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A B S T R A C T   

The ceramic industry is going to be deeply involved in the transition to a circular economy. However, the main 
obstacle to a widespread recourse to waste recycling is the lack of knowledge about its effect in ceramic tile 
manufacturing. The rationale behind this work is to look at recycling from the industrialist’s point of view. The 
goal is overviewing the effects of different kinds of waste on technological behavior, technical performance, and 
environmental impact of ceramic tiles in the prospect of an industrial transfer. Technical constraints that waste 
recycling must comply to be transferable to ceramic tile manufacturing were examined in detail. Available in
formation on the behavior of ceramic tile bodies containing wastes from various sources was critically reviewed 
for every manufacturing stage. The main outcome is an outlook about feasibility (expressed in terms of Tech
nology Readiness Level) and recommended recyclable amount. In addition, hindrances to scale up and matters of 
concern (e.g., hazardous components and gaseous emissions) are pointed out and discussed. Examples and 
reasons of success/unsuccess are briefly illustrated, and prospect of waste recycling in ceramic tiles production 
from a circular economy perspective was appraised.   

1. Introduction 

Waste recycling in ceramic tiles can be traced back to the pioneering 
study of Kats and Kvyatkovskaya (1972) and a few others issued in the 
1980s and early 1990s (Higgins et al., 1979; Brown and Mackenzie, 
1982; Abdrakhimov et al., 1990; Dondi et al., 1990, 1992). In the same 
period, the ceramic industry began to recycle its own processing resi
dues and a manifesto of this early cannibalistic view appeared in 1991 
(Manfredini et al., 1991). Nonetheless, the academic and industrial in
terest was very limited until 2000; since then, scientific papers appeared 
at a growing rate: in the last decade over 20 publications per year. On 
the industrial side, even before the current traction towards a circular 
economy, waste recycling was mainly driven by marketing reasons, 
supported through green certificates (Palmonari and Timellini, 2000; 
Blengini and Shields, 2010; Gabaldón-Estevan et al., 2014) like the LEED 
credits (The Leadership in Energy and Environmental Design; WGBC, 
2020), and the incoming standard on the sustainability of ceramic tiles 
(ISO/DIS 17889, 2019). 

The main obstacle to a widespread recourse to waste recycling is the 
lack of knowledge about the effect of residues in ceramic tile 
manufacturing. This is a multi-sided issue that has various aspects to 
consider, in particular: 

Technological behavior, i.e. the effect of waste addition on the way 

bodies behave along the manufacturing line (that must be within the 
variance tolerated in the industrial practice). 

Technical performance, i.e. the repercussion of waste introduction on 
the properties of finished products and the conformity to standard 
specifications and market requirements. 

Environmental impact, seen as the way the waste presence in ceramic 
bodies affects the solid (scraps), liquid (wastewater, leachates) and 
gaseous emissions (flue gas from kilns). 

Economic sustainability, accounting for the balance between cost and 
benefit (in terms of energy consumption, investments, transportation, 
and so on). 

The goal of the present paper is to overview the effect of waste 
recycling on technological behavior and technical performance of 
ceramic tiles, with some concern on the environmental impact. How
ever, any life cycle assessment of waste addition in tile-making is not 
considered here. The rationale behind the analysis of the literature is 
directed towards two outcomes. First, an overall examination of tech
nical constraints that waste recycling must comply to be transferable to 
ceramic tile manufacturing. Second, a detailed critical review of avail
able information on the technological behavior of ceramic tile bodies 
containing wastes from various sources. Finally, a technological outlook 
regards feasibility, recyclable amount, and possible matters of concern. 
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Fig. 1. Flowchart of the main technologies used in ceramic tile manufacturing (A). Classification of various typologies of ceramic tiles versus duration of firing cycle 
(B). Quality controls in the distinct stages of ceramic tile manufacturing (C). 
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2. General issues of waste recycling in ceramic tile-making 

This section presents the modern ceramic tile technology, focusing 
on issues relevant for waste recycling. This introductory part offers an 
industry-oriented view on the target of waste incorporation into ceramic 
tile bodies and a general review of potential effects of waste occurrence 
in the various production stages. 

2.1. Constraints from ceramic tile manufacturing 

Although all ceramic tiles have been manufacturing with the clas
sical scheme (milling → granulation → shaping →  
drying → glazing → decoration → firing, see Fig. 1) there are several 
variants developed to produce different typologies, in the framework of 
a continuous innovation (Dondi et al., 2014; Gabaldón-Estevan, 2016). 

Ceramic tiles have distinct product specifications according to end- 
use: walling and flooring (indoor or outdoor) plus new applications 
that recently gained different markets (interior design, etc). On the other 
hand, the classification of ceramic tiles is based on water absorption and 
shaping technique, defining three main classes (I, II, III) with subclasses 
(e.g., Ia and Ib) declined for extruded (prefix A) or pressed (prefix B) 
products. This matrix gives rise to twelve groups, each having its own 
specifications, mandatory or voluntary (ISO 13006, 2018). For sake of 
simplicity, we will refer to five categories of ceramic bodies with 
increasing water absorption (WA): highly vitrified (group BIa, 
WA<0.5%); vitrified (BIb or AIb, 0.5%<WA<3%); semi-vitrified (BIIa, 
3%<WA<6%); porous (BIIb or AIIb, 6%<WA<10%); highly porous 
(BIII, WA>10%). In order to satisfy such different standard specifica
tions, the ceramic tile industry developed various product typologies, 
each featured by its own combination of batch composition, 
manufacturing technology, and market destination. Every typology took 
its own commercial name that does not match the standard terminology, 
so giving rise to a sort of “double nomenclature”, which could create 
some confusion (see Table 1). 

The manufacturing solutions currently in use can be summarized 
into four main technologies: floor tiles and wall tiles (both pressed); split 
tiles (extruded); large slabs obtained through novel compaction tech
niques (Fig. 1A). 

Despite most stages are in common, it must be considered that actual 
manufacturing conditions are completely distinct for each typology (e. 
g., body composition, particle size distribution, specific pressure of 
compaction, firing schedule). The diffusion of these technologies can be 
estimated as follows: floor tiles, 70-75% of the global output; wall tiles, 
20-25%; the others occupy a market niche (each <5%): one fading out 
(split tiles) and the other growing up (large slabs). 

Such manufacturing conditions – specific for every technology – are 
of paramount importance for making waste recycling feasible. They 
must be carefully considered when the waste addition is designed and 
experimented. The choice of a given set of working conditions implicitly 
addresses the conclusions to a determined technology, as often occurs in 
the literature, beyond what is the target declared by authors. This is 
particularly true about the firing schedule since every tile typology has 
its own combination of water absorption and firing conditions (Fig. 1B). 

Any waste-bearing body must comply all technological requirements 
along the manufacturing line as well as all mandatory technical prop
erties for the finished product. In the industrial practice, the techno
logical behavior is kept under control in every stage of the production 
line: the basic properties measured on semi-finished products are listed 
in Fig. 1C. In addition, the most important technical properties of 
finished products are summarized in Table 1. 

2.2. Target of waste incorporation in ceramic tiles 

Wastes are intended to turn into secondary raw materials and to 
substitute – partially or entirely – naturally-occurring industrial min
erals. This implies that wastes must comply a set of requirements that 
concerns any raw material for ceramic tiles, as will be seen in more 
detail in section 2.3. 

Account must be taken that ceramic raw materials play the following 
roles in the batch (Dondi et al., 2014; Dondi, 2018):  

• Plasticity provider helps forming a stable slip; it allows a proper 
compaction during pressing and bestows mechanical strength on 
unfired tiles (various types of clay materials are used).  

• Flux forms a liquid phase at high temperature; it fosters the body 
densification by viscous flow and gives rise to a vitreous phase 
embedding filler (typically various feldspathic materials are used).  

• Filler acts as skeleton helping to control the tile shrinkage during 
drying and firing; it damps pyroplastic deformations by increasing 
the body viscosity at high temperature (quintessentially, quartzous 
materials are utilized).  

• Additives are able to modulate single issues of the technological 
behavior (e.g., slip rheology, green density, dry bending strength, 
firing kinetics, pyroplasticity, color after firing) even if added in 
small amounts. 

Any waste addition will affect the technological behavior in a way 
that can witness the prevailing role in the bodies (Segadães, 2006). This 
is important to correctly address the incorporation strategy, since every 
tile type has its own recipe in terms of plastic, flux, and filler ingredients 

Table 1 
Nomenclature, production technology, end-use, classification, and main standard requirements for the more common typologies of ceramic tiles currently on the 
market.  

Commercial name Technology (see  
Fig. 1A) 

Major end-use Classification ISO13006 
standard 

Water absorption (% 
wt.) 

Modulus of rupture 
(MPa) 

Deep abrasion 
(mm3) 

Porcelain 
stoneware 

Large slabs ventilated façades 
interior design 

BIa 

(Group G) 
<0.5 >35 <175 

Floor tiles flooring (indoor & 
outdoor) 
walling (outdoor) 

BIa 

(Group G) 
<0.5 >35 <175 

Light-firing 
stoneware 

Floor tiles flooring (indoor) BIb 

(Group H) 
0.5-3 >30 <175 

Red-firing 
stoneware 

Floor tiles flooring (indoor) BIb-BIIa (Groups H-J) 0.5-6 >30 
>22 

<175 
<345  

Wall tiles walling (indoor) BIIb 

(Group K) 
6-10 >18 <540 

Monoporosa 
Birapida 

Wall tiles walling (indoor) BIII 
(Group L) 

>10 >15  

Klinker Split tiles flooring (indoor & 
outdoor) 

AIb 

(Group A) 
0.5-3 >23 <275 

Rustic cotto Split tiles flooring (indoor) AIIb 

(Groups D-E) 
6-10 >9 

>17.5 
<1062 
<649  
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(Fig. 2A). 
A fundamental requisite for waste recycling is the inertization of 

residues, once incorporated in the ceramic body. It means that physical 
and chemical reactions occurring during the tile production must result 
in the immobilization of all the waste components, at least the hazard
ous ones. This is a key point, because the conditions to get satisfactory 
results may be in contrast with either technological or inertization 
purposes. For instance, a firing schedule able to achieve the standard 
technical requirements (e.g., the prescribed water absorption) could 
induce a partial mobilization of a given component of the waste 
material. 

This aspect has been to a large extent neglected in ceramic tile pro
duction, under the assumption that natural raw materials do not contain 
hazardous components in concentrations justifying a special care. The 
only exception is about lead and cadmium release from products 
intended to come in contact with foodstuff (ISO 10545-15, 1995). This 
assumption is no longer valid in case of waste materials since they may 
contain hazardous components in significant concentrations. A suc
cessful inertization depends on the transformations which the individual 
components of wastes may (or may not) undergo during firing. Such 
reactions involve the formation of new phases (either crystalline or 
amorphous). As a consequence, the effective incorporation of a given 
element implies different crystal-chemical factors whether the target is a 
certain silicate structure or a vitreous network. A distinctive picture 
arises for the various technologies (Fig. 2B): recycling in porous and 
highly porous bodies requires a strategy of waste incorporation mainly 
addressed to crystalline phases. On the other hand, recycling in vitrified 
and highly vitrified bodies must account for the predominant 

development of glassy phases. 
The reactions leading to the formation of new crystalline and 

amorphous phases occur at various temperatures and define an 
extremely dynamic picture, governed by kinetic-related issues, such as 
thermal rate and tile geometry (size and thickness) along with the batch 
mineralogical composition (Cultrone et al., 2001; Gualtieri, 2007; Hei
mann and Maggetti, 2019; Conte et al., 2020). A general sketch of phase 
transformations occurring during fast firing can be drawn, based on 
literature data, for vitrified and porous bodies, respectively (Fig. 3). 

2.3. Effect of waste recycling in the manufacturing stages 

This section will provide some insight into the main technological 
issues that may arise with the addition of waste materials in the various 
stages of the ceramic tile manufacturing process. 

Body formulation: raw materials must comply a set of requisites, 
including the physical status at the delivery, which may determine in 
many cases a sort of “supply gap” (i.e., all the operations necessary to 
turn the physico-chemical features of the waste within the acceptance 
window for ceramic tile manufacturing). From this standpoint, the main 
issues are moisture, grain size, and stability during storage (in order to 
avoid phenomena of biodegradation, cementation, leaching, etc). The 
existence of a supply gap implies the need for additional steps in the 
technological chain (the most common are drying or comminution) 
hence of deputed machinery and related investment. 

Milling constitutes one of the main bottlenecks for waste recycling, 
particularly in case of wet grinding. Any deleterious effect of waste on 
the rheological behavior of slips must be avoided, especially thickening 

Fig. 2. Batch design of the various typologies of ceramic tiles (modified after Dondi et al., 2014): light-firing and red-firing bodies (A). Phase composition of fired 
bodies: amount of residual phases versus the amorphous-to-crystalline ratio in phases formed during firing (B). 

Fig. 3. Scheme of phase transformations occurring during fast firing of ceramic tiles, based on literature data: (left) vitrified bodies, like porcelain stoneware; (right) 
porous bodies, such as red monoporosa-birapida. 
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of the suspension by viscosity and/or thixotropy boosting. In any case, 
common adjustments – like increasing the water or deflocculant amount 
– imply increasing cost (energy consumption or additives). Most rele
vant is the fact that uncontrolled changes of slip viscosity may result in a 
different particle size distribution of powders, which in turn can affect 
the technological behavior downstream, and particularly the firing ki
netics. Unexpectedly, the rheological behavior of waste-bearing slips has 
been seldom investigated in detail (Andreola et al., 1992a, 1992b, 1993, 
2001, 2002, 2004). Critical parameters that should be kept under con
trol for their deleterious effect are the occurrence of electrolytes (soluble 
salts), expanding clay minerals (especially smectites), zeolites, and 
colloidal fractions. 

Compaction is important as it affects properties of both semi-finished 
and finished products. Among others, it substantially determines the 
extent of firing shrinkage and thus any deviation from the nominal 
dimension of tiles (that is a commercial constraint). Such a behavior was 
considered occasionally, directly as bulk density or indirectly as 
modulus of rupture of dry tiles (e.g., Matteucci et al., 2002; Bourtsalas 
et al., 2015b). Springback was rarely taken into account, even though it 
can induce, whether too high, defects and rupture of green compacts 
(especially thin tiles). Plasticity of the body was sometimes considered 
in case of extrusion (e.g., Menezes et al., 2005; Souza et al., 2011). As 
densification in the green state is promoted essentially by “plastic” 
components (primarily clay minerals) and contrasted by “non-plastic” 
ones (fillers and fluxes), a correct ratio between plastic and non-plastic 
ingredients must be respected. 

Drying stage is crucial for split tiles, since extrusion is usually carried 
out with a water content around 20%wt, thus approximately 3-4 times 
the moisture content of dry pressed tiles. In contrast, green pressed tiles 
have a sufficiently low moisture content to stay within the pendulum 
stage of drying, where negligible drying shrinkage is expected (Ford, 
1986). Although small, drying shrinkage must be kept under control and 
the effect of waste addition monitored. Most important is the dry 
modulus of rupture, which must be high enough, because unfired tiles 
must withstand firstly the stresses during fast drying cycles, usually 
peaking around 180◦C, and secondly the drop of mechanical strength 
due to wetting during glazing. Drying behavior was sometimes taken 
into account, directly as drying shrinkage or indirectly as modulus of 
rupture of dry tiles (e.g., Raimondo et al., 2007; Echeverrigaray et al., 
2016). Drying is eased by non-plastic ingredients (fluxes and fillers) but 
contrasted by plasticity providers, which on the other hand improve 
bending strength of dry tiles. 

Glazing and decoration: potential interaction of wastes with glazes 
and decoration is systematically neglected in the literature. In reality, it 
is well known in the industrial practice that the occurrence of some 
compounds can cause defects to the tile coatings (Bresciani, 2003). The 
only issue considered, for unglazed bodies, is a possible change of color 
after firing due to the waste addition. Nonetheless, it must be taken into 
account that color not only depends on the concentration of chromo
phores (typically transition metal ions) supplied by wastes, but it is also 
affected by the degree of translucency of the ceramic body. This prop
erty is influenced primarily by the amount of vitreous phase (Ozturk 
et al., 2008; Salem et al., 2009). 

Firing effect on the properties of tiles has been extensively considered 
in the literature, mainly as shrinkage, water absorption and flexural 
modulus of rupture. Less frequently, bulk density, closed porosity and 
microstructure have been investigated. Firing shrinkage depends on 
mechanism and extent of sintering but on the starting porosity as well. It 
is hard to infer whether any shrinkage variation induced by waste 
addition is due to the sintering degree or to an effect of green bulk 
density, in absence of starting porosity data. Thus, a critical issue is how 
to assess the degree of sintering. Water absorption is commonly deter
mined: although mandatory for standard classification, it is inconclusive 
about the actual extent of densification. For vitrified tiles, most impor
tant is bulk density, possibly combined with closed porosity. For porous 
bodies, mechanical strength is a common tool to evaluate the degree of 

sintering, since firing reactions progressively strengthen solid bridges 
between pores. Nevertheless, it should be appraised by relating the 
modulus of rupture to the total porosity (i.e. open and closed pores). 

2.4. Design of experiments for waste recycling in ceramic tiles 

A correct design of experiments is crucial to get useful results for a 
technological transfer to the industrial practice. This task implicates 
different aspects to be opportunely taken into account. 

Technological reliability: data about the behavior during processing 
are reliable (and straightly transferable to industry) if the experimental 
conditions are as close as possible to the actual industrial technology. 
Caution is recommended in data interpretation, especially extending 
conclusions based on laboratory results to full-scale processing. Testing 
bodies in conditions far from industrial practice – e.g., extrusion instead 
of pressing or slow firing cycle instead of a fast one – makes the results of 
little technological value. 

Scale factor: data reliability depends also on the scale of the experi
ment: some features of the industrial manufacture cannot be faithfully 
reproduced in the laboratory. Classic examples are: firing atmosphere 
(combustion fumes in industrial kilns; air in electric furnaces) and green 
bulk density (increasing with decreasing die dimensions). Thus, the 
scale factor is critical for the reproducibility of results at the industrial 
level. 

Benchmark: an internal or external reference is of the utmost 
importance to have a correspondence with the industrial production 
and/or market requirements. A benchmark is an effective way to take 
care of the scale factor, for instance testing at the laboratory or pilot 
scale the waste-free batch used in the industrial production (internal 
reference). Differences in technological behavior or technical perfor
mance, stemming from waste addition, are usually scaled up according 
to the benchmark ratio (lab scale to full scale). The alternative of 
assessing the laboratory results with reference to standard specifications 
is not as straightforward as it may appear, because it is prone to a scale 
mismatch that must be estimated anyway. 

Recommended amount of recyclable waste: it is the optimal amount of 
waste that can be introduced into a given batch with tolerable changes 
of technological and environmental issues. This definition is often dis
regarded in the literature by weighting in different way various tech
nological outcomes. Conclusions can be too optimistic if positive results 
are highlighted, while drawbacks tend to be underestimated, when not 
neglected. This practice can turn the range of recommended amounts 
too extended towards high percentages than the actual chances in in
dustrial production. A common oversight is claiming the feasibility of 
waste recycling, even though not adequately supported by experimental 
results. For example, the technological assessment, when based uniquely 
on the firing behavior, does not ensure an actual feasibility of waste 
recycling at the industrial level (neglecting any issue upstream). 

3. Level of knowledge on waste recycling in tile-making 

The literature on waste recycling in ceramic tile-making consists of 
approximately 300 papers. It is definitely the tip of the iceberg, because 
many trials have been carried out directly by tile manufacturers and 
suppliers, which results are seldom accessible. Hereafter, three general 
issues are overviewed: waste sources, strategies of incorporation, and 
level of knowledge achieved about the effect in tile-making. 

3.1. Waste sources 

The provenance of wastes used by or proposed to the ceramic tile 
industry is summarized in Table 2, where the number of papers is also 
reported. A detailed description is reported as supplemantary material 
(Table S1). However, it is not always possible to identify, from the 
literature, the exact waste classification. For example, soda-lime glass, 
an apparently well-defined residue, can be recovered as: i) pre-consumer 
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scrap (a glass bottle) and from at least three stages of the municipal solid 
wastes processing: ii) washed glass (secondary raw material for glass- 
making), iii) beneficiated glass from contaminated lots, iv) waste-of- 
waste tailings after beneficiation. Each waste has its own code, even if 
it is ultimately soda-lime glass. 

In any case, the present paper considers recycling under a techno
logical viewpoint (i.e., looking at waste composition and behavior in 
ceramic tile manufacturing) and not in relation to waste classification. 
Nevertheless, this classification outlines issues that must be taken into 
account, because they have very important repercussions (according to 
the legal framework in every country) on waste management and the 
actual chance to convert a given residue into a secondary raw material 
(Schreck and Wagner, 2017). 

The main issue recalled here is the fundamental divide between 
hazardous and non hazardous wastes (Blackman, 2001; Sadala et al., 
2019). The legal restrictions to recycling (treatment, trade, transport, 
end use) make unappealing for the ceramic tile industry most hazardous 
wastes. For this reason, the attention of industrialists is focused on non 
hazardous residues only (with few exceptions). 

3.2. Strategies of waste incorporation in ceramic bodies 

Literature reveals that waste recycling has been addressed to the 
ceramic tile production through different strategies, which clearly stand 
out from the milestones in batch design (Fig. 4). Most research efforts 
were spent to test wastes in replacement of raw materials conventionally 
used in tile manufacturing. Even so, ~20% of papers dealt with inno
vative ceramics, based uniquely on waste materials (milestone 1). In 
case of substitution of natural raw materials, batches were designed 
either for dark-firing bodies or light-firing ones, with a similar number of 
papers (milestone 2). The former is an obvious choice when the waste 
has a high content of transition elements, which are responsible for the 
dark color after firing. For the most part they are clay bodies with minor 
ingredients playing as filler (or flux) in red stoneware, otherwise as filler 
(or pore-forming agent) in porous tiles. At milestone 3, some papers 
followed processing parameters valid just for extruded split tiles, which 
can be either porous or vitrified. 

On the other hand, light-colored bodies are obtained by complex 
batches, where the main technological role must be guessed at the 
moment to introduce the waste in replacement of a given type of raw 
material. Literature trials saw the wastes mainly substituting a flux and 
less frequently a plastic component or a filler (milestone 4). Amongst the 
waste-based products, three options were followed (milestone 5): testing 
the residue as the unique batch ingredient; in a mixture of different 
residues (and no other ingredients) or mixed with industrial minerals (in 
mix completely different from industrial formulations). 

The degree of development of the various waste recycling solutions is 
sketched in Fig. 4, in terms analogous to the Technological Readiness 

Table 2 
Provenance and hazard of wastes used by or proposed to the ceramic tile in
dustry (#: number of papers dealing with recycling).  

waste source # description hazard1 

Mining, quarrying and 
treatment of minerals (#68) 

19 excavation, washing and 
cleaning of minerals 

ANH 
MNH 

26 tailings from mineral 
processing 

MNH 

23 ornamental stone cutting and 
sawing 

MNH 

Food of animal origin 2 eggshell, cockle shell ANH 
Production of paper and leather 

(#7) 
4 rejects from pulping of 

wastepaper 
ANH 

2 grit and lime mud ANH 
1 sludge from effluent 

treatment containing Cr 
ANH 

Oil refining (#8) 6 oily sludge from petroleum 
refining 

AH 

2 sludge from palm oil refining ANH 
Inorganic chemical processes 

(#10) 
5 red mud from bauxite 

processing 
MNH 
MH 

2 Ca-based reaction wastes 
from TiO2 production 

ANH 

1 waterglass waste MNH 
1 phosphogypsum MNH 
1 ferrite production ANH 

Thermal processes, coal power 
stations (#30) 

24 coal fly ash ANH 
6 coal bottom ash, slag and 

boiler dust 
ANH 

Thermal processes: biomass 
combustion plants (#25) 

7 wood, cereal and straw ash ANH 
6 rice and coffee husk ash ANH 
5 sugarcane and coffee bagasse 

ash 
ANH 

3 palm kernel shell and sago 
ash 

ANH 

3 fishbone and cow bone ash ANH 
1 paper ash ANH 

Metallurgy, casting and coating 
of metals (#37) 

23 iron and steel unprocessed 
slag, waste from slag 
processing 

ANH 

2 copper slag ANH 
1 zinc slag ANH 
1 lead slag AH 
1 foundry slag ANH 
7 spent foundry sand MH 

MNH 
2 galvanic processes MH 

Manufacture of ceramic 
products, refractories and 
glassware (#40) 

10 fired scraps ANH 
8 green tiles and dust ANH 
6 polishing sludge ANH 
5 sludge from wastewater 

treatment 
ANH 

5 glazing sludge and waste frit MH 
3 spent lime from kiln 

scrubbers 
MH 

2 glass polishing and cutting MNH 
1 spent refractories MHN 

Construction and demolition 
wastes (#12) 

3 construction materials 
containing asbestos 

AH 

2 harbour dredging spoil MH 
2 reservoir sediments MNH 
2 cement kiln dust ANH 
2 waste flat glass MNH 
1 mixtures of concrete, bricks, 

tiles and ceramics 
ANH 

Waste management facilities 
and wastewater treatment 
(#37) 

8 bottom ash and slag from 
municipal solid waste 
incineration 

MNH 
MH 

5 fly ash from municipal solid 
waste incineration 

MH 

8 sewage sludge from treatment 
of urban wastewater 

ANH 

7 sewage ash from treatment of 
urban wastewater 

MNH 

5 sludge from treatment of 
drinking water 

ANH 

2 MNH  

Table 2 (continued ) 

waste source # description hazard1 

sludge from treatment of 
industrial wastewater 

2 vitrified waste ANH 
Municipal and industrial solid 

wastes: separately collected 
fractions (#64) 

35 container glass ANH 
MNH 

8 glasses from PC-TV screen MNH 
7 glasses from PC-TV cathodic 

tube 
MNH 

5 glasses from lamps MNH 
3 glasses from LCD (Liquid 

Crystals Display) 
MNH 

6 other WEEE glasses MNH  

1 Statement of hazard from the above-mentioned LoW: Absolute hazardous 
(AH); Absolute non hazardous (ANH); Mirror hazardous (MH); Mirror non 
hazardous (MNH) 
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Level (TRL). It is scaled as follows: TRL 4 stands for waste recycling 
evaluated at the laboratory scale with processing conditions far from the 
industrial production. TRL 5 indicates a technological solution validated 
at the lab scale in conditions close to the current tile production. TRL 6 
represents a demonstration on a pilot line (industrially relevant envi
ronment). TRL 7 entails a waste-bearing tile prototype successfully ob
tained in operational environment (small-scale production). TRL 8 is a 
waste recycling technology complete, qualified, and ready for the 
market. 

Looking at products consisting only (or mostly) of residues, it clearly 
emerges that have been developed essentially at TRL 4. In few cases, a 
higher TRL was achieved, as for mining residues at TRL 5 (Campos et al., 
2004), fly ash at TRL 6 (Luo et al., 2017b, 2018) and glass cullet at TRL 7 
(Skerratt, 2001). 

In contrast, wastes used in replacement of raw materials were often 
tested at TRL 5. In some cases, trials were run up to TRL 8 or even 
entered in the industrial practice, at least in some ceramic tile districts. 
Apparently, this goal was achieved more frequently with light-firing 
bodies than with dark-firing ones (Fig. 4). In reality, literature data 
mirror more the academic and industrial interest than the actual tech
nological prospect. It is undoubted that porcelain stoneware is the main 
target of waste recycling, accounting for more R&D studies than any 
other tile type. Successful examples of full-scale waste recycling in 
ceramic tile manufacture include: excavation and treatment of industrial 
minerals, such as waste granite (Dino et al., 2012) and residue of sand 
washing (Danasino and Di Primio 1995); glass cullet and glasses from 
WEEE (Carbonchi et al., 2003; Andreola et al., 2016); stabilized bottom 
ash from municipal solid waste incineration (Schabbach et al., 2012). 
Nevertheless, the largest amount of residues recycled takes origin from 
the ceramic factory itself and is cannibalised in tile-making, encom
passing green tiles, dust, sludges from wastewater treatment and fired 
scraps (Manfredini et al., 1991; Andreola et al., 2004; García-Ten et al., 
2015; Rambaldi et al., 2018; Tarhan et al, 2017; Amin et al., 2019). 

3.3. Knowledge of waste effects in tile manufacturing 

The level of knowledge on waste addition to ceramic tiles, as it can be 
deduced from the literature, is extremely variable. A matrix illustrates at 
the glance, by a simple color code, the degree of technological infor
mation on waste recycling for single processing steps: partial or full 
characterization, its robustness and level at which experiments were 
carried out (Fig. 5). 

Looking at this matrix by columns, it appears that information on 
firing is richer than about all the other manufacturing stages, despite 
they are as crucial as sintering to define the product quality (e.g., mill
ing). The lack of data is quite common about the rheological behavior of 

slips and powder behavior during compaction. Unfortunately, these 
stages frequently represent the bottleneck in the waste recycling scale up 
from lab to factory. Apparently unimportant, the need of preliminary 
treatments is indeed fundamental to make the waste recycling viable, 
but information is seldom exhaustive on this point. 

The technological know-how is clearly different from one waste 
source to another. There are cases where a full characterization (or a 
partial characterization by multiple sources) is available, such as 
ceramic residues or waste glasses, to which generally correspond full 
scale trials (or at least on a pilot line). In other circumstances, the firing 
behavior is well-known, although at the lab scale, but information on 
upstream processing is scarce (as for many mining residues, metallur
gical slags, municipal solid wastes and sludges from inorganic chemical 
processes and oil refining). There are peculiar situations where, in face 
of rather numerous data, technological information (not only at the lab 
scale) appears to be largely contradictory, as in case of many ashes from 
thermal processes. The remaining waste sources suffer from a partial 
technological characterization, limited to lab experiments, with few 
exceptions (e.g., foundry sands and asbestos-containing demolition 
residues). 

4. Waste composition and recycling strategies in tile-making 

This chapter describes the chemical composition and physical state 
of wastes along with the batch design in different ceramic tiles. In-deep 
discussion on the effects of waste addition on the technological prop
erties of ceramic tiles and the recommended amount of recyclable waste 
are reported in the supplementary materials. 

4.1. Wastes from mining, quarrying and treatment of minerals 

There are many case-studies dealing with recycling in ceramic tiles of 
mining residues but, despite the good number of papers, the level of 
knowledge is essentially incremental and limited to laboratory scale 
testing. Waste recycling was mainly addressed to floor and wall tiles 
(mostly red firing) with a limited concern to porcelain stoneware bodies. 
Several papers adopted firing conditions far from current technologies in 
tile-making. These residues can be distinguished upon the stage in which 
they are produced: (a) during excavation; (b) after washing and cleaning 
of minerals; (c) as tailings of beneficiation processes; (d) after cutting 
and sawing of ornamental stones. Besides these operations are indus
trially well established, quarrying and mining residues are characterized 
by a strong compositional heterogeneity, which reflects the variety of 
parent rocks (Table 3). 

Wastes generated during excavation (mostly discarded blocks and rock 
dust) have the same composition of parent rocks and are generally 

Fig. 4. Strategies followed in the literature for waste 
recycling in ceramic tiles: from waste treatment to the 
tile market. Milestones in batch design: 1) waste as a 
new product or as a substitute of natural raw materials. 
2) Light-firing versus dark-firing bodies. 3) Dark-firing 
bodies for red stoneware, porous or split tiles. 4) 
Technological role in light-firing batches (flux, filler, 
plastic component). 5) Waste-based products: 100% 
waste, or mixture of different residues, or waste plus 
other materials (mix different from industrial batches). 
See the text for TRL description.   
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utilized on site for fillings and environmental remediation (Table 3). 
Two exceptions concern ceramic raw materials: granite blocks accu
mulated around quarries and marble dust. The best example of suc
cessful valorization of waste granite entails block recovery from quarry 
dumps and various treatments: grinding, sieving, milling, magnetic 
separation, flotation (Dino et al., 2012). The products so obtained have 
been commercialized in the last two decades as flux in bodies for 

vitrified tiles (Carbonchi et al., 2003). This was confirmed by further 
case-studies on granite (Ghiani et al., 1997; Hernández-Crespo and 
Rincón, 2001; Echeverrigaray et al., 2016) or alkalisyenite mining res
idues (Il’ina and Lebedeva, 2010) tested as flux substitutes in ceramic 
batches (10-35%). Carbonate-rich residues were proposed as 
pore-forming additive in porous tiles in substitution of calcite or dolo
mite: marble rock dust (Montero et al., 2009a); dolostone (Amin et al., 

Fig. 5. Matrix of technological information 
available for waste recycling in ceramic 
tiles. Color codes represent: full character
ization by multiple sources (4); full char
acterization by a single source or partial 
characterization by multiple sources (3); 
partial characterization by a single source 
and/or contradictory data by multiple 
sources (2); characterization not relevant 
for ceramic tiles (1); no data (0). Experi
mentation carried out up to: L) laboratory 
scale; P) pilot line or lab scale approaching 
industrial conditions; F) full scale or in
dustrial plant.   
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2011) and magnesite (Binal and Ay, 2014). Furthermore, quarry dust 
(limestone, granite) has been used up to 90% by weight, together with 
epoxy resin, to produce engineered stone (Carvalho et al., 2018; Gomes 
et al., 2018; Heriyanto et al., 2019a). 

Wastes from washing, cleaning, and de-dusting operations stem from 
removing the finest particles and/or settling the coarsest grains. The 
resulting wastes have the composition of a given fraction of parent 
rocks. In general, the expected role in ceramic batches is either as 
plasticity-provider (fines) or filler (sands) or pore-forming (carbonates). 
Clay materials were recovered from sand washing (Danasino and Di 
Primio 1995; Sokolar and Grygarova, 2013; Sanchez-Soto et al., 2018) 
and after kaolin (Menezes et al., 2005, 2008; Varela et al., 2009), slate 
(Campos et al., 2004), oil shale (Melnick et al., 2010), serpentinite (Diaz 
and Torrecillas, 2007) or gold (Özkan et al., 2010) mining operations. 
Despite the chemical composition is on average comparable to clay raw 
materials (Table 3), as suggested by the mainly kaolinite-illite miner
alogical composition, there may be limitations due to the high content in 
iron oxide or muscovite. Iron-rich clay wastes were addressed to split 
tiles (Sokolar and Grygarova, 2013) and red stoneware (Melnick et al., 
2010) or, in alternative, as small addition (<10%) in white-firing bodies 
(Özkan et al., 2010). Kaolin waste was tested in both porous (Menezes 
et al., 2008) and vitrified tiles (Menezes et al., 2005; Varela et al., 2009). 
Agate rejects were tested in substitution of quartz sand (up to 65%) in 
porcelain-like batches (Correia et al., 2009). 

Wastes from mineral beneficiation, which commonly involves a range 
of physico-chemical processes (comminution and sieving, magnetic and 
electrostatic separation, flotation, acid leaching, and so on), are 
frequently referred to as tailings. These wastes are usually fine-grained 
and characterized by the composition of gangue minerals plus possible 
contaminants deriving from mineralurgical treatments. This singles out 
issues that may hinder the utilization of tailings in tile-making: water 
content, pH, hazardous components (from ore and/or processing addi
tives) and overall a composition that can be far from that of ordinary 
ceramic raw materials. A distinction is useful between tailings from ore 
and borate beneficiation (Table 3). 

Tailings from ore beneficiation include residues from treatment of iron 
ore (Chen et al., 2013; Das et al., 2000, 2012; Fontes et al., 2019), 
Au-Cu-Mo ore (Mehrabian and Sarrafi, 2015; Solismaa et al., 2018; 
Karhu et al., 2019) and coal (Wei et al., 2010; Meseguer et al., 2009). In 
addition, tailings from industrial minerals, as apatite, bauxite, mica, 
quartz, feldspar, wollastonite (Kaya et al., 2004; Yang et al., 2009; 
Solismaa et al., 2018; Karhu et al., 2019; Hossain et al., 2019) and 
gemstones (Cavalcante et al., 2012; Pashkevich and Petrova, 2019) were 
studied. Beyond the chemical and mineralogical variability from case to 
case, common traits are fine particle size, high amount of Fe2O3, MgO 
and CaO, apart feldspar (Kaya et al., 2004; Karhu et al., 2019) and coal 
tailings (Wei et al., 2010; Meseguer et al., 2009). This circumstance 
restricts to applications in red-firing bodies, where tailings were tested 
as batch ingredient up to 70%. 

Tailings from borate processing are always characterized by an 
important concentration of B2O3 (4-32%) that strongly affects their 
technological behavior (Olgun et al, 2005; Kurama et al., 2007; Ediz and 
Yurdakul, 2009; Cetin et al., 2015; Celik, 2015; Özkan, 2017; Tang et al., 
2018; Korç et al., 2018; Çiçek et al., 2018; Karadağli and Çiçek, 2020; 
Zanelli et al., 2019). Such residues are featured by borates (tincalconite, 
ulexite, colemanite) and a high amount of alkali-earths – due to 
magnesite, calcite, plagioclase, chlorite – along with clay minerals and 
quartz. Sulfur may be present in concentration not compatible with the 
gaseous emission threshold from kilns (Table 3). These tailings were 
tested, generally below 20%, either in wall tiles (Olgun et al, 2005; 
Kurama et al., 2007; Cetin et al., 2015; Celik, 2015; Özkan, 2017; Çiçek 
et al., 2018) or in porcelain stoneware (Ediz and Yurdakul, 2009; Korç 
et al., 2018; Karadağli and Çiçek, 2020; Zanelli et al., 2019). 

Sludges from ornamental stone cutting and sawing are fine-grained and 
have a composition close to that of ornamental stones, but contain 
processing residues, like scraps of grinding media and additives Ta
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ağ
li 

an
d 

Çi
çe

k,
 2

02
0.

 M
ar

bl
e 

qu
ar

ry
in

g 
an

d 
cu

tt
in

g:
 

M
on

te
ro

 e
t a

l.,
 2

00
9a

; A
m

in
 e

t a
l.,

 2
01

1;
 B

in
al

 &
 A

y 
20

14
; J

or
dá
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(flocculant, etc). This justifies higher percentages in Fe2O3 and CaO, if 
compared with granite quarrying residues in Table 3, and raises issues 
related with too high values of pH and/or iron and calcium oxides 
(boosting slip viscosity, dark firing color). The compositional range is 
rather wide, comprising granite (Torres et al., 2004, 2007; Menezes 
et al., 2005; Vieira and Monteiro, 2006; Souza et al., 2008; Hojamber
diev et al., 2011; Silva et al., 2011; de Almeida et al., 2012; Gadioli et al., 
2012; Aguiar et al., 2014), gneiss (Souza et al., 2010a, 2010b, 2011; 
Junkes et al., 2011, 2012), quartzite (Souza and Costa, 2015; Biff and 
Silva, 2016; Medeiros et al., 2017) on one side and 
limestone-marble-doloma on the other side (Montero et al., 2009a; 
Jordan et al., 2015). Thus, the expected technological role goes from 
flux to filler, depending on the feldspars-to-quartz ratio, or even 
pore-forming agent in case of carbonate-rich residues. Therefore, 
various strategies were followed in batch design: adding the sludge up to 
75% in substitution of either a clay in a binary mix for porous tiles 
(Menezes et al., 2005; Montero et al., 2009a; Gadioli et al., 2012; Jordan 
et al., 2015), or flux or filler in a complex formulation for vitrified bodies 
(Hojamberdiev et al., 2011; Silva et al., 2011; Junkes et al., 2011, 2012). 
It should be noted that waste from the processing of ornamental stone 
was proposed, mixed with epoxy or polyurethane resin, for the manu
facture of artificial stone. Residues were used up to 85 wt% of granite 
(Barani and Esmaili, 2016; Gomes et al., 2019) or up to 50 wt% trav
ertine or marble (Sarami and Mahdavian, 2016; Ribeiro et al., 2017; 
Silva et al., 2018; Erfan, 2021). 

4.2. Wastes from the pulp and paper industry 

The residues from the cellulose and paper production that have been 
investigated as ceramic raw materials consist in paper mill sludge 
(Asquini et al., 2008; Maschio et al., 2009; Furlani et al., 2011; Sahar 
et al., 2011), cellulose sludge (Azevedo et al., 2019), and grits (Siqueira 
and Holanda 2018). The mill sludge is affected by a certain variability of 
the composition, depending on source and type of paper produced. It 
cannot be recycled as a sludge and must be treated (de-watering, 
incineration, milling). Account must be taken that heavy metals (Ba, Cr, 
Cu, Pb, Sn, Sr, V) can be found in significant amount in the ash (Table 4). 
This residue was tested at the laboratory scale, alone or mixed with 
soda-lime glass and clay (10-60%). 

Other wastes from the pulp and paper industry consist largely of 
calcium carbonate (Table 4). Grits is a noninert solid waste derived from 
the liquor causticizing step in cellulose production. It was tested up to 15 
wt% in replacement of calcium carbonate in wall tiles (Siqueira and 
Holanda 2018). Another paper residue was incorporated up to 30% into 
split tiles (Azevedo et al., 2019). 

4.3. Wastes from petroleum and edible oil refining 

Oily sludge, a hazardous material produced during oil extraction, 
was extensively investigated (Pinheiro and Holanda, 2008; Pinheiro 
et al., 2013; Pinheiro and Holanda, 2013a, 2013b). It is basically a 
drilling mud, possibly contaminated by petroleum. Thus, the sludge is 
based on bentonite, barite (BaO at 5%) plus additives and fragments of 
drilled rocks, which all contribute to the high loss on ignition (Table 4). 
Tests at the laboratory scale were conducted adding the sludge to a 
porcelain stoneware batch in replacement of kaolin up to 5-10% (Pin
heiro and Holanda, 2008; Pinheiro et al., 2013; Pinheiro and Holanda, 
2013a, 2013b). 

Another oily sludge, recovered after processing of palm oil, is ex
pected to be a non hazardous material with a composition compatible 
with silicate ceramics (Table 4). It was introduced up to 20% in a por
celain stoneware for artware (Salehi et al., 2015) and tested at the lab 
scale, even in combination with a waste glass (Salehi et al., 2016). 

4.4. Wastes from inorganic chemical processes 

In this category are comprised residues from industrial production of 
alumina, titania, zinc, phosphoric acid, or sodium silicate. Overall, they 
consist of “muds” equaled by a fine particle size distribution and high 
moisture (semi-solid sludges). However, each residue is featured by 
chemical traits, inherited by raw materials, which bring about specific 
challenges for its recycling (Table 4). All the investigations were carried 
out at the laboratory scale. 

Red mud is the main by-product of bauxite processing to get alumina 
by the Bayer cycle (Pontikes et al., 2007a; Yang et al., 2009; Pontikes 
et al., 2009; Wang et al., 2018). The major component is iron oxide 
together with alumina, CaO and silica (Table 4). This fact restricts any 
application to red-firing products. Another kind of red mud comes from 
hydrometallurgical processes of zinc ore (Kummoonin et al., 2014). It 
has a silicate basis, rich in Ca and Fe oxides (Table 4) with significant 
concentrations of heavy metals, like Zn, Pb, As, Cr, Cu, Ni and V (Hua 
et al., 2017; Khairul et al., 2019). Again, the high amount of iron ad
dresses recycling to red-firing bodies or to tiny percentages in 
white-firing batches. It was tested (60-70%) in a vitrified tile batch 
together with steel slag and recycled soda-lime glass. 

The sludge after sulfuric dissolution of ilmenite-titania slag to pro
duce titania is particularly rich in TiO2, associated to Si, Fe and Al ox
ides, among others (Dondi et al., 2010). The main issues are the fair 
amount of SO3 (Table 4) and a certain level of radioactivity (Contreras 
et al., 2014, 2016). It was tested in red stoneware (up to 50%). 

Phosphogypsum is the main waste of the phosphoric acid production 
(Contreras et al., 2018; Huang et al., 2020). It is composed of calcium 
sulfate with all the other components below 1% (Table 4). This feature is 
not compatible with the silicate batches used in tile-making, essentially 
because calcium sulfate starts decomposing already at 900◦C (Coronado 
et al., 2016) with release of sulfur oxides in the kiln flue gases. In top of 
this, a safety issue is represented by the known radioactivity of phos
phogypsum (Huang et al., 2020). It was added up to 10% to a red clay 
(Contreras et al., 2018). 

A sludge stemming from the production of sodium silicate was added 
(up to 20%) in a batch for floor tiles (Osman et al., 2008). Adsorbent 
from solvent cleaning and a residue of ferrite processing were tested as 
opacifiers in porcelain stoneware (Mestre et al., 2010). 

4.5. Wastes from thermal processes 

Thermal power plants produce energy by burning organic matter, e. 
g., coal, sewage sludge, municipal solid wastes, and biomasses. Com
bustion processes give rise to residues that can be basically distinguished 
between coarse-grained bottom ash and grate slag (e.g., Barbieri et al., 
2002; Bourtsalas et al., 2015a) and fly ash that generally has a very fine 
particle size (e.g., Dana et al., 2005; Wang et al., 2017). The main 
chemical traits are inherited from coal or other fuels. The knowledge 
about the ash effect in ceramic tile bodies is essentially limited to the 
laboratory scale, with few examples at a pilot plant (e.g., Mishulovich 
and Evanko, 2003; Ji et al., 2016; Luo et al., 2017a). 

Coal ashes have been extensively investigated, pursuing various 
strategies. Despite the remarkable variability depending on the coal 
source (Table 5), their chemical composition presents common features 
in silica, alumina, CaO and Fe2O3, and relative scarcity of alkalis, 
making coal ashes compatible with ceramic batches, particularly those 
for porous bodies. A matter of concern is the amount of some heavy 
metals (As, Cr, Cu, Ni, Zn) particularly in fly ash (Pandey et al., 2011; 
Tsiridis et al., 2012). Since the iron content is rather high, the coloration 
of the ceramic body is generally dark. 

Therefore, the target was mainly constituted by bodies for red 
stoneware, together with porous red tiles or simple red clay:ash mixes 
for split tiles. Attempts to recycle coal ash in porcelain stoneware are 
rare. 

Coal bottom ash was investigated in substitution of kaolin, pottery 
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Table 4 
Chemical composition of residues from various industries used in (or proposed for) ceramic tile manufacturing.  

% wt. Paper-making sludge 
(n=4) 

Paper 
waste 

Cellulose 
grit 

Petroleum 
sludge 

Palm oil 
sludge 

Ilmenite 
reaction 
wastes 

Red mud after 
bauxite processing 
(n=4) 

Red mud by 
zinc 
metallurgy 

Phospho 
gypsum 

Construction & 
demolition 
wastes 

Cement- 
asbestos 
based frit 

Refractory 
rollers 

Refractory 
bricks 

Ferrite 
production 
sludge 

Cement 
kiln dust  

min max mean Azevedo 
et al., 
2019 

Siqueira & 
Holanda, 
2018 

Pinheiro & 
Holanda, 
2013 

Salehi 
et al., 
2015 

Contreras 
et al., 2014 

min max mean Kummoonin 
et al., 2014 

Contreras 
et al., 2018 

Acchar et al., 
2013 

Ligabue 
et al., 2020 

Dal Bó & 
Hotza, 2013 

Dal Bó & 
Hotza, 2013 

Mestre et al., 
2010 

Aydin 
et al., 
2019 

SiO2 23.01 29.10 25.40 8.56  41.73 70.0 18.43 7.60 33.57 15.32 40.06 0.61 60.55 24.86 34.98 50.92 0.80 28.75 
TiO2 0.42 2.45 1.70 0.35  0.52 0.6 56.43 3.36 5.12 4.57   0.37 0.21 0.30 1.08 0.20 0.21 
ZrO2 0.80 1.97 1.39 0.01    2.30      0.05   3.19 95.20 0.19 
SnO2 0.06 0.41 0.24                 
HfO2                  1.90  
Al2O3 15.23 17.40 16.62 8.90  10.93 22.0 5.12 16.63 29.89 22.81 5.15 0.15 10.08 4.07 59.37 30.35 0.53 14.43 
Cr2O3 0.91 1.06 0.99                 
Fe2O3 1.99 6.70 4.46 0.75  7.63 5.0 10.37 7.56 44.34 25.64 15.07 0.08 1.41 2.72 0.69 2.06 0.46 2.08 
Y2O3                  0.17  
MgO 2.67 15.99 11.53   5.87 3.5 2.31 0.56 1.57 0.90 1.76 <0.01 0.34 9.52 2.59 5.21 0.02 1.40 
CaO 18.48 43.13 26.89 79.00 68.67 7.76 3.5 1.11 11.36 17.24 13.88 20.30 30.58 15.02 48.34 0.20 2.44 0.11 44.73 
MnO   0.05   0.02         0.06     
CuO   1.37         0.35        
ZnO    0.05        0.97      0.28  
SrO 0.22 0.28 0.25 0.11 0.15 0.29       0.04       
BaO   1.80   5.03              
PbO 0.04 1.05 0.71         0.61        
Na2O 0.20 4.70 2.70   0.44 0.5  3.17 8.12 4.58 5.00 0.03 0.85 0.26 0.50 0.93 0.06 0.66 
K2O 0.05 4.48 2.05 1.16 1.04 0.95 0.9 1.29 0.07 1.76 0.54 0.16 0.03 4.08 0.29 1.28 1.52 0.02 1.30 
P2O5 1.70 4.91 3.84   0.09       0.33 0.18    0.17  
V2O5 0.86 1.26 1.06                 
SO3 0.04 0.70 0.35 1.11 1.06   2.60     52.20 0.65   0.52   
L.o.I.   2.01  29.08 18.74   7.29 17.73 11.75 10.87  6.24 9.65    6.37 

Paper-making sludge: Asquini et al., 2008; Maschio et al., 2009; Furlani et al., 2011. Red mud from bauxite processing: Pontikes et al., 2007a, 2009; Yang et al., 2009; Wang et al., 2018. 
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stone, feldspar and quartz (up to 50%) in light-firing stoneware (Pra
sartseree et al., 2018); in ash:clay (up to 80%) and ash:clay:sand mixes 
(up to 40%) for red stoneware (Namkane et al., 2016, 2017); added (up 
to 30%) to a porous red body (Skoronski et al., 2015) even together with 
borate tailings (Bayca et al., 2008). 

Coal fly ash was tested in replacement of feldspar and quartz (up to 
20%) in porcelain stoneware (Dana et al., 2005; Kockal, 2011); in sub
stitution (up to 40%) of clay (Rajamannan et al., 2013; Kim et al., 2017) 
or up to 10% instead of feldspar (Olgun et al., 2005) in porous tiles; as 
clay-ash mixes (up to 90%) in stoneware-like or split tiles (Mishulovich 
and Evanko, 2003; Zimmer and Bergmann, 2007; Yürüyen and Toplan, 
2009; Sokolar and Smetanovà, 2010; Sokolar and Vodovà, 2011; Trnik 
et al., 2013; Michalikovà et al., 2014; Ji et al., 2016; Wang et al., 2017). 
In addition, special batches were experimented, based on fly ash only 
(Luo et al., 2017a, 2018) or admixed with other residues (Sokolar, 2007; 
Tan and Wang, 2011) or talc (Chandra et al., 2005). 

Sewage sludge ash is basically a silico-aluminous material, on average 
rich in P2O5 and Fe2O3, with fair amounts of alkalis and alkali-earths 
(Table 5). It can have small concentrations of heavy metals (Cr, Cu, 
Mn, Zn). In any case, these chemical features are strongly variable ac
cording to the sources. Sewage ash was experimented alone (Lin et al., 
2006); added with nanosilica (Chen and Lin, 2009; Lin et al., 2016); or 
admixed in high percentage (minimum 25%) to clay materials (Lin et al., 
2008) and further wastes, like soda-lime glass (Merino et al., 2007) or 
steel slag (Favoni et al., 2005). No investigation was carried out in in
dustrial tile-making conditions. Preliminary treatments consisted 
essentially in drying and grinding the agglomerated ash. 

Ashes from municipal solid waste incinerator (MSWI) are special wastes 
to be managed in form of fly ash or bottom/grate ash. Fly ash was uti
lized (up to 30%) as clay substitute in porous tile (Haiying et al., 2007; 
Jordán et al., 2015) or porcelain stoneware (Hernández-Crespo and 
Rincón, 2001; Hernández-Crespo et al., 2002). Bottom ash was added up 
to 20% directly to a porcelain stoneware batch (Andreola et al., 2001, 
2002). In alternative, previously vitrified bottom and grate ashes were 
tested in porcelain stoneware, as a replacement (up to 10%) of feldspar 
(Rambaldi et al., 2010) or added up to 10% to the body (Barbieri et al., 
2002) or to a clay (Schabbach et al., 2012). The same vitrified bottom 
ash was also experimented (5%) in a porous tile body (Rambaldi et al., 

2010). Finally, MSWI bottom ash was investigated mixed with up to 
30% soda-lime glass (Bourtsalas et al., 2015a) or added to the sludge 
stemming from porcelain stoneware tile polishing in the 10:90 ratio, 
with an extra 10% to 20% silica addition, to produce lightweight vitri
fied ceramic tiles (Tan and Wang, 2011). MSWI ashes have a complex 
composition, intrinsically more variable than other combustion pro
cesses (Table 5). Although the high contents of alkalis and alkali-earths, 
particularly CaO, can be exploited to promote sintering, especially in 
porcelain stoneware tiles, MSWI ashes exhibit chemical features that 
heavily constrain their utilization as ceramic raw materials. Apart from 
the abnormally low values of silica and alumina, the concentration in 
iron oxide is a strong limit to the use in light-firing bodies. More 
important is to keep under control the modest concentration of heavy 
metals (Ba, Cd, Cr, Cu, Hg, Mn, Pb, Sn, Zn) and, above all, the remark
able quantities of chlorine and sulfur (Zacco et al., 2014; Zhou et al., 
2015). These components can turn intolerable in relation to the release 
by leaching and the gaseous emissions during firing, respectively. MSWI 
bottom ashes are typically finer than 4 mm and can be directly mixed 
with clay and non-plastic ingredients. Otherwise, a preliminary treat
ment (e.g., milling, calcination) is needed (Bourtsalas et al., 2015a). 

Combustion of biomasses produces different ashes, as sources are 
extremely varied: rice husk (Dana and Das, 2002; Andreola et al., 2013; 
Guzmán et al., 2015, 2016; Abeid and Park, 2018), coffee husk (Acchar 
et al., 2013a, 2016; Acchar and Dultra, 2015; Carvalho et al., 2017), 
sugar cane bagasse (Sivakumar et al., 2014; Schettino and Holanda, 
2015; Faria and Holanda, 2016; Paranhos et al., 2017), palm oil and 
sago (Noh et al., 2014; Jamo et al., 2015; Aripin et al., 2010), cereal 
straw and stalk (Guzman et al., 2013; Amutha et al., 2014), wood and 
forestry wastes (Olokode et al., 2013; Novais et al., 2015), fish bone 
(Naga et al., 2014; Awaad et al., 2015) and leather waste (Fernandes and 
Ferreira, 2007). In addition, coffee grounds were investigated (Manni 
et al., 2019). Burning biomasses gives rise to ashes with a considerably 
variable composition, primarily depending on the source. In general, 
plant-based ashes are siliceous materials, poor in alumina and rich in 
P2O5 with respect to ceramic bodies (Table 6). 

The content in alkalis and alkali-earths is rather high, especially 
some peaks over 20% CaO and over 10% K2O. An exception is fish bone 
ash, being essentially a calcium phosphate waste. Some concern should 

Table 5 
Chemical composition of ashes from thermal processes (coal and municipal solid wastes) used in (or proposed for) ceramic tile manufacturing.  

% wt. Coal fly ash (n=24) Coal bottom ash (n=7) Municipal solid waste incinerator 
bottom ash (n=6) 

Municipal solid waste incinerator fly 
ash (n=4) 

Sewage sludge ash (n=5) 

min max mean min max mean min max mean min max mean min max mean 

SiO2 27.90 62.12 50.98 28.60 65.48 42.26 30.31 53.60 38.27 10.53 36.30 20.11 25.40 83.33 51.21 
TiO2 0.01 2.92 1.01 0.27 1.03 0.50 0.24 1.54 1.13   1.80 0.09 0.29 0.19 
B2O3       0.30 0.56 0.43    4.87 40.25 17.71 
Al2O3 9.93 49.88 24.47 12.30 21.86 17.16 9.95 13.46 12.36 4.35 14.00 7.64 0.01 0.22 0.08 
Cr2O3 0.09 0.11 0.10          4.13 31.83 14.44 
Fe2O3 1.96 12.64 6.38 3.22 18.20 7.92 4.00 13.05 7.23 0.98 18.40 6.00    
MgO 0.24 7.52 2.32 0.46 4.16 2.03 2.64 4.67 3.41 0.01 3.40 1.98 1.15 5.46 2.63 
CaO 0.53 43.71 9.30 2.81 38.08 19.94 2.30 35.58 23.21 0.01 62.00 28.38 1.41 21.05 6.60 
MnO 0.11 2.80 1.02    0.11 0.31 0.18   0.02   0.03 
CuO       0.11 0.68 0.35   1.80   0.05 
ZnO       0.26 0.95 0.53   1.90 0.28 1.32 0.80 
PbO       0.31 0.36 0.33       
Na2O 0.10 3.42 0.77 0.21 1.22 0.74 1.94 4.53 3.09 1.10 4.60 2.57 0.48 8.69 3.46 
K2O 0.08 4.24 1.40 0.96 3.11 1.96 0.94 1.68 1.27 0.21 3.70 2.17 0.78 3.30 1.62 
P2O5 0.07 0.26 0.16    1.26 2.18 1.80   0.28 14.20 17.75 15.98 
SO3 0.10 4.00 1.84 1.09 3.21 2.15 1.01 3.05 1.93 2.20 5.95 4.08    
Cl       0.48 2.27 1.38 0.85 15.26 8.05    
L.o.I. 0.22 11.96 3.64 0.86 12.60 6.55 5.58 22.20 11.80   1.90   8.36 

Coal fly ash: Olgun et al., 2005; Chandra et al., 2005; Dana et al., 2005; Sokolar, 2007; Zimmer & Bergmann, 2007; Yürüyen & Toplan, 2009; Sokolar & Smetanovà, 
2010; Kockal, 2011; Sokolar & Vodovà, 2011; Trnik et al., 2013; Dal Bò & Hotza, 2013; Das et al., 2013; He et al., 2013; Michalikovà et al., 2014; Ji et al., 2016; Kim 
et al., 2017; Wang et al., 2017; Luo et al., 2017a, 2017b, 2018. Coal bottom ash: Bayca et al., 2008; Dal Bò & Hotza et al., 2013; Michalikovà et al., 2014; Skoronski 
et al., 2015; Namkane et al., 2016, 2017. MSWI bottom ash: Barbieri et al., 2002; Rambaldi et al., 2010; Schabbach et al., 2012; Bourtsalas et al., 2015a. MSWI fly ash: 
Hernandez-Crespo & Rincon, 2000; Haiying et al., 2007; Jordan et al., 2015; Bourtsalas et al., 2015b. Sewage sludge ash: Lin et al., 2006, 2008, 2016; Merino et al., 
2007; Chen and Lin, 2009. 
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be addressed to the amount of Cl and S (Niu et al, 2013) as well as to the 
fate of heavy metals, like Co, Cr, Ni and Zn (Grammelis et al., 2006). 
Among the undesired components, iron oxide is sometimes in signifi
cantly high amount for light-firing bodies. Also, sulfur and chlorine can 
be present in quantities that require careful evaluation of the risk of 
polluting emissions during firing. Moreover, biomass ashes may be 
particularly rich in organic residues, to the point to need a calcination 
before recycling (Noh et al., 2014). Recycling of biomass ash was tried 
above all in porcelain stoneware bodies, where the waste was intro
duced in substitution of feldspar up to 60% (Guzman et al., 2013, 2015), 
quartz up to 20% (Amutha et al., 2014; Schettino and Holanda, 2015; 
Abeid and Park, 2018), clay up to 40% (Olokode et al., 2013; Abeid and 
Park, 2018), phyllite up to 10% (Paranhos et al., 2017) or up to 25% as 
addition to the whole body (Fernandes and Ferreira, 2007; Sivakumar 
et al., 2014; Novais et al., 2015). Otherwise, these ashes were added (up 
to 50%) to clay-based stoneware (Aripin et al., 2010; Acchar et al., 
2013a; Naga et al., 2014; Awaad et al., 2015); up to 25% in replacement 
of quartz in porcelain batches (Noh et al., 2014; Jamo et al., 2015); up to 
5% instead of clay in wall tiles (Faria and Holanda, 2016); as the only 
ingredient of glass-ceramic tiles (Andreola et al., 2013). 

4.6. Wastes from metallurgical, steel casting and metal coating industries 

This category includes mainly slags which physical and chemical 
properties depend on the metal being produced and on the solidification 
process used, including the type of furnace and in particular the raw 
materials. These by-products derive from ferrous metallurgy – blast 
furnace slags (BFS), electric arc furnace slags (EAFS), basic oxygen 
furnace slags (BOFS) – and non-ferrous metallurgy, like copper, lead or 
zinc slags. In addition, wastes produced from metal casting (spent 
foundry sand) and metal coating (galvanic sludge) have been consid
ered. Apparently, metallurgical wastes were tested without any specific 
care to pre-treatment, except in the few cases where the preliminary 
grinding of slags (Furlani et al., 2012, 2013; Lim et al., 2016) or a pre
vious calcination of the sludge (Reinosa et al., 2010) were carried out. 

Slags were used either in replacement of clay in simple binary mixes 
or in substitution of feldspar as a fluxing agent in porcelain stoneware 
tiles. Some experiments were addressed to novel bodies, mostly made up 
of waste or mixing raw materials under a rationale different from cur
rent industrial tile production. In the literature examined, the industrial 
tile-making conditions were seldom followed, and all tests were run at 
the laboratory scale. Only in few cases a comparison with the technical 

performance of commercial tiles was performed. 
Blast furnace slags are the most common by-product of pig iron pro

duction, discharged from blast furnaces in the primary melting process 
of iron ore. BFS essentially consist of various silicates (melilite as the 
major component) and result to be rich in CaO and MgO but poor in 
silica with respect to ceramic tiles. Those tested in ceramic batches are 
usually poor in iron but may be rich in manganese (Table 7). BFS were 
experimented under different strategies: in porcelain stoneware (12- 
30%) as a substitute of feldspar (Dana and Das, 2003) even mixed with 
BOFS (Pal and Das, 2013; Siddiqui et al., 2014; Zhao et al., 2015; Pal 
et al., 2016) or iron ore tailings and/or coal fly ash (Das et al., 1996; 
Dana et al., 2005). Used also in replacement of limestone and kaolin 
(6-33%) in wall tiles (Ozturk and Gultekin, 2015) and admixed from 50 
to 100% with kaolin (Mostafa et al., 2010). 

Basic oxygen furnace slags from steelmaking are characterized by a 
high content of CaO, Fe2O3 and MgO, as well as particularly low values 
of silica and alumina with reference to ceramic batches (Table 7). The 
most common crystal phases are merwinite, calcium ferrite, and iron 
oxides. These features should restrict the target to dark firing bodies rich 
in alkali-earths, like some porous tiles. Nevertheless, BOFS were pro
posed as fluxing agent in porcelain stoneware and triaxial porcelain 
batches (6-40%) in replacement of feldspar (Das et al., 2013; Zhao et al., 
2014) and even mixed with BFS (Pal and Das, 2013; Siddiqui et al., 
2014; Zhao et al., 2015; Pal et al., 2016) or coal fly ash (Das et al., 2013). 
A modified BOF slag was used (95%) as filler in engineered stone (Tseng 
et al., 2017). 

Electric arc furnace slags are dense and tough aggregates, which 
typically contain high amounts of FeO, CaO, and MgO, associated with 
rather low percentages of SiO2 and Al2O3, with respect to the raw ma
terials they are expected to replace (Table 7). In addition, small amounts 
of MnO and Cr2O3 can be present, along with traces of Ba, V, Pb, and Mo, 
that may constitute a matter of concern for recycling (Quijorna et al., 
2014; Mombelli et al., 2016). These features, combined with high Fe 
content that can be both in metallic and oxide form, require a pre
liminary treatment to crush the slag and remove metallic iron. 

EAFS have been mainly suggested as fluxing agent in slag-based 
stoneware batches (10-60%) either substituting feldspar (Dana and 
Das, 2002; Hasmaliza et al., 2014; Teo et al., 2014; Lim et al., 2016) or 
clay (Teo et al., 2019a, 2019b). At variance, EAFS were tested (30-40%) 
in a red stoneware batch (Sarkar et al., 2010) or added to red clays 
(3-40%) for split tiles (Karayannis et al., 2017). 

Non ferrous slags produced by metallurgy of copper or zinc exhibit 

Table 6 
Chemical composition of ashes from thermal processes (biomasses) used in (or proposed for) ceramic tile manufacturing.  

% wt. Sugar cane bagasse ash 
(n=4) 

Sago ash Palm oil 
ash 

Coffee husk ash Rice husk 
ash 

Rice straw ash Wood ash Fish bone 
ash 

min max mean Aripin et al., 
2007 

Noh et al., 
2014 

Carvalho et al., 
2017 

Dana & Das, 
2002 

Guzman et al., 
2015 

Guzman et al., 
2016a 

Olokode et al., 
2013 

Naga et al., 
2014 

SiO2 49.19 69.81 62.25 68.03 66.91 15.20 90.23 79.62 67.73 42.85 0.77 
TiO2 0.38 1.46 0.80 0.03  0.29 0.13    0.04 
Al2O3 5.92 7.97 6.88 6.93 6.44 4.90 1.07 0.27 0.16  0.61 
Cr2O3    0.04        
Fe2O3 0.92 8.73 5.34 0.76 5.72 1.79 0.27 0.26 0.36 6.13 0.06 
MgO 1.17 3.91 2.50 2.39 3.13 14.50 0.18 0.89 2.46 0.65 0.88 
CaO 2.63 10.02 6.76 14.88 5.56 38.60 0.39 2.80 1.64 27.93 59.26 
MnO 0.05 0.20 0.12 0.65  0.16 0.00 0.71 0.48 2.40  
CuO        0.01 0.01   
ZnO        0.01 0.06 0.44 0.02 
SrO      0.27  0.01   0.17 
BaO         0.06   
Na2O 0.10 0.71 0.41 1.35 0.19  0.00 0.35 0.42 0.67 0.74 
K2O 2.65 12.36 7.68 1.35 5.20 12.90 1.36 10.53 15.71 4.54 0.11 
P2O5 0.98 2.23 1.41 1.66 3.72 10.80 3.83 1.61 3.51  36.84 
SO3 0.42 1.73 1.08 2.02 0.33 0.31  1.74 1.09  0.30 
Cl      0.14  0.31 1.68  0.08 
L.o.I. 3.69 9.78 7.72  2.30 9.82 3.83 0.59 3.09 13.73  

Sugarcane bagasse ash: Sivakumar et al., 2014; Schettino and Holanda, 2015; Faria & Holanda, 2016; Paranhos et al., 2017. 
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chemical characteristics that somehow fall within the range defined by 
steelmaking ones. Along with the high concentration of Ca, Fe, Mg, and 
the rather low amounts of Si and Al, their distinctive trait is the occur
rence of significant amounts of metals inherited from ores, e.g. Cu or Zn 
(Table 7). These slags were studied as raw materials for ceramic tile 
bodies (Abdrakhimov et al., 1990; Naga and El-Maghraby, 2002) or 
glazes (Ozturk et al., 2019) in replacement of clay (10-20%) or dolomite 
(up to 30%). 

Foundry sands are utilized together with binders (e.g., bentonite) to 
create molds or cores, particularly for casting iron-based alloys. High 
quality quartz, zircon or olivine sands are generally used, depending on 
the metal under casting. Therefore, foundry sands can be either rich in 
silica and zirconium oxide or magnesium oxide and iron oxide, with 
alumina and other components provided by bentonite. In addition, 
olivine contains moderate amounts of nickel, and chromium (Table 7). 
In any case, spent sands are not always recovered separating each type, 
so that composition may significantly vary according to the mix. 
Moreover, spent sands usually retain debris of cast metals and their 
impurities, such as Pb, As, Cr, Mo, Ni, Cu, Hg (Alonso-Santurde et al., 
2010; Siddique et al., 2010). Quartz sand was essentially experimented 
in clay:waste binary mixes, up to 50% in red clay (Quaranta et al., 2010; 
Coronado et al., 2015; Lin et al., 2018) or up to 60% in ball clay (Luo 
et al., 2014). In addition, it was an ingredient of multiwaste bodies, 
including glass cullet, metallurgical slag and/or sewage sludge ash 
(Coronado et al., 2015; Lin et al., 2017). Similarly, olivine sands were 
admixed (20-60%) with different red clays (Furlani et al., 2012, 2013). 

Galvanic sludges stem from cleaning of wastewater resulting after 
chemical treatment of metallic surfaces. Their chemical composition 
frequently includes hazardous elements, such as Cr, Zn, Ni, Cu, and Pb, 
which can reach a high concentration, up to a few percentage units by 
weight (Karlovic et al., 2008; Ozdemir and Piskin, 2012). Sludges tested 
in tile-making are characterized by relatively high amount of lime and 
scarce presence of silica with respect to ceramic tile batches (Table 7). 
Moreover, they show the presence of crystalline phases, such as quartz, 
calcite, and gypsum. This implies a certain amount of gas-forming spe
cies, so the sludge was used only after pre-calcination, which led to the 
formation of spinel NiCr2O4 and diopside. Ash was added up to 20% to 
stoneware tiles (Ferreira et al., 1999; Silva et al., 2010) or glass cullet 
(Reinosa et al., 2010). 

4.7. Wastes from the production of ceramics, glasses, and refractories 

The ceramic tile factories have since long time developed a range of 
technological solutions to cannibalistically recycle almost all wastes 
deriving from the different phases of the production process (Timellini 
et al., 1983). Nowadays, most of the residues produced by the ceramic 
tile industry can be reused, as demonstrated by the pluriannual expe
rience of waste management in the Sassuolo district in Italy (Busani 
et al., 1995; Palmonari and Timellini, 2000; Resca et al., 2015). In the 
industrial practice, waste recycling is managed empirically, relying 
more on trial-and-error than on a design of experiment, and results are 
just occasionally divulged. In any case, this cannibalistic loop is made 
possible by the quite constant composition of wastes that is fully 
compatible with that of the desired product. The main ceramic residues 
stem from: purification of waste waters, including glazing sludges; un
fired scraps and dust; scraps of fired products, including waste frit; tile 
polishing; spent lime of kiln scrubbers. 

Ceramic sludges come from the treatment of wastewaters, which are 
collected by washing and cleaning operations, glaze preparation, 
condensation in the various driers, and decanted in ponds (Zannini, 
2020). The sludge obtained from water purification can be added 
directly in the mill, even if a direct use of wastewaters, without settling, 
is possible. In general, a sludge content up to 5% was retained 
compatible with the industrial requirements (Manfredini et al., 1991; 
Andreola et al., 2004). In alternative, the sludge, once previously dried, 
was tested in substitution (up to 50%) of the batch for porous tiles Ta
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(Amin et al., 2019). 
Ceramic green scraps include wastes produced before the firing pro

cess (broken tiles, slip and powder sieving rejects, dust) which basically 
maintain the chemical and mineralogical composition of the tile batch 
(Table 8A). These residues exhibit different physical status and particle 
size distribution: broken tiles are made up of irregular scraps or lumps; 
slip sieving after milling provides a mud; powder sieving after spray- 
drying gives clumpy rejects. Dust from spray-drying air purification is 
produced from the cyclone that follows the spray drier and is charac
terized by a smaller particle size with respect to standard spray-dried 
powders. Although we are dealing with a widespread industrial prac
tice, more than for other kinds of waste, scientific papers are scarce 
(El-Fadaly et al., 2010; García-Ten et al., 2015; Rambaldi et al., 2018; 
Valença and Ferraço, 2018; Amin et al., 2019). 

Scraps of fired ceramics represent a composite group in terms of both 

ceramic material (wall and floor tiles, sanitaryware, refractories, waste 
frit) and process generating the waste. They are originated during tile 
finishing (cutting, grinding, and squaring) and product sorting (tiles 
broken or discarded for intolerable flaws) or by stock management 
(unsold lots). As a consequence, their compositions faithfully reflect that 
of the recycled ceramic material, apart residues of abrasive tools and 
glaze coatings, as summarized for porcelain stoneware, stoneware and 
various sanitaryware bodies (Table 8B). Fired scraps must be crushed 
before being reused, in order to match the usual grain size of raw ma
terials they can substitute: filler and/or flux (Karamanov et al., 2006; 
Tarhan et al, 2017; Kabiraj et al., 2018). In fact, this kind of wastes is 
commonly used as skeleton, given to their lower reactivity, since already 
fired, instead of hard components. The incorporation of fired scraps into 
porcelain stoneware tiles (or other porcelain-like products) is quite 
described in the literature, up to 20% in complete substitution of quartz 

Table 8A 
Chemical composition of residues from ceramic production used in (or proposed for) ceramic tile manufacturing.  

% wt. Porcelain stoneware green 
scraps 

Stoneware green scraps 
and sludge (n=4) 

Sanitary-ware sludge Glazing sludge (n=4) Ceramic tile polishing 
sludge (n=7) 

Filter dust 

Rambaldi et al., 2016 min max mean Theerapap. & Nilpairach, 
2015 

min max mean min max mean El-Fadaly et al., 
2010 

SiO2 69.81 63.30 67.38 65.87 57.26 54.51 58.09 56.76 60.90 70.84 65.96 64.38 
TiO2 0.58 0.65 0.98 0.77 0.39 0.09 0.16 0.12 0.15 0.48 0.27 0.98 
ZrO2    0.20  2.47 11.90 7.03 1.10 2.51 1.63  
B2O3    0.10    2.60   0.93  
Al2O3 18.85 15.35 21.83 18.22 27.77 7.93 15.68 11.54 15.20 23.15 18.75 19.42 
Fe2O3 0.62 2.10 4.25 3.60 1.48 0.14 0.52 0.38 0.37 1.41 0.76 2.64 
MgO 0.43 0.79 2.99 1.44 0.51 0.71 2.41 1.76 2.21 4.63 3.23 2.35 
CaO 0.61 2.57 3.00 2.74 0.10 6.05 9.70 8.15 0.62 3.81 1.52 1.45 
MnO    0.03 0.01      0.10 0.04 
ZnO    0.20  3.23 5.29 4.39   0.65  
SrO        0.07     
BaO    0.10  0.79 1.12 0.97   0.65  
PbO        0.02     
Na2O 2.61 1.80 2.75 2.47 1.27 1.37 5.49 2.71 1.79 5.17 3.66 2.74 
K2O 1.56 1.43 2.80 1.81 1.73 1.36 3.54 2.60 1.19 3.40 1.98 1.36 
P2O5    0.19 0.04   0.06    0.50 
SO3 0.09   0.14    0.06   0.09  
Cl    0.03    0.05   0.79  
L.o.I. 4.18 4.00 6.00 4.59 9.44 1.70 3.22 2.39 1.97 40.03 9.04 4.24 

Stoneware sludge: El-Fadaly et al., 2010; Garcia-Ten et al., 2015; Elmahgary et al., 2018; Amin et al., 2019. Glazing sludge: Wannagon et al., 2012; Dal Bò & Hotza, 
2013; Nandi et al., 2015; Garcia-Ten et al., 2015. Ceramic tile polishing sludge: Rambaldi et al., 2007a; Xi et al., 2012; Silveira et al., 2014; Xian et al., 2015; Gar
cia-Ten et al., 2015; Ke et al., 2016. 

Table 8B 
Chemical composition of residues from ceramic production used in (or proposed for) ceramic tile manufacturing.  

% wt. Porcelain stoneware 
fired scraps (n=93) 

Stoneware fired 
scraps 

Vitreous china 
scraps 

Fireclay scraps Sanitary-ware 
pitcher 

Frit waste Spent lime of kiln flue gas 
scrubber (n=7) 

min max mean Garcia-Ten et al., 
2015 

Tarhan et al., 2017 Tarhan et al., 
2016 

Fortuna et al., 
2014 

Garcia-Ten et al., 
2015 

min max mean 

SiO2 58.7 80.0 71.4 67.2 68.58 74.29 70.8 60.6 0.32 1.93 1.10 
TiO2 0.1 0.9 0.5 0.7 0.80 0.40 0.4 0.1   0.01 
ZrO2 <0.1 1.0 0.8 0.2 0.29 0.19  2.9   0.01 
B2O3    0.1    8.0   0.22 
Al2O3 13.8 25.3 19.0 17.9 21.96 21.44 22.0 4.7 0.10 0.76 0.28 
Cr2O3         0.15 0.29 0.22 
Fe2O3 0.4 1.3 0.7 4.1 0.78 0.90 0.6 0.1 0.10 0.26 0.18 
MgO 0.1 2.5 0.6 1.2 0.40 0.29 0.3 2.9 0.36 0.83 0.52 
CaO 0.2 4.5 1.1 3.3 0.75 0.52 0.7 12.0 44.91 65.76 56.85 
ZnO    0.3    6.6 0.12 0.37 0.20 
BaO    0.1    2.4   0.02 
PbO         0.22 12.87 8.35 
Na2O 1.8 6.0 3.6 1.9 3.13 0.09 3.6 2.0 0.13 0.81 0.42 
K2O 2.0 4.6 2.2 3.0 1.22 0.99 1.4 3.4 0.30 2.05 0.75 
SO3         2.65 11.78 7.59 
SeO3         0.48 0.64 0.56 
F         26.77 32.60 30.95 
Cl         0.32 1.60 1.20 
L.o.I.    0.2 0.88 0.37 0.3 0.2 7.63 14.40 12.18 

Porcelain stoneware fired scraps: Zanelli et al., 2011. Spent lime of kiln scrubber: Dondi et al., 1990; Andreola et al., 1992a, 1993; Garcia-Ten et al., 2015; Rambaldi 
et al., 2016. 
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or feldspars. In addition, ceramic wastes (brick, chamotte, silica re
fractory) were introduced up to 33% in engineered stone batches 
(Gomes et al., 2018; Peng and Qin, 2018). 

Residues generated during frit manufacturing are seldom recycled in 
ceramic tiles (García-Ten et al., 2015). Their chemical composition is 
usually rich in alkalis, alkali-earths, and even strong fluxes, like B and Zn 
(Table 8B). 

Sludge from ceramic tile polishing is a byproduct of surface polishing 
operations aimed at improving the tile aesthetics (providing brightness 
and mirror glass effect) and turning the final product similar to natural 
stones. As a result, the polishing sludge, which is obtained by waste
water treatment to a semisolid consistence, contains both ceramic dust 
and fragments of abrasive tools (Table 8A). Usually, amounts of 1-5% of 
abrasive (SiC) and 2-6% of binder (magnesium oxychloride) are 
declared (Shui et al., 2011) but there is a remarkable variability upon 
the surface treatment: from deep polishing to mild lapping. The latter is 
currently carried out with diamond tools with a minimal mass removal. 
Polishing sludge was tested as addition (up to 80%) to the mill, either in 
place of feldspars or of the whole batch for porcelain stoneware tiles. 

Spent lime produced by flue gas scrubbers of roller kilns is a hazardous 
waste. During the firing process, several volatile molecules are evolved, 
coming from both raw materials and additives. Chlorine, fluorine and 
sulfur acids and compounds, which are released within the kiln, are 
subjected to stringent regulations, which make mandatory the presence 
of filtration systems able to retain them. These filters are based on 
powders or lumps of basic substances, generally lime, which selectively 
react with some contaminants present in flue gases, thus blocking them. 
In fact, the chemical composition of spent lime is manly constituted, 
along with Ca (calcite and calcium hydroxide), by a large percentage of 
fluorine (mostly as calcium fluoride) and, in smaller amounts, by chlo
rine and sulfur, plus ingredients of glazes and pigments (B, Cr, Se, Zn). At 
any rate, concentrations are strongly affected by the specific ceramic 
production: the occurrence of PbO, for instance, was registered in the 
analyses pre-2000 (Table 8B). Since this waste is currently landfilled, its 
recycling within the same tile factory would represent an obvious 
pathway. As the waste occurs in the form of powder, it can be easily 
introduced in the milling step (Andreola et al., 1992a, 1992b). This 
recycling solution was practiced during 1970s and 1980s, adding the 
waste to ceramic batches fired at relatively low temperatures (Andreola 
et al., 1993). Nonetheless, it was gradually abandoned with the con
version to porcelain stoneware, when it emerged that fluorine is released 
at temperatures >1000◦C, depending on firing cycle (Dondi et al., 

1990). In addition, chlorine can be even more easily released during the 
firing process, increasing its content into vent streams. For these reasons, 
the recent efforts to include the spent lime in optimized batches, 
designed to get 100% waste porcelain stoneware tiles (Garcia-Ten et al., 
2015; Rambaldi et al., 2016, 2018) had no industrial repercussion. 

4.8. Wastes from construction, demolition, and dredging 

These waste sources attracted a limited attention as potential supply 
of the ceramic tile production. Most research efforts were addressed to 
recycling of sediments from dredging harbors, rivers, and estuaries 
(often contaminated) or construction and demolition wastes (CDW), 
particularly asbestos-containing residues. Interestingly, research was 
carried out not only at the laboratory level, but the scale-up to a com
mercial secondary raw material was achieved in the case of CDW. 

Construction and demolition wastes include common residues – i.e., 
mixture of brick, stone, concrete, and mortars in variable ratios (Table 4) 
– that were experimented by mixing with a red clay (Acchar et al., 
2013b). The outstanding variability of CDW in both composition and 
particle size distribution (Bianchini et al., 2005; Rodrigues et al., 2013) 
and the possible mobilization of heavy metals, such as Cr, Se, Mo, Cu, S, 
Cl (Delay et al., 2007; Butera et al., 2014) represent obstacles for their 
recycling. In order to overcome this hindrance, the importance of se
lective waste collection is stressed (Acchar et al., 2013b). This is the 
starting point in the treatment of hazardous demolition residues, 
essentially cement-asbestos slates (Leonelli et al., 2006; Gualtieri et al., 
2008). Given the known carcinogenic hazard, asbestos must be 
completely transformed into inert silicate phases, e.g. by melting to a 
silicate glass at T>1250◦C (Gualtieri et al., 2008) or by microwave 
inertization (Leonelli et al., 2006). By such preliminary treatment, 
asbestos was transformed into harmless forsterite. Laboratory trials with 
porcelain stoneware batches containing the transformed asbestos res
idue (5%), fostered the scale up to the industrial production of a sec
ondary raw material (KRY⋅AS) obtained by the thermal transformation 
of cement-asbestos into properly designed glass-ceramic frits (Table 4). 
Cement kiln dust is a fine-grained residue rich in CaO, silica and alumina 
(Table 4) that was tested (up to 15%) in a wall tile batch in substitution 
of calcite (Aydin et al., 2019). A concrete waste was utilized to manu
facture a resin-based artificial stone (Heriyanto et al., 2019a). 

Dredging soils resulting from river or harbor dredging are sediments 
with a composition approaching that of clay raw materials, more or less 
rich in sand or carbonate fractions. Nonetheless, they are considered 

Table 9 
Chemical composition of residues from wastewater treatment and dredging operations used in (or proposed for) ceramic manufacturing.  

% wt. Sewage sludge (n=8) Dredging spoils, harbour sediments (n=5) Drinking water purification sludge (n=16) 
min max mean min max mean min max mean 

SiO2 9.46 38.01 24.18 47.13 57.38 52.82 10.90 60.85 40.93 
TiO2 0.26 1.25 0.75 0.55 0.84 0.65 0.16 1.28 0.79 
Al2O3 2.62 13.75 9.02 7.69 20.29 12.33 1.34 62.66 26.38 
Cr2O3 0.02 0.04 0.03   0.03    
Fe2O3 4.26 16.70 7.74 3.79 21.55 8.11 1.16 68.65 11.73 
As2O3      0.04    
MgO 0.87 2.55 1.60 1.46 25.16 6.98 0.15 3.08 1.17 
CaO 3.97 42.46 15.58 0.69 7.48 4.33 0.09 11.15 2.71 
MnO   0.03 0.03 0.31 0.10    
CuO 0.07 0.27 0.17   0.01    
ZnO 0.31 0.44 0.36   0.03    
SrO      0.02    
Na2O 0.31 1.23 0.67 0.42 2.00 1.25 0.02 1.53 0.46 
K2O 0.53 2.37 1.51 0.01 3.37 1.73 0.18 3.62 1.53 
P2O5 3.81 28.36 15.74 0.09 0.23 0.17 0.17 5.89 1.29 
V2O5      0.30    
SO3 3.31 13.34 6.42   0.86    
Cl 0.08 0.27 0.18   0.10    
L.o.I. 32.09 66.12 50.12 6.90 19.35 13.74 5.11 39.77 19.69 

Sewage sludge: Jordan et al., 2005; Montero et al., 2009b; Jordan, 2010; Zhou et al., 2013; Amin et al., 2018. Dredging spoil: Baruzzo et al., 2006; Romero et al., 2008; 
Torres et al., 2009. Drinking water sludge: Junkes et al., 2012; Wangrakdiskul et al., 2016; Rodrigues and Holanda, 2018; Sarabia et al., 2019. 
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hazardous materials because of possible contamination by heavy metals, 
such as As, Cd, Cr, Cu, Pb, V and Zn (Tack et al., 1999; Borma et al., 
2003) as well as organic substances (e.g., hydrocarbons). Relevant from 
the technological point of view are the relatively high amounts of iron 
oxide and moisture (semi-solid wastes). On the other hand, the modest 
concentrations of S and Cl may be matter of concern for volatile emis
sions. Similarly, sludges stemming from purification of drinking water 
often have a composition close to that of clay sediments, particularly 
rich in aluminium and iron oxides (Table 9). Dredging spoils were 
investigated as ingredients to produce ceramic tiles: alone (Baruzzo 
et al., 2006; Romero et al., 2008) or up to 20% in replacement of quartz 
(Hossain et al., 2019) or clay materials (Torres et al., 2009). Analogous 
trials were run using the sediment (up to 65%) from water supply 
treatment (Junkes et al., 2012; Wangrakdiskul et al., 2017; Rodrigues 
and Holanda, 2018). 

4.9. Wastes from municipal wastewater treatment plants 

Municipal sewage sludges (MSS) are obtained from water treatment 
plants residues, as many types as the different process stages (Świerczek 
et al., 2018). Nowadays, MSS handling is a real problem and their uti
lization in ceramic production has been extensively studied (Chang 
et al., 2020). The main issue is its water content up to 95-98% that turns 
into a semi-liquid waste (Chang et al., 2020). For this reason, MSS needs 
a previous drying that requires a high energy consumption, limiting any 
application at industrial scale. MSS composition is generally quite var
iable, depending on various factors which affect amount and nature of 
the inorganic and organic sludge compounds (Sommers, 1977; Dondi 
et al., 1997). Furthermore, the purifying process entails the use of ferric 
or aluminum chloride as flocculant that joins the presence of toxic ele
ments (Xu et al., 2013; Yang et al., 2013). Potential biohazards are 
known, i.e. microorganism and pathogens (Giger et al., 1984; Giller 
et al., 1998; Gerba and Smith, 2005; Ruan et al., 2012) as problems with 
odors (Cremades et al., 2015, 2018). Sewage sludges tested in ceramic 
tiles exhibit significant concentrations of heavy metals, namely Cr, Co, 
Cu, Ni, Sb, Sn and Zn (Carlson and Morrison, 1992; Fjällborg et al., 
2005) along with rather high amounts of P, S and Cl (Table 9). Few 
studies considered the possibility to use MSS in tiles production, even if a 
wide range of concentration (1-65%) was studied (Abadir et al., 2004; 
Jordán et al., 2005; Montero et al., 2009b; Jordán, 2010; Amin et al., 
2018; Chang et al., 2020). 

4.10. Solid wastes from municipal and industrial sorting 

Solid wastes from municipal and industrial sorting include different 
types of glass. They derive from the separately collected fractions of: 
container and flat glass, referred as Soda-Lime-Silica (SLS); glasses from 
Waste Electrical and Electronic Equipment (WEEE): PC-TV screen, PC- 
TV cathodic tube (CRT), different types of lamps; other post-consumer 
glasses (such as thin-film transistor liquid-crystal display TFT-LCD, 
veal, solar panels); glasses from waste melting (municipal solid waste 
incineration, dredging spoils, vitrification of various wastes). All are 
amorphous materials, or present negligible crystalline components, and 
can be basically distinguished on their chemical composition (Table 10). 
The main issue, which prevents any direct use in the ceramic tile pro
cess, is the glass particle size, which depends on the waste collection 
system and following treatments. A technological gap usually exists and 
imposes a milling before use as ceramic raw materials. Other pre- 
treatments are related to the presence of pollutants: e.g., labels and 
glue (causing rheological problems to the slips) or residues of plastics, 
metal circuits, or functional coatings that must be removed. Some con
cerns on environmental and health problems are related to the presence 
of Pb, Sr and Ba in cathode-ray tube and panel waste glass (Musson et al., 
2000; Méar et al., 2006; Yot and Méar, 2011); As and Sb in LCD (Sav
vilotidou et al., 2014); Hg in fluorescent lamp waste (Rey-Raap and 
Gallardo, 2012; Tunsu et al., 2014). They have to be taken into account, 

particularly in case of obsolete materials, which no longer respond to the 
current law requirements. 

The use of waste glasses in the ceramic tile production has been 
extensively investigated in the last decades, for their fluxing power able 
to lower the firing temperature (Silva et al., 2017; Raimondo et al., 
2007). Especially, the use of SLS in substitution of feldspars in porcelain 
stoneware was the object of many papers. SLS has been also evaluated in 
dark-firing bodies (vitrified, porous and split tiles), and waste-based 
bodies too, providing a variegated picture regarding the employment 
of this type of glass. However, a large part of literature used lab scale 
conditions far from those of the ceramic industry, with slow firing cy
cles. Anyway, some example of industrial-like cycle at lab scale (Mat
teucci et al., 2002; Pontikes et al., 2005; Faria and Holanda, 2016), tests 
on a pilot line (Carbonchi et al., 2003; Tucci et al., 2004) and even a 
prototype production (Skerratt, 2001), were found. As concern the other 
glasses, their use was much less examined. 

Soda-Lime-Silica glass is characterized by a homogeneous chemical 
composition (Table 10). At variance of fluxes utilized in the ceramic tile 
industry, such as feldspars, SLS shows lower contents of alumina and 
higher levels of soda and lime, resulting more fusible. For this reason, 
SLS has been mainly employed as flux in substitution of feldspars (up to 
30%) in porcelain stoneware batches (Matteucci et al., 2002; Carbonchi 
et al., 2003; Rambaldi et al., 2004, 2007b; Tucci et al., 2004, 2006; 
Bakr, 2005; Pontikes et al., 2005; Tarvornpanich et al., 2005; Mustafi 
et al., 2012; Ajanaku et al., 2015). Nevertheless, other strategies of 
incorporation were tested, e.g., in substitution of clay (up to 50%) 
mostly for red stoneware (Theerapapvisetpong et al., 2015; Njindam 
et al., 2018), with one example up to 5% for porous tiles (Faria and 
Holanda, 2016). Otherwise, trials were run with glass in replacement of 
the whole body (up to 50%) in red stoneware (Youssef et al., 1998), 
porous (Youssef et al., 1998; Darweesh, 2019) or split tiles (Pontikes 
et al., 2007b). Waste-based products were also investigated, such as SLS 
mixed with cockle shells in proportion from 50:50 to 70:30 (Shamsudin 
et al., 2018) or 95% SLS plus additives (Skerratt, 2001). Cullet glass was 
also utilized in the fabrication of engineered stone: 50-80% SLS powder 
(Heriyanto et al., 2019b) or up to 25% recycled window glass admixed 
with albite, alumina, petalite or quartz (Santos et al., 2019) or even a 
mix of float, laminated, borosilicate and tempered waste glasses (Her
iyanto et al., 2018). 

PC-TV screen glass represents the front part of television and com
puter monitors with a chemical composition enriched in alkali 
(Na2O+K2O = 14%), barium and usually strontium (Table 10). Barium 
released by leaching from the as-received waste glass is in very low 
amounts (Andreola et al., 2008). PC-TV glass has been investigated in 
substitution of feldspars (up to 35%) in porcelain stoneware (Tucci et al., 
2006; Raimondo et al., 2007, Andreola et al., 2008) and in place of clays 
(up to 20%) in red stoneware (Andreola et al., 2010). 

PC-TV cathodic tube is the hidden part inside the PC-TV set composed 
of a low melting temperature glass, showing lower levels of silica, 
comparable alkali and very high content of Pb, with respect to both SLS 
and PC-TV screen glasses (Table 10). For this reason, CRT has been 
investigated as flux in substitution of feldspars in porcelain stoneware 
(up to 10%) sometimes coupled with SLS up to 5% (Rambaldi et al., 
2004; Tucci et al., 2006; Raimondo et al., 2007). 

Lamp glass includes different types of waste glass (Table 10): from 
incandescence bulb, characterized by a high silica content, as well as 
from neon (Chemani, 2012) and fluorescent lamps (Morais et al., 2011; 
Araùjo et al., 2014; Andreola et al., 2016) particularly rich in sodium. 
Even mixed lamps were investigated (Gaitanelis et al., 2018). Such a 
heterogeneity in composition represents a challenge for recycling 
because the different waste lamps are generally recovered all together. 
In addition, these mixtures of various glasses vary randomly, according 
to the changing customs. Significant technological data are given only 
for glasses from incandescence (Chemani, 2012) and fluorescent lamps 
(Morais et al., 2011) used in substitution of feldspars (up to 15%) and 
clays (up to 10%) in porous tiles. 
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Table 10 
Chemical composition of waste glasses from municipal and industrial sorting used in (or proposed for) ceramic tile manufacturing.  

% wt. Soda-lime glass container 
& flat (n=34) 

PC-TV screen glass (n=9) TV cathode tube glass 
(n=7) 

Lamp glasses Other post-consumer glasses Waste vitrification 
Bulb Neon Fluore- 

scent 
Mixed Veal LCD Solar 

panel 
MSWI ash Dredge 

spoils 
Tailings+
lime+SLS 

min max mean min max mean min max mean Chemani 
2012 

Chemani 
2012 

Araujo 
et al., 
2014 

Gaitanelis 
et al., 2018 

Gualtieri 
et al., 2018 

Kim 
et al., 
2015 

Lin 
et al., 
2015 

Bernardo 
et al., 2011 

Brusatin 
et al., 
2005 

Bernardo 
et al., 
2008a 

SiO2 64.83 77.07 71.67 58.90 66.05 62.13 50.35 56.72 53.17 84.79 70.06 64.95 75.92 73.50 60.10 72.33 40.70 46.08 40.70 
TiO2 0.01 0.20 0.08 0.03 0.43 0.31 0.08 0.19 0.12 0.08 0.07 0.00  1.00   1.50 0.72 1.50 
ZrO2 0.01 0.17 0.08 0.01 2.90 1.07 0.20 0.85 0.41           
B2O3      0.20 0.10 0.50 0.25    0.48 11.00 10.30     
Al2O3 0.01 6.02 1.64 1.80 4.38 2.98 2.30 4.10 3.25 2.98 2.14 4.31 2.20 6.00 16.80 1.90 12.60 12.55 12.60 
Cr2O3          0.03 0.02      0.70  0.70 
Fe2O3 0.10 0.86 0.32 0.07 0.80 0.21 0.08 0.20 0.12 0.15 0.17 0.10 0.05 0.50 0.03 0.03 1.00 6.24 1.00 
MgO 0.12 4.43 2.80 <0.01 1.20 0.51 1.30 2.02 1.76 0.28 3.25  1.85 0.00 0.44 2.62 3.30 6.30 3.30 
CaO 7.45 24.84 10.08 <0.01 2.20 0.82 2.70 3.86 3.40 1.56 6.66 5.26 3.90 0.75 7.60 8.98 32.20 20.00 32.20 
MnO 0.01 0.05 0.02      0.01 0.02 0.07         
NiO    0.03 0.32 0.11 0.02 0.34 0.18           
CuO                    
ZnO   0.01 <0.01 0.50 0.20 0.09 0.22 0.13           
SrO   0.02 0.94 9.60 5.71 0.70 3.05 1.45      4.20     
BaO 0.02 0.19 0.09 8.40 12.00 10.55 0.80 4.03 2.39     1.00 0.48     
PbO 0.08 0.50 0.17 <0.01 0.40 0.15 15.58 24.60 21.09           
Na2O 0.47 16.48 12.34 7.05 8.60 7.82 6.10 7.00 6.61 4.62 14.77 19.53 12.45 6.25  12.87 4.60 3.04 4.60 
K2O 0.07 4.65 0.74 5.56 7.10 6.15 5.37 7.70 6.77 1.68 0.69 1.10 3.15 0.75  0.04 0.30 2.80 0.30 
P2O5 0.01 0.19 0.05    <0.01 0.02 0.01 0.43 1.66      2.20  2.20 
Sb2O5    0.10 0.46 0.38 <0.01 0.66 0.30           
SO3   0.20       0.07 0.07     0.29    

Soda-lime glass: Youssef et al., 1998; Matteucci et al., 2002; Carbonchi et al., 2003; Rambaldi et al., 2004; Souza et al., 2004; Tucci et al., 2004; Bakr, 2005; Pontikes et al., 2005; Tarvornpanich et al., 2005; Tucci et al., 
2006; Luz et al., 2007; Pontikes et al., 2007b; Rambaldi et al., 2007b; Bernardo et al., 2009; Maschio et al., 2009; Viruthagiri et al., 2009; Yürüyen et al., 2009; Bernardo et al., 2011; Fraga et al., 2011; Mustafi et al., 2012; 
Wannagon et al., 2012; Marinoni et al., 2013; Fortuna et al., 2014; Ajanaku et al., 2015; Theerapapvisetpong et al., 2015; Faria and Holanda, 2016; Rambaldi et al., 2016; Barrachina et al., 2018; Chitwaree et al., 2018; 
Gualtieri et al., 2018; Njindam et al., 2018; Darweesh, 2019. PC-TV screen: Andreola et al., 2005; Tucci et al., 2006; Raimondo et al., 2007; Andreola et al., 2008; Bernardo et al., 2008b; Bernardo et al., 2009; Andreola 
et al., 2010; Revelo et al., 2018. TV cathode tube CRT: Rambaldi et al., 2004; Souza et al., 2004; Andreola et al., 2005; Tucci et al., 2006; Raimondo et al., 2007; Bernardo et al., 2009; Nandi et al., 2015. 
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Other post-consumer glasses stem from solar panels, substantially 
similar to SLS (Lin et al., 2015), as well as TFT-LCD (Lin, 2007; Kim 
et al., 2015, 2016) and veal (Gualtieri et al., 2018) that are both rich in 
boron and alumina, plus Ca-Sr in LCD and Na in veal (Table 10). Unlike 
LCD produced before 2010, the current glasses do not contain toxic 

components, such as arsenic and antimony oxide (Kim et al., 2015). Only 
two papers report technological results on LCD glass in replacement of 
feldspars (up to 40%) in porcelain stoneware (Kim et al., 2016) or in 
place of clays (up to 50%) in porous tiles (Lin, 2007). 

Glasses from waste melting derive from different vitrification 

Fig. 6. Technological feasibility of waste recycling in tile-making (TRL) and matters of concern due to the occurrence of waste along the ceramic manufacturing 
chain. Symbols refer to issues that can be critical, beyond the usual concern in tile-making, or manageable with approach and facilities of tile-makers. 
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processes: municipal solid waste incinerator fly ashes by the application 
of thermal plasma melting (Bernardo et al., 2011); polluted dredging 
spoils from industrial area (Brusatin et al., 2005); feldspar mining resi
dues and lime from fume abatement system of the glass industry, 
admixed with SLS (Bernardo et al., 2008a, 2008b) or PC-TV glass 
(Bernardo et al., 2008b); air pollution control residues from thermal 
energy plants (Deveraj et al., 2010). Overall, these wastes have a low 
percentage of silica but are rich in alumina and particularly CaO 
(Table 10). Air cleaning residues have a problematically high chlorine 
content (~2%). The glass obtained by plasma melting (Deveraj et al., 
2010; Bernardo et al., 2011), as well as those from mining residues 
vitrified with lime and SLS (Bernardo et al., 2008a), were used in place 
of the non-plastic component (up to 70%) in a novel kind of “glass-
ceramic stoneware”. Otherwise, the waste derived from a mixture with 
PC-TV glass was used in substitution of feldspars (up to 7%) in a por
celain stoneware batch (Bernardo et al., 2008b). Vitrified dredging 
spoils were used in replacement of clay (up to 10%) in red stoneware 
(Brusatin et al., 2005). 

5. Technological feasibility of waste recycling in tile-making 

In the previous chapters (and supplementary material), the effect of 
various kinds of waste was described to point out the feasibility of 
recycling from technological and environmental viewpoints. This 
assessment is here summarized, waste by waste, attributing a Technol
ogy Readiness Level to both recycling solutions proposed in the litera
ture and known industrial achievements (Fig. 6). Such a degree of 
development goes from TRL 4 (waste recycling evaluated at the labo
ratory scale with processing conditions far from the industrial produc
tion) to TRL 9 (technological solution industrialized and put on the 
market). In any case, some caution must be used in taking the TRL 
indicated in Fig. 6, because it depends on both production technology 
and type of tile. A waste that causes intolerable interferences to the slip 
rheological properties, for instance, might be utilized in the production 
of tiles by the dry route. Furthermore, a waste that induces an increase in 
porosity, unacceptable for porcelain stoneware tiles, could instead be 
used in semi-vitrified products, which have a less stringent threshold in 
terms of water absorption. The same applies to the mechanical proper
ties of finished and semi-finished products, and even more to the 
aesthetic appearance: a darkening of the body color, hardly tolerated in 
unglazed porcelain stoneware, could be passable for other types of tile. 
Ultimately, we were conservative in the evaluation of the TRL, which 
was estimated mostly with reference to porcelain stoneware tiles, since 
it is the most studied type, and which offers more options for recycling 
waste. 

The ranking in Fig. 6 highlights some cases of waste recycling that 
since many years entered in the industrial practice (TRL 9). Relevant 
examples include: granite blocks recovered from quarry dumps and 
beneficiated (Dino et al., 2012); glass cullet from sorting of municipal 
solid wastes (Carbonchi et al., 2003); ceramic residues, such as sludges, 
unfired tiles, dust, and fired scraps (Manfredini et al., 1991; García-Ten 
et al., 2015; Rambaldi et al., 2018). These recycling operations led either 
to commercial fluxes (feldspathic materials, also improved with 
soda-lime waste glass) or to in-house byproducts, usually cannibalised in 
the tile-making process (introducing them in the milling stage). At 
present, such cases of successful recycling regard wastes with compo
sition and technological behavior that are close to those of ceramic raw 
materials. This rule of thumb can be extended to other cases, although 
the lesser is the chemical affinity with ceramic tile batches, the lower is 
the recyclable amount (e.g., glass cullet <5% versus granite blocks up to 
20%). 

A step below are technological solutions ready for ceramic tile pro
duction but not yet become an industrial reality (TRL 8). Therefore, 
waste recycling appears to be fully feasible, as in the case of PC-TV 
screen glass (Tucci et al., 2006; Raimondo et al., 2007), MSWI bottom 
ash (Andreola et al., 2001), lamp glasses or the exhausted lime from kiln 

scrubbers (García-Ten et al., 2015; Rambaldi et al., 2018). We are 
dealing with products already proposed on the market as secondary raw 
materials (or recycled in the same tile manufacturing) but at best of our 
knowledge not durably entered in the ceramic production. This is 
commonly due to technological hindrances that still remain unresolved. 
The misstep may depend on various causes: a supply gap (need of further 
beneficiation for mixed lamp glass, if still contaminated by plastic or 
metallic parts) or difficulties in batch design due to the exotic compo
sition (high percentages of Ba and Sr of the screen glass) or release of 
harmful substances during firing (as for the spent lime and untreated 
bottom ashes). 

The technological feasibility of recycling was proven in industrially 
relevant environment by trials at the pilot or the full scale for a wide 
range of wastes (TRL 6 to 7). The list includes: ornamental stone cutting 
and sawing sludge (Souza et al., 2010b; Silva et al., 2011), coal fly ash 
(Olgun et al., 2005; Kockal, 2011), spent foundry sand (Coronado et al., 
2015; Lin et al., 2018), ceramic tile polishing sludge (Rambaldi et al., 
2007a; Kabiraj et al., 2018), asbestos-containing demolition wastes 
(Ligabue et al., 2020), sewage sludge (Montero et al., 2009b; Amin et al., 
2018), PC-TV cathode tube glass (Tucci et al., 2006; Raimondo et al., 
2007). Nevertheless, the technological transfer has been somehow 
frozen before industrialization by obstacles to recycling. For instance, 
the slip rheological behavior, and consequently grindability, can be 
heavily affected by the spent foundry sand (if the bentonite binder is still 
active) or sludges stemming from sawing or polishing operations 
(because of soluble salts). The characteristics of unfired tiles can be 
worsened by coal fly ash and spent foundry sand (as their particles have 
a poor compressibility). Firing behavior can be strongly modified by 
cathode tube glass (being extremely fusible) or by sawing and polishing 
sludges, which foster bloating phenomena (due to SiC and/or iron 
oxide). It is the occurrence of transition elements, inherited from pol
ished rocks and tiles, which determines a color darkening. But even 
more than interferences in the ceramic process, the need for preventive 
treatment and storage problems act as a brake, as in the case of sewage 
sludge and coal fly ash. Last but not least, the occurrence of hazardous 
elements and the release of harmful substances during firing are a matter 
of concern, particularly about asbestos-containing demolition wastes, 
cathode tube glass and coal fly ash. 

The remaining wastes were evaluated just at the laboratory scale. In 
some cases, the technological feasibility was assessed by an industrial- 
like processing (TRL 5) that makes the results promising for a scale 
up. Examples encompass mining tailings, oil refining sludge, titania 
sludge, coal bottom ash, biomass ashes, metallurgical slags, galvanic 
sludge, dredging soil (Fig. 6). In these cases, the criticalities seem to 
concern more the waste pre-treatment and environmental issues than 
the ceramic manufacturing. In fact, the supply gap appears to be 
severely limiting about: oil refining sludge, dredging soil and galvanic 
sludge (storage and handling problems for bad smell, fermentation, acid 
release); coal and biomass bottom ashes (moisture susceptible, tendency 
to cementation); metallurgical slags (needing to be crushed to few mil
limeters). Possible leaching of hazardous substances or harmful gaseous 
emissions during firing are a common risk for almost all these wastes. 
These issues are especially critical for galvanic sludge and dredging soil, 
even though they are the bottleneck also for coal and biomass bottom 
ashes, titania sludge and some mining tailings. The main limitations in 
the ceramic process are focused on the slip rheological properties (in 
case of ashes and sludges) or consequent to grindability and mechanical 
strength matters for hard wastes, like metallurgical slags. The remark
ably high concentration in iron and other transition elements of some 
wastes (steel slags, galvanic and titania sludges) constitutes a divide 
between light-firing and dark-firing bodies that is difficult to circum
vent, despite the fact that literature focuses on porcelain stoneware. 

About the wastes investigated at TRL 4, the available information is 
often insufficient to conclude about technological feasibility of their 
recycling in the production of ceramic tiles. Further investigation is 
needed to achieve a reliable assessment in conditions closer to industrial 
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manufacturing. 
Looking in detail at Fig. 6, it can be appreciated that the overall 

frequency of concerns is roughly the same by comparing the stages of 
ceramic production versus the aspects of pre-treatment plus environ
mental impact. Interestingly, the critical issues concerning the supply 
gap are more than those regarding the firing behavior. The same hap
pens when comparing the stages of the ceramic process: the serious 
criticalities are more in the body preparation, shaping and drying phases 
than during firing. This picture leads to a first consideration: the sci
entific literature, which is essentially focused on the firing stage, does 
not fully reflect the waste recycling priorities from an industrial point of 
view. This is probably due to the weight attributed to aspects that are 
often considered of little interest to technological research (i.e., to 
faithfully replicate industrial processes since the supply of raw mate
rials). Another reason may be that many critical points relate to envi
ronmental issues, which are often studied separately. Nonetheless, by 
focusing on the ceramic process, it is clear that the most critical aspects 
concern two passages that are little considered in the literature: the 
rheological behavior of the slips and the aesthetic appearance of the 
finished product. This is perhaps dictated by the viewing angle of our 
evaluation, focused on the wet processing route and on light-firing tile 
bodies. 

The question of the recommended quantity of waste, which means 

the maximum recyclable amount without having intolerable effects on 
the technological behavior and technical performance of ceramic tiles, 
was touched in the supplementary material. Such a recommended 
recyclable amount is summarized in Fig. 7, waste by waste, taking care 
to distinguish the indications drawn from different TRLs. In fact, it is 
known that the recommended recyclable amount decreases with 
increasing TRL. This is a natural consequence of taking more and more 
technological, logistical, environmental, and economic aspects into 
consideration. To the rule of thumb, it can be said that the recommended 
percentages for TRL≥7 are already recycled in industrial production. In 
reality, this never happens systematically in all ceramic factories in the 
world but indicates that it is certainly feasible for those industries 
equipped with the best available technologies. 

Significantly, the percentage of waste recommended by the studies at 
TRL 5-6 overestimates the quantity that can be profitably recycled 2 to 4 
times, depending on different factors (type of tiles, batch design stra
tegies, and so on). On the other hand, TRL 4 experiments can give rise to 
overestimations of 3 to 10 times of the recyclable amount of waste in 
industrial conditions. These observations suggest extreme caution in 
affirming technological feasibility on the basis of results obtained at the 
laboratory scale. As an indication, the optimal waste quantity, based on 
TRL 5 trials, should prudently be halved at the time of giving a recom
mended percentage to ceramic tile industry. Data deriving from 

Fig. 7. Recommended recyclable amount for various wastes, according to tests carried out at the laboratory scale (TRL4, i.e. conditions not of industrial tile-making) 
or up to pilot scale (TRL5-6, i.e. conditions simulating industrial tile-making) or up to industrial manufacturing (TRL≥7). 
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preliminary tests (TRL 4) should only serve to direct subsequent tests to 
higher TRLs, without general conclusions regarding the technological 
feasibility of waste recycling. 

6. Conclusion 

The literature on waste recycling in ceramic tiles covers a range of 
products, from vitrified to porous, and different incorporation strategies, 
as replacement of raw materials in dark-firing and light-firing batches or 
in novel, waste-based bodies. This critical review addresses the problem 
of waste recycling from an industrial point of view, highlighting benefits 
but also constraints, according to a two-level approach: a general 
overview of the specific recycling problems of each residue, and a 
thorough analysis of technological behavior (reported in the supple
mentary material). 

Since the main obstacle to a widespread recourse to waste recycling 
is the lack of knowledge about the effect on technological behavior and 
technical performance of ceramic tiles, these aspects have been exam
ined in detail, in order to outlook feasibility, recyclable amount, and 
possible matters of concern for every waste source. 

The examined literature mostly focused on the firing step, despite 
ceramic bodies must comply all requirements, from milling to firing, to 
be transferable to tile manufacturing. In particular, rheological behavior 
of slips and powder behavior during compaction frequently represent 
the bottleneck in the scale up from lab to factory. Apparently unim
portant, also the need of preliminary treatments is fundamental to make 
the waste use viable, as it may determine a supply gap that prevents 
recycling. It is not by chance that successful examples have generally no 
supply gap, so enabling a direct delivery of residues to the tile-making 
plant. A simple preliminary treatment, e.g. drying or comminution, 
constitutes a minor gap, if manageable by either the waste supplier or 
the end user. However, when a selective removal of undesired compo
nents is necessary, beneficiation processes must be set up with specific 
know-how and plants. This is typically a severe hindrance that requires a 
synergic approach, for instance by involving raw materials suppliers 
(which can upgrade wastes into industrial minerals) or collecting centres 
where residues can be transformed in secondary raw materials suitable 
for ceramic tiles. 

The integration of the available literature data with the known in
dustrial achievements allowed attributing a Technology Readiness Level 
to recycling, waste by waste, with caution depending on production 
technology and type of tile. The higher TRLs, relative to the industrial 
practice, are related to wastes with composition and technological 
behavior close to those of ceramic raw materials, such as granite 
recovered from quarry dumps; glass cullet from sorting of municipal 
solid wastes; fired and unfired ceramic residues. An intermediate level is 
represented by wastes suitable for recycling but not entered into in
dustrial production yet. This was largely due to technological obstacles, 
such as: supply gap, difficulties in batch design due to the exotic 
composition (e.g., high Ba and Sr of screen glass) or release of harmful 
substances during firing. Other residues were tested in industrially 
relevant environment (pilot or full scale) including ornamental stone 
cutting and sawing sludge, coal fly ash, spent foundry sand, ceramic tile 
polishing sludge, asbestos-containing demolition wastes, sewage sludge 
and cathode tube glass. The issues preventing their recycling span from 
the behavior during the ceramic process and the need of preventive 
treatments to the occurrence of hazardous components and potentially 
pollutant emissions during firing. 

At the lowest TRLs, wastes were evaluated just at the laboratory 
scale. Examples encompass mining tailings, oil refining sludge, titania 
sludge, coal bottom ash, biomass ash, metallurgical slag, galvanic 
sludge, dredging soil. In these cases, the criticalities seem to concern 
more the waste pre-treatment and environmental issues (handling 
problems for bad smell, fermentation, acid release or possible leaching 
of hazardous substances or harmful gaseous emissions) than the ceramic 
manufacturing. 

The recommended percentage of waste recyclable is usually over
estimated at low TRL. This prompts an extreme caution in extrapolating 
technological feasibility on the basis of results obtained at the laboratory 
scale only. 

Being process-oriented, our data interpretation is strongly dependent 
on the technical development in the ceramic tile industry. Therefore, the 
main limitation is that the evaluation of results will vary as technolog
ical innovation proceeds. On the other hand, ceramic technology rep
resents the driving force that can enable the use of waste types today 
unexploited, because of above discussed technological hindrances. 

From a circular economy perspective, it can be concluded that the 
use of waste in ceramic tiles is technologically feasible and already in 
place for those residues that exhibit high affinity with the raw materials 
they are replacing. This circumstance paves the way for making ceramic 
tile production, which consumes raw materials for ~250 million tons 
per year worldwide, an important target of waste recycling. Neverthe
less, at least half of this demand is addressed to clay materials, while just 
few types of waste here considered can play as plasticity providers. 
Examples are restricted to very fine-grained industrial wastes and clay- 
bearing mining residues. Thus, the most promising targets are those of 
flux and filler in complex ceramic bodies. Several residues can play as 
filler or flux, and even more types could yearn for these roles, if there 
was an adequate technological characterization. To fill this gap, much 
can be done, by scientific and technological research, to improve 
knowledge on residues tested at the lower TRLs. 
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Junkes, J.A., Prates, P.B., Hotza, D., Segadães, A.M., 2012. Combining mineral and clay- 
based wastes to produce porcelain-like ceramics: An exploratory study. Applied Clay 
Science 69, 50–57. 

Kabiraj, A.K., Saha, S., Chakraborty, A., Das, P., Parya, T.K., Das, S.K., 2018. Recycling 
study of vitrified porcelain tiles scraps. Ceramic Forum International, cfi-Ber. DKG 
95 (1-2), E31–E36. 
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porcelánico. Boletín de la Sociedad Española de Cerámica y Vidrio 49 (4), 297–302. 
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