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ABSTRACT 

Mining and quarrying waste is the second largest waste stream in Europe. Sulfidic ore processing residues 

(tailings) pose a large challenge, because they contain hazardous metal(loid)s and because they can lead 

to acid mine drainage. However, mine tailings also contain valuable base, precious, and critical metals, 

which can be used in different technological applications, as well as silicates and clay minerals that offer 

possibilities for use in building materials. In the present study, the potential use of mine tailing material, 

from the inactive Pb-Zn mine of Plombières (Eastern Belgium), in 3 ceramic products (roof tiles, blocks, 

and pavers) was assessed, taking into account production parameters, product quality, and environmental 

performance. After a detailed physical, mineralogical, and chemical characterization of the mine tailing 

material and the original raw materials, different mixtures were prepared on a lab scale, in which primary 

raw materials (e.g., clay and sand) were replaced by 5, 10, or 20 wt% of the fine tailing material. The 

technical, chemical, and aesthetical properties of each ceramic body were assessed, as well as their 

environmental performance, considering a 2nd life scenario, where shaped building materials are 

demolished and recycled as aggregates. High additions of tailing material in clay roof tiles (10 and 20 wt%) 

and clay blocks (20 wt%) resulted in technical and aesthetical problems. On the contrary, paver mixtures 

containing 10 and 20 wt% of tailing material showed better technical properties and satisfying chemical 

and aesthetical characteristics. 
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1. INTRODUCTION 

Mining waste is considered one of the world’s largest industrial waste stream [1]. It is defined as the high-

volume material that originates from the processes of excavation, dressing and further physical and 

chemical processing of a wide range of metalliferous and non-metalliferous minerals [2]. During the 

excavation of the mineral ore, topsoil, overburden and waste rock are generated, while during the 

processing of the mineral ore, tailings and other processing waste (e.g., slurry) are generated [3]. Acid-

generating tailings from processing sulfide ores are classified as hazardous waste according to the 

European List of Waste [4]. They pose a large challenge as they can lead to acid mine drainage (AMD). 

After the main ore processing steps of crushing, grinding, milling, and chemical leaching, metal(loid)s and 

sulfur from sulfidic mine tailings, tend to become more chemically available, resulting in the potential 

generation of AMD [5]. AMD can cause environmental and health hazards, and social prejudice to the 

nearby population [6]. Additionally, mismanagement of (sulfidic) tailing ponds, can turn into catastrophic 

events, such as the recent Brumadinho tailings pond collapse [7]. Moreover, the finer particle size of 

tailings can affect visual and respiratory systems in humans and animals, as well as damage crops in nearby 

areas [8,9]. Additionally, high costs are associated with the disposal of mine tailings, and with the 

restoration of affected areas. 

The incorporation of mining and quarrying waste from extraction or processing steps, not including 

metallurgical or other industrial waste, in traditional ceramics, such as ceramic bricks, has been broadly 

studied and described in review articles [10,11,12,13,14]. Ceramic roof tiles, blocks, and pavers, are less 

frequently considered. Only a few studies address the use of mining waste materials in ceramic roof tiles. 

The combination of kaolin processing waste and granite sawing dust (up to 50 wt%) in ceramic roof tile 

mixtures showed better mechanical properties at lower sintering temperatures when compared to the 

use of kaolin processing waste only [15]. Hard rock waste from blasting and crushing processes mixed with 

red clay (up to 40 wt%) has shown satisfying technical properties (water absorption and mechanical 

strength), which makes it a good alternative material for use in ceramic roof tiles, without the need of 

further glazing [16]. Initial tests using Au-Ag tailings (up to 55 wt%) in clay mixtures for the production of 

roof tiles have shown satisfying grain size distribution and natural colors [17]. Replacement of raw 

materials by mining waste, such as kaolin processing waste and granite sawing dust (up to 50 wt%), in 

ceramic blocks did not change technical and mechanical properties [15,18]. Waste clay from coal 

preparation tailings mixed with primary clay (up to 15 wt%) showed acceptable mechanical and chemical 

properties at higher firing temperatures for ceramic blocks [19]. Ornamental rock waste mixed with clay 

showed satisfying physical and chemical results for the manufacturing of ceramic blocks [20]. Regarding 

the use of mining waste in ceramic pavers, a study with ornamental rock waste, mixed with yellow clay, 

was done [21]. The ceramic pavers showed an increase in dry density, better sintering at higher 

temperatures, as well as decreasing water absorption levels. Other recent studies dealing with mine waste 

[22] and industrial waste [23,24,25] application in ceramics showed satisfactory results for these 

alternative materials. 

A previous study [26] showed that mine tailings from Plombières (Belgium) proved to be a good fit to 

partly or totally replace some of the primary raw materials (mainly clay and sand) in ceramic roof tiles (5 

wt%) and blocks (10 wt%), taking into account production parameters and product quality standards. The 

aim of the present study is to assess the incorporation of higher amounts (up to 20 wt%) of the same 

tailing material in 3 different ceramic products (roof tiles, blocks, and pavers), having different 

compositions and firing temperatures. Production parameters (shaping, drying, and firing), product 
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quality (technical, chemical, and aesthetical properties), and environmental performance (2nd life 

scenario) of the ceramic products, were assessed. 

2. MATERIALS  

2.1. MINING WASTE 

At the former Pb-Zn mining site of Plombières (Eastern Belgium), inactive since 1922 [27], around 11.4 Mt 

of mine waste is stored in tailing ponds covered with soils and metallurgical waste [28]. This mining waste 

consists of dumped material from the mining operations. It contains red to black iron oxides, coal-rich 

black material, slag material, ash, Zn-Pb mining waste, ceramic pipes, old ceramic bricks, and clay mixed 

with fine-grained dolomite (CaMg(CO3)2) sand as a mineral dressing waste [29]. For this study, a tailing 

sample (SUL_PL_62_I) from a selected tailing pond layer was sampled at 1.10 m of depth, through a hand-

excavated pit-hole. This selected layer is a Pb-Zn poor yellow tailing material considered as the most 

prominent layer in the studied tailing pond, with an estimated quantity of 32,000 t (on a total of 44,000 

t) [30]. The first meter of heterogeneous material was removed in order to gain access to the yellow tailing 

material (SUL_PL_62_I). About 25 kg of the material was sampled and stored in sealed containers. 

2.2. CLAY ROOF TILES  

For the production of clay roof tile test specimens, one company-specific blend (PM) was selected, 

composed of three different primary raw materials (local clay, local sand, and imported clay), and one 

secondary raw material (imported filler G), which is a by-product from another industrial activity. Local 

raw materials (clay and sand) were collected from the quarries, while the imported clay and filler were 

sampled at the production plant. The selected clay roof tile blend was modified on lab scale, by partly 

replacing 2 primary raw materials (local clay and sand) by 5 wt% and 10 wt% of tailing material 

(SUL_PL_62_I). In the roof tile blend with 20 wt% addition of tailing material, all four original composing 

raw materials were partly replaced (Table 1). 

2.3. CLAY INNER-WALL BLOCKS 

For the production of clay inner-wall blocks, one company-specific blend (ZM) was selected, containing 

five different primary raw materials (local clay, regional sand, regional filler, imported filler B and imported 

filler R), and one waste material (imported waste), which is an industrial by-product. Local clay was 

collected from the quarry and all the other materials were sampled at the production plant. The selected 

block blend was modified on lab scale. In the blend with 10 wt% tailing material, the sand was completely 

replaced, while filler R was partly replaced. For the block blend with the highest addition of tailing material 

(20 wt%), apart from the replaced sand and partly replaced filler R, the local clay was also partly replaced 

(Table 1). 

2.4. CLAY PAVERS 

For the production of clay pavers, one company-specific blend (KM) was selected. The ready-for-use 

mixture was sampled at the production plant and modified in the lab by replacing 10 and 20 wt% of the 

mixture by tailing material (Table 1). 

Table 1. Composition of clay roof tile (A), block (B), and paver (C) mixtures on dry weight basis. 

A  
Roof tile mix 

Local 
clay 

Local sand 
Imported 

clay 
Imported 

filler G 
Additive 
(BaCO3) 

SUL_PL_62_I TOTAL*  

wt% wt% wt% wt% wt% wt% wt%  

SUL_PM_1 31.0 28.0 24.0 17.0 0.5 0.0 100.5  
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SUL_PM_2 27.0 27.0 24.0 17.0 0.5 5.0 100.5  

SUL_PM_3 23.0 26.0 24.0 17.0 0.5 10.0 100.5  

SUL_PM_4 21.0 24.0 20.0 15.0 0.5 20.0 100.5  

         

B 
Block mix 

Local 
clay 

Imported 
filler B 

Regional 
filler 

Imported 
filler R 

Imported 
waste 

Regional 
sand 

SUL_PL_62_I TOTAL 

wt% wt% wt% wt% wt% wt% wt% wt% 

SUL_ZM_1 44.8 19.3 16.6 11.4 2.3 5.6 0.0 100.0 

SUL_ZM_2 44.8 19.3 16.6 7.0 2.3 0.0 10.0 100.0 

SUL_ZM_3 36.8 19.3 16.6 5.0 2.3 0.0 20.0 100.0 

         

C  
Paver mix 

Paver 
mix 

SUL_PL_62_I TOTAL      

wt% wt% wt%      

SUL_KM_1 100.0 0.0 100.0      

SUL_KM_2 90.0 10.0 100.0      

SUL_KM_3 80.0 20.0 100.0      

*BaCO3 (0.5 wt%) was added on top of each roof tile mixture 

 

3. METHODS 

3.1. PRE-TREATMENT OF SAMPLES 

All samples were dried overnight in a ventilated drying stove (Heraeus UT 6060) at 105°C. Once dried, the 

local clay, imported clay, and paver mix, were ground using a shredding machine (Hosokawa-Alpine MZ-

25)  in order to facilitate the integration in the ceramic mixtures. This process didn’t change the original 

grain size distribution of the samples. The three fillers (regional filler, imported filler R and imported filler 

B) from the block blend were ground, using a jaw crusher (Retsch BB 200), and sieved at <1.4 mm in order 

to have the same grain size distribution as the industrial blend. The sands (local and regional), the filler G 

from the roof tile blend, and the tailing material (SUL_PL_62_I), were fine enough to be integrated into 

the blends without mechanical pre-treatment. 

For physical, mineralogical, and chemical characterization, the dried samples were homogenized and a 

representative sample was ground and sieved at <2 mm, <250 µm, and <200 µm, depending on the 

intended analysis. 

For the environmental compliance tests (column leaching) performed on fired test specimens, pre-

treatment of samples was done according to the CMA/5/B.3 method [31], and included crushing with a 

jaw crusher (Retsch BB 200) and sieving (95 wt% <4 mm). 

3.2. CHARACTERISATION METHODS 

Moisture content was determined by drying samples at 105°C. Specific surface area was determined by 

methylene blue adsorption on powdered samples (<250 µm). Grain size distribution analysis was 

performed on the pre-treated samples, after wet sieving (50 µm), splitting the samples in two fractions. 

The fraction <50 µm was analyzed by a sedigraph machine (Micromeritics SediGraph 5100) based on the 

sedimentation method [32], while the fraction >50 µm was dried and then sieved on a mechanical shaking 

column with sieves ranging from 1.4 to 0.09 mm (Retsch AS 200 control).  

Mineralogical characterization of the tailing material was performed by X-ray powder diffraction (XRD) 

(Philips Analytical X-ray, model PW1830 generator with a PW3710 mpd control) on a powdered sample 
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(<200 µm) with CuKα radiation at 45 kV and 30 mA, and qualitative identification of the mineral phases 

was based on the Rietveld method [33] using the Profex software (version 3.14.3). 

Total element concentrations were determined on the powdered samples (<250 µm) by X-ray 

fluorescence (XRF) spectrometry (Panalytical Axios-Minerals, using superQ software with Omnian 

module) for major elements, and by inductively coupled plasma optical emission spectrometry (ICP-OES 

Varian Vista MPX), based on ISO 14869-1:2001 [34], for trace elements (mainly for Ba, Cr, Cu, Ni, Pb and 

Zn). Total carbon and sulfur content was determined on powdered samples (<250 µm) by a non-dispersive 

infra-red (NDIR) analyzer (Leco SC632), based on the standard ISO 10694:1995 [35]. The gross loss on 

ignition (LOI) at 1000°C of powdered samples (<250 µm) was determined based on the standard NBN EN 

15935:2012 [36]. 

Carbonate content, expressed as CaCO3, was determined by titration of CO2 from the decomposed 

carbonates of the powdered samples (<250 µm) using a Mettler Toledo T70 and Phototrode DP5. Soluble 

sulfates (SO4
2-) were measured for the powdered samples (<250 µm, L/S= 3 l/kg) by Ion chromatography 

(Metrohm 761 Compact IC), based on the standard NBN EN ISO 10304-1:2009 [37]. Only for the tailing 

sample the L/S ratio was changed to 8.3 l/kg. Inductively coupled plasma optical emission spectrometry 

(ICP-OES Varian Vista MPX) was used to determine soluble cations (Ca2+, Mg2+, Na+ and K+). For both 

analyses, unfired samples were prepared by refluxing with distilled water for 6 hours, while fired samples 

were shaken in distilled water for 1 h at 120 strokes/min. 

The drying behavior (speed of weight loss, drying shrinkage, drying efflorescence, and appearance of 

cracks) of the wet test specimens were studied on lab scale and compared to the standard after being 

submitted to different drying programs, with  different temperatures (°C) and relative humidity 

percentages (% RH) using a climate chamber (Vötsch VC3 4060 with S!MPATI® software). Other wet test 

pieces were dried in an industrial drier (60 h with 65°C as maximum drying temperature) in the case of 

roof tile and block test pieces, or in a lab drier (12h at 29°C and 50% RH) in the case of paver test pieces. 

The drying shrinkage was measured and compared to the standard. The dried test pieces were then fired 

in electric lab kilns (Fours H&C SPRL, Type 25 and 100) at 985°C and 1000°C, at a speed of  90°C/h and 

dwell time of 1 hour, for the roof tile blends, at 965°C, at a speed of 23°C/h and dwell time of 30 minutes, 

for the block blends, and at 1130°C, at a speed of 90°C/h and dwell time of 2 hours for the paver blends. 

The firing shrinkage of all the fired test specimens was measured and compared to the standard. Firing 

color was visually compared to the standard. 

Water absorption tests were performed on fired test specimens. For roof tiles a progressive water 

immersion test (Eprog) and a full vacuum water immersion test (E2.7kPa) are common, while for blocks and 

pavers a 24h water immersion test (E24h) is the standard. The modulus of elasticity, E-modulus, was 

determined on the fired test specimens by using the software GENEMOD, as well as the dimensions 

(length, height and width), weight and natural vibration (R value, µs). The natural vibration was measured 

with a non-destructive impulse excitation technique (ASTM E1876-15 standard) [38], using a J.W. 

Lemmens GrindoSonic machine, model MK5 Industrial. An in-house efflorescence test was performed on 

fired test specimens to assess their sensibility to efflorescence. Test pieces were laid horizontally (roof 

tiles) or vertically (blocks and pavers) in approximately 5 mm of distilled water. After 3 days, the test pieces 

were dried overnight in a ventilated stove at 50°C (Heraeus UT 6060). This process was repeated 3 times 

and, lastly, the pieces were dried overnight in the same stove at 105°C.  

Environmental compliance tests were performed on the fired test specimens. The column leaching tests 

(L/Scum=10 l/kg, 7 fractions, 21 days) were performed on fired test specimens for roof tiles (985°C), blocks 

(965°C), and pavers (1130°C). These tests were done according to method CMA/2/II/A.9.1 [27], based on 
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the NEN 7373:2004 standard [39]. Element concentrations in the leachates were determined by ICP-OES 

(Agilent Technologies 5100), according to method CMA/2/I/B.1 [31]. 

3.3. PREPARATION OF CERAMIC MIXTURES  

For the preparation of the clay roof tile and block blends, all materials were mixed by hand and water was 

added to reach a good plasticity. After that, further homogenization was obtained by using a mechanical 

mixing machine. Finally, the mixtures were extruded (die 58x16mm)  under vacuum conditions and 12 

pieces per mix were cut at length of around 116 mm. The test pieces received a caliper marking (100 mm) 

in order to measure their drying and firing shrinkage. Drying was performed in an industrial dryer (see 3.2 

section). The drying was followed by firing in electric lab kilns (see 3.2. section).  

For the clay paver blends, instead of extruding, test pieces were molded with a hand-press (mold 

110x55x20 mm). Twelve test pieces per mixture were prepared and all of them received a caliper marking 

(100 mm). The produced test pieces were dried in a lab dryer (see 3.2 section) and fired in an electric lab 

kiln (see 3.2. section) (Fig. 1). 

 

 
Fig. 1. Lab production of clay paver mixtures and test specimens. 

 

4. RESULTS AND DISCUSSION 

4.1. CHARACTERISATION OF THE MATERIALS 

4.1.1. PLOMBIÈRES TAILING MATERIAL (SUL_PL_62_I) 

Plombières tailing material is a clayey-silt material (86 wt% <50 µm) with a SSA of 93 m2/g SSA. The tailing 

(pH 7.14) shows a low sulfur (0.01 wt% total S) and carbon (0.1 wt% total C) content, and only traces of 

heavy metals (23 mg/kg Cu, 30 mg/kg Pb, and 137 mg/kg Zn). The tailing material is poor in lime (0.07 

wt% CaCO3). The content of soluble sulfates is low (0.01 wt%). Compared to the clay materials used in the 

roof tile, block, and paver blends, the LOI of the tailing is low (3.3 wt%). 

The major elemental composition (74 wt% SiO2 and 12 wt% Al2O3) is in line with the qualitative XRD 

results, showing ceramic-friendly minerals as major mineral phases, such as quartz (SiO2), phyllosilicates 

(e.g., muscovite (KAl2(AlSi3O10)(OH)2), chlorite ((Mg, Fe)3(Si, Al)4O10(OH)2
.(Mg, Fe)3(OH)6) and feldspar (e.g., 

plagioclase (NaAlSi3O8 to CaAl2Si2O8). The presence of an amorphous phase could be attributed to the 

presence of metallurgical slag in the tailings pond [28].  

The environmental performance tests, proved that the tailing material stays below the established 

guidance (total metal(loid)s concentration) and limit (total organic compound and leached metal 

concentrations) values, according to the Flemish environmental regulation on the sustainable 

management of material cycles and waste [40]. This means that it can be used in or as a non-shaped 

building material [26]. 

In summary, due to the low sulfur and metal(loid)s content, and the fact that it does not need any 

mechanical and/or (bio)chemical pre-treatment, the fine tailing material is a promising raw material for 

ceramics. 



7 
 

4.1.2. COMPANY-SPECIFIC MATERIALS  

In the clay roof tile mixture with 20 wt% tailing material (SUL_PM_4), all four raw materials were partly 

replaced. Both clays (local and imported) are characterized by high <2 µm fractions and SSA values (Table 

2). The local clay has considerable amounts of total sulfur (0.6 wt%), carbon (0.5 wt%) and soluble sulfates 

(0.2 wt%). The high LOI values of both clays are linked to the clay mineral content and, in the case of the 

local clay, also to the total S and C content. The local sand is almost a pure quartz sand (96 wt% SiO2) and 

can be considered as a fine sand (89 wt% <200 µm). The imported filler G is a very fine material (76 wt% 

<50 µm) with high lime content (10.4 wt% CaCO3) (Table 2). 

In the clay block mixtures, three raw materials were partly (local clay and imported filler R) or totally 

(regional sand) replaced by the tailing material. The local clay is the same as the one used for clay roof 

tiles. The imported filler R is a coarse material (66 wt% >200 µm), containing some lime (1.6 wt% CaCO3). 

The total sulfur content is mainly present in the form of soluble sulfates (0.1 wt%). The regional sand is a 

pure quartz sand (99.2 wt% SiO2), and coarser (89 wt% >200 µm) than the one used for the roof tile 

mixtures (Table 2).  

Concerning the clay paver mixtures, the ready-for-use mixture, as received, was partly replaced by the 

tailing material (SUL_PL_62_I). The received paver mix is a fine material (83 wt% <200 µm), with some 

lime (3.6 wt% CaCO3) but very low total sulfur and soluble sulfates content (Table 2).  
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Table 2. Physical and chemical characterization of Plombières tailing and replaced company-specific raw materials. 

Materials 
1400-1000µm 1000-200µm 200-50µm 50-2µm <2µm SSA CaCO3 CaOcarbonates CO2carbonates Ctotal Corganic 

wt% wt% wt% wt% wt% m2/g wt% wt% wt% wt% wt% 

SUL_PL_62_I 3 3 8 47 39 93 0.1 0.04 0.03 0.1 0.1 

Local clay 0 0 1 43 56 241 1.5 0.9 0.7 0.5 0.3 

Imported clay 0 1 3 24 72 116 0.8 0.4 0.4 0.2 0.1 

Local sand 0 11 85 4 0 23 0.1 0.04 0.03 0.02 0.01 

Imported filler G 0 1 23 44 32 35 10.4 5.82 4.6 1.2 <LOD 

Regional sand 0 89 11 0 0 23 0.1 0.04 0.03 0.01 0.001 

Imported filler R 18 48 12 8 14 72 1.6 0.9 0.7 0.4 0.2 

Paver mix 1 16 20 24 39 82 3.6 2.0 1.6 0.7 0.3 

Materials 
SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O MnO LOI Stotal 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

SUL_PL_62_I 74.0 12.0 4.3 0.9 0.6 0.9 1.1 2.4 0.2 3.3 0.01 

Local clay 60.9 15.7 6.7 0.9 1.0 2.1 0.5 3.2 <LOD 7.3 0.6 

Imported clay 57.5 19.8 9.1 1.1 1.1 0.5 <LOD 2.5 <LOD 8.2 <LOD 

Local sand 96.1 1.1 1.1 0.1 0.1 0.1 <LOD 0.6 <LOD 0.6 <LOD 

Imported filler G 63.6 11.7 3.7 0.5 6.7 2.0 2.0 3.1 <LOD 6.1 <LOD 

Regional sand 99.2 0.3 0.1 <LOD <LOD <LOD <LOD 0.1 <LOD 0.2 <LOD 

Imported filler R 58.1 21.1 6.4 1.0 0.7 1.8 0.6 3.9 0.01 5.9 0.03 

Paver mix 68.0 13.0 5.5 1.1 3.3 <LOD 1.0 2.2 0.2 5.4 <LOD 

Materials 
Ba Cr Cu Ni Pb Zn Soluble SO2−

4 Soluble Ca2+ Soluble Mg2+ Soluble Na+ Soluble K+ 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg wt% mg/kg mg/kg mg/kg mg/kg 

SUL_PL_62_I 366 60 23 31 30 137 0.01 52 5 13 22 

Local clay 290 120 21 53 19 94 0.2 353 48 579 509 

Imported clay 302 164 39 83 27 78 0.05 354 2 48 169 

Local sand 91 39 7 11 8 16 0.01 97 36 8 211 

Imported filler G 250 76 13 35 18 56 0.03 168 1 96 129 

Regional sand 43 2 5 1 7 7 0.01 22 3 23 19 

Imported filler R 154 103 45 62 11 103 0.1 274 9 333 434 

Paver mix 383 84 38 37 22 73 0.02 276 2 55 37 

LOD: limit of detection 
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4.2. CHARACTERISATION AND QUALITY ASSESSMENT OF CERAMIC BLENDS  

4.2.1. CLAY ROOF TILES 

All four unfired mixtures, the standard (SUL_PM_1), and those with 5 wt% (SUL_PM_2), 10 wt% 

(SUL_PM_3) and 20 wt% (SUL_PM_4) of the tailing material (SUL_PL_62_I), have similar physical 

properties, such as grain size distribution, SSA and moisture content for a comparable plasticity (Appendix 

A). Concerning the chemical properties of the unfired mixtures, the lime content (CaCO3) slightly 

decreases with an increase of the tailing material due to the replacement of local clay and, especially, of 

the lime-rich imported filler G (Table 2) in the mix with 20 wt% of tailing material (SUL_PM_4). Major 

elemental composition of all unfired mixtures shows high silica (70 wt% SiO2) and alumina (12 wt% Al2O3) 

content (Appendix A). LOI values decrease along with the decrease in local and imported clay (Appendix 

A). The high Ba content in all four unfired mixtures comes from the BaCO3 addition. BaCO3 prevents drying 

efflorescence as it reacts with the soluble sulfates, turning them into insoluble BaSO4 [41]. All unfired 

mixtures present only traces of heavy metals, such as Cu, Zn and Pb (Appendix A). 

After firing at 985°C, all four fired mixtures show a decrease in total C (Appendix A), as carbonates 

decompose and organic C burns away. The total S content remains stable or shows a slightly lower value 

when compared to the unfired mix (Appendix A). This means that the CaO formed during firing, from the 

decomposition of lime, reacts with the SOx, from the decomposition of pyrite, to form CaSO4 (CaO +

 SO2 +
1

2
O2 =  CaSO4) [42]. This reaction explains the presence of considerable amounts of CaSO4, which 

when in contact with humidity can form gypsum [43]. At a firing temperature of 1000°C, CaSO4 starts to 

decompose. This results in lower total S and soluble sulfates content in the fired mixtures (Appendix A). 

All four mixtures, the standard and the three tailing containing mixtures, showed similar drying behavior. 

The drying shrinkage and water release of the 3 tailing containing mixtures were always comparable to 

the standard, in all the tested drying programs from the lab climate chamber. Moreover, no cracks or 

drying efflorescence were visible on lab or industrial dried test pieces.  

Replacing primary raw materials by tailing material may affect the ceramic product properties. Apart from 

small efflorescence stains (Fig. 2 b, d), the fired test pieces with 5 wt% tailing material still show satisfying 

technical (Table 3) and chemical (Appendix A) properties. However, the more clay (local or imported) is 

replaced by the clayey-silt tailing material (Table 2), the higher the porosity (water absorption) and the 

lower the strength (E-modulus). This is visible on the 10 and 20 wt% tailing mixtures (Table 3). The higher 

porosity of the fired test pieces, containing tailing material, is most probably the reason of the higher 

efflorescence stains on the fired bodies (Fig. 2 b, d), despite their lower soluble sulfate content (Appendix 

A). Although soluble sulfates decrease with an increase of the firing temperature (1000°C), efflorescence 

stains are still visible on the fired bodies (Fig. 2 d). The firing color of the 3 tailing containing mixtures is 

always comparable with the standard for both firing temperatures, and a black core never occurred (Fig. 

2 a, c). In order to incorporate higher amounts of tailing material (10 and 20 wt%) in this particular roof 

tile mixture, higher replacement of local sand should be considered. 
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Fig. 2. Aesthetical properties of the roof tile mixtures fired at 985°C (a,b) and 1000°C (c,d). 

 

4.2.2. CLAY INNER-WALL BLOCKS  

All three unfired block mixtures, the standard mixture (SUL_ZM_1) and the mixtures with 10 wt% 

(SUL_ZM_2) and 20 wt% (SUL_ZM_3) of tailing material, have similar physical and chemical properties 

(Appendix B). However, in SUL_ZM_3 mixture, with the highest addition of tailing material, there is a slight 

decrease of the 2 µm fraction, total C and S, and CaCO3 content. This is the result of the partial 

replacement of local clay, richer in total C and S, and further decrease of imported filler R, coarser and 

richer in total C (Table 2). The 3 unfired mixtures have the same major element composition, with 

abundance of silica (58 wt% SiO2) and alumina (16 wt% Al2O3), and low heavy metal (Cu, Zn, and Pb) 

content (Appendix B). 

The three fired block mixtures (965°C) show, for the same reason as discussed in 4.2.1., a decrease of total 

C when compared to the unfired mixtures (Appendix B). The standard (SUL_ZM_1) and 10 wt% tailing mix 

(SUL_ZM_2) have similar values for the total C and S content, and soluble sulfates (Appendix B). On the 

other hand, the mix with the highest tailing content (SUL_ZM_3) behaves different. It contains almost no 

total C, and soluble sulfates (and cations) are much lower than in the two other mixtures, as if less free 

CaO, K2O, NaO2 and MgO was available to react with SOx during firing. 

No difference in the drying behavior (drying shrinkage and water release) was observed between the 

standard and the two tailing containing mixtures for all the tested drying programs in the lab climate 

chamber. No cracks or drying efflorescence were visible on lab or industrial dried test pieces.  

The replacement of primary raw materials by tailing material in the block mixtures shows that as long as 

the tailing material replaces coarser materials (regional sand and imported filler R), the properties of the 

ceramic test pieces are satisfactory or even better than those of the standard. In fact, the 10 wt% tailing 

mix (SUL_ZM_2) shows the same water absorption and higher E-modulus strength (Table 3). The increase 

in strength can be linked to a more pronounced black core (Fig. 3 a), which is the result of having a finer 

mixture (Appendix B). Black core occurs when C from carbonaceous material is oxidized to COx, which can 

take oxygen from hematite (Fe2O3), creating a reducing atmosphere in the body and transforming 

hematite into magnetite (Fe3O4) (Fe2O3 + CO = Fe3O4 + CO2), which results in the formation of a black 

core [42]. No difference in efflorescence was observed in the fired body with 10 wt% of the tailing material 

(SUL_ZM_2) when compared to the standard (Fig. 3 b). Considering the 20 wt% tailing mixture 

(SUL_ZM_3), from the moment the fine plastic local clay is partly replaced (8 wt%) by the tailing material, 
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the black core disappears (Fig. 3 a), strength decreases and porosity increases substantially (Table 3). The 

absence of a black core is mainly linked to the decrease of the fine and plastic clay (local clay), thus 

decreasing the <2 µm fraction of the mixture, as well as linked to the slightly lower organic C content 

(Appendix B). In this black core-free fired mixture there is also a considerable decrease in soluble salt 

content (SO4
2-, Ca2+, Mg2+, Na+ and K+) (Appendix B). Nevertheless, due to a more open body structure, 

soluble salts move easier to the surface through capillarity-flow [44], resulting in more efflorescence. In 

order to incorporate a higher percentage of tailing material (20 wt%) in this company-specific block 

mixture, replacing less local clay and more regional sand and filler materials, should be considered. 

 
Fig. 3. Aesthetical properties of the block mixtures fired at 965°C (a) black core, (b) efflorescence. 

 

4.2.3. CLAY PAVERS 

Except for the slight decrease in lime (CaCO3) content in the tailing containing mixtures (SUL_KM_2 and 

SUL_KM_3), all the other physical and chemical properties are similar and comparable with the standard 

(SUL_KM_1). All three unfired mixtures have very low total S and soluble sulfates content (Appendix C).  

Compared to the unfired blends, the lab fired (1130°C) mixtures show a considerable decrease in total C 

and in soluble sulfates content (Appendix C). 

The standard and the 2 tailing containing paver mixtures show similar drying behavior for all the tested 

drying programs in the lab climate chamber. No cracks or drying efflorescence were visible on lab dried 

test pieces. 

The paver mixtures containing 10 wt% (SUL_KM_2) and 20 wt% (SUL_KM_3) of tailing material presented 

satisfying technical properties, achieving lower water absorption and higher E-modulus strength when 

compared to the standard mix (Table 3), two important characteristics for the clay pavers as an outdoor 

floor application. The replacement of the ready-to-use paver mix by the fine tailing material (10 and 20 

wt%) has slightly increased the silt (50-2 µm) and clay (<2 µm) fractions of the paver test blends (Appendix 
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C), which seems to be enough to improve technical properties (Table 3). Concerning aesthetical 

properties, black core formation is not visible in any paver fired test piece (Fig. 4 a) mainly due to the 

hand-molded shaping process (Fig. 1) that gives a more open structure to the test pieces, when compared 

to the extruded pieces, and also the low total C content and absence of S in the unfired mixtures (Appendix 

C). Efflorescence (CaSO4 formation) was not visible in the fired standard and tailing containing mixtures 

(Fig. 4 b), as almost no soluble salts were detected in these mixtures (Appendix C) and due to the very low 

porosity (water absorption) of the fired test pieces. 

 
Fig. 4. Aesthetical properties of the paver mixtures fired at 1130°C (a) black core, (b) efflorescence. 

 

Table 3. Technical properties of the fired ceramic mixtures. 

 
Firing shrinkage Water absorption 

Saturation level 
(Eprog/E2.7kPa) 

E-modulus strength 

% wt% % GPa 

Roof tile mix 985°C 1000°C Eprog 985°C Eprog 1000°C 985°C 1000°C 985°C 1000°C 

SUL_PM_1 1.6 2.0 7.2 6.2 71 66 18.0 19.8 

SUL_PM_2 1.4 2.1 7.5 6.6 73 68 18.0 19.1 

SUL_PM_3 1.6 2.2 8.0 7.1 74 70 16.5 18.1 

SUL_PM_4 1.5 1.8 8.7 7.9 78 74 15.0 16.6 

Block mix 965°C E24h 965°C 965°C 965°C 

SUL_ZM_1 1.0 10.5 NA 17.6 

SUL_ZM_2 1.2 10.5 NA 18.2 

SUL_ZM_3 1.2 12.6 NA 13.5 

Paver mix 1130°C E24h 1130°C 1130°C 1130°C 

SUL_KM_1 3.8 3.0 NA 27.6 

SUL_KM_2 4.0 1.7 NA 28.6 

SUL_KM_3 4.2 1.9 NA 30.5 

NA: not applicable 
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4.3. SECOND LIFE SCENARIO FOR BUILDING CERAMICS 

For the assessment of a 2nd life scenario where shaped building products can be demolished and recycled 

as aggregate materials, the standard mixtures and the 20 wt% tailing containing mixtures were selected 

for the column leaching test according to CMA/2/II/A.9.1 [31]. Compared to the standard, the 20 wt% 

tailing mixtures for roof tiles (985°C) and blocks (965°C), showed a decrease in leachability of As, while for 

pavers (1130°C) a slight increase in maximum leachability of As was visible (Table 4). To evaluate the pH 

dependent leaching behavior (Fig. 5) the first eluate fraction (L/S=0.1 l/kg) was omitted as it is often 

influenced by wash-off. For both roof tile mixtures, SUL_PM_1 (R2= 0.9) and SUL_PM_4 (R2= 0.9), As and 

Cr leaching are pH-dependent, while in both block mixtures, SUL_ZM_1 (R2= 0.5) and SUL_ZM_3 (R2= 0.9), 

only the leaching of Cr seems to be pH-dependent (Fig. 5). For both paver mixtures, SUL_KM_1 (R2= 1) 

and SUL_KM_3 (R2= 0.9), only the leaching of As is pH-dependent. The leaching of Cr is below the limit of 

detection for nearly all eluate fractions, therefore a pH-dependent behavior cannot be established (Fig. 

5). The pH-dependent leaching of As and Cr in clay roof tile and block mixtures, and of As in paver mixtures, 

shows that these elements are more mobile as pH rises [45]. Moreover, thermal treatment of ceramics 

can also play a role in the mobility of metal(loid)s due to the further decomposition of sulfides, if present, 

that often contain these hazardous elements [46]. No Cd and Pb were released from the tested ceramic 

mixtures during the column leaching tests. Nonetheless, it is noteworthy to say that leaching of elements 

from non-shaped materials is not only controlled by pH conditions but also by their buffer capacity, 

chemical speciation of elements, soluble salt and organic matter, redox potential, as well as physical 

factors, such as permeability, particle size and porosity [47]. 

 
Table 4. Metal(loid) leaching from the fired ceramic mixtures (cumulative quantity release during column test). 

  Element concentration leached during column leaching test (cumulative release)*** 

Ceramic mixtures 
pH** As Cd Cr Cu Ni Pb Zn 

 mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Limit values (VLAREMA, 2012)*  0.8 0.03 0.5 0.5 0.75 1.3 2.8 

SUL_PM_1 (985°C) 8.18 0.64 <LOD 0.18 0.001-0.03 0.01-0.03 <LOD 0.03 

SUL_PM_4 (985°C) 8.23 0.32-0.40 <LOD 0.27-0.32 <LOD <LOD <LOD <LOD 

SUL_ZM_1 (965°C) 8.22 0.32 <LOD 0.12 <LOD 0.02-0.04 <LOD 0.02 

SUL_ZM_3 (965°C) 8.11 0.13-0.21 <LOD 0.18-0.23 <LOD <LOD <LOD <LOD 

SUL_KM_1 (1130°C) 8.55 0.42 <LOD 0.002-0.10 0.002-0.10 <LOD <LOD <LOD 

SUL_KM_3 (1130°C) 8.63 0.63 <LOD 0.003-0.10 0.001-0.10 <LOD <LOD <LOD 

LOD: limit of detection 
*Values according to the Flemish environmental regulations VLAREMA (2012) Annex 2.3.2.B. 
**pH calculated at L/S=10. 
***According to method CMA/2/II/A.9.1 (CMA, 2020). Quantity release of an element in each mixture was calculated using the formula Ui= (Vi x ci) ÷ m0, 
where i is the index of the eluate fraction, Ui is the release quantity of a component per quantity of sample in the eluate fraction (mg/kg), Vi is the 
volume of the eluate fraction (l), ci is the concentration of the component in the eluate fraction (mg/l), and m0 is the dry mass of the test portion in the 
column (kg). When concentration of a component (ci) in one or more eluate fractions is below the limit of detection (<LOD), the upper limit of Ui must be 
calculated by making ci equal to the limit of detection, and the lower limit of Ui must be calculated by making ci equal to 0. For calculation of the 
cumulative quantity release (ΣUi), the released quantities (Ui) were added up. For concentrations lower than the limit od detection two calculations must 
be carried out to indicate the upper and lower limit of ΣUi. 

 

Regardless the leaching patterns, none of the assessed ceramic mixtures for roof tiles, blocks, and pavers 

were above the established leaching limits of the Flemish regulation [36] for As, Cd, Cr, Cu, Ni, Pb and Zn 

(Table 4), which means that they can be recycled and used as non-shaped building materials (e.g., 



14 
 

aggregates). Organic compounds and mercury (Hg), foreseen in the same regulation, were not analyzed 

on the selected samples as they were fired at high temperatures (≥ 965°C), thus, normally, free of those. 

 
Fig. 5. Column leaching behavior of As and Cr in the selected roof tile (985°C), block (965°C), and paver (1130°C) 

fired mixtures. 

 

5. CONCLUSIONS 

This study investigated the replacement of primary raw materials in ceramic mixtures for roof tiles, blocks, 

and pavers by up to 20 wt% of Plombières mine tailing material, taking into account production 

parameters, product quality, and environmental performance. 

Satisfying results for technical, aesthetical, and chemical properties were obtained for the roof tile blend 

with 5 wt%, the block blend with 10 wt%, and the 2 paver blends with 10 and 20 wt% of Plombières fine 

tailing material. 

Compared to the standard, the roof tile blend with 5 wt% of tailing material showed similar technical and 

chemical properties, while efflorescence slightly increased. Concerning the block blends, the 

incorporation of 10 wt% improved E-modulus strength. Higher additions of tailing material in roof tiles 

(10 and 20 wt%) and blocks (20 wt%) resulted in an increase of water absorption, a decrease of E-modulus 

values, and more efflorescence, even though soluble salt content decreased. The replacement of the 

ready-to-use paver mix by 10 and 20 wt% of Plombières tailing improved product quality. Water 

absorption decreased while E-modulus increased. The clay pavers proved to be the most suitable ceramic 

product to incorporate higher amounts of this tailing material.  

Considering a 2nd life scenario, where shaped building products are demolished and recycled as non-

shaped building materials (e.g., aggregates), the clay roof tile, block, and paver test pieces with 20 wt% of 

tailing material, showed compliance with the Flemish environmental regulations. 

In a raw-material-intensive industry, such as traditional ceramics, the replacement of primary raw 

materials by alternative raw materials, such as mining waste, is essential for moderating the pressure on 

the exhaustive primary raw materials sector. Further investigation will focus on evaluating higher 

additions of Plombières tailing material (up to 40 wt%) in other ceramic product (facing bricks), by 

assessing technical and aesthetical properties, as well as the environmental performance (usage and 2nd 

life stages) and life cycle assessment of the tailing-containing facing bricks.  
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APPENDICES 

Appendix A. Physical and chemical characterization of clay roof tile mixtures. 

Unfired roof 
tile mix 

1400-
1000µm 

1000-
200µm 

200-50µm 50-2µm <2µm MC SSA CaCO3 CO2 carbonates Ctotal Corganic 

wt% wt% wt% wt% wt% wt% m2/g wt% wt% wt% wt% 

SUL_PM_1 0 3 27 20 50 14.9 116 2.5 1.1 0.4 0.1 

SUL_PM_2 0 3 27 20 50 15.4 119 2.4 1.1 0.4 0.1 

SUL_PM_3 0 3 26 22 49 15.6 118 2.3 1.0 0.4 0.1 

SUL_PM_4 0 3 25 24 48 15.7 116 1.9 0.8 0.4 0.1 

Unfired roof 
tile mix 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O MnO LOI Stotal 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

SUL_PM_1 69.4 12.5 5.3 0.9 1.4 1.2 0.6 2.4 0.1 5.3 0.18 

SUL_PM_2 71.2 11.5 5.2 0.6 1.5 1.2 0.7 2.4 <LOD 4.9 0.15 

SUL_PM_3 72.0 11.4 4.8 0.7 1.4 1.1 0.7 2.3 <LOD 4.8 0.13 

SUL_PM_4 71.6 11.9 4.8 0.8 1.3 1.1 0.7 2.3 <LOD 4.7 0.12 

Unfired roof 
tile mix 

Ba Cr Cu Ni Pb Zn 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg wt% mg/kg mg/kg mg/kg mg/kg 

SUL_PM_1 3743 99 28 49 17 63 0.01 82 8 261 181 

SUL_PM_2 3548 88 25 43 12 62 0.02 59 4 224 144 

SUL_PM_3 3530 84 22 41 12 64 0.02 77 7 197 134 

SUL_PM_4 3520 78 22 39 17 62 0.01 80 6 187 119 
            

Fired roof tile  
(985°C) 

Ctotal Stotal 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

    

wt% wt% wt% mg/kg mg/kg mg/kg mg/kg     

SUL_PM_1 0.003 0.16 0.22 915 6 8 12     

SUL_PM_2 0.02 0.16 0.21 907 6 8 12     

SUL_PM_3 <LOD 0.13 0.19 816 5 8 11     

SUL_PM_4 <LOD 0.11 0.17 730 7 10 12     
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Fired roof tile 
(1000°C) 

Ctotal Stotal 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

    

wt% wt% wt% mg/kg mg/kg mg/kg mg/kg     

SUL_PM_1 0.001 0.13 0.21 828 4 7 11     

SUL_PM_2 0.001 0.12 0.19 713 5 8 12     

SUL_PM_3 <LOD 0.11 0.16 696 6 9 11     

SUL_PM_4 0.0001 0.09 0.15 626 5 9 10     

LOD: limit of detection. 
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Appendix B. Physical and chemical characterization of clay block mixtures. 

Unfired 
block mix 

1400-
1000µm 

1000-
200µm 

200-50 µm 50-2µm <2µm MC SSA CaCO3 CO2carbonates Ctotal Corganic 

wt% wt% wt% wt% wt% wt% m2/g wt% wt% wt% wt% 

SUL_ZM_1 2 24 9 20 45 17.8 142 2.0 0.9 4.2 4.0 

SUL_ZM_2 2 19 7 25 46 19.8 169 2.0 0.9 4.3 4.0 

SUL_ZM_3 2 23 9 26 40 20.1 142 1.9 0.8 3.9 3.7 

Unfired 
block mix 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O MnO LOI Stotal 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

SUL_ZM_1 58.2 16.3 5.8 0.8 1.6 2.4 0.9 3.3 <LOD 9.8 0.37 

SUL_ZM_2 57.9 15.8 5.8 0.8 1.6 2.1 0.9 3.1 <LOD 11.1 0.36 

SUL_ZM_3 58.7 16.0 5.9 0.8 1.6 2.1 0.8 3.1 <LOD 10.2 0.31 

Unfired 
block mix 

Ba Cr Cu Ni Pb Zn 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg wt% mg/kg mg/kg mg/kg mg/kg 

SUL_ZM_1 327 100 41 59 11 86 0.33 946 13 404 455 

SUL_ZM_2 346 96 37 49 18 89 0.35 1032 17 465 485 

SUL_ZM_3 351 87 40 47 27 84 0.31 912 14 344 413 
            

Fired block 
(965°C) 

Ctotal Stotal 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

    

wt% wt% wt% mg/kg mg/kg mg/kg mg/kg     

SUL_ZM_1 0.47 0.29 0.6 1911 178 168 221     

SUL_ZM_2 0.64 0.34 0.6 2029 171 165 223     

SUL_ZM_3 0.01 0.29 0.3 1259 35 18 32     

LOD: limit of detection. 

 

  



23 
 

Appendix C. Physical and chemical characterization of clay paver mixtures. 

Unfired 
paver mix 

1400-
1000µm 

1000-
200µm 

200-50 µm 50-2µm <2µm MC SSA CaCO3 CO2carbonates Ctotal Corganic 

wt% wt% wt% wt% wt% wt% m2/g wt% wt% wt% wt% 

SUL_KM_1 1 16 20 23 40 17.3 69 3.7 1.6 0.8 0.3 

SUL_KM_2 1 13 18 26 41 18.9 71 3.4 1.5 0.7 0.3 

SUL_KM_3 2 12 16 27 43 19.5 70 3.0 1.3 0.7 0.3 

Unfired 
paver mix 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O MnO LOI Stotal 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

SUL_KM_1 65.7 13.0 5.8 1.1 3.4 1.4 0.9 2.1 0.2 5.9 0.03 

SUL_KM_2 66.7 12.5 5.6 1.1 3.1 1.6 1.1 2.1 0.1 5.8 0.03 

SUL_KM_3 67.4 12.5 5.6 1.1 2.8 1.6 0.8 2.1 0.1 5.6 0.03 

Unfired 
paver mix 

Ba Cr Cu Ni Pb Zn 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg wt% mg/kg mg/kg mg/kg mg/kg 

SUL_KM_1 350 106 31 51 28 90 0.02 283 2 57 35 

SUL_KM_2 340 96 29 48 27 93 0.01 252 2 57 29 

SUL_KM_3 366 91 28 45 30 98 0.01 254 1 52 27 
            

Fired paver 
(1130°C) 

Ctotal Stotal 
Soluble 

SO4
2− 

Soluble 
Ca2+ 

Soluble 
Mg2+ 

Soluble 
Na+ 

Soluble 
K+ 

    

wt% wt% wt% mg/kg mg/kg mg/kg mg/kg     

SUL_KM_1 0.01 <LOD 0.003 27 5 6 18     

SUL_KM_2 0.002 <LOD 0.003 40 5 7 12     

SUL_KM_3 0.003 <LOD 0.002 29 5 6 10     

LOD: limit of detection. 
 


