further studies on the composition of aluminosilicate materials used for
making AAMs [47].

3.2. Mineralogical Composition of the Ceramic Industrial Wastes

The individuated phases for each sample are shown in Table 3, where the data related
to LBCa come from the literature [16]. Mineral abbreviations are reported as in [48]. As
expected from the XRF data, LBC samples are distinguished from the CWF-CWM samples
because of the absence of calcite and muscovite/illite, which instead characterize the
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latter. Quartz, feldspars and haematite are present everywhere, while diopside, gehlenite,
wollastonite and montmorillonite differentiate the mineralogical compositions of the LBC
samples among themselves. Furthermore, the results for LBCf, being a different kind of
ceramic product, are very different. It is composed almost completely of quartz, feldspars
and mullite. It is the only sample where haematite is not present.

% Si0,
@ Lsc-
90 10
A L @ o0
80
i O ece
LBCf
- O
> @cvr
0 | @cw
50
AV} )
Metakaolin
40 \ Blast
~ furnace
30 slag 70
N
20 / 80
3 L
10 / .90
b’ e
% Ca0 A A\ 7A) A A N\ A £y A % Al,O4
90 80 70 60 50 40 30 20 10
Figure 3. Triangular diagram CaO-5iO;-Al, O3 for the ceramic waste composition. The colored circles
represent the ceramic waste analyzed, while the grey areas indicate the compositional range of typical
raw materials used for geopolymerization. The compositional range of typical OPC is also marked
on the diagram.
Table 3. Mineralogical phases detected on ceramic waste samples; Qz = quartz, Fsp = feldspar,
Hem = hematite, Di = diopside, Gh = gehlenite, Wo = wollastonite, Mnt = montmorillonite,
Cal = calcite, Ms = muscovite, and Mul = mullite; X = present, / = absent.

Sample Qz Fsp Hem Di Gh Wo Mnt Cal Ms Mul
LBCa X X X X X X / / / /
LBCb X X X X / / X / / /
LBCc X X X X X / / / / /
LBCf X X / / / / / / / X
CWF X X X X X / / X X /
CWM X X X / / / / X X /
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3.3. Thermogravimetric Behavior of the Ceramic Industrial Waste

From the TG curves reported in Figure 4 and the values of Table 4, it is possible to

distinguish two groups corresponding to the observed groups of the

LOI%. A high mass

loss residue is registered, about 99% at 850-900 °C for the LBC samples, while relatively
lower values are observed for the CWF and CWM samples, respectively, of 97% and 95.8%.
It is possible to note how the two groups are characterized by different patterns of mass
loss. Apart from the mass loss occurring in the temperature interval 80-200 °C, attributed

to surface or hygroscopic water loss, several steps attributable to the

dehydroxylation of

clay minerals are visible in the LBC samples. The CWF and CWM TG curves are dominated
by the step at 600-900 °C, typical of a decarbonation process, attributable to the calcite

already detected by XRD and LOI%.

100.1

. 0.0015
(a)
I
100.0
0.07246% | 06010
a8f11°c
ol
o
99.9 S fl\ 2
£ 2
£ 0.0005 EU"
5 I 2
]
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9984 \ §
\\ \\/\ﬁ L 0.0000
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Figure 4. TG curves of two representative ceramic waste materials: (a) LBCa,
tiles group LBC; and (b) CWE, representative of the bricks group CWF-CWM.

Universal V4.54 TA Instrumenis

representative of the
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Table 4. Decomposition temperatures and mass loss of the ceramic industrial wastes under study:.
Residual mass at 850 °C.

Sample 0-80°C 80-130 °C 130-200 °C 200-500 °C 500-600 °C 600-900 °C Residue (%)
LBCa 0.15 0.05 0.09 99.7
LBCb 0.14 0.19 99.7
LBCc 0.4 99.6
LBCf 0.12 0.4 99.5
CWEF * 0.36 2.7 97
CWM * 0.78 0.24 32 95.8
* Data partially reported from the literature [45].
3.4. Reactivity Test in Alkali of Ceramic Industrial Waste
As it is well known, the total amount of silica and alumina present in a ceramic
material could not be considered reactive [20,49]. In order to investigate how much of these
components are potentially reactive in alkaline media [20], a reactivity test was performed
on all the ceramic industrial waste, evaluating their solubility in 8 M NaOH solution
at room temperature, and the obtained solution was analysed by ICP-OES. LBCb was
analysed as representative of the group of handmade tiles LBCb-LBCc. By the gravimetric
measurement of the solid residue, the soluble phase (that means potentially reactive) was
obtained (Table 5). The sample with the highest value of soluble phase was CWM, with
30 wt% of soluble phase, while LBCa and CWF showed the lowest value of soluble phases,
respectively, with a solid residue of 90 and 94 wt%.
Table 5. Data results of ICP-OES on the eluates after reactivity test on ceramic waste: solid residue
(wt%), soluble fraction (wt%), analytical results of the Si and Al concentration (mg/L) and comparison
between the Si and Al amount solubilized with the reactivity test and the soluble fraction (% as
solid completion).
Solid Residue Soluble . . Si + Al)/Soluble
Sample (wt%) Fraction (wt%) Si (mg/L) Al (mg/L) Si+ Al (mg/L) (Fractio)n (wt%)
LBCa 90 10 9.5 3.1 12.63 12
LBCb 84 16 8.1 3 11.07 7
LBCf 83 17 15.7 3.8 19.48 11
CWF 94 6 10 3.6 13.61 22
CWM 70 30 22.1 14.6 36.7 12

Table 5 also shows the Si and Al concentrations of the eluates determined by the
ICP-OES. As expected, the solubility results were higher for Si than for Al. The contribution
sum of Si and Al and their percentage in the soluble phase brings to light the highest
value calculated for CWF. The high percentage of solid residue after NaOH treatment was
observed in the literature. Different studies indeed demonstrated that the alkali attack, even
performed under different conditions of sodium hydroxide concentration, temperature
or treatment time, give only a partial dissolution of the Si and Al of the aluminosilicate
material [50-52]. Their soluble fraction in alkaline solution is also linked to the nature of
the aluminosilicate materials; for example, it seems that tectosilicates are more sensitive to
this kind of treatment than phyllosilicates, inosilicates or cyclosilicates [50]. Furthermore,
the ability of the aluminosilicate material to exchange cations, the AI** coordination and
the surface area influence the Si and Al dissolution [51,52]. In order to understand the
percentage of potentially reactive silica and alumina, the obtained results were recalculated
on the total silica and alumina amount measured from the bulk chemical composition of
the ceramic precursors. The final data are shown in Table 6.
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Table 6. Amount of silica and alumina dissolved after basic attack, calculated on the total silica
and alumina amount measured from the bulk chemical composition of ceramic precursors tested.
5i0,% s Tot = soluble SiO;,% with respect to the total chemical composition of the sample; Al;O3% s
Tot = soluble Al,O3% with respect to the total chemical composition of the sample; SiO,% s Silica
Tot = soluble SiO,% with respect to the total SiO,% present in the sample; Al;O3% s Alumina
Tot = soluble Al,O3% with respect to the total Al;O3% present in the sample.

P o R Al,O3%
Sample S;(?r(z) t/o Alz% 3t o s Ssligi {;0 t s Al;;lina [Si0;1/[Al; O3] eactive
LBCa 0.002 0.001 0.328 0.359 3.397
LBCb 0.002 0.001 0.299 0.327 3.057
LBCf 0.003 0.001 0.464 0.391 4.678
CWEF 0.002 0.001 0.373 0.475 3.145
CWM 0.005 0.003 0.832 1.815 1.714

The amount of the soluble silica and alumina of the ceramic precursors under these
conditions (NaOH 8M solution at room temperature) is very low, less than 1% of the total
silica and alumina detected by XRF. Only the CWM sample is an exception, with a value
of around 2%. The low measured value could be highly affected by the reprecipitation
of SiO, and Al,Oj as, for instance, sodium silicates and aluminates. Nevertheless, the
([S102]/[Al2O3])reactive ratio of the studied ceramic industrial wastes is on average around
3. This is considered a critical parameter, which in order to obtain a good mechanical
performance in geopolymers, should be between 2 and 4 [20]. Only the CWM sample is
quite below the threshold.

3.5. Granulometric Analysis on Ceramic Waste (Laser Granulometry and BET)

As preliminary synthesis tests were performed using LBCa and CWF as raw materials,
a granulometric investigation was performed on these two ceramic wastes. While prelimi-
nary tests were performed with a granulometry of 75 pm, a lower granulometry, at least
15 um, was preferred for the larger synthesis set. Starting from centimetre-sized fragments
of ceramics (1-2 cm), different grinding procedures were tested in order to reach the desired
granulometry. The preferred individuated procedure consisted of 40 min grinding in a
porcelain jar with alumina spheres, in accordance with the literature [41]. About 50% by
volume of the particles had a size of about 16 pm and 12 um, measured by laser diffraction,
obtained for LBCa and CWF ceramics, respectively (Figure 5).

As is immediately visible, furthermore, the LBCa particle size distribution shows a
unimodal pattern, with a mean particle size of around 10 um, while CWF is characterized
by a bimodal particle size distribution, with mean particle sizes around 1 pm and 10 um.
The obtained powder fineness is similar to that of Portland cement, having particles in the
size range 1-100 pm [35], and to that of MK, which was also used in this research project.
During material processing, its specific surface could change; thus, BET analyses were
performed in order to evaluate the correlation between the granulometric analysis and the
superficial area [53]. It was found that when the granulometry decreases, the specific area
of the LBCa ceramic increases, while that of CWF decreases (Table 7), even if there is a
significant difference between the sintered ceramic product fired at 1100 °C compared to
porous bricks fired under 1000 °C.

3.6. Visual Observations and Integrity Tests

Around fifty formulations were synthesized and, after 28 days of curing, submitted
to preliminary considerations and to the integrity test. In the Supplementary Materials
(Table S1), all the formulations and their synthesis parameters are shown. Table 8, on the
other hand, summarizes the preliminary evaluations and the results of the integrity tests.
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Figure 5. (a) Particle size distributions of LBCa; and (b) particle size distributions of CWF; measured
by laser granulometry. d(0.5) = 50% of volume with the particle size less than this dimension; and
d(0.9) = 90% of volume with the particle size less than this dimension.
Table 7. BET analysis results of the selected precursors.
Sample Dso Surface Area (m?/g)
1-2 mm 0.5272
LBCa ~15 pm 1.0155
>125 um 47.8880
CWE ~12 ym 43.1090
Table 8. Preliminary observations and integrity test results of the experimental AAMs: St = setting
time and Ct = curing time.
Integrity Tests
Sample St (min) Ct(Days) Homogeneity = Shrinkage Cracks Salts Stability in Resistance
Water to Pincer
LBCays 1 / 28 no yes no no no no
LBCays 2 / 28 no yes no no no no
LBCays 3+50P / 28 yes yes no no yes no
LBCays 4 / 28 no yes no no no no
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Table 8. Cont.

Integrity Tests
Sample St (min) Ct(Days) Homogeneity  Shrinkage Cracks Salts Stability in Resistance
Water to Pincer

LBCajp 1 5 28 yes yes no no no no
LBCajg 2 5 28 yes yes no no no no
LBCajg 3+50P 5 1 yes yes no no yes no
LBCayg 4 5 28 no yes no no no no
LBCa5 5 1 no yes no no no no
LBCa 5A 5 1 no yes no yes yes no
LBCa 5+10MK 5 1 yes yes no no yes no
LBCa 5+10MK_A 5 1 no yes no yes yes no
LBCa 5+20MK 5 1 yes yes no no yes no
LBCa 6 5 1 yes yes no no no no
LBCa 6+10MK 5 1 no yes no no no no
LBCa 6+20MK 5 1 yes yes no no no no
LBCa? 5 1 yes yes no no no no
LBCa 8 5 1 yes yes no no no no
LBCa9 5 7 yes yes no no no no
LBCa 10 5 7 yes yes no no no no
LBCa 1l 5 1 no yes no no yes no
LBCa 12 5 1 yes yes no yes yes no
LBCa 12A 5 1 yes yes no yes yes no
LBCa 13 5] 7 yes yes no no yes yes
LBCa 13+10MK 5 1 yes yes no yes yes yes
LBCa 13+20MK B 1 yes no no no yes yes
LBCa 14 5 7 yes yes no no yes yes
LBCa 14+10MK B 1 yes yes no no yes yes
LBCa 14+20MK 5 1 yes no no no yes yes
LBCa 14+5P 5 <1 yes yes no no yes yes
LBCa 14+10P 2 <1 yes yes no no yes yes
LBCa 14+20P 2 <1 yes yes no no yes yes
LBCa 15 5] 7 yes yes no yes yes no
LBCa 15+10MK 5 1 yes yes no yes yes yes
LBCa 15+20MK 5] 1 yes no no yes yes yes
CWF 13 5 7 yes yes no no yes yes
CWEF 13+10MK 5 1 yes yes no no yes yes
CWEF 13+20MK 5 1 no no no no yes yes
CWF 14 5 7 yes yes no no yes yes
CWEF 14+10MK 5 1 yes yes no no yes yes
CWEF 14+20 MK 5 1 yes no no no yes yes
CWEF 15 5 7 yes yes no yes no yes
CWEF 15+10MK 5 1 yes yes no yes no yes
CWEF 15+20MK 5 1 yes no no yes no yes

The first observation is the failure of the formulations made with 75 um powders,
which do not set, but harden just because of drying after very long times. Indeed, they
totally failed the integrity tests, with the exception of the sample with 50% of P. The
setting time was then accelerated to 5 min by the decrease in the granulometry of the
ceramic precursor. As reported in the literature [54], indeed, the powders’ reactivity is also
determined by its fineness, increasing with the decrease in the granulometry. The curing
time instead ranges from 1 to 7 days, likely depending on the liquid content of the fresh
paste and on the degree of reactivity of the ceramic industrial waste [34,55]. The majority of
the samples show a fairly homogeneous visual appearance, with some exceptions probably
due to insufficient mixing of the different components in binary mixtures, or due to a
separation of the sodium silicate, which tends to stratify at the top of the poured samples,
when in excess. In some cases, the lack of workability observed during the synthesis
makes the surface of the dried samples rough because of an increased difficulty in pouring
the slurry into the mold. The tendency to shrink characterizes all the samples, with the
exception of those with the highest amount of MK. Nevertheless, the extent of the shrinkage
upon drying could be considered low, as it did not produce any cracks nor micro-cracks,
and it should be considered as an intrinsic characteristic of this kind of material [56].
In order to reduce drying shrinkage in the final products, inert aggregates should be
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added in the mix design [57]. Regarding the efflorescence, it is evident that this appears
when the sodium hydroxide proportion in the liquid component is higher (e.g., sodium
hydroxide/sodium silicate = 2.33), or when moderate amounts of sodium hydroxide (e.g.,
sodium hydroxide/sodium silicate ~ 0.5) is combined with high amounts of water added
during the synthesis. Furthermore, efflorescence appears in samples which were subjected
to a low-temperature firing step, probably because of the faster evaporation of water
compared to the replicates cured entirely at room temperature [26,27,33]. Regarding the
stability in water and the resistance to the pincer cut after soaking, it is possible to see in
Table 8 how the first synthesis tests totally failed both criteria of the integrity test, with the
exception of the fired samples and of the binary mixtures. The apparent quick setting and
apparent consolidation of all the samples which tend to disintegrate in water could probably
be ascribed to the hardening action of the drying of sodium silicate [26,40,58], generally
present in high amounts, without the occurrence of an efficient geopolymerization process.
In the second part of the table, the results of the integrity tests show samples leaving the
water clear and resisting the pincer cut. Among these, the formulations obtained by adding
a percentage of P are characterized by a very quick setting time, which is a very promising
result for the scale-up of building materials. After considering the preliminary results of the
empirically adjusted slurries in the lab, a batch of LBCa-based formulations (highlighted in
grey in Table 8) was selected to be replicated using CWF as a precursor. The last lines of
Table 8 show that by changing the ceramic precursor, similar results are obtained in terms
of preliminary visual observation and the results of the integrity test.

3.7. Mechanical Resistance and Porosity of Alkali-Activated Samples

The formulations tested both with curing at room temperature and with a 65 °C treat-
ment were analyzed. Uniaxial compressive tests and mercury porosimetry were performed
in order to investigate the effect of the curing temperature step on the performance of the
final hardened product. The results are summarized in the scheme of Figure 6, and shown
in detail in the Supplementary Materials (Tables S2 and S3).

SAMPLES CURED AT SAMPLES CURED FOR
ROOMT 24H AT 65°C
11.3 MPa 6.44 MPa
LBCa 5 LBCa 5A
22.65 % 26.02 %
5+10MK | 23.07% 5+10MK A | 29.09%
3.50 MPa 2.25 MPa
LBCa 12 LBCa 12A
29.01% 37.05%
< Compressive strength |
[ Accessible Porosity >

Figure 6. Porosimetric and mechanical results obtained from samples LBCa 5, LBCa 5+10MK and
LBCa 12, cured at ambient temperature, and on the corresponding samples cured for 24 h at 65 °C
and then allowed to mature at room temperature: LBCa 5A, LBCa 5+10MK_A and LBCa 12A.

The samples LBCa 5 and LBCa 5+10MK do not show visible efflorescence, while the
same formulations after the firing step (LBCa 5A and LBCa 5+10MK_A) are characterized
by visible efflorescence as well as a decrease in compressive strength of about 5 MPa.
The simultaneous occurrence of these features could be correlated to the same event, i.e.,
the crystallization of crypto-efflorescence would interrupt the structural continuity of the
alkaline gel in the samples, compromising their compactness and resistance [59]. Decreases
in compressive strength are also individuated in LBCa 12A (same formulation as LBCa 12,
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but cured at 65 °C), but in this case efflorescence is already visible in the non-fired sample.
In general, the resistance of both samples is very poor, while the strength value for the other
samples could be considered within the range of other AAMs [60]. Concerning porosity, the
samples show values of accessible porosity between those of traditional cement and typical
geopolymers [61]. It is furthermore possible to notice an increase in the accessible porosity
after firing, which is an inverse pattern with respect to that observed for the compressive
strength values. Again, the fired samples show worse performances than those cured
at room temperature. The higher accessible porosity volume would indeed determine a
higher vulnerability of the products to environmental decay. From the results shown in
Figure 6, it is furthermore possible to appreciate how the addition of only 10% of MK to the
solid precursor determines an increase in the compressive strength of the final product.

3.8. Mineralogical Investigation of the Efflorescence

In order to investigate the efflorescence formed on the samples, a few samplings were
carried out on the powdery deposit of salts when present; otherwise, the salt samples
were scratched from the surface with a scalpel. In this latter case, we must consider the
possibility that the geopolymer was sampled as well. XRD was carried out on samples
LBCa 12A, LBCa 13+10MK, LBCa 15, LBCa 15+10MK and LBCa 15+20MK. The diffraction
pattern of salts collected from sample LBCa 15+20MK is shown in Figure 7 as represen-
tative. From this analysis, mainly sodium carbonates with different hydration grades
were detected, as expected [62-64]. Some further peaks cannot be attributed to sodium
carbonates, and are mainly compatible with the presence of gypsum; however, its pres-
ence cannot be confirmed by XRF analysis, since sulfur was not revealed. In detail, trona
(Naz(CO3)(HCO3)*2(H20) and thermonatrite (NapCO3(H,0O)) were individuated in sample
LBCa 15, in samples LBCa 13+10MK and LBCa 15+20MK (with the possible presence of
gypsum (CaSO4*2H,0)) and in sample LBCa 12A (with the possible presence of ettringite
(CagAly(SO4)3(OH)12*26(H,0)); only thermonatrite was detected in sample LBCa 15+10MK.
In some samples, peaks attributable to quartz, most likely due to the geopolymeric substrate
scratched unintentionally during sampling, are also present.

th

Intensity (arb. un.)

2 theta (°)

Figure 7. Representative diffraction pattern of the salts collected from the samples LBCa 12A, LBCa
13+10MK, LBCa 15, LBCa 15+10MK and LBCa 15+20MK. The diffraction pattern of the sample LBCa
15+20MK in particular is shown in the image. th = thermonatrite; tr = trona.
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4. Conclusions

Six different industrial waste samples of ceramic materials were analyzed to deter-
mine their chemistry and mineralogy, thermal behavior, and reactivity in the alkaline
environment required for the synthesis of AAMs. On two selected ceramic wastes, selected
according to their representativeness and higher abundance in the industries, the effect
of particle size on the properties of the final products was investigated. A plethora of
formulations were designed and prepared from the same kind of ceramic by varying the
type of alkaline solutions, L/S ratio, amount and kind of additives, and curing conditions.
A set of formulations were replicated by changing the waste used as an aluminosilicate
precursor. Visual observations of fresh samples were recorded during the synthesis, and
preliminary tests were carried out after 28 days. The main important conclusions can be
summarized as follows:

e  The comparison of performances among the ceramic wastes distinguished two groups
related to the presence or absence of calcite. This demonstrates, as we could expect,
a different behavior at high temperatures and in alkaline conditions. Nevertheless,
by using two ceramics representative of the two individuated groups (LBCa and
CWF) for the synthesis, similar results were obtained in terms of workability, curing
time, possible efflorescence formations, cracks or shrinkage and water resistance
(integrity tests);

e  The results obtained reveal that construction industrial wastes of ceramic nature can
be activated by using proportioned mixtures of sodium hydroxide (8 M) and sodium
silicate (R = 3.3), in accordance with the literature [61], or with only sodium silicate;

e AAMs tend to consolidate between 1 day and 7 days, depending on the formulation
and particularly on the amount of additives;

e Pand MK, even if added in small amounts (5%—-10%), are able to promote the alkaline
gel building, and thus the consolidation. Such additives also improve the strength and
counteract the formation of efflorescence;

e  Where present, the efflorescence seems to be strictly linked to the higher sodium
hydroxide or water amount; therefore, as well as with the addition of additives, the
formation of efflorescence could be avoided by balancing formulations in a stoichio-
metric way;

e In contrast to the current literature [4,26,65], this study highlighted that curing at
room temperature (around 25 °C) is preferable, whereas thermal curing at 65 °C for
24 h resulted in lower performance in terms of compressive strength and an increase
in porosity, and facilitated efflorescence crystallization. Similar results were also
found in [39];

e LBCaand CWF proved to be the least reactive ceramics among all the samples studied.
Despite that, good results for the synthesis of AAMs were obtained, allowing for better
results by using the other, more reactive, ceramic wastes characterized here.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min13060815/s1. Table S1: Synthesis parameters of AAMs
experimented: *the % is calculated on total solid; **the % is calculated on total liquid; Tc = curing
temperature; Table S2: Results of uniaxial compressive strength tests performed on examples of
geopolymers cured at room temperature and at 65 °C for 24 h; Table S3: Porosimetric data of
geopolymeric examples cured at room temperature and at 65 °C for 24 h.
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