
Zeolites as ceramic raw materials: chabazite-rich tuff as potential substitute 
for feldspars in porcelain stoneware tiles production

Chiara Molinari a,* , Sossio Fabio Graziano b , Guia Guarini a, Sonia Conte a,  
Michele Dondi a , Concetta Rispoli c, Piergiulio Cappelletti c, Chiara Zanelli a

a Institute of Science, Technology and Sustainability for the development of Ceramic materials CNR-ISSMC - Via Granarolo, 64, 48018, Faenza, RA, Italy
b Dipartimento di Farmacia, Università di Napoli Federico II, Napoli, Italy
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A B S T R A C T

The request of white-firing clay materials used in ceramic tile production has been steadily increasing, driven by 
the ongoing shift toward porcelain stoneware bodies. However, the global sourcing of raw materials has been 
significantly impacted by current geopolitical dynamics, necessitating a reevaluation of the traditional European 
supply chain. This context has highlighted the urgent need to explore Italian raw materials for porcelain 
stoneware manufacturing. In this framework, zeolite-containing waste (ZT), generated during the extraction and 
processing of tuff from two active quarries in Sorano (Tuscany, Italy), was investigated. The study aimed to 
characterize ZT and assess its potential as a replacement for feldspars in porcelain stoneware formulations. The 
collected samples underwent to physical and chemical characterization and the most promising material, 
particularly for its lower bloating tendency, was selected based on its thermal stability. Two different amounts 
(10 and 20 wt%) were evaluated against a standard porcelain stoneware composition. The tile production 
process was replicated at laboratory scale and the resulting samples were evaluated for technological properties 
throughout the process. The addition of ZT resulted in a slight reduction in both green and dry bulk densities, 
without compromising mechanical performance. All the studied batches show a maximum in linear shrinkage 
and bulk density at 1200 ◦C, reaching the standard requirement for water absorption and mechanical properties. 
Batch containing 20 wt% of ZT achieved the desired properties at a lower firing temperature (1180 ◦C), leading 
to energy savings in the sintering process. Based on these findings, ZT appears to be a good alternative to 
feldspars within the tested range, offering promising prospects for industrial-scale application.

1. Introduction

Zeolite-rich rocks (referred as zeolitites [1]) are currently used across 
a wide range of applications [2,3], including agriculture [4–12], phar
macology [13–19], livestock farming [20], construction [21,22], envi
ronmental protection [23–35], water treatment and gas purification 
[36–46]. Although their use in ceramic applications has been proposed, 
zeolitites have not yet been adopted in industrial ceramic 
manufacturing. [47]. Such ceramic applications of zeolitized rocks 
concern lightweight aggregates [48–52], foams [53–60], membranes 
and filtering [61–63], absorbents [64–66], porous ceramics [67–72], 
glazes [73,74], pigments [75–77], bricks [78–85], wall and floor tiles 
[86–90].

Zeolitites are generally volcanic rocks (predominantly pyroclastics 

deposits such as tuff) that have undergone extensive zeolitization 
[91–103]. In some cases, fluvio-lacustrine volcanoclastic sediments 
derived from zeolitized volcanic sources (epiclastics) or containing 
zeolitized tephra are also considered [104–106]. From a geological 
standpoint, the zeolitized tuffs proposed for ceramic application can be 
classified, according to the total alkali-silica diagram (IUGS reference for 
the classification of volcanic rocks - Fig. 1A), as rhyolite-rhyodacite, 
phonolite-trachyte-dacite and trachyte-andesite. Based on their miner
alogical composition (Fig. 1B), these materials can be categorized as 
zeolitites (>50 wt% zeolites) or zeolitic raw materials (25–50 wt% 
zeolite total content). In contrast, fluvio-lacustrine sediments, with 
lower zeolite content (<25 wt%) typically comprising heulandite or 
analcime, are defined as zeolite-bearing raw materials [107–110].

Overall, zeolitized raw materials exhibit a wide compositional 
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variability that constrains and defines their potential applications in the 
ceramic industry. Tuffs containing clinoptilolite and heulandite are 
typically silica-rich (Fig. 1C), with clinoptilolite-bearing tuffs generally 
characterized by lower contents of fluxing agents and iron oxides 
compared to other natural zeolite-rich geomaterials (Fig. 1D). 
Conversely, tuffs containing other zeolite species tend to be relatively 
silica poor. Among these, chabazite-rich tuffs exhibit higher concen
trations of fluxes and iron oxides, while phillipsite-rich tuffs present 
intermediate chemical characteristics. Zeolite-bearing sediments 
(zeolite content <25 %) can be further classified into two main groups: 
(i) heulandite-bearing sediments, which are generally more siliceous 
and enriched in alkaline earth elements, and (ii) analcime-bearing sed
iments, which are typically silica-poor and iron oxide-rich.

The provenance of zeolitic raw materials proposed for ceramics 
varies by mineralogical type. Clinoptilolite-rich tuffs originate primarily 
from Türkiye [50,59,63,68,78,102–104], Russia [53,56,67,69,74,78,80,
92,105,106], Italy [89,90,107], Hungary [58], Bulgaria [79], Romania 
[82,108], Slovakia [109,110] and Cuba [64]. Chabazite-rich pyroclas
tics are exclusively reported from Italy [52,66,89,111] while 
phillipsite-rich materials are sourced from Italy [48,49,86,89,91,93,
107,112,113] and Spain [114]. Analcime-bearing sediments are from 
Russia [50,95] and heulandite-based raw materials are from Russia [54,
60,65,71], China [62] and Cuba [115].

The zeolite-rich raw materials proposed for ceramic tiles are pri
marily those containing significant amounts of clinoptilolite or phil
lipsite (Table 1). Technological investigations have been carried out 
using zeolitized tuffs from a few percent up to over 70 wt%. The actual 
zeolite content is between 3 % and 40–45 %, both for clinoptilolite and 

phillipsite-bearing tuffs. Looking at the target for porcelain stoneware 
(defined by key technical standards like water absorption <0.5 % and a 
modulus of rupture >35 MPa) the most promising results were obtained 
with a 20 wt% addition of clinoptilolite-rich tuff, corresponding to an 
effective zeolite content of 7–15 % [89,90]. High densification (bulk 
density from 2.30 to 2.41 g cm− 3) was achieved after firing at 
1160–1240 ◦C, along with proper water absorption (≤0.2 %) and me
chanical strength (42–47 MPa).

Encouraging results were obtained also observed for 20 % phillipsite- 
rich tuff in batch fired at 1160 ◦C (yielding an effective zeolite content of 
11 %). In this case, both bulk density (2.30 g cm− 3) and water absorption 
(0.2 %) met the technical requirements, however, the bending strength 
(29 MPa) fell below the minimum standard threshold [89]. To date, no 
technological data is available concerning the use of chabazite-rich tuffs 
in ceramic tile production. Considering this, the objective of the present 
study is to evaluate the potential of chabazite-rich tuff as a fluxing agent, 
especially as feldspar substitute in porcelain stoneware tiles 
formulation.

2. Material and methods

To assess the feasibility of using zeolite-rich tuffs (ZT), representative 
samples were collected from active quarries (soc. Piandirena Zeolite 
Toscana) operating on the Sorano Formation [52,118].

As the primary activity of these quarries is the extraction of dimen
sion stones, the production process generates fine-grained waste mate
rial that retains the mineralogical and chemical characteristics of the 
original rock. Accordingly, two types of samples were collected: finished 

Fig. 1. Characteristics of zeolitized rocks proposed for ceramic applications: A) classification according to the Total Alkali Silica diagram [57]; B) Mineralogical 
composition; Chemical composition C) silica/alumina ratio versus alkali/alkali-earths ratio, and D) fluxes (Na2O + K2O + MgO + CaO) versus iron oxide.
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product (C1 from Campimaglia quarry and P1 from Pian di Rena quarry) 
and associated processing residues, the so-called tuff sawdust (C2 and 
P2).

Porcelain stoneware batches were so designed combining two com
mercial ball clays – a high-plasticity clay (Clay A, sourced from Ukraine) 
and a low-plasticity clay (Clay B, from Turkey) – combined with a 
quartz-feldspathic sand (QFS, from Sardinia, Italy), a sodic feldspar (Na- 
Feld, from Turkey) and the selected Sorano zeolitite (ZT).

Chemical composition of these raw materials (Table 2) was deter
mined using an Axios Panalytical X-ray fluorescence (XRF) spectrom
eter. Sample powders were prepared by mixing with polyvinyl alcohol in 
aluminum cups first filled with boric acid to assure the infinite thickness 
and then pressed by a hydraulic piston for flat surface discs. The weight 
Loss on Ignition (L.o.I.), was gravimetrically determined by firing 
overnight at 1000 ◦C. Analytical uncertainties are 1–2 % relative [119].

Mineralogy of zeolite-rich tuffs (Table 3) was studied by X-ray 
powder diffraction (XRPD) using a Panalytical X’Pert Pro diffractometer 
with RTMS X’Celerator detector. Mill-micronized sample powders 
(Retsch XRD-Mill McCrone - particle size <10 mm) were added with 20 
% Buelher α-alumina for quantitative reference. Scans were collected 
under the following operating conditions: Cu-Kα radiation, 40 kV and 
40 mA, angular range 5–70 ◦2θ, step interval of 0.017 ◦2θ and a time per 
step of 120s. Mineral identification was performed using Panalytical 
Highscore Plus 3.0e software and the PDF-2/ICSD mineral databases. 
Quantitative assessments were performed using Topas software (version 
5.0, Bruker, Germany) and combined RIR-Rietveld methods (Rwp <15 % 
for each refinement) [120–122].

The samples thermal behaviour (Table 4) was defined using a Hot- 

Stage Microscope (HSM - Expert System Solutions - Misura 2) on cy
lindrical specimens (2 mm diameter, 3 mm height), with a heating rate 
of 10 ◦C/min till melting: the achieved results were compared with a 
commercial sodic feldspar.

On the base of the firing properties, C1 sample was selected as the 
most promising ZT as two additions (10 and 20 wt%) in a reference 
porcelain stoneware batch in place of feldspar (Table 5). The selected ZT 
concentrations were defined according to data reported in literature.

Samples were prepared reproducing the tile-making process at the 
laboratory scale. The raw materials underwent a preliminary treatment 
with jaw crusher and hammer mill (2 mm grid) before mixing (2 kg for 
each batch). Slips were prepared by wet milling in planetary mill (por
celain jar and alumina grinding media, 0.3 % tripolyphosphate) for 30 
min. The slips were dried and pulverized in hammer mill (grid 0.5 mm). 
The particle size distribution was measured by X-ray monitoring of 

Table 1 
Technological performance of zeolite-containing batches for ceramic tiles.

Zeolitic tuffa (% 
wt)

Zeolite main 
type

Zeolite contentb (% 
wt)

Firing temperature 
(◦C)

Water absorption (% 
wt)

Bulk density 
(g⋅cm− 3)

Modulus of rupture 
(MPa)

Reference

2.5 phillipsite 2 1200 0.1 2.03 – [69]
5–35 phillipsite 3–20 1200 0.3–0.6 – 24–36 [42]
20 phillipsite 11 1160 0.2 2.30 29 [45]
100 phillipsite 30–40 1040 0.9 2.33 – [69]
20–35 clinoptilolite 9–16 1100 13–20 1.23–1.86 – [44]
30–40 clinoptilolite 13–18 1100 8–16 – 43–86c [44]
20 clinoptilolite 13–14 1180 0.2 2.30 30 [45]
20 clinoptilolite 7–8 1160 0.08 2.41 47 [45]
4–45 clinoptilolite 3–30 1185 1.1–2.2 – 17–20 [58]
20 clinoptilolite 10 1240 0.1 2.30 43 [46]
20 clinoptilolite 9 1240 0.2 2.32 42 [46]
5–15 clinoptilolite 3–10 1250 – 2.45 – [72]
25 clinoptilolite 16–18 1200 – 2.42 – [72]
75 clinoptilolite 40–45 1200 <0.1 – – [65]
50–70 clinoptilolite 8–12 1100 0.6–1.8 2.07–2.04 74–83c [62]
12–15 analcime 1 1210 0.1–0.3 – 37–55 [73]

a Amount of zeolitic tuff in the ceramic batch.
b Percentage of zeolite in the ceramic batch.
c Compressive strength.

Table 2 
Chemical composition of raw materials.

wt% C1 C2 P1 P2 Na-Feld Clay A Clay B QFS

SiO2 49.31 49.95 50.21 51.61 70.21 60.90 57.92 92.01
TiO2 0.53 0.51 0.52 0.51 0.33 1.20 1.61 0.11
Al2O3 14.92 15.71 15.34 15.98 17.80 25.30 27.21 4.40
Fe2O3 3.61 3.64 3.61 3.40 0.13 1.00 0.91 0.42
MgO 1.42 1.41 1.51 1.44 0.13 0.60 0.60 0.31
CaO 6.30 5.63 5.46 5.82 0.75 0.01 0.42 0.11
MnO 0.14 0.12 0.12 0.14 <d.l. <d.l. <d.l. <d.l.
Na2O 0.53 0.51 0.51 0.45 9.75 0.01 0.52 0.10
K2O 6.24 5.03 6.08 5.41 0.34 2.30 2.63 2.21
P2O5 0.12 0.15 0.19 0.15 0.21 <d.l. <d.l. <d.l.
S <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 0.61 <d.l.
L.o.I. 16.51 16.95. 15.72 17.12 0.35 7.90 7.50 0.63

<d.l. = below detection limit.

Table 3 
Mineralogical composition of ZT samples [8].

wt% C1 C2 P1 P2

Chabazite 49 52 51 58
Phillipsite 3 2 1 2
Analcime tr tr 1 1
Sanidine 17 16 18 11
Plagioclase 4 2 3 2
Biotite 3 4 3 3
Pyroxene 5 4 5 4
Calcite 2 tr 1 1
Amorphous 15 18 17 18
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gravity sedimentation (ASTM C958 by Sedigraph 5100, Micromeritics, 
UK).

Powders were hand granulated (8 % wt/wt moisture) through a 2 
mm sieve. Tiles of 11 cm × 5.5 cm x 0.5 cm were shaped by uniaxial 
pressure (40 MPa) with a hydraulic press, then dried overnight at 
105 ◦C. To ensure reproducibility of the experimental data, all tests were 
repeated 5 times. The industrial fast firing was simulated by electric 
roller kiln at maximum temperature between 1180 and 1210 ◦C (60 min 
cold-to-cold). The following technological properties were determined: 
green bulk density (mass/volume); green and fired modulus of rupture 
(ASTM C689), firing shrinkage (ASTM C326), fired bulk density and 
water absorption (ASTM C 373). The microstructure of the fired speci
mens at maximum densification was observed by scanning electron 
microscopy (FE-SEM, Zeiss Sigma, Carl Zeiss Microscopy GmbH, Ger
many). Colorimetric parameters were measured by a spectrophotometer 
(MiniScan XE Plus, Hunterlab, USA) directly on fired tiles to achieve L*, 
a* and b* coordinates (ISO 10545-16).

3. Results and discussion

3.1. Composition and properties of ZT

The mineralogical composition of ZT mainly consists of zeolites 
(primarily chabazite over phillipsite and analcime, 52–60 % as a sum), 
along with feldspars (mainly sanidine and subordinate plagioclase, 
13–21 % as a sum) and volcanic glass (Table 3). In addition, minor 
number of undesired components for porcelain stoneware are present 
(biotite and pyroxene, 7–8 % as a sum [123]). Overall, these composi
tions are consistent with data reported for the Sorano Formation [52, 
124 and references therein].

The pyroclastic deposit of to the Sorano Formation is characterized 
by an extreme marked textural and compositional variability [124], 
even on a small scale of individual quarry sites. This heterogeneity ac
counts for the observed which justifies the differences between the 
finished product (C1 and P1) and the waste (C2 and P2) in terms of 
zeolite content (49 % vs 52 % at Campimaglia; 51 %–58 % at Pian di 
Rena), amorphous phase (from 15 % to 18 %) and feldspars (21 % vs 18 
% in quarry C; 21 % vs 13 % in quarry P). The differences regarding 
biotite, pyroxene and calcite are substantially negligible. The firing 
behaviour and the characteristic temperatures of ZT samples, compared 
to a commercial sodic feldspar, are presented in Fig. 2A and Table 4. 
Chabazite-rich tuffs show a higher fusibility with respect to the sodic 
feldspar (Fig. 2B), anticipating of about 100 ◦C the end of the sintering 
process. At the same time, all the ZT suffer from a bloating phenomenon, 
particularly evident for the C2 sample. A direct relation between the 
amorphous content and the bloating extent is observed. In fact, a large 
part of iron oxide in ZT is inside the volcanic glass [124], which appears 
to play a major role in bloating phenomenon. The reduction of crystal
line phase content upon heating, due to melting of minerals in the ZT, 
determines a drop in the effective viscosity of the bodies, allowing 
greater expansion of the gas trapped within the sample [125]. Addi
tional gas release may result from the high-temperature reduction of 
Fe3+ to Fe2+, with concurrent oxygen evolution [126,127]. Among the 
tested samples, C1 sample exhibited the lowest expansion degree during 
heating, making it the most suitable candidate for feldspar replacement. 
For this reason, this material was selected for porcelain stoneware 
batches preparation.

3.2. Technological properties of semi-finished products

In terms of grindability, the progressive replacement of feldspar with 
chabazite-rich tuff did not affect the milling performances. The resulting 
particle size distributions are nearly superimposable and remain within 
the conventional range for porcelain stoneware tiles production, with 
only a slight reduction observed in the 10–60 μm fraction (Fig. 3). In 
particular, the batches 10 and 20 exhibit a median particle diameter 
between 3 and 4 μm, closely aligning with reference formulation one.

Regarding the properties of semi-finished products, only minor 

Table 4 
Characteristic temperatures measured in HSM tests.

Characteristic temperature (±5 ◦C) maximum bloating (% volume 
±3 %)

sample Sintering (◦C) Softening (◦C) Sphere (◦C) Hemisphere (◦C) Melting (◦C) maximum bloating (◦C)

Na-Feld 1220 1265 1315 1365 1450 none none
C1 1156 1186 1240 1276 1346 1202 77
C2 1134 1170 1260 1304 1372 1246 106
P1 1156 1172 1252 1290 1344 1220 82
P2 1158 1208 1260 1304 1342 1250 86

Table 5 
Porcelain stoneware formulations (wt%).

Batch Clay A wt% Clay B wt% QFS wt% Na-Feld wt% C1 wt%

Ref 20 20 15 55 0
10 20 20 15 35 10
20 20 20 15 25 20

Fig. 2. Hot stage microscopy results: A) specimen volume as a function of temperature; B) fusibility chart for ceramic fluxes [47].
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variations in the technological parameters were detected (Table 6). 
Specifically, the incorporation of chabazite-rich tuff led to a slight 
decrease in bulk density (about 80 kg/m3 for green tiles and 100 kg/m3 

for dry ones). Despite the lower bulk density, bodies containing the 
chabazite-rich tuff exhibit a slightly improved mechanical strength, both 
in the green and dry state.

3.3. Firing behaviour and properties of finished products

The firing behaviour clearly reflects the replacement of sodic feld
spar with a stronger fluxing agent. The addition of chabazite-rich tuff, in 
fact, accelerated the sintering process, as evidenced by an increase in 
linear shrinkage of approximately 0.5 % already at 1180 ◦C (Fig. 4). 
However, this enhanced shrinkage may also be attributed to the lower 
dry bulk density of the bodies, which tends to amplify firing shrinkage 
[128]. The reference formulation exhibits maximum shrinkage at 
1200 ◦C, followed by a moderate reduction at 1210 ◦C, indicative of 
overfiring onset. In contrast, the compositions containing chabazite-rich 
tuff reach a maximum shrinkage at a lower temperature, 1190 ◦C, 
confirming the fluxing action of ZT.

A notable difference is observed in the bloating behaviour: samples 
containing 10 and 20 wt% ZT exhibit a limited bloating up to 1200 ◦C, 
markedly lower than that recorded for the reference sample between 
1200 and 1210 ◦C (Fig. 5A). The increase of +20 ◦C beyond the tem
perature of maximum shrinkage results in significant bloating for ZT- 

containing bodies, which corresponds to a decrease in bulk density, 
passing from 2.28 g/cm3 down to 2.20 and 1.92 g/cm3 for samples 10 
and 20, respectively. Bach 10, in particular, demonstrates good 
dimensional stability nearly the maximum densification (essentially 
stable between 1190 and 1200 ◦C). All samples fired at 1200 ◦C show 
water absorption compliant with both the ISO 13006:2018 standard for 
Group BIb (≤0.5 %) and market requirements (<0.2 %). In addition, 
sample 20 achieves water absorption lower than 0.5 % even at 1190 ◦C. 
Although the reference formulation attains a higher maximum bulk 
density (2.36 g/cm3), the ZT-containing compositions reach satisfactory 
levels as well, with maximum values of 2.30 g/cm3 and 2.24 g/cm3 for 
samples 10 and 20, respectively.

Although all three batches exhibit a suitable firing behaviour – 
reaching the standard water absorption threshold at maximum densifi
cation – differences emerge in the extent of the gresification plateau. 
This latter is defined as the temperature range where water absorption 
is ≤ 0.5 % and bulk density is stable within − 0.01 g/cm3 upward and 
downward the maximum value. For the reference and batch 10, the 
gresification plateau spans approximately 5 ◦C, whereas for batch 20, it 
extends to nearly 10 ◦C (Fig. 5B).

At variance of the reference batch, which shows a progressive 
decrease in water absorption throughout the considered temperature 
range, the zeolite-containing bodies show increasing values passing 
from 1200 to 1210 ◦C. In particular, batch 20 exceeds the standard limit 
at 1210 ◦C, displaying a value nearly twice the eligible threshold.

The degree of gresification influences the bending strength differ
ently across the formulations (Fig. 6A). The minimum mechanical 
resistance (35 MPa, as required by the standard ISO 13006:2018 for 
Group BIa) is reached for every formulation after firing already at 
1190 ◦C, with a further rise till 1200 ◦C. Up to this temperature, the 
modulus of rupture is slightly higher in the reference body than in 
batches containing the chabazite-rich tuff (up to 5 MPa). At 1210 ◦C, a 
significant reduction in bending strength is observed in the chabazite- 
rich tuff containing formulations: approximately 15 MPa and 25 MPa 
lower than the reference for batches 10 and 20, respectively, corre
sponding to decreases of 40 % and 70 %. This drop is attributable to 
differences in bulk density (Fig. 6B) and microstructural evolution 
during overfiring.

3.4. Microstructure and colour of fired bodies

Considering the technological properties, the optimal firing 

Fig. 3. Particle size distribution of the slips obtained by wet milling (coloured field refers to the typical range of porcelain stoneware milled powders).

Table 6 
Technological behaviour of green and dry tiles.

Variable Unit Reference 10 20

Mean S.D. Mean S.D. Mean S.D.

Springback % 0.44 0.03 0.45 0.01 0.47 0.05
Green 

bending 
strength

MPa 1.03 0.20 1.13 0.05 1.06 0.02

Green bulk 
density

kg/ 
m3

2134 4 2098 4 2053 3

Drying linear 
shrinkage

cm/ 
m

0.02 0.07 0.03 0.04 0.00 0.07

Dry bending 
strength

MPa 2.99 0.38 3.40 0.24 3.16 0.25

Dry bulk 
density

kg/ 
m3

2026 9 1949 1 1910 1

S.D. Standard Deviation.
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temperature, defined as the temperature at which both the water ab
sorption and bulk density requirements are satisfied, was set at 1200 ◦C 
for all batches. However, for batch 20, a firing temperature of 1190 ◦C 

appears to represent a more favourable compromise. After firing at these 
temperatures, the microstructural features of bodies confirm the simi
larities observed between the samples in terms of technological 

Fig. 4. Linear shrinkage as a function of firing temperature for the different batches (standard deviation within the symbol size).

Fig. 5. A) Water absorption (empty symbols, dotted lines) and bulk density (full symbols and lines) as a function of firing temperature for the different bodies 
(standard deviation within the symbol size). B) Gresification plateau for water absorption <0.5 % and bulk density within maximum – 0.005 g/cm3.

Fig. 6. Bending strength as a function of firing temperature (A) and bulk density (B) for the different mixtures (standard deviation within the symbol size).
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properties (Fig. 7). All the bodies are characterized by the presence of 
both macro- and micro-porosity, as typically found in porcelain stone
ware tiles [127,129]. Two main kinds of porosity can be observed: (i) 
rounded pores, with diameter usually below 50 μm, and (ii) irregularly 
shaped pores with r dimensions reaching up to 100 μm. The rounded 
pores can be associated with the close porosity formed during the sin
tering process, mainly due to gas trapping and pore coalescence. Within 
closed pores, it is possible to discriminate smaller pores, lower than 10 
μm in diameter (class p1), and larger spherical pores, with diameter 
often between 50 and 20 μm (class p2). The porosity with irregular 
shapes (class p3) was presumably inherited from powder compaction 
defects.

The addition of chabazite-rich tuff determines both amount and size 
of observed pores. Microstructure of reference body at the maximum 
densification is characterized by a limited porosity, mainly consisting of 
pores of class p1, while pores of larger size (both classes p2 and p3) occur 
with minor frequency. Samples 10 and 20 clearly exhibit a larger 
porosity with respect to the reference even if at their maximum densi
fication. Rounded pores of class p2 are more frequent and coarser 
passing from reference to the samples 10 and 20. Also p1 and p3 pore 
classes increase as well, mainly for batch with 20 % of zeolitic tuff. For 
the sample 20, the increase in firing temperature from 1190 to 1200 ◦C 
gave rise to less pores but clear increase in their size, highlighting an 
incipient bloating and overfiring [127,129].

In terms of appearance and colorimetric parameters of porcelain 
stoneware bodies, a progressive darkening with the waste addition can 
be appreciate. The increase in zeolitic tuff from 10 to 20 wt% mainly led 
to a reduction of L* of about 4 and 8 units (Table 7). The increase of the 
firing temperature favours the dissolution of chromophore components, 
leading to a progressive darkening [123].

3.5. Comparison with other zeolitic tuff

To achieve a more comprehensive view of the chabazite-rich tuff as 
flux in porcelain stoneware, it is interesting to compare results with 
those related to other zeolitic materials, either phillipsite-rich [86,89,
117] or clinoptilolite-rich [89,90,102,116]. In general, chabazite-rich 
tuff acts similarly to other zeolite-rich tuffs, leading to fulfil standard 
requirements for water absorption (Fig. 8A) and mechanical strength 
(Fig. 8B) even if with borderline bulk density values (Fig. 8C). The lower 

densification efficiency, even if for maximum densification, (quite 
common for iron-rich raw materials) is observed also in bodies with 
phillipsite or clinoptilolite as the main zeolite. Furthermore, both the 
observed firing shrinkage (Fig. 8D) and the maximum temperature are 
within the range usually accepted in the industrial production (Fig. 8F). 
Compared to bodies containing other zeolitic materials, a greater dry 
bending strength is observed, beyond the threshold of industrial practice 
(Fig. 8E).

4. Conclusions

The present study has investigated for the first time the suitability of 
chabazite-rich tuffs in the production of porcelain stoneware tiles. In 
addition to chabazite, these materials contain significant amounts of 
sanidine and volcanic glass, which can positively influence firing 
behaviour. Other mineralogical components, such as biotite and py
roxene, are also present and may impact both the onset and the extent of 
bloating during sintering.

The technological properties of porcelain stoneware batches formu
lated with ZT are fully comparable to those obtained with the reference 
batch. Notably, the progressive replacement of feldspar with chabazite- 
rich tuff did not affect the grinding process: the resulting particle size 
distributions were nearly identical and fell within the standard range for 
industrial porcelain tile production. D50 value, between 3 and 4 μm, 
remains virtually unchanged with a decrease that can be addressed to 
experimental deviation of the measurement. Some differences can be 
observed since the bodies with the chabazite-rich tuff show lower bulk 
density (about 80 kg/m3 for green tiles and 100 kg/m3 for dry ones) but 
better mechanical strength in the green and dry state (about 9 and 13 % 

Fig. 7. Microstructure of batches fired at the optimal firing temperature (SEM micrographs).

Table 7 
Colorimetric parameters of specimens fired at optimal firing temperature.

Batch Ref 10 20 20

Firing temperature (◦C) 1200 1220 1190 1200

L* 72.6 ± 0.1 68.9 ± 0.2 73.3 ± 0.2 65.7 ± 0.2
a* 1.8 ± 0.1 1.9 ± 0.1 1.9 ± 0.1 2.1 ± 0.1
b* 11.8 ± 0.1 12.2 ± 0.1 11.6 ± 0.1 12.7 ± 0.1
C* 11.9 ± 0.2 12.3 ± 0.2 12.6 ± 0.2 12.8 ± 0.2
ΔE ​ 7.9 ± 0.2 0.3 ± 0.2 1.0 ± 0.2
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respectively). Increasing the ZT content led to enhance the sintering 
process: the temperature at which the water absorption is ≤ 0.5 % can be 
inferred anticipated up to ~18 ◦C, with a decrease in the water ab
sorption at maximum densification temperature of about 60 wt% 
(relative). At the same time, the densification efficiency was lower than 
the reference (up to − 0.08 g cm− 3 at the temperature of optimal firing). 
This lower densification led to an increase in total porosity and pore size, 
which reduced the mechanical properties (measured deviation lower 
than 5 MPa), but keeping mechanical strength values above the limits of 
the specific standard.

Based on the results discussed, for the first time, chabazite-rich tuffs 
are proposed as flux candidates for porcelain stoneware bodies. The 
recommended content of zeolite tuff in the batch is up to 10 %, 
depending on the changes in densification and colour that can be 
tolerated by the porcelain stoneware formulation in use.
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