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Abstract

The ceramics industry has long embraced the principles of the circular economy, with a
strong focus on the reuse and recovery of raw materials essential to the production cycle.
This approach reduces costs by reintroducing secondary raw materials—such as production
scraps and recycled materials—into the manufacturing process after appropriate recov-
ery treatments. This study aims to contribute to the transition of the ceramic industry
toward a circular economy by incorporating industrial by-products into monoporosa ce-
ramic bodies, thereby transforming waste materials into valuable resources. Monoporosa
is a porous, single-fired ceramic wall tile characterized by a high carbonate content and
low bulk density. However, the role of secondary raw materials in monoporosa formula-
tions, as well as their influence on processing behavior (e.g., during sintering) and on key
technological properties, is not yet fully understood. This work investigates a standard
monoporosa formulation based on conventional raw materials (sand, calcite, feldspars,
and clays) and compares it with new formulations in which industrial waste materials
from local and national sources—originating from other industrial processes—are used
as partial or total substitutes for some of the traditional raw materials, particularly sand
and calcite. The industrial by-products examined include biomass bottom ash, foundry
sand, and marble cutting and processing sludge. All materials were characterized using
chemical-mineralogical, thermal, and morphological analyses and were incorporated into
the ceramic bodies at different substitution levels (10%, 50%, and 100%) to replace natural
raw materials. Their behavior within the mixtures was evaluated to determine ceramic
suitability and acceptable replacement ratios. Furthermore, the effects of these additions
on water absorption, thermal expansion coefficient, and microstructural characteristics
were assessed. Based on the positive results obtained, this study demonstrates the fea-
sibility of using, in particular, two secondary raw materials—foundry sand and marble
sludge—in monoporosa body formulations, allowing for the complete replacement of the
original raw materials and thereby contributing to the development of more sustainable
ceramic compositions.

Keywords: monoporosa; industrial by-products; foundry sands; bottom ash; marble waste

1. Introduction

Ceramic tiles produced by pressing are among the most widely used materials in the
construction and interior design sectors. This is due to their versatility, durability, and
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ability to combine aesthetics with functionality [1-3]. Among the various types of ceramic
tiles, porcelain stoneware, monoporosa, single-fired, double-fired, and third-firing tiles can
be identified [4,5]. With the advent of advanced forming and decoration technologies, the
latter three types have almost disappeared from the Italian industrial landscape. Porcelain
stoneware has become the leading and most widely produced ceramic product—at least
in Italy—while monoporosa remains a niche product due to its specific characteristics [6].
Porcelain stoneware has emerged as the most widespread and commercially successful
ceramic product worldwide. It is a compact, non-porous ceramic material primarily
composed of sand, feldspar, plastic clays, and kaolin. It is produced through grinding,
spray-drying, pressing, decoration, and firing at high temperatures. This manufacturing
process imparts exceptional properties, including high resistance to wear, impact, and
chemical attack. It also results in very low water absorption, making the material suitable for
wet environments such as bathrooms and kitchens [7,8]. In addition, its aesthetic versatility
allows it to replicate the appearance of natural materials such as marble, wood, or stone.
As a result, porcelain stoneware is used in a wide range of applications, both residential
and commercial. These include flooring, wall cladding, interior and exterior spaces, and
high-traffic environments such as airports and shopping centers [3,9]. Monoporosa, by
contrast, is a porous, single-fired ceramic wall tile characterized by a high carbonate content
and produced through a manufacturing process similar to that of porcelain stoneware. The
main difference lies in the mineralogical composition of the ceramic body, which contains a
significant proportion of carbonates [10]. These single-fired wall tiles represent an ideal
solution for interior wall coverings due to their lightweight and porous ceramic body. This
structure ensures easy handling, rapid installation, and good adhesion. Finished with
smooth, glossy glazes, monoporosa tiles offer a wide range of aesthetic possibilities. At
the same time, they maintain uniform surface quality and dimensional regularity. They
are particularly suitable for bathrooms, kitchens, and residential or light commercial
interiors. In these applications, they provide an effective balance between aesthetics,
functionality, and cost efficiency [11-13]. Over the years, extensive research has focused on
improving the understanding of monoporosa materials. This has been achieved through
both fundamental and applied studies [6,14,15]. Additional efforts have been devoted
to optimizing ceramic body formulations for this application [13,16]. A key aspect of
the modern ceramic industry is its increasing focus on sustainability. In this context,
the use of secondary raw materials plays a crucial role. These materials, derived from
industrial and ceramic waste recycling processes, are integrated into production cycles to
reduce environmental impact. Their use contributes to limiting the extraction of natural
resources and reducing waste generation. It also promotes circular economy principles and
lowers CO; emissions by decreasing energy consumption during production. In recent
years, numerous studies have investigated the use of secondary raw materials in ceramic
applications. These studies have focused particularly in porcelain stoneware [17-20],
ceramic bricks [21,22], and other ceramic materials [23,24]. However, despite the extensive
literature on porcelain stoneware, monoporosa single-fired tiles have received considerably
less attention. This is especially true for innovative formulations incorporating waste
materials. Only a limited number of studies are currently available [11,14]. Consequently,
knowledge regarding the role of waste materials in monoporosa formulations remains
scarce. Their influence on processing behavior, such as during sintering, and on key
technological properties is still not fully understood. This study presents research on a
standard monoporosa formulation based on traditional raw materials. These include sand,
calcite, feldspars, and clays. The study also investigates new formulations incorporating
industrial waste materials from local and national sources. These materials originate from

https:/ /doi.org/10.3390/ ceramics9020017


https://doi.org/10.3390/ceramics9020017

Ceramics 2026, 9, 17

30f18

other industrial processes. They are used as substitutes for conventional raw materials,
particularly sand and calcite. The waste materials considered in this study are:

1.  Bottom ash from biomass plant;
2. Foundry sand;
3. Cutting and processing dust from marble.

Numerous technologies have been developed for the thermochemical conversion of
biomass, particularly for combustion processes. However, all biomass combustion systems
inherently generate a considerable quantity of solid residues. The ash content typically
ranging from 5% to 15% by weight of the processed biomass [25]. These residues are
primarily the result of thermal degradation mechanisms such as combustion, pyrolysis,
and incineration of lignocellulosic feedstocks. The ash produced is generally classified into
two main categories: bottom ash and fly ash. The physicochemical characteristics of these
ashes can vary significantly. This variability depends on the biomass feedstock, combustion
parameters, and the specific technology employed. Elevated ash content adversely affects
the energy yield of biomass, reducing the overall efficiency of the conversion process [26].
Moreover, as the global demand for bioenergy continues to rise, the generation of ash
and other combustion residues is expected to increase proportionally. This trend poses
additional challenges for sustainable waste management and resource recovery.

About foundry sand, across Europe, an estimated 3000 foundries are currently in
operation, collectively producing more than 11 million tonnes of waste foundry sand each
year. Ferrous metal foundries account for the majority of this waste stream. At present,
only approximately 25% of this waste sand is subject to recovery or reuse. This typically in
limited applications such as cement manufacturing. However, these end-use markets are
insufficient to accommodate the total volume of material generated. Consequently, around
75% of the spent foundry sand is disposed of. Disposal mainly occurs through landfilling
or low-value applications such as use in road base layers. Italy ranks as the second-largest
foundry producer in Europe and ninth globally in terms of output. Approximately 80%
of Italian foundries are concentrated in the northern regions of the country [27]. Several
studies have been conducted to evaluate the potential reuse of waste foundry sands derived
from cast iron production as a secondary raw material in the manufacturing of construction
materials. These materials include products obtained through high-temperature processes
as well as those consolidated at room temperature [26-30]. However, the production of
dimension stones generates significant quantities of extractive waste. This waste represents
a major source of environmental concern (materials removed during extraction activities,
topsoil, overburden, residues produced during the processing of industrial minerals) [31].
At the European level, extractive waste is the second largest source of waste generation. It
accounts for approximately 622 million tons per year, which corresponds to 26.6% of the
EU’s total waste production [32].

All the materials used will be characterized through chemical-mineralogical analysis
(XRE, XRD, laser granulometry), thermal analysis (TG-DTA), and morphological analy-
sis using scanning electron microscopy (SEM-EDS). The SRMs will be incorporated into
the mixtures at different replacement levels (10%, 50%, and 100%). The mixtures will be
evaluated for ceramic suitability and optimal substitution rates. The resulting formula-
tions will be characterized by granulometry, XRD, apparent density, water absorption,
linear shrinkage, SEM/EDS, and thermal expansion to assess their effects on physical and
morphological properties.
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2. Materials and Methods
2.1. Monoporosa Standard Preparation

Monoporosa is a ceramic material primarily used for the production of outdoor tiles.
Its commercial success is due to its excellent properties, which make it suitable for various
types of cladding. For the production of monoporosa samples, the following raw materials

were used:

e C(lay;

e Sand;

o  Calcite;

e  Chamotte from Gruppo Concorde (waste).

The raw materials were supplied by Gruppo Concorde, and the standard formulation
is shown in Table 1. Chemical analysis of the raw materials is reported in Table 2.

Table 1. Mix of monoporosa standard.

Raw Materials Percentage (wt%)
sand 26
clay 44
calcite 10.5
chamotte 19.5

Table 2. Chemical analysis of the raw materials of the standard composition.

Raw . . Ther o
Material SIOZ A1203 F8203 TlOz CaO MgO NaZO P205 K20 C1‘203 Oxides PF ( /o)
clay 60.8 22128 3211 0.902 0983 0.53 0.19 0.055 2.505 0.013 0.108 791
sand 81.91 8.091 0.632 0.107 1.989 0.272 1.427 0.017 3.141 / 0.067 1.92
calcite 3.38 0.77 0.31 0.01 51.8 0.96 <0.01 / 0.06 / 425
chamotte 72.015 17.97 0.93 0.579 1.4 0.527  3.558 0.203 2.249 0.082 0.366 0.15

To prepare the mixtures, the raw materials were first dried and sieved using a 2 mm
mesh. Water (270 g) and sodium tripolyphosphate (NasP30;j), used as a deflocculant
(0.5 wt.% of the mixture), were added to 500 g of the raw materials. The slip was obtained
by mixing the components in a porcelain jar with an equivalent mass of 18 mm diame-
ter alumina balls, which facilitated homogenization. The mixture was then milled in a
rotating mill at 500 rpm for 15 min. The resulting slip was poured into an aluminum tray
through a 1 mm sieve to ensure a particle size distribution with a D90 below approximately
40 um. The slip was subsequently dried in an oven at approximately 100 °C until complete
dehydration. The dried material was crushed using a mortar, sieved again through a
1 mm mesh, and moistened with 6 wt.% water (dry basis). The humidified mixture was
then shaped by uniaxial pressing using a hydraulic press (Nannetti, Faenza, RA; Italy) at
22 bar (300 kg/cm?). Finally, the dried samples (80 °C for 24 h) were fired in an indus-
trial kiln (Gruppo Concorde, Fiorano Modenese, Mo, Italy) at a maximum temperature of
approximately 1160 °C, with a total firing cycle of 45-50 min.

2.2. Monoporosa New Formulations

The new mixtures were formulated by replacing specific percentages of sand or calcite
in the standard monoporosa composition with secondary raw materials (SRMs). Table 3
reports the compositions of the newly developed formulations. In these mixtures, SRMs
were used as substitutes for either sand or carbonates at different replacement levels in
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order to evaluate their effects on the chemical-physical, mineralogical, mechanical, and
microstructural properties of the ceramic bodies. The replacement levels investigated
were 10%, 50%, and 100%. In each formulation, only one raw material was replaced at
a time—either sand or calcite—while all other raw materials remained unchanged with
respect to the standard mixture. The specific replacement percentages for each formulation
are detailed in Table 3.

Table 3. Compositions of the new formulations with the SRMs.

Sample  Clay (%)  Sand (%)  Calcite (%) Chamotte (%) f;’f\t:’;“o) g::;“(l’;y) Mgf;f:r(i/o)
BA 10 44 23.4 105 19.5 2.6 / /
BA 50 44 13 105 195 13 / /
BA 100 44 0 10.5 19.5 26 / /
FS 10 44 23.4 105 19.5 / 2.6 /
FS 50 44 13 105 19.5 / 13 /
FS 100 44 0 105 19.5 / 26 /
CM 10 44 26 9.45 195 / / 1.05
CM 50 44 26 5.25 195 / / 5.5
CM 100 44 26 0 195 / / 105

The SRMs used as substitutes for sand were:

e  Biomass Bottom ash;
e Foundry sand.

The SRM used as a substitute for calcite was:
e  Marble processing sludge

The percentage of SRM replacing sand was always calculated with reference to the
26% sand content in the standard formulation. Similarly, for formulations where calcite
was replaced, the calculations were always based on the total calcite percentage (10%, 50%,
100% by weight). All other SRMs were incorporated into the mixture as complete (100%)
substitutes for the base raw material (either sand or carbonates). The new mixtures were
prepared following the same procedure as the standard monoporosa mixture described
earlier. The firing process was also carried out using the same industrial kiln cycle, with a
maximum temperature of 1160 °C and a total firing duration of 45-50 min.

2.3. Materials Characterization

The particle size distribution of the raw materials and secondary raw materials (SRMs)
was determined using a Malvern Mastersizer 2000 laser granulometer equipped with a
Hydro 20005 module (Malvern Worcestershire, UK), employing 1 g of powder dispersed
in water. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
were performed using a Netzsch STA 429 instrument (NETZSCH-Geratebau GmbH, Selb,
Germany) in the temperature range of 25-1400 °C at a heating rate of 10 °C-min~! to
evaluate the thermal transformation reactions of the mixtures. The microstructural proper-
ties of the investigated materials were further analyzed by scanning electron microscopy
(SEM; Quanta 200, FEI-Thermo Fisher Scientific, Eindhoven, The Netherlands) coupled
with an energy-dispersive X-ray (EDX) detector (INCA, Oxford Instruments Analytical,
Oxford, UK) for qualitative and semi-quantitative chemical analysis. SEM micrographs and
EDX spectra were acquired using an electron beam energy of 25 keV. Prior to analysis, the
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samples were sputter-coated with a thin gold (Au) layer to ensure electrical conductivity.
Qualitative mineralogical analysis was carried out by powder X-ray diffraction (XRD)
using a PW3710 diffractometer (Philips, Almelo, The Netherlands) with Cu-Ka radiation
(A = 1.54 A) generated by a conventional X-ray source operating at 35 kV and 35 mA, with
a step size of 0.008°. Both powdered samples and the surfaces of fired specimens were
scanned over an angular range of 5-70° (20), and the diffraction patterns were analyzed
using PANalytical HighScore Plus software (version 5.1). An optical dilatometer (Expert
System) was employed to determine the sintering temperatures of the unfired monoporosa
formulations, previously dried at 105 °C for 12 h, using bar-shaped specimens with dimen-

sions of 1.5 cm x 0.5 cm. A controlled heating rate of 20 °C-min~!

was applied up to the
melting temperature. Linear shrinkage (LS, %) of fired discs at different temperatures was
determined using a precision caliper by measuring the diameter of the fired specimens
and comparing it with the diameter of the press cavity (50 mm), according to the equation
LS (%) = (L, — L1)/Ly, where L is the diameter of the press cavity and L is the diameter
of the fired sample. Water absorption (WA, %) was measured using a deprimometer by
placing the discs on a sieve and applying a vacuum of 0.1 bar for 30 min, followed by
water introduction to fully immerse the specimens for an additional 15 min. The sam-
ples were then removed, surface-dried, and weighed using a precision balance with an
accuracy of four decimal places. The color of the fired samples was evaluated using a PCE-
CSM colorimeter and expressed in the CIE Lab* color space, where Lrepresents lightness
(0 = black, 100 = white), a corresponds to the green-red axis, and b to the blue-yellow axis
(accuracy +£0.1). Color differences were quantified by calculating the total color difference
(AE), which represents the perceptible difference in color between each sample and the
reference standard in the CIE Lab color space.

3. Results
3.1. Monoporosa Standard

The particle size distribution of the mixture is shown in Figure 1. The distribution
is relatively broad, with characteristic diameters of D10 ~ 1.35 um, D50 = 7.21 um, and
D90 = 34.23 um. This distribution reflects the heterogeneous nature of the mixture. The
mixture includes raw materials such as clays, sand, limestone, and industrial waste. All
these components fall within the same granulometric range. In granulometric analyses,
particular attention is typically paid to the D90 value, defined as the particle diameter below
which 90% of the particles are contained. From an industrial perspective, the required
granulometric range is generally between 34 um and 42 um. Therefore, the obtained results
fully comply with industrial specifications.

Particle Size Distribution
45
a 1100 —
4 b X
35 {180 &
) 3 5
g 25 160 %
3 2 o
2 {40 ¢
> 15 2
©
1 E
120 g
0.5 o
%.01 0.1 1 10 100 1000 300(?
Particle Size (um)

Figure 1. Particle volume distribution (a) and cumulative distribution (b) curves of monoporosa
STD mixture.
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Figure 2 shows the XRD patterns of the fired mixture. This pattern highlights the min-
eralogical nature of the monoporosa body after firing. The crystalline phases reported are
quartz (ref.code 01-079-1910), albite calcian (ref.code 01-079-0927), and anorthite (ref.code
00-009-0478). These phases are predominantly neoformations (plagioclases) that result
from solid-state reactions between clays and carbonates, and from the sand, which acts as
the inert component of the mixture. Additionally, a vitreous phase is present. Its content is
in not high and is generally around 20-30%, as reported in the literature [33].

Coums1500

standard

" + Quartz
¢ Anorthite
@ Albite calcian

900

400

100 -]

T U
10 20 30 40 50 &
Position [*2Theta] (Copper (Cu}))

Figure 2. XRD patterns of the fired Standard formulation with the crystalline phases.

The thermogravimetric analysis shown in Figure 3 highlights the mass variations
occurring in the mixture during thermal treatment. The mass loss observed in the tempera-
ture range of approximately 400-500 °C is associated with the thermal reactivity of the clay
minerals. The mass loss starting at around 700-800 °C is attributed to the decomposition of
the carbonates present in the mixture. During firing, these carbonates decompose, releasing
CO;. The DSC curve also exhibits peaks corresponding to the aforementioned events. The
other peaks are associated with the «-quartz to 3-quartz phase transformation at 571 °C
and the melting of some crystalline phases at approximately 1181 °C.

a T T T T T T D\o
£ 0.00- -100 (9
S ~
=
9]
@ -0.05- 98
a
0.10 - - 96
0.15 - - 94
-0.20 - 92
0.25 r . T — 90
0 200 400 600 800 1000 1200 1400

Temperature [°C]
Figure 3. Standard formulation thermogravimetric analysis.
The optical dilatometry thermogram (Figure 4) highlights a slight contraction after
the decomposition of the clays. It also shows a continuous expansion up to 950 °C due to

the decomposition of carbonates. Subsequently, the sintering process reaches its peak at
approximately 1050 °C. At higher temperatures, a slight expansion is observed.
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Figure 4. Standard formulation optical dilatometry thermogram.

The images presented below correspond to scanning electron microscopy (SEM) mi-
crographs of the fired materials. Figure 5 shows the standard sample observed at a magnifi-
cation of 1000 <. A semi-quantitative energy-dispersive X-ray spectroscopy (EDS) analysis
was also performed to evaluate the relative abundance of selected elements in specific
areas of the specimen. Figure 5 includes the EDS results, expressed as oxide percentages
(i.e., elements bonded to oxygen), obtained from a selected area of the sample. Multiple
spectra were acquired at different points within the analyzed area to determine the aver-
age chemical composition of the specimen. The magnified micrograph reveals a porous
microstructure. Some crystalline phases are inherited from the raw materials and others
formed as neoformed phases during firing. This observation is as also confirmed by X-ray
diffraction analysis.

The technological properties of the standard mixture, including apparent density,
linear shrinkage, and water absorption, were evaluated. The results are summarized in
Table 4. They are reported as the average of three measurements. All values fall within the
typical industrial ranges for monoporosa tiles. These tiles are characterized by high water
absorption due to their elevated porosity and low linear shrinkage as a result of incomplete
sintering. Sintering occurs at firing temperatures lower than those commonly employed
for porcelain stoneware.

Table 4. Water absorption (WA), Linear shrinkage (LS), Apparent density (AD) of monoporosa STD.

Monoporosa Standard Values
WA (%) 17.63 £0.13
LS (%) 0.3 £0.02
AD (g/cm?) 1.78 + 0.002

3.2. Characterization of Secondary Raw Materials

Before replacing the selected raw materials in the standard mixture, a characterization
process was carried out to assess their suitability. The secondary raw materials used are
as follows:
e  Marble processing sludge;
e Bottom ash;
e Foundry sand.
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r : 60m . Eleciron Imge1
Sprectrum Label  Na Mg Al Si K Ca Ti Fe Total
Spectrum 1 0.09 0.00 0.25 99.35 - 0.12 - 0.19 100
Spectrum 2 1.76 1.20 19.57 58.16 6.99 10.43 0.41 1.49 100
Spectrum 3 1.43 0.52 13.78 73.50 1.75 7.21 0.29 1.52 100
Spectrum 4 1.12 0.68 19.15 61.39 2.40 11.80 1.22 2.25 100
Spectrum 5 0.62 0.56 6.10 88.22 1.54 1.77 0.30 0.90 100
Spectrum 6 2.71 0.85 20.43 63.62 6.48 4.70 0.35 0.86 100
Spectrum 7 0.73 0.69 3.69 11.51 0.58 0.92 1.09 80.79 100

Figure 5. Standard sample observed at a magnification of 1000 x with EDS analysis.

All secondary raw materials were characterized to determine their chemical, physical,
and mineralogical properties. The corresponding results are presented in this section. One
of the characterized materials is a sludge derived from marble cutting and processing.
This process generates a white sludge, which was considered as a potential substitute for
calcium carbonate in the ceramic body formulation. In Italy, bottom ashes are classified as
non-hazardous waste. They are currently used only to a limited extent as raw materials in
the cement industry and are already employed in other sectors related to building material
production. For this reason, this material was characterized to evaluate its potential
applicability as a secondary raw material in the ceramic tile industry. Spent foundry sand
is a by-product of the metal casting industry. It originates from both ferrous and non-
ferrous processes. Foundry sands may contain more than 80 wt.% SiO;, along with minor
amounts of iron oxides derived from the casting process. Their physical and mechanical
properties depend primarily on mineralogical composition, particle morphology, and
granulometric distribution. Foundry sands are classified as non-hazardous waste and can
be reused in other industrial sectors as secondary raw materials; for example, they have
been applied in sustainable construction, particularly in cold-formed materials such as
cementitious composites, asphalt mixtures, concrete, and cement. Owing to their high
silica content, foundry sands are of particular interest as potential substitutes for the
inert sands commonly used in ceramic tile production. The chemical compositions of the
investigated secondary raw materials are reported in Table 5. X-ray fluorescence (XRF)
analysis revealed that marble is predominantly composed of CaO, with all other elements
present at concentrations below 1 wt.%.
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Table 5. XRF analysis bottom ash and foundry sand.
Bottom Ash Foundry Sand Carrara Marble

Oxides wt (%) Element (ppm) wt (%) Element (wt%) wt (%)

5i0, 58.98 S (366) 93.00 C(0.18) 0.5
Al O3 11.30 Cr(121) 2.03 S (0.05) 0.1

K,O 8.59 F (136) 0.71 /

CaO 9.56 Cl1 (98) 0.12 54.20

MgO 3.49 0.16 1.20
Fe;O3 5.16 1.48 0.01
Na,O 1.09 / /

TiO, 0.75 0.37 /

P,05 0.90 / /

ZrOy / 1.89 /

LOI / 0.24 54.20
Others 0.18 / /

Examination of the chemical composition of the bottom ash indicates that the main
oxides detected are those typically found in ceramic formulations, such as SiO;, Al;O3, CaO,
MgO, and Fe,O3. However, iron oxide is present in relatively high concentrations, which
could influence the coloration of the ceramic body. Nevertheless, because monoporosa tiles
are wall tiles, color is generally less critical than in other ceramic products, such as porcelain
stoneware. X-ray fluorescence (XRF) analysis of the foundry sand shows a very high SiO,
content (approximately 93 wt.%), together with a certain amount of iron oxide. It should be
noted that the sand did not undergo any deferrization treatment; therefore, its iron content
could be further reduced, if necessary, by magnetic separation, which is a common practice
in ceramic production. The mineralogical characterization of the secondary raw materials
is reported in Figure 6. The figure presents the diffraction patterns and the corresponding
identified crystalline phases. The XRD analysis of marble sludge reveals calcite as the sole
mineralogical phase, with diffraction peaks in Figure 6a corresponding to CaCOj3. The
X-ray diffraction pattern of the bottom ash (Figure 6b) indicates the presence of a glassy
phase. It also reveals crystalline phases such as quartz and a potassium aluminosilicate.
The XRD analysis of the foundry sand (Figure 6¢) shows quartz (S5iO;) as the predominant
phase. Potassium feldspar (KAISi3Og) and zircon (ZrSiOy) are also present as secondary
phases but technologically relevant phases for mold production. In particular, zircon helps
limit oxygen reactivity with molten metal. Minor amounts of clay, used as a binder in
foundry applications, may also be present but are not detectable in the diffractogram.

Counts

¢ Calcite
¢
3000
2000
1000
¢ ot e,
Y S, N
’ 10 20 3 40 50 60

Position [*2Theta] (Copper (Cu))
(a) Carrara marble

Figure 6. Cont.
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(b) Bottom ash
Counts
+ + Quartz
@ K-feldspar
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5000
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10 20 30 40 50 60 70
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(c) Foundry sand

Figure 6. XRD analysis of the carrara marble (a), the bottom ash (b) and the foundry sand (c) with the
crystalline phases.

The thermogram of the TG/DSC analysis of marble sludge in Figure 7 shows a
significant weight loss in the TG curve at 829 °C, along with the corresponding endothermic
event in the DSC curve. This is due to the thermal decomposition of calcium carbonate
(CaCO3), which typically occurs between 800 and 900 °C.

The thermal decomposition reaction of calcium carbonate is as follows:

CaCO3 — CaO + CO,

This result is particularly interesting because the marble from Carrara marble process-
ing proves to be suitable for replacing calcite in the monoporosa ceramic mixture.

A TG-DSC analysis was also performed on the bottom ash powder to evaluate its
behavior under thermal treatment from room temperature to high temperatures. The
thermogram shown in Figure 7 highlights the mass variations and the thermal reactivity of
the phases present in the raw powder. The thermogravimetric curve indicates an overall
mass loss of approximately 2 wt.%. This mass loss is mainly attributable to moisture release
(>1 wt.% around 100 °C) and to the presence of volatile compounds in the temperature
range of approximately 400-600 °C. Beyond this range, the sample remains relatively
stable up to the typical firing temperature of monoporosa bodies (~1150 °C). The DSC
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curve reveals crystallization exothermic peaks at 849 °C and 957 °C. An endothermic peak
is associated with a melting phenomenon at approximately 1188 °C. Table 6 reports the
particle size distribution of the secondary raw materials (SRMs), expressed as D10, D50,
and D90 values. A clear difference in granulometry among the three waste materials can
be observed. Carrara marble exhibits a very fine particle size distribution, with a D50
of approximately 10 pum. Foundry sand follows, with a D50 of approximately 100 um,
and bottom ash with a coarser distribution, characterized by a D50 of approximately
192 pm. The particle size distribution of the foundry sand is very similar to that of sands
commonly employed in the ceramic industry. These results confirm that foundry sand is
suitable for replacing conventional sands used in ceramic tile production, particularly in

monoporosa formulations.
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Figure 7. Thermogravimetric and differential thermal analysis (TG/DSC) bottom ash and Carrara marble.
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Table 6. Particle Size Analysis of SRM (D10-D50-D90).
D10 (um) D50 (um) D90 (um)
Carrara Marble 1.886 9.479 30.473
Bottom Ash 38.903 192.521 560.032
Foundry Sand 57.972 100.219 164.317

3.3. Characterization of New Formulations

Post-firing characterization of the samples produced from the newly developed ce-
ramic bodies was performed by measuring linear shrinkage, water absorption, and apparent
density. Additional microstructural and compositional investigations were carried out
using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS), as well as X-ray diffraction (XRD) to assess phase composition. The linear
shrinkage (LS, %) values of all fired samples are reported in Table 7. All measured values
were <1%, with the exception of the formulations containing bottom ash, which exhibited
comparatively higher shrinkage. The parameter AS represents the difference between the
shrinkage of each tested sample and that of the standard formulation. The water absorption
(WA, %) values are also reported in Table 7. The parameter AA represents the difference
between the water absorption of each tested sample and that of the standard formulation.

Table 7. The linear shrinkage (%) and water absorption (%) results for post-firing samples with the
respective AS and AA differences from the standard values.

Shrinkage %  Water Absorption %

Sample % SRM (40.1) (40.01) AA AS
FS 10 10 1 16.28 —0.84 0.7
FS 50 50 0.8 16.97 —0.15 0.5
FS 100 100 0.8 16.39 —0.73 0.5
CM 10 10 0.3 16.66 —0.46 0
CM 50 50 —0.1 17.68 0.56 —04
CM 100 100 —-0.1 17.33 0.21 —-04
BA10 10 1.2 18.07 0.95 0.9
BA 50 50 4.1 12.79 —4.33 3.8
BA 100 100 9.3 0.53 —0.59 9
Standard / 0.3 17.12 / /

At typical monoporosa firing temperatures, bottom ash exhibits high fusibility; there-
fore, when added in significant amounts, it markedly accelerates the vitrification process.
By comparing the chemical analysis of bottom ash with that of STD sand, it is observed
that the ash contains higher percentages of magnesium, potassium, and iron oxides. The
presence of these oxides in the ash influences the sintering process of the sample by reduc-
ing viscosity and increasing shrinkage, as described by the Frenkel model [34]. Indeed,
when sand is completely replaced by bottom ash, the resulting linear shrinkage increases
significantly. Correspondingly, water absorption decreases to 0%, indicating complete
densification of the ceramic body. These results demonstrate that bottom ash is not suitable
as a replacement for sand in monoporosa formulations, as it leads to excessive sintering.
Conversely, owing to its high reactivity at elevated temperatures, bottom ash appears more
suitable for use in porcelain stoneware bodies, which require higher firing temperatures
to achieve proper sintering. Among all the secondary raw materials (SRMs) investigated,
foundry sand emerges as the most promising candidate. At 1156 °C, linear shrinkage values
range between 0% and 1%, indicating good dimensional stability. Unlike sludge-based
materials, which tend to act as binders and increase slip viscosity after milling, foundry
sand does not adversely affect the rheological properties of the suspension.
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A complete (100%) replacement of calcite also results in a favorable shrinkage behavior,
with a reference shrinkage value of —0.10% at 1156 °C, as reported in Table 7. Based on
these results, the most promising secondary raw materials were identified. Foundry sand
was selected as a substitute for conventional sand. Carrara marble sludge was identified as
a replacement for calcite.

Table 8 reports the crystalline phases identified in samples containing the highest
contents of secondary raw materials (50% and 100%). Samples incorporating 50% and 100%
Carrara marble do not exhibit significant mineralogical differences, with quartz and calcic
albite identified as the main crystalline phases. Similarly, in samples containing foundry
sand, no substantial differences are observed between the two substitution levels. Quartz
and albite remain the predominant crystalline phases detected.

Table 8. Crystalline phases from XRD analysis of formulations with 50% and 100% of sand and sludge.

Sample Crystalline Phase Ref. Code
FS 50 - Quartz - 01-083-0539
- Albite calcian low - 01-076-0927
- Quartz - 01-083-0539
F5 100 - Albite calcian low - 01-076-0927
- Quartz - 01-083-0539
CM 50 - Albite calcian, ordered - 00-041-1480
- Quartz - 01-083-0539
CM 100 - Albite calcian, ordered - 00-041-1480

Figure 8 presents field-emission gun scanning electron microscopy (FEG-SEM) micro-
graphs of sample CM100, containing 100% Carrara marble sludge, acquired at magnifi-
cations of 1600 x and 6000x. The ceramic matrix exhibits a porous microstructure, with
pores appearing to be uniformly distributed throughout the body. Energy-dispersive X-ray
spectroscopy (EDS) analysis confirms the presence of Ca-rich regions surrounding the
pores, as observed in Area 2, while the matrix (Area 1) is mainly composed of Si-, Al-,
and Ca-bearing oxides. In the FS100 sample, composed of 100% foundry sand, bright
particles are observed in localized regions of the matrix. EDS analysis of these areas reveals
the presence of silicon (Si), zirconium (Zr), aluminum (Al), and calcium (Ca), indicating
that these particles correspond to the crystalline phases identified by XRD analysis. The
carbon detected in the EDS spectra of both samples is attributed to surface contamination
introduced during sample preparation.

Subsequently, a colorimetric evaluation was performed for each formulation. The
variations in the CIE Lab* parameters with respect to the standard composition are reported
in Table 9. Changes in the percentage of secondary raw material used to replace the
conventional raw material result in variations in the AE values, which may or may not
be significant depending on the intended application of the ceramic body. In general,
AE values lower than 1 are considered imperceptible, while values between 1 and 2 are
regarded as barely perceptible. However, the acceptable industrial range of AE is typically
between approximately 2.5 and 3. In the case of Carrara marble sludge used as a substitute
for calcite, only minor variations in the colorimetric parameters were observed. These
variations increased slightly with replacement levels. The measured values remained
very close to those of the standard sample. In contrast, the use of foundry sand led to
more pronounced color variations. This effect is due to its intrinsic coloration associated
with iron content, which affected the L, a, and b parameters. As result, higher AE values
were observed compared with samples containing Carrara marble sludge. Nevertheless,
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this does not represent a critical issue, as these ceramic bodies are intended as support
substrates and can be subsequently coated with a glaze.
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Figure 8. SEM and EDS analysis of best samples with 100% of sand (FS100) and sludge (CM100).
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Table 9. Labparameters with respect to the standard composition of samples.

Sample L* a* b* AE
STD 76.9 4.84 14.53 /
CM 100 77.45 512 16.16 1.74
FS 100 76.13 3.15 11.41 3.63

The thermal expansion coefficient (c) of the two most promising formulations was
also evaluated and compared with the standard body. The results (Table 10), obtained in
the temperature range of 200-400 °C, show a slight increase in « for the two new formula-
tions. However, the values remain within acceptable limits for single-firing (monoporosa)
ceramic bodies.

Table 10. Thermal expansion coefficient of samples with 100% foundry sand and 100% Carrara marble.

Sample a (°C1)

P (£0.001)
STD 7.339 x 107°
CM 100 5.964 x 107
FS 100 5931 x 10°°

4. Conclusions

This study aimed to develop more sustainable single-fired (monoporosa) ceramic bod-
ies by partially replacing traditional raw materials with secondary raw materials (SRMs)
derived from industrial processes. A standard reference body and the most promising
low-impact formulations were characterized in terms of their chemical, mineralogical, and
morphological properties. Technological properties, including linear shrinkage, apparent
density, and water absorption, were evaluated for all developed bodies. The selected SRMs
were characterized and classified according to their compatibility with monoporosa formu-
lations. In addition, the influence of SRM substitution on water absorption behavior was
investigated, together with a preliminary assessment of its effect on the thermal expansion
coefficient. Based on the obtained results, particularly those related to shrinkage and water
absorption performance, two formulations emerged as the most similar to the standard
body and the most suitable for potential industrial-scale trials. Specifically, the CM100
and FS100 formulations exhibited linear shrinkage values of —0.1% and 0.8%, respectively,
i.e., below 1% and within industrial tolerance limits, as well as water absorption values of
16-17%, which are fully comparable to that of the standard formulation (17%). Furthermore,
from a morphological and microstructural standpoint, no significant differences affecting
the overall performance were observed, even when 100% substitution with SRMs was
applied. Colorimetric analysis also indicated that the AE values fall within the acceptable
industrial range of 2.5-3. Therefore, it can be concluded that the two investigated sec-
ondary raw materials—namely Carrara marble and foundry sand—are well suited for use
in monoporosa ceramic bodies and can contribute to the development of more sustainable
and circular construction materials. Indeed, excluding the clay component (44 wt.% of
the formulation), a monoporosa body containing up to 56 wt.% recycled materials can be
achieved. Further improvements may be explored in future studies to enhance industrial
performance, for example, by increasing the thermal expansion coefficient, which at an
industrial level would broaden the range of compatible glazes that can be applied on the
surface. In addition, regarding foundry sand, industrial-scale application would require
careful monitoring of supply homogeneity, particularly with respect to iron content. Iron
oxides, acting as fluxing agents, may significantly alter the sintering process above certain
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threshold concentrations, thereby affecting all the key technological parameters of the
ceramic body, including firing behavior, shrinkage, and dimensional stability. Moreover,
attention should be paid to stress-relief (annealing) phenomena typically observed in
large-format monoporosa products.
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