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Abstract 

The addition of wastes to silicate ceramics can considerably expand the compositional spectrum of raw materials with a possible inclusion of 

hazardous components. The present work quantitatively examines relevant literature to determine whether the benefits of incorporating hazardous 

elements (HEs) into silicate ceramics outweigh the pitfalls. The mobility of various HEs (Ba, Zn, Cu, Cr, Mo, As, Pb, Ni, and Cd) has been 

parameterised by three descriptors (immobilisation efficiency, mobilised fraction, and hazard quotient) using leaching data. HEs can be incorporated 

into both crystalline and glassy phases, depending on the ceramic body type. Moreover, silicate ceramics exhibit a remarkably high immobilisation 

efficiency (often exceeding 99.9%), as accomplished for Ba, Cd, Ni, and Zn elements. The pitfalls of the inertization process include an insufficient 

stabilisation of incorporated HEs, as indicated by the high hazard quotients (beyond the permissible limits established for inert materials) obtained in 

some cases for Mo, As, Cr, Pb, and Cu elements. Such behaviour is related to oxy-anionic complexes (Mo, As, Cr) that can form their own phases or 

are not linked to the tetrahedral framework of aluminosilicate glass. Pb and Cu elements are preferentially partitioned to glass with a low coordination 
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number, while As and especially Mo are not stabilised in silicate ceramics. These drawbacks necessitate conducting additional studies to develop 

appropriate inertisation strategies for these elements. 

Graphical abstract 

 

Keywords: immobilisation efficiency; element mobility; firing behaviour; inert materials 
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1. Introduction 

Waste recycling can potentially become a common practice for improving the environmental sustainability of the manufacturing process. This 

approach is feasible only in the case of high-throughput production, such as the fabrication of bricks and roof tiles, wall and floor tiles, lightweight 

aggregates, whiteware, and materials that can endure the undesired effects induced by waste addition. The growing interest of both industrial and 

academic researchers working on waste valorisation is supported by the hundreds of technological studies conducted in this field (Dondi et al., 1997; 

Coronado et al., 2015; Andreola et al., 2016; Dondi et al., 2016; Al-Fakih et al., 2019). Although numerous tests have been performed in the ceramic 

industry, their results mostly remain unpublished. This tendency is expected to strengthen once the transition towards a circular economy is fully 

implemented (Kalmykova et al., 2018; Andreola et al., 2020). 

In any case, it is necessary to introduce an increasing amount of waste materials into ceramic batches (such as pre-consumer and post-consumer 

residues) to overcome the currently used cannibalistic loops which re-use scraps within the same manufacturing process. This option would 

significantly broaden the compositional spectrum of natural raw materials, including hazardous ones (Coronado et al., 2015; Dondi et al., 2016; 

González-Corrochano et al., 2018; Andreola et al., 2019; Al-Fakih et al., 2019). 

The incorporation of waste into a ceramic body is an effective way to stabilise hazardous materials, as demonstrated in recent reviews (Karayannis et 

al., 2017; Kinnunen et al., 2018; Hossain and Roy, 2020; Zhang et al., 2021; Zhao et al., 2021) and several research studies (Bernardo et al., 2006; 

Raimondo et al., 2007; Alonso-Santurde et al., 2011; Haiying et al., 2007, 2011; Quijorna et al., 2011; Tan et al., 2012; Martinez et al., 2012; Pérez-

Villarejo et al., 2015; Tang et al., 2019). However, a quantitative estimation of the degree of immobilisation of dangerous elements during the 

manufacturing of silicate ceramics has been rarely conducted in the past, while the majority of published papers mainly focus on technological issues. 

In some cases, the mobility of hazardous components was investigated as part of ceramic processing (Coronado et al., 2015; González-Corrochano 

et al., 2018; Zanelli et al., 2021). This situation reflects the lack of regulations regarding the release of hazardous elements (HEs) from finished 
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ceramic products apart from the currently existing standards regulating the release of Pb and Cd elements from ceramic items intended to be in 

contact with food. This is due the fact that silicate ceramics are fabricated from natural raw materials which contain only trace amounts of HEs. 

Overall, the published literature works describe the immobilisation of dangerous elements in specific cases that are difficult to generalise due to the 

different processing conditions and material compositions. A systematic evaluation of the degree of HE immobilisation in silicate ceramics has not 

been performed yet because it requires a better understanding of the mechanism of the immobilisation process. Although this question is of 

paramount importance for developing novel waste recycling strategies, it has been rarely addressed in the literature (Dondi et al., 2002; Magalhães et 

al., 2004; García-Valles et al., 2007; Karnis and Gautron, 2009; Tang et al., 2019; Coronado et al., 2015; González-Corrochano et al., 2018; Mao et 

al., 2018). A necessary step includes a quantitative assessment of the ceramisation efficiency of HEs incorporated into silicate ceramics, here 

attempted for the first time as a critical assessment of the literature. The subsequent studies would require a proper background on the composition 

and processing conditions of ceramic products to outline how the phase transformations occurring during ceramic manufacturing can affect the 

inertisation efficiency, which is the novelty of our approach. The potential impact of this work includes a paradigm shift from the empirical approach 

commonly used in waste recycling to a novel strategy of batch design, which is based on the observed HE behaviour in various silicate ceramics. 

The objective of the present work is to quantitatively determine if the benefits of incorporating HEs into silicate ceramics outweigh the pitfalls, 

especially those affecting the efficiency of the ceramisation process. The utilised analysis procedure involves the following four steps: 

a) Identification of HEs that can potentially be immobilised by silicate ceramics with a special attention to toxic components; 

b) Parameterisation of the immobilisation degree of HEs after their incorporation into a ceramic matrix; 

c) Description of different ways for immobilising a particular element in a ceramic matrix, which considers the reactions that occur during firing; 

d) Evaluation of the literature case studies devoted to waste recycling in silicate ceramics to identify the benefits and pitfalls. 
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2. Methodology 

This section describes the methodological approach utilised to select suitable HEs for silicate ceramics and proposed parameters for evaluating their 

degree of immobilisation in ceramic matrices. In addition, various criteria for selecting case studies on the mobilisation of dangerous elements after 

waste recycling are discussed, including those used to classify different types of silicate ceramics. 

2.1. HEs in silicate ceramics 

No regulations regarding the use of HEs in silicate ceramics and limits of their potential release have been established. There is a single exception of 

Pb and Cd elements in ceramic items that are intended to be in direct contact with food. Various standards related to determination methods and 

limits of acceptance for the release of Pb and Cd elements have been developed in many countries, such as the international standards for ceramic 

tiles (ISO 10545-15, 1995) and tableware (ISO 6486-1, 2019). The permissible limits used in the European Union are 4 mgL−1 (Pb) and 0.3 mgL−1 

(Cd), although these values may be lowered in the future. 

Other local regulations exist as well, such as California's Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition 65) which requires to 

declare if any HEs are contained in a given product. In addition to Cd and Pb elements, this proposition includes Ni and some forms of Co and V 

elements. 

In such a situation, a reasonable approach would be based on the existing legal framework, which is more comprehensive and better structured than 

other standards used for ceramic products, such as the waste classification for landfilling. It is noteworthy that this approach was adopted in several 

studies (Quijorna et al., 2011; Schabbach et al., 2012; Liu et al., 2019) by considering the limits established for inert materials. These limits vary 

significantly from country to country (see Table 1) and, consequently, affect the definition of inert materials.  
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Table 1.  

The HEs listed in Table 1 are not the only components of concern, as other elements are also considered toxic by national laws, including Co, V, Sn, 

and radioactive elements. Hence, this list of HEs can be considerably extended to include the following common ingredients of ceramic glazes and 

pigments: Co, Ni, Ba, Cr, Sb, and Zn. In addition, it contains components of colourants and additives that have a limited use in silicate ceramics, such 

as Cd, Sn, V, Ag, Cu, Mo, and Se. In principle, Pb, As, and Hg are banned by the ceramic industry and should not be present in significant amounts 

in industrial minerals; however, they may be found in secondary raw materials and by-products. The limits listed in Table 1 decrease in the following 

order: Ba, Zn, Cu, Cr, Mo, As, Pb, Ni, Se, Sb, Cd, and Hg. This trend implies an order of increasing danger from Ba to Hg, which is taken into account 

by the rules and regulations adopted in all countries. 

In addition to the aforementioned HEs, the volatile compounds that can be released in the form of flue gases during the firing of silicate ceramics 

represent a significant environmental problem. These components include fluorine compounds (mostly HF), chlorine compounds (HCl, Cl2), sulphur 

oxides (SO2, SO3), nitrogen oxides (NO, NO2), volatile organic compounds, and particulate matter (Palmonari and Timellini, 1982; Minguillón et al., 

2009; Monfort et al., 2011; Rajarathnam et al., 2014; Ferrari and Zannini, 2017; Akinshipe and Kornelius, 2017). Such emissions monitored by 

industrial furnace chimneys must comply with the limits legally adopted in various countries. However, the discussion of gaseous emissions is beyond 

the scope of the present study and will not be considered here. Therefore, only the HEs for which sufficient data are available from the literature 

studies on silicate ceramics (phosphate or oxide ceramics are not considered), are discussed in this work. These elements include As, Ba, Cd, Cr, 

Cu, Mo, Ni, Pb, Se, Sb, and Zn. Published data on Hg (Haiying et al., 2011; Pan et al., 2015; Vieira et al., 2016) do not provide all the necessary 

information, and, to the best of our knowledge, there are no accessible data regarding the mobilisation of Be, Ag and radioactive elements in silicate 

ceramics. On the other hand, there is a wide literature on the stabilisation of radioactive residues, which also includes glassy and glass-ceramic 
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systems with some analogy to silicate ceramics. For this issue, the reader is addressed to the specific literature (Ewing and Lutze, 1991; Lee et al., 

2006; Donald, 2010; McCloy and Goel, 2017). 

2.2. Parameterisation of inertisation efficiency 

The assessment of inertisation efficiency involves the determination of an extent to which a given HE is mobilised during storage or operational 

conditions for silicate ceramics. According to the literature, the results of leaching tests can be used to measure the degree of HE mobilisation 

(Loncnar et al., 2016; Donatello et al., 2010; Galvín et al., 2012). 

Many different methodologies and standards have been developed for leaching tests (such as the regulatory, standard, and research leaching 

methods). Regardless of the testing procedure, leaching can be performed by a static extraction or batch tests, in which the leaching fluid is added 

once, or by dynamic extraction or column tests, in which the extraction fluid is renewed during the process (Tiwari et al., 2015; Krüger et al., 2012). 

During a batch test, a sample is placed into a fixed volume of leaching solution. The contact between the particle surfaces and the fluid is achieved by 

continuous mixing. After a certain time, the leachate concentrations reach those obtained at the equilibrium conditions (Tiwari et al., 2015; Galvín et 

al., 2012). The column tests conducted for continuous leaching are expected to be more accurate during the simulation of the real environmental 

conditions, better reflecting the properties of the fluid involved in HE transport. However, these tests are not considered here because they are too 

sensitive to experimental conditions (Tiwari et al., 2015). In general, suitable research methods should be able to reproduce the waste leaching 

potential in a specific application (Yin et al., 2018), and it is difficult to compare the leaching data obtained by different procedures to quantify the 

hazards associated with a particular waste product. It is well known that changes in experimental parameters (such as solution pH, liquid/solid ratio, 

leaching reagents, redox and microbial activities, reaction time, and temperature) can strongly affect the leaching test results (Al-Abed et al., 2008; 

Yin et al., 2018). However, metal leaching parameters can strongly depend (even for a single analytical procedure) on the waste matrix properties, 
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which may in turn influence the interaction of leaching components with dissolved minerals to induce sorption, secondary reactions, and re-

precipitation (Tiwari et al., 2015). Despite these limitations, a comparison of HE mobilities obtained from the leaching data for fired products, is 

considered the best way of achieving a better understanding of the effect of ceramisation on HE inertisation and predicting a potential hazard. 

However, any discussion of the significance and reliability of leaching tests is beyond the scope of the present study. Thus, the data reported for 

silicate ceramics have been taken into account. 

Based on the obtained leaching test results, the following three parameters are proposed for HE characterisation: 

i) the efficiency of HE immobilisation, 

ii) the mobilized HE fraction, and 

iii) the hazard quotient. 

These parameters allow contrasting leaching data (which are usually compared with permissible limits of release) with the total amount of every HE 

present in the ceramic body. The efficiency of immobilisation (εHE) expresses the percentage of a given HE that is not mobilised during the leaching 

test of the waste-bearing ceramic bulk: 

                                                          εHE =
(ξtotal−ξleached)

ξtotal
∙ 100                                                     (1) 

where ξtotal and ξleached are the HE weight contents in the bulk and leachate, respectively. The ξleached values are calculated from the measured HE 

concentrations in the leachate solution and then normalised with respect to the extraction volume determined by a specific procedure. By utilising this 

approach, it is possible to calculate the required efficiency of immobilisation as a function of the HE concentration in the ceramic batch from the 

maximum leachate concentration specified by regulations (Fig. 1). Notably, the calculated required efficiency increases exponentially with ξtotal; for 
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instance, in the case of a 0.1% concentration in the batch (HE oxide), it spans from εBa = 97.8% to εCd = 99.996%. If the amount of HE in the bulk is as 

high as 1 wt.%, the required efficiency must vary from εBa = 99.78% to εCd = 99.9995%. 

 

Figure 1.  

Another parameter used to quantify the degree of retention of toxic elements in silicate ceramics by conducting leaching tests is the mobilised fraction 

(HE), which represents the fraction of HEs that can be released to the total HE amount: 

                                                                   
HE

=
ξleached

ξtotal
                                                                (2) 

where ξleached and ξtotal are the relative HE weight fractions in the leachate and ceramic bulk, respectively. Using this formula, it is possible to determine 

the relationship between the maximum HE allowed by EU regulations as a function of the HE concentration in the ceramic matrix (Fig. 2). For 

instance, at a high HE oxide content of 1 wt.%, the maximum HE fraction that may be released into the leachate varies from Ba = 0.002 to Cd < 

0.00001. 
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Both the εHE and HE values suggest that the current waste recycling regulations are very tight, as HEs must be retained with extremely high efficiency. 

In the case of relatively large amounts of HEs in a ceramic batch (>1 wt.% for HE oxides), the efficiency of immobilisation often exceeds 99.9%. 

 
Figure 2.  

 

The hazard quotient (𝐻𝑄HE) is expressed by the following ratio: 

                                                                  𝐻𝑄HE =
ξleached

ξlimit
                                                             (3) 

This metric shows how close is the released HE amount (ξleached) to the regulatory limit established for inert materials (ξlimit). Similar to ξleachate values, 

ξlimit takes into account the solvent volume, allowing a comparison of results obtained by different methods. The 𝐻𝑄HE  values above unity indicate 

that the permissible limit is exceeded. It is useful for calculating differences with respect to leaching thresholds. This parameter was primarily defined 

by the US Environmental Protection Agency (US EPA, 1989) to assess the health risks of air toxic compounds as the ratio between the exposure 

concentration for a given compound and a reference concentration without a significant risk of harmful effects. The 𝐻𝑄 values greater than one do not 

represent a statistical probability of the occurrence of a harmful event; they simply indicate that the exposure concentration exceeds the reference 
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concentration. Subsequently, the hazard quotient has been used in many studies on the presence and release of HEs from different materials 

(Yousaf et al., 2017; Golge et al., 2018; Saba et al., 2019; Yang et al., 2021). 

2.3. Selection of literature case studies 

Literature studies on waste recycling in silicate ceramics have been reviewed to determine how the batch composition and firing conditions can affect 

the inertisation of HEs. A selected paper has to include relevant data (leaching results, waste and body compositions, firing schedules) in order to 

calculate the inertisation efficiency according to the procedure outlined in section 2.2, and classify silicate ceramics as described in section 3.2. 

Specifically, silicate ceramics constitute different cases according to the phase transformations occurring during heat treatment (more details are 

provided in section 3.2). In this work, we considered the following three cases: 

I) Largely vitrified products, which are mainly represented by porcelain stoneware and stoneware tiles, sanitary ware and other porcelain types, and 

lightweight aggregates. 

II) Largely recrystallised products: pottery, bricks, and tiles containing high-CaO and/or high-MgO bodies (such as earthenware, majolica, and 

monoporosa); and 

III) Largely unreacted products mainly consisting of residual and amorphous phases, such as pottery, pipes, bricks, and tiles with low-CaO and/or 

low-MgO bodies. 

As a result, twenty-five papers have been selected, and the main parameters of these case studies are summarised in Table 2. Overall, the listed 

samples constitute a relatively large data set, although the obtained matrix is not fully representative of all ceramic products, types of batches, and 

firing temperatures. 
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Table 2. 

 

3. Results 

This section describes the meta-analysis data obtained for two bodies of literature including 1) case studies on the inertisation of HEs for waste 

recycling in silicate ceramics and 2) factors affecting the behaviour of ceramics as HE acceptors. 

3.1. Case studies 

The selected literature provides a data population that varies with HE, although in most cases, information is available for all types of silicate ceramics 

and a relatively wide range of firing temperatures. This is true for Zn, Cr, Ba, Cu, Pb, and As elements (over 50 data points each) and, to a lesser 

extent, for Ni and Mo (35 data points each). In contrast, only small numbers of data points are available for Cd (17) and especially for Se and Sb (6 

and 4 samples, respectively). The ranges of concentrations for HEs considered in this study are provided in Fig. S1 (Supplementary Materials). 

These literature data do not cover various industrial products and types of silicate ceramics with the same frequency. In fact, the selected case 

studies include mainly wall and floor tiles (8), clay bricks (7), and glass ceramics (3) among different ceramic products. Regarding the type of 

ceramics, data are reported for largely vitrified bodies (class I, 22 samples), largely recrystallised bodies (class II, 22 samples), and, to a lesser 

extent, for largely unreacted bodies (class III, 7 samples).  

The analysed waste sources are obtained from six sectors: metallurgical (Waelz slag, electric arc furnace slag, foundry sand, and stainless steel dust; 

15 samples); biomass and solid waste incineration (bottom and fly ashes; 14 samples); wastewater treatment (including sewage and galvanic sludge; 

13 samples); waste glass recovery (panel and soda-lime glasses including mixed ceramic and glass residues; 5 samples); mining and mineral 

Jo
ur

na
l P

re
-p

ro
of



 

13 
 

transformation (solid petroleum waste and sludge from alumina, titania, and chromite production; 4 samples), and dredging (harbour sediment, 4 

samples). 

The firing temperatures vary over a wide range from 850 to 1250 °C. An anticipated correlation between the maximum temperature and the silicate 

ceramic type has been confirmed: largely unreacted bodies (class III) were fired at 850 °C with a single case fired at 1020 °C. Largely recrystallised 

bodies (class II) usually required maximum firing temperatures in the range of 930–1025 °C with four cases spanning from 1050 to 1100 °C (mostly 

glass ceramics). Largely vitrified bodies (class I) were sintered between 1120 and 1240 °C. 

3.1.1. Mobilised HE fraction  

The mobilised HE fraction is plotted as a function of the firing temperature for largely unreacted, largely recrystallised, and largely vitrified silicate 

ceramics in Fig. 3. The degree of retention of toxic elements inside the ceramic matrix and its dependence on temperature/type of product differ for 

various HEs. These plots show the existence of a different behaviour for specific HEs. 

i) HEs with low mobilised fractions (Ba, Pb, Ni, and Zn with average HE ≤ 0.002), which demonstrate no apparent correlation between HE and the 

firing temperature/product type. 

ii) HEs characterised by a medium-high degree of mobilisation on average: the highest value is obtained for Mo (Mo = 0.43) and the lowest ones for 

Cd (Cd = 0.01) and Cr (Cr = 0.003). Also in this case, it was not possible to observe any correlation between the mobilised HE fraction and the firing 

temperature. 

iii) HEs with degrees of mobilisation varying from low to high values. For this group, the mobilised HE fraction is strongly correlated with the firing 

temperature. For example, for As and Cu elements (with maximum As = 0.23), the increase in the firing temperature increases their mobilised 

fractions. As a result, As and especially Cu are more mobilised in largely vitrified ceramics. 
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Figure 3.  

 

3.1.2. Hazard quotient 

The hazard quotient (𝐻𝑄HE) is plotted as a function of the firing temperature for different types of silicate ceramics in Fig. 4. For the majority of the 

analysed cases, its computed values are relatively low, indicating that the studied HE concentrations are within the permissible limits established for 
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inert materials by regulatory agencies. This is particularly true for Ba, Cd, and Se whose 𝐻𝑄HE values range, on average, from 0.01 to 0.08. Other 

HEs, such as Cu, Ni, and Zn, possess higher hazard quotients (0.14 < 𝐻𝑄HE < 0.33 on average), although their ξleached/ξlimit ratios rarely exceed unity. 

A different situation is observed for As, Sb, Pb, Cr, and Mo elements, which exhibit the highest values of this index. In particular, the average 𝐻𝑄Pb, 

𝐻𝑄Cr, and 𝐻𝑄Mo magnitudes are in the 1.1–5.9 range, suggesting particular caution when recycling these HEs as their significant amounts can be 

released from unreacted and recrystallised silicate bodies. 
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Figure 4.  
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3.1.3. Immobilisation efficiency 

The efficiency of immobilisation is plotted as a function of the HE concentration in ceramic batches in Fig. 5. Overall, silicate ceramics exhibit high HE 

immobilisation efficiencies. This is particularly true for Ba, Cd, Ni, and Zn elements, which have only three cases with HE < 99%. However, the lowest 

efficiencies of immobilisation are observed at the following HE oxides concentrations in the batch: from0.0001% CdO to 0.01% NiO and to 0.1% 

BaO up to 1–4% ZnO. Meanwhile, Cr, Cu, and Pb elements have few samples within 90% < HE < 99%. Such cases of relatively low immobilisation 

efficiencies are observed for the batches with Cr2O3 and PbO concentrations of approximately 0.01%, while in the case of Cu, small immobilisation 

efficiencies are obtained at both very low (0.001%) and extremely high (25%) CuO contents. As and especially Mo elements display some values 

with HE < 90%. In these cases, the As2O3 and MoO3 concentrations in the batch varied between 0.001% and 0.01%. 
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Figure 5.  
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3.2. Silicate ceramics as waste acceptors 

Silicate ceramics are composed of heterogeneous bodies: a mixture of various minerals that undergo phase transformations during processing, 

especially at the firing stage. This is favourable for the waste incorporation because a highly heterogeneous mix is intrinsically prone to 

accommodating extraneous components. At any rate, waste is increasingly tolerated as far as its technological behaviour resemble those of 

conventional raw materials (Coronado et al., 2015; Cifrian et al., 2019; Zanelli et al., 2021). This practice, which is substantially based on 

technological issues, does not ensure that HEs are immobilised as efficiently as residues are incorporated into silicate ceramics. 

To achieve a satisfactory degree of immobilisation, it is necessary to accommodate HEs inside crystalline or amorphous ceramic components. Hence, 

the stabilisation process involves the incorporation into phases that must be able to endure hydrolysis or chemical attack during utilisation of silicate 

ceramics. Such an incorporation occurs in the firing process, when new compounds are formed and HEs can be allocated to either a crystalline lattice 

or glassy networks of vitreous phases. However, if this process is not complete, HEs may remain in their original form in the waste or weakly retained 

in the amorphous or low structural order phases. In this context, waste stabilisation treatments can play an important role, especially at high HE 

concentrations (Schabbach et al., 2012; Andreola et al., 2019; Andreola et al., 2020). This picture implies different chemical and physical stabilisation 

conditions that reflect in the degree of HEs mobilization. Note that some HEs maintain their original valence states and structural allocations (e.g. 

Ba2+, Zn2+, Cd2+), while other HEs can assume multiple valences and participate in redox reactions (such as Cr3+ Cr6+, Mo3+ Mo6+, V3+ V5+, 

and intermediate valence states). 

Thus, the goal of increasing the inertisation efficiency is to maximise the incorporation of HEs into the phases formed during the firing process, which 

ensures their high chemical stability in water. This behaviour is expected for crystalline silicates and aluminosilicate glasses present in ceramics. 

The principal phase transformations of three silicate ceramics occurring during heat treatment are described in Figure 6. 
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Figure 6.  

I) Largely vitrified products whose main high-temperature reactions include melting feldspars and illite-mica with a partial involvement of quartz 

(Gualtieri, 2007; Bernasconi et al., 2014; Conte et al., 2020) and the incorporation of amorphous by-products derived from the breakdown of clay 

minerals (Figs. 6a and c). This melt generates an abundant vitreous phase in the finished products (Zanelli et al., 2011; Bernasconi et al., 2016). 
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Kaolinite first transforms into an amorphous phase and then (at approximately 1000 °C) into mullite with possible intermediate compounds, such as -

Al2O3 or a (Si,Al) spinel-like phase (Bellotto et al., 1995; Gualtieri and Bellotto, 1998). The main challenge here is the impossibility of directly 

controlling firing reactions, and only their side effects can be monitored by manufacturers (for instance, variations in the product size or porosity). 

II) Largely recrystallised products, which undergo a complex set of transformations with increasing temperature, promoting the clay minerals 

breakdown into disordered phases and carbonate decomposition into calcium and magnesium oxides (Fig. 6b). The resulting by-products react with 

each other at temperatures above 800 °C to generate various calcium and magnesium silicates and aluminosilicates according to kinetic constraints 

(Cultrone et al., 2001; Heimann and Maggetti, 2019). The crystalline phases formed during firing commonly include anorthite-rich plagioclase (Ballato 

et al., 2005; Ouahabi et al., 2015); fassaitic clinopyroxene, a diopside rich in Al and Fe (Dondi et al., 1998; Cultrone et al., 2001); and complex 

melilites consisting of gehlenite–åkermanite–ferrigehlenite solid solutions (Dondi et al., 1999a). Other newly formed phases such as wollastonite, 

periclase, spinel, larnite, and rankinite may be also present in small amounts. In the usual firing range, quartz and feldspars are relatively stable, while 

illite-mica is stable at temperatures up to approximately 1000 °C. A minor amount of the amorphous phase can be also present in the finished 

products (Dondi et al., 1999b). 

III) Largely unreacted products that are fired at relatively low temperatures. At these firing conditions, quartz, feldspars and micas are stable, and only 

limited transformations may occur (Dondi et al., 1999b; Heimann and Maggetti, 2019), leading to the formation of amorphous or disordered phases 

from clay minerals transformation (Fig. 6c). The newly formed crystalline phases typically include hematite and some mullite or spinel species 

(Cultrone et al., 2005).  

A representative diagram of the phase composition of silicate ceramics is shown in Figure 7. 
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Figure 7.  

 

During the firing process, HEs can be either incorporated into the newly formed phases or retained in the original compound of the waste material if 

they are thermally stable. Although kiln burners are usually fed with an almost stoichiometric methane–air mixture, ceramic furnaces always have an 

auxiliary air supply which ensures that the oxygen fugacity is sufficiently high. Therefore, the kiln atmosphere may favour the formation of higher 

valence states for some HEs. This can occur in the case of Cr6+ (Abreu and Toffoli, 2009), which implies a higher risk of generating toxic by-products. 

In the former case, HEs may be hosted either in crystalline compounds lattice or into the vitreous phase (or both). In this process, they compete with 

other major and minor elements of ceramic bodies. The preference of each HE for a given crystalline or amorphous phase essentially depends on the 

crystal chemistry or glass chemistry factors derived from different structural environments where a certain ion can be allocated (Lu et al., 2017, 2019). 
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These factors also affect the competition between various HEs present in the same waste. However, the presented data consider each HE 

individually, because no information is available on the mutual effects attributable to two or more heavy metal ions. 

The newly formed crystalline phases contain a variety of structural sites that can host HEs. These structural sites are characterized by different 

metal–oxygen mean bond distances, polyhedral volumes, polyhedral distortion indexes (including quadratic elongations and angle variance), and 

effective coordination numbers, as shown in Fig. 8 for plagioclase-celsian, orthoclase, clinopyroxene, melilite, mullite, and spinel. These sites can 

form large polyhedra with the central ion usually coordinated by 8–12 surrounding oxygen ions, where divalent alkali earth metals and ions of other 

HEs with large ionic radii can be accommodated. This is observed for melilite (both tetragonal and monoclinic polymorphs), celsian, and orthoclase 

crystal structures, in which Ba2+ ions can be easily hosted at the cubic sites (Shimizu et al., 1995; Ardit et al., 2012a; Rocquefelte et al., 2007; 

Viswanathan and Brandt, 1980) or feldspars, where Pb2+ is hosted at the cubic site of the orthoclase lattice. However, in the latter case, the 

coordination number is reduced from seven (that of strontium feldspar cubic site) to six (Benna et al., 1996). Other crystal structures, such as 

clinopyroxene, spinel, and mullite, can host several HE ions (most of them are divalent and trivalent transition metal ions) at octahedral sites. For 

instance, Cr3+ may be hosted in all the aforementioned structures (Clark et al., 1969; Lenaz et al., 2004; Fischer and Schneider, 2000), and Ni2+, Cu2+, 

Zn2+, and V3+ ions can be accommodated at the clinopyroxene (Raudsepp et al. 1990; Redhammer et al., 2005; Redhammer and Roth, 2005; Ohashi 

et al., 1994) and spinel (Yamanaka, 1986; Jarrige and Mexmain, 1990; O'Neill and Dollase, 1994; Bosi et al, 2016) octahedral sites. In some cases, 

spinels with certain chemical compositions can host octahedrally coordinated Cd2+ (Allali et al., 2014) and Ni3+ (Shafer, 1962) ions. The small 

tetrahedral sites of feldspar, clinopyroxene, and mullite crystal structures, preferentially occupied by Si4+ or Al3+ ions, preclude the incorporation of 

HEs. Meanwhile, HEs such as Cu2+ and Zn2+ can be hosted at the relatively large tetrahedral sites of the melilite (Du et al., 2003; Ardit et al., 2012b; 

Malinovskii, 1984; Kaiser and Jeitschko, 2002) and spinel (Sinha et al., 1957; O'Neill and Dollase, 1994) lattices. The extreme versatility of the spinel 
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structure also allows the incorporation of Cu+ (Jarrige and Mexmain, 1990), Ni2+ (Kiselev et al., 2007), V4+ (Rüdorff and Reuter, 1947), and Mo6+ 

(Fortes, 2015) ions at its tetrahedral sites. 

 

Figure 8.  
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The vitreous phases formed in silicate ceramics are aluminosilicate glasses (melts at high temperature), whose composition depends on the ceramic 

body and firing conditions (Conte et al., 2020). However, the glass composition is currently determined only for porcelain stoneware and porcelain 

(Carty and Senapati, 1998; Zanelli et al., 2011) and resembles that of peraluminous granitic melts. In stoneware bodies, the melt is richer in Fe and 

alkali-earth elements as compared with whitewares, and its composition is close to those of dacitic–andesitic melts. Overall, the vitreous phases 

present in silicate ceramics can accommodate HEs under certain conditions, including the valence state, oxygen coordination, metal–oxygen 

distance, and possible formation of complexes (Mysen and Richet, 2018). These structural characteristics imply a different degree of HEs 

incorporation into the glass network, with implications on ease of removal by acid attack and consequently the leaching behaviour (Kim et al., 2020). 

Such conditions may be obtained from the published literature studies on natural and synthetic aluminosilicate glasses to classify different cases (see 

Table 3). 

 

Table 3.  

 
Some HEs are predominantly incorporated into the glass network as oxyanions with coordination numbers of 3 (As3+, Sb3+) and 4 (Mo6+, V5+). 

Increasingly oxidising conditions (and/or glass basicity) tend to stabilise complexes, such as [Mo6+O4]
2−, [V5+O4]

3− or [Cr6+O4]
2−, which are not 

connected to the aluminosilicate glass tetrahedral network (Choi et al., 2000; Calas et al., 2003; Mallmann and O’Neill, 2009). In contrast, Sb 

undergoes complexation into the rings of four [Sb3+O3]
3− oxyanions. Furthermore, Sb becomes less stable as the oxygen fugacity and glass basicity 

increase due to the oxidation to Sb5+ and its subsequent incorporation into the glass as a six-fold coordinated complex (Mee et al., 2010; Miller et al., 

2019). Under the same conditions, As exists in the form of oxyanions such as [As3+O3]
3− and [As5+O4]

3− (Yoshida et al., 2010; Maciag and Brenan, 

2020). 
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Other HEs are allocated with low coordination numbers (between 2 and 4) and relatively short metal–oxygen distances, such as Pb2+, Se6+, Cu+, Zn2+, 

and Ni2+ (Holzheid and Lodders, 2001; Calas et al., 2002; Ramos et al., 1992; Kacem et al., 2017; Kado et al., 2020). They do not form complexes, 

and their polyhedra are well integrated into the glass network; however, increasing the HE concentration and/or glass basicity increase the oxygen 

coordination (Galoisy and Calas, 1993; Lee et al., 2000; Méar et al., 2007). 

Even if with high oxygen coordination, Cr3+ and Ba2+ do not act as glass network modifiers. In fact, Ba2+ usually serves as a charge compensator for 

Al3+ in the tetrahedral network (Mysen and Richet, 2018). Most commonly, Cr ions in aluminosilicate melts are octahedrally coordinated, and Cr3+–

Cr3+ dimers are formed at Cr2O3 concentrations exceeding 0.25% (Murata et al., 1997; Colson et al., 2000). 

The allocation of HEs implies a competition between the crystals and the melt in terms of element dissolution. Thus, the preference of a given HE for 

a crystalline or amorphous phase can be predicted by performing a literature analysis on the partitioning of trace elements. 

The concentration of a given element depends on its intrinsic properties, the properties of the host materials (crystals and melt), and the 

thermochemical conditions (Karato, 2016). Most geochemical studies focus on the partitioning of trace elements, generally at concentrations of less 

than 0.1 wt.%, to ensure that these elements have a negligible influence on physical/chemical processes (e.g. partial melting). Largely controlled by 

the difference in the excess free energy of a given element in co-existing materials, the preference of a trace element for a particular phase can be 

expressed by the partition coefficient that is equal to the ratio between the concentrations of a given element in two materials (Blundy and Wood, 

2003; Karato, 2016). Although no studies exclusively devoted to silicate ceramics have been conducted, relevant data can be obtained from natural 

systems, in which crystals coexist with the melt. The average partition coefficients of various trace elements derived from the values listed in the 

Geochemical Earth Reference Model (GERM) database are shown in Figure 9 (GERM, 2021). 
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Figure 9.  

 

Despite the high variability of the data presented in Figure 9, for each trace element in equilibrium with the crystalline phase and melt, it is possible to 

identify elements that preferentially enrich the crystalline phase and those that enrich the melt. For instance, the plagioclase/melt and K-feldspar/melt 

partitioning coefficients indicate that only Ba, and to a lesser extent, Cr (in the second system) enrich the crystalline phases. Cu, Mo, Ni, and Pb 

elements exhibit no partitioning preference in the K-feldspar/melt system. The melilite/melt partitioning data reveal that all the considered trace 

elements preferentially enrich the melt, except for Zn and Cr elements. No evidence of partitioning preference is observed for Ni in the melilite/melt 

system. In contrast to the above-mentioned systems, the partitioning coefficients obtained for the spinel/melt system clearly indicate that most HEs (in 

the following order of preference: Cr, V, Zn, Ni, Mo, Cu, As, and Pb) enrich the crystalline phase. Only Ba ions, which are too large to be hosted by 

the spinel lattice, and Sb enrich the melt. The most variable situation is represented by the clinopyroxene/melt partitioning data. Indeed, Cr, Zn, Ni, 
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and V elements enrich the crystalline phase, while Sb, As, Cu, and Cd enrich the melt. No preferences for Pb and Ba elements are observed for this 

crystal/melt system. 

Based on the HE preferences determined for crystal and melt systems, it is possible to predict a possible allocation of these elements within the 

crystal lattices of the constituent phases or the vitreous phases of ceramic products. Similar to the previous example, Ba can enrich the crystal 

structures of the alkali feldspar and plagioclase phases during the firing transformations of largely recrystallised products (Figures 6b and c). 

Furthermore, in the firing temperature window determined for the porous tiles and bricks with high Ca and Mg contents (Figure 6b), Cr, Zn, Ni, and V 

elements can enrich the clinopyroxene crystal structure, and Zn the melilite phase. 

Although we did not include chlorine in our review, it would be an oversimplification to avoid mentioning the effects related to the presence of Cl 

species in secondary raw materials. In addition to a variable quantity of HEs, a considerable amount of chlorine is usually present in bottom ash and 

fly ash (BA and FA, respectively) as well as in the flue gas produced by the municipal solid waste incineration (MSWI) (Alam et al., 2020; Ma et al., 

2020). Although the processes in waste-to-energy plants are different from those occurring during the formation of ceramic products at high 

temperatures, some analogies can be drawn from the large number of literature studies on the presence of chlorine in BA and FA due to MSWI. Apart 

from its harmful environmental effects, chlorine is detrimental to the MSWI process because of the material deposition and corrosion of both the 

incinerator chamber and tubes (Ma et al., 2020). Moreover, when BA is used as a secondary raw material in the building industry, chlorine severely 

affects concrete structures due to the corrosion of steel reinforcements (Lynn et al., 2016; Alam et al., 2020). Chlorine speciation and amount are 

significantly influenced by several factors, including the Cl source (mainly plastic for organic Cl and food MSW for inorganic Cl) and temperature 

regime (Alam et al., 2020; Li et al., 2020; Ma et al., 2020). For instance, organic chlorides begin to release HCl at relatively low temperatures (200 < T 

< 360 °C) and decompose completely at approximately 550 °C, while inorganic KCl and NaCl salts volatilise and partially transform to HCl at 

approximately 800 °C (McNeill et al., 1995; Zhu et al., 2008; Li et al., 2020). At approximately 600 °C, HCl oxidises to form highly corrosive Cl2 gas, 
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which in turn may lead to the formation of toxic products (such as dioxins) and affect the partitioning of heavy metals with strong implications for the 

environmental equilibrium (Yasuhara et al., 2001; Ma et al. 2020). Most importantly, increasing the chlorine content (both organic and inorganic) and 

combustion temperature causes the formation of volatile heavy metal compounds (oxides, silicates, and chlorides of Pb, Cu, Cr, Zn) and promotes 

their transfer from BA to FA and flue gas (Chiang et al., 1997a; Chiang et al., 1997b; Wang et al., 1997; Liu et al., 2015). Heavy metal partitioning is 

further affected by the presence of alkaline metals (such as Na and K) and moisture in waste products (Wang et al., 1999). Hence, it can be 

concluded that the presence of chlorine in waste can substantially change the mobility of metals within the ceramic body and that it is necessary to 

exercise caution when considering case studies involving recycled wastes with significant chlorine amounts. 

4. Discussion 

This section is mainly devoted to the causes and specific conditions of successful (especially at high immobilisation efficiency and high HE amounts) 

or unsuccessful inertisation by ceramisation (at low immobilisation efficiency). 

Arsenic is effectively stabilised in silicate ceramics fired below 1100 °C because the average As value is very high for both largely unreacted and 

largely recrystallised products (Asav = 995.089‰ with a variance of 0.053‰ over a population of 41 data points when largely vitrified ceramic products 

are not considered). However, largely vitrified ceramics exhibit a notably high dispersion of results (Asav = 938.335‰ with a variance of 5.541‰ over 

a population of 10 data points). Apart from the three low efficiency cases (As < 90%), successful inertisation was observed at the highest As amounts 

in the batch. This was achieved when biomass BA was added to brick clay fired at 950 °C (Terrones et al., 2020). In such a largely recrystallised 

body, 0.07% As2O3 resulted in As > 99.9%. As was also stabilised in a silica-rich body fired at 1225 °C with the addition of waste enriched with Fe, P, 

and Zn (Little et al., 2008). These elements lower the formation temperature of the liquid phase, but do not break the tetrahedral framework, helping 
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to retain 0.014% As2O3 with As = 99.7%. Meanwhile, low As values imply that partial mobilisation occurred for the As traces (10–21 mg/kg−1) present 

in waste and ceramic bodies. This was observed when titania slag solubilisation waste was added to red stoneware (Contreras et al., 2014) and when 

a ceramic batch was fabricated from coal FA with 10% metal finishing waste (Little et al., 2008). Note that 𝐻𝑄As values higher than one were obtained 

for harbour sludge (Alonso-Santurde et al., 2008), FA (Ponsot et al., 2015), metallurgical waste (electric arc furnace slag; Bantsis et al., 2011), and 

foundry sand (Alonso–Santurde et al., 2010). These cases included largely vitrified bodies with the highest firing temperatures in the dataset (1150–

1225 °C), recrystallised product fired at a high temperature of 1000 °C, and largely unreacted products fired at a high temperature of 1020 °C. 

However, not all samples fired at high temperatures exhibited low immobilisation efficiency. The As mobilisation enhancement mechanism likely 

involved the As incorporation into the melt due to the low partition coefficients of As-containing species (Fig. 9 and relative discussion), and for 

[As3+O3]
3− and [As5+O4]

3− complexes. The batches with low As are characterised by relatively low silica amounts as compared with those of alumina 

and oxides of iron, alkali-earth elements, and alkali elements. This leads to the formation of a rather basic melt, which is less polymerised and may 

facilitate As oxidation, and an easier release of arsenate complexes with respect to arsenite ones. Although crystal/melt partitioning data suggest that 

As is partitioned to a spinel-type crystalline phase, the related immobilisation efficiencies indicate that this HE preferentially enrich the melts of 

equilibrated clinopyroxene, K-feldspar, and plagioclase crystal/melt systems. 

Barium is immobilised in silicate ceramics with very high efficiency (Baav = 997.929‰ with a variance of 0.096‰ over a population of 64 data points) 

that corresponds to low 𝐻𝑄Ba values (not exceeding 0.25) regardless of the body composition. This also occurred at high firing temperatures (1150–

1350 °C) and large amounts of BaO (2–4%) in the batch (Bernardo et al., 2006; Mymrin et al., 2019). A single case of a much lower immobilisation 

efficiency was observed for a waste system composed of drilling mud and barite (Pinheiro et al., 2013). If this case is considered an outlier, the 

immobilisation efficiency of Ba is statistically comparable to that of Ni (the best case of HE immobilisation within ceramic products). Although the BaO 

concentration in a porcelain stoneware body was not particularly high (0.13 wt.%), firing was performed at 1240 °C, the temperature at which the 
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thermal decomposition of Ba sulphate had already occurred. The high Ba immobilisation efficiency in all the studied ceramic products is related to the 

following two factors. The first factor is the preserved amount (albeit in variable proportions) of plagioclase and K-feldspar (according to the 

crystal/melt partitioning data, Ba enriches the crystalline phases of the systems containing large feldspar and plagioclase contents). Second, the 

presence of the Al3+, which needs a charge compensation, implies that Ba2+ ions are connected to the tetrahedral aluminosilicate glass framework. 

Cadmium appears to be successfully incorporated into all types of silicate ceramics (Cdav = 988.680‰ with a variance of 1.816‰ over a population of 

17 data points); however, the interpretation of its high immobilisation efficiency suffers from data scarcity. The average Cd immobilisation efficiency 

can be even higher (Cdav = 999.328‰ with a variance of 0.002‰ over a population of 16 data points), excluding a single outlier, although this result is 

based on a limited number of data points. It is noteworthy that the obtained dataset includes relatively high CdO concentrations: 4.05% CdS added to 

Ca–Na aluminosilicate glass (Sobieska et al., 2019) and 0.25% Cd nitrate introduced into a silica-rich body (Sharifikolouei et al., 2020). The lowest Cd 

value has been obtained for a largely unreacted body fired at 850 °C (Quijorna et al., 2011), and it represents the only case with 𝐻𝑄Cd > 1. However, 

a very small amount of Cd2+ ions was found in one of the four samples processed under the same conditions for liquid/solid ratio equals to 10. 

Chromium was retained with high immobilisation efficiency, except for three cases out of 76 (Crav = 997.239‰ with a variance of 0.028‰). Cr can 

enrich many crystalline phases (e.g. spinel, clinopyroxene, K-feldspar, and melilite) that are in equilibrium with the melt, which should theoretically 

lead to high leaching resistance and thus high immobilisation efficiency of the material. The average Cr values vary slightly from the magnitudes 

obtained for largely unreacted bodies (99.90.1%) to those of largely recrystallised (99.60.1%) and largely vitrified (99.80.1%) products. This 

dataset includes Cr2O3 concentrations as high as 4.9% (Garcia-Valles et al., 2007) and 7.2% (Tang et al., 2019). The three cases, in which Cr was 

approximately 97–98%, corresponded to low Cr2O3 concentrations of 0.01–0.02% and 𝐻𝑄Cr > 1. Contreras et al. (2014) used red stoneware as a 

waste acceptor that contained a high amount of Cr (900 mgkg−1), which was partially lost during firing at 1150 °C. The other two cases included 
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largely recrystallised products that were fired at low temperatures (Quijorna et al., 2011). The oxidation of Cr3+ resulting in the formation of [Cr6+O4]
2− 

complexes is a likely cause of Cr mobilisation. This phenomenon is well known in the field of silicate ceramics (Dondi et al., 1997; Abreu and Toffoli, 

2009) and can be enhanced by lowering the firing temperature and increasing the CaO content. 

Copper: Although the obtained crystal/melt partitioning data indicate that Cu can enrich crystalline phases (spinel and partially K-feldspar), it is 

efficiently immobilised in all ceramic products (Cuav = 997.955‰ on average with a variance of 0.053‰ over a population of 52 data points). Cu is 

immobilised with Cu 99.9% in all largely unreacted and largely recrystallised bodies at firing temperatures below 1150 °C. A lower immobilisation 

efficiency as compared with those of the former two ceramic types was observed for largely vitrified products (951‰ < Cuav < 1000‰) without 

crystalline spinel or K-feldspar phases. They included ceramic bodies that were fired at high temperatures (1200–1225 °C) and contained metal 

finishing waste with a tiny amount of Cu (Little et al., 2008) or electroplating sludge with 25% CuO (Tang et al., 2019). Although Cu leaching is 

enhanced at higher firing temperatures, as shown by Tang et al. (2019), other samples (such as porcelain stoneware) fired at approximately 1200 °C 

retained almost all the original Cu species (Schabbach et al., 2012). In the experiments performed by Little et al. (2008), the addition of waste rich in 

Fe, P, and Zn elements considerably reduced the Cu immobilisation efficiency. Interestingly, the same addition stabilised As species. The Cu 

mobilisation observed after firing at high temperatures can be explained by the oxidation to Cu2+ ions promoted by the high melt basicity or, in the 

case of high Cu contents, by the weaker Cu+–O bonds at larger oxygen coordination numbers. 

Lead can be successfully immobilised in silicate ceramics with a high efficiency comparable to that of Ba regardless of the batch composition (Pbav = 

995.630‰ with a variance of 0.205‰ over a population of 33 data points). This result was achieved for all batches with PbO contents over 0.1%, 

including concentrations as high as 3.3% (Sharifikolouei et al., 2020), 1.3% (Dondi et al., 2009), and 0.96% (Raimondo et al., 2007). The lowest 

immobilisation efficiency values (92 < Pb <99%) were obtained in four cases involving low PbO amounts (0.003–0.007 wt.%) with largely unreacted 

bodies (Alonso-Santurde et al., 2011) as well as red stoneware containing titania slag waste (Contreras et al., 2014) and a largely recrystallised 
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product (Quijorna et al., 2011). Such low Pb values correspond to 𝐻𝑄Pb magnitudes higher than unity for largely unreacted and recrystallised bodies, 

including examples with Pb > 99.9% coupled with 𝐻𝑄Pb > 1 due to the high concentration of Pb in the starting batch (0.5–0.7 wt.%, Quijorna et al., 

2011). Although the presence of Pb-bearing feldspars has been documented in the literature (Benna et al., 1996), the crystal/melt partitioning 

coefficient of Pb in feldspars does not show any evidence of the preferential Pb enrichment of the crystalline or melt phase. 

Molybdenum stabilisation in silicate ceramics is challenging (Moav = 763.960‰ with a variance of 61.851‰ over a population of 32 data points) 

because most samples exhibit low Mo immobilisation efficiency (12 < Mo < 95%). In addition, data are available only for very low MoO3 contents in 

the batch (below 0.007%) and firing temperatures up to 1050 °C; as a result, the obtained 𝐻𝑄Mo is always greater than unity, which increases the 

degree of experimental uncertainty during the analysis of ceramic bodies and leachate. Furthermore, no information on the Mo stabilisation in largely 

vitrified ceramics is available. Despite these limitations, the lowest Mo immobilisation efficiency (Mo < 70%) was observed for largely unreacted 

bodies (Mo = 7030%). In contrast, largely recrystallised bodies mostly exhibited Mo values between 70% and 95% (Mo = 8314%). In all cases, full 

Mo stabilisation was possible (Quijorna et al., 2011 and 2012; Coronado et al., 2015). The low Mo immobilisation efficiency agrees well with the 

crystal/melt partitioning data (see section 3.2), according to which Mo enriches exclusively the crystalline phase with a spinel structure, such as 

magnetite (an inverse spinel with the composition Fe2+Fe3+
2O4) in equilibrium with the corresponding melt (Karamanov et al., 2000). Meanwhile, even 

under favourable chemical and thermodynamic conditions, Mo has to compete with other HEs to be hosted in the spinel lattice. Indeed, Cr, Al, and Ti, 

the main elements that form solid solutions with magnetite, should be located in the spinel lattice prior to Mo exposure. Overall, the difficulties related 

to Mo stabilisation likely result from the formation of molybdates with a larger water solubility than that of the silicate components. The observed 

differences between largely unreacted and largely recrystallised bodies may be related to the presence of alkali and alkali-earth molybdates with 

different water solubilities. 
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Nickel was efficiently immobilised in silicate ceramics (Niav = 999.047‰ with a variance of 0.004‰ over a population of 35 data points). This was 

achieved even at fairly small amounts of NiO: 0.66% (Garcia-Valles et al., 2007) and 0.16% (Quijorna et al., 2011). The lowest Ni immobilisation 

efficiency (Ni = 99.0%) obtained for largely unreacted bodies fired at 850 °C (Quijorna et al., 2011) is consistent with a high hazard quotient (𝐻𝑄Ni > 

1). The easy immobilisation of Ni is likely caused by its strong affinity for stable crystalline phases (such as pyroxene and spinel) and incorporation 

into the glass network at the Ni2+–O4 or Ni2+–O5 polyhedra stabilised by alkali and/or alkali earth elements. 

Zinc is easily immobilised in silicate ceramics (Znav = 998.854‰ with a variance of 0.006‰ over a population of 56 data points). Similar results were 

also obtained for high ZnO contents: up to ~1% in largely unreacted bodies (Cifrian et al., 2019), up to ~1.5% in largely recrystallised ceramics 

(Quijorna et al., 2011), and up to ~2.2% in largely vitrified products (Tan et al., 2012). Nevertheless, there are cases of almost total ceramic 

inertisation (with approximately Zn > 99.7%) and slightly lower Zn immobilisation efficiency values (Zn < 99.7%). In the latter examples, the lowest 

efficiency was obtained for the red stoneware case discussed earlier (Contreras et al., 2014) and two out of five largely recrystallised products 

investigated by Pérez-Villarejo et al. (2015), in which Zn scaled approximately with the ZnO content. Zn can enrich the crystal lattices of spinel, 

clinopyroxene, and melilite in equilibrium with the melt or be stabilised in aluminosilicate glass where Zn2+ ions exist in the tetrahedral coordination 

with relatively short bond distances. 

Antimony data include only two cases: Sb traces in a largely unreacted product (Alonso-Santurde et al., 2011) and 0.3–0.6% Sb2O5 in glass 

ceramics (Bernardo et al., 2006). In both studies, the calculated Sb values exceeded 99.9%. The inertisation efficiencies of HEs which preferentially 

occurr as oxyanions is similar for Sb, As, and Cr, but it is much lower for Mo. Nevertheless, the mobilised fraction of As or Cr can increase the hazard 

quotient above unity (with a comparable frequency in the dataset). At the moment, only a generic analogy of behavior can be grasped between the 

various oxyanions, since the literature does not provide specific indications on the valence of HE and on its possible change during firing of silicate 
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ceramics. Further studies are needed to establish which oxyanions are most stable under ceramic firing conditions, and the tendency to form their 

own crystalline phases. 

5. Conclusions 

The introduction of waste materials into silicate ceramics from the perspective of a full transition to a circular economy is complicated by the likely 

presence of HEs in secondary raw materials. In this study, a theoretical framework was developed and applied to (1) identify HEs that are problematic 

for ceramic production; (2) parameterise the degree of immobilisation of HEs after their incorporation into a ceramic matrix; (3) elucidate the reaction 

through which a given element can be immobilised in the ceramic matrix during firing; and (4) select successful and unsuccessful cases of waste 

recycling in silicate ceramics from the published literature studies. 

As no regulations exist regarding the elements that can be considered hazardous in ceramic bodies, ceramic inertisation efficiency was estimated 

from the results of leaching tests conducted for silicate ceramics and limits established for landfilling inert wastes. The identified HEs (Ba, Zn, Cu, Cr, 

Mo, As, Pb, Ni, Sb, and Cd, in the increasing order of danger) were parameterised by three descriptors (immobilisation efficiency, mobilised fraction, 

and hazard quotient). It was found that ceramics must have a remarkably high immobilisation efficiency (often above 99.9% for HE concentrations 

greater than 1 wt.%). 

The incorporation of HEs into ceramic products occurred both in the lattice of crystalline phases and glassy networks of vitreous phases at the 

expense of other major and minor elements constituting ceramic bodies. The later were classified into largely vitrified, largely recrystallised, and 

largely unreacted bodies based on the phase transformations occurring during heat treatment.  

This literature survey suggests an overall benefit of waste recycling in silicate ceramics that can immobilise HEs with a remarkably high efficiency. 

This is particularly true for Ba, Zn, Ni, and Cd elements, which are efficiently immobilised in all instances, including different ceramic bodies and firing 
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conditions. Nonetheless, the introduction of HEs into ceramic bodies may also conceal pitfalls that must be identified and mitigated. The literature 

reports several cases, in which the hazard quotient was higher than the limit established for inert materials. They involved Mo (100% of all cases), Cr 

(31% of all cases), and Pb (35% of all cases) HEs. Such unsatisfactory HE immobilisation can be attributed to the use of largely unreacted and 

recrystallised ceramic types. Furthermore, for several As (28% of cases) and Cu (12% of cases) samples, the hazard quotient exceeded unity. It must 

be emphasised that the literature data do not provide adequate statistics to draw conclusions regarding the mobility of HEs under variable conditions. 

To obtain a complete picture describing the effect of the ceramic body type and firing schedule on HE immobilisation, further studies are required. 

The formation of oxy-anionic complexes that produce their own phases or are not linked to the tetrahedral aluminosilicate glass framework, such as 

[Cr6+O4]
2−, [Mo6+O4]

2−, and [As3+O3]
3−, is the most likely mechanism of the enhanced HE mobilisation. Pb and Cu can be preferentially partitioned to 

the melt because of their low coordination numbers and relatively long oxygen bond distances (Pb2+ [3] 2.25 Å; Cu+ [2] 1.84 Å). Nevertheless, Cr, Pb, 

and Cu elements were effectively immobilised by silicate ceramics, and their average immobilisation efficiency was higher than 99.6%. In all cases, 

the comprehension of the actual mechanism of HE immobilisation in silicate ceramics deserves to be the subject of future research. Above all, 

understanding how different the behavior is between widely crystallised, glassy or unreacted systems can pave the way for a real engineering of 

waste recycling. 

The major elements of concern identified in this work include As and Mo. In particular, the stabilisation of Mo in silicate ceramics appears to be 

challenging and totally ineffective in some cases. Hence, it is necessary to develop a special inertisation strategy for these two HEs that is based on 

the properties of a ceramic matrix and its constituent phases. 
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Table 1. HE leaching: examples of acceptable limits (ξlimit, in mg·L−1) established for inert materials. 

 HE EU (Dir. 1999/31/EC) USA        (EPA TCLP  
1311-1) 

CHINA BRAZIL 

 EN 12457-1 (2 L/kg) EN 12457-2 (10 L/kg)  (GB 5085.3 2007) NBR 10005 
As 0.1 0.5 5.0 5.0 1.0 
Ba 7.0 20.0 100.0 100.0 70.0 
Cd 0.03 0.04 1.0 1.0 0.5 
Crtot 0.2 0.5 5.0 15.0 5.0 
Cu 0.9 2.0  100.0  
Hg 0.003 0.01 0.2 0.1 0.1 
Mo 0.3 0.5    
Ni 0.2 0.4  5.0  
Pb 0.2 0.5 5.0 5.0 1.0 
Sb 0.02 0.06    
Se 0.06 0.1 1.0 1.0 1.0 
Zn 2.0 4.0  100.0  

Table 2. Literature case studies of HE inertisation for the waste incorporation into silicate ceramics: product types, waste sources, firing conditions, body types, 

leaching tests, and investigated HEs (numbers of available datasets). 

Reference Ceramic 
type 

Waste 
source 

Firing 
Temperature 
(°C) 

Body 
type  

Leaching 
test 

Hazardous element 

      As Ba Cd Cr Cu Mo Ni Pb Se Sb Zn 

Alonso-
Santurde et 
al., 2008 

B harbour 
sediment 

1125–1150 I 1-2 4 4 4   4             
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Alonso-
Santurde et 
al., 2010 

B foundry 
sand 

1020 III 2 1     1       1       

Alonso-
Santurde et 
al., 2011 

B foundry 
sand 

850 III 1-2 2 2   2 2   2 2   2 2 

Andreola et 
al., 2019 

T MSWI 
bottom ash 

1190–1210 I 2     2   2   2 2     2 

Bantsis et 
al., 2011 

T electric arc 
furnace 
slag 

1000 II 2 1             1     1 

Bernardo et 
al., 2006 

G panel glass 880 II 5   2           2   2   

Bernardo et 
al., 2010 

G MSWI 
bottom ash 

950 II 3       1               

Contreras et 
al., 2014 

T tionite 1150 I 3 1 1   1       1     1 

Fernandez-
P. et al., 
2011 

B biomass 
gasification 
fly ash 

1000–1075 II 3 3 3   3             3 

Garcia-
Valles et al., 
2007 

G sewage + 
galvanic 
sludges 

1100 II 6       1 1   1       1 

Haiying et 
al., 2011 

B MSWI fly 
ash 

950 II 4       1 1   1 1     1 

Liu et al., 
2019 

T red mud + 
insulator 

1140 I 3 1   1 1 1     1     1 

Martinez-
Garcia et 
al., 2012 

B wastewater 
treatment 
sludge 

950 II 3 6   6 6 6   6 6 6   6 

Nandi et al., 
2015 

T ceramic 
sludge + 
glass 

1175 I 7   1           1       

Pinheiro et 
al., 2013 

T solid 
petroleum 
waste 

1240 I 7   1                   

Ponsot et G fly ash + 1050 II 2 1   1 1 1 1 1       1 
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al., 2015 soda-lime 
glass 

Quijorna et 
al., 2011 

B Waelz slag 850–930 II-III 1-2   8 8 8 8 8 8 8     8 

Rambaldi et 
al., 2010 

T MSWI 
bottom ash 

1120–1160 I 2         3     3     3 

Schabbach 
et al., 2012 

T MSWI 
bottom ash 

1190–1210 I 2         2     2     2 

Tan et al., 
2012 

L MSWI 
bottom ash 

1130 I 4                     1 

Tang et al., 
2019 

G chromite 
and 
galvanic 
sludges 

900–1100 II 3       1 1             

Teo et al., 
2014 

T electric arc 
furnace 
slag 

1150 I 1     2 2 2     2     2 

Unpublished 
data 

T ceramic 
sludge + 
glass 

1180 I 1   1                   

Vichapund 
et al., 2010 

T MSWI fly 
ash 

1125 I 3                     1 

Zhang et al., 
2014 

T stainless 
steel dust 

1200 I 4 1   1 1       1     1 

Zhou et al., 
2013 

T sewage 
sludge 

1210 I 3   1   1               

Ceramic product: B, clay bricks; G, glass-ceramics; L, lightweight aggregates; T, wall and floor tiles. Body type: largely vitrified (I), largely recrystallised (II), and largely unreacted (III). 
Leaching test: EN 12457-1 (1), EN 12457-2 (2), EPA TCLP 1311-1 (3), GB 5085.3 2007 (4), ENV 12506 (5), DIN 38414 S4 (6), NBR 10005 (7). 

Table 3. HE allocation in aluminosilicate melts and glasses. 

Elem. Valence state Oxygen coordination Metal-oxygen distance 
(Å) 

Complexes or 
oxyanions 

Notes References 

Sb Sb3+ predominant Sb3+ [3] Sb3+O 1.938  [:Sb3+O3] likely in  Sb5+ increasing with fO2, 
CaO and glass basicity 

Mee et al. 2010 

 Sb5+ minor Sb5+ [6] Sb5+O 1.964 4[:Sb3+O3] rings  Miller et al. 2019 

As As3+ predominant As3+ [3] As3+O 1.78 [:As3+O3] As5+ increasing with fO2 
and glass basicity 
charge compensator of 

Yoshida et al. 2010 
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Al3+ in tetrahedral 
coordination 

 As5+ minor As5+ [4]    Maciag and Brenan 
2020 

Ba Ba2+ Ba2+ [12] Ba2+O 2.75-3.5 [Al3+O4]Ba2+[Al3+O4]  Djordjevic et al. 2001 

      Thompson and 
Stebbins 2012 

Cr Cr3+ predominant Cr3+ [6] Cr3+O 1.96 Cr3+Cr3+ dimers  Cr6+ increasing with fO2 
and glass basicity. Cr4+ 
prevailing with glass 
modifiers >60% 

Murata et al. 1997 

 Cr4+ minor Cr4+ [4] Cr6+O 1.72 dominant for 
Cr2O3>0.25% 

 Choi et al. 2000 

 Cr6+ minor Cr6+ [4]  [Cr6+O4]2-  Colson et al. 2000 
Cu Cu+ predominant Cu+ [2] Cu+O 1.84 [2]  Cu2+ increasing with fO2 

and glass basicity. 
Coordination number 
grows with Cu+ % 

Kamiya et al. 1992 

 Cu2+ minor Cu+ [3] minor Cu+O 1.88 [3]   Lee et al. 2000 

  Cu+ [4] minor Cu+O 1.91 [4]   Holzheid and Lodders 
2001 

Pb Pb2+ Pb2+ [3] Pb2+O [3] 2.24  PbO3 and PbO4 
pyramidal  

Méar et al. 2007 

  Pb2+ [4] minor   units in lead silicate 
glasses 

Kacem et al. 2017 

Mo Mo6+ predominant  Mo6+ [4] Mo6+O 1.75-1.78 [Mo6+O4]2- Mo oxyanions are not 
connected with the 
glass tetrahedral 
network 

Calas et al. 2003 

 Mo4+ minor Mo4+ [6] Mo4+O 2.01-2.02 [Mo4+O6]6-  Farges et al. 2006 

    molybdenyl Mo4+O2+  McKeown et al. 2017 
Ni Ni2+ Ni2+ [4] Ni2+O 1.95 [4]  Ni2+ [4] stabilised by K Galoisy and Calas 

1993 
  Ni2+ [5] minor Ni2+O 2.00 [5]  Ni2+ [5] by Na, Ca, Mg Kado et al. 2020 

Se Se6+ Se6+ [3] Se6+O 1.69 Å  fully inserted in the 
glass network but in Zn 
glasses 

Ramos et al. 1992 
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V V5+ predominant  V5+ [4] V5+O 1.69-1.70 [V5+O4]3- V3+ is scarce McKeown et al. 2002 

 V4+ minor V4+ [5] V4+O 1.90   Mallmann and O’Neill 
2009 

Zn Zn2+ Zn2+ [4] Zn2+O 1.95-1.96  glass network former Calas et al. 2002 

      Smedskjaer et al. 2013 

 

Highlights 
 Introduction of wastes in silicate ceramics in the perspective of circular economy 

 Degree of inertization efficiency of ceramic process for nine hazardous elements 

 Incorporation into ceramic products in both crystalline or vitreous phases 

 High efficiency of ceramic process in different bodies and firing conditions 

 Need to design a specific inertization strategy for Mo and As 
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