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Abstract: Circular economy promotes the use of waste materials into new production processes as a
key factor for resource efficiency. The construction sector, and specifically the fired clay industry, is
able to assimilate large amounts of waste in their processes, without significantly altering the technical
properties of products. The introduction of different waste in ceramic products at the laboratory
level has been extensively studied in the literature, but most of these studies have not yet been
scaled-up to industrial production. Differences in processing with respect to laboratory conditions
introduces uncertainty in relation to the expected properties of the final products. This paper uses
a Self-Organizing Map (SOM)-based methodology for analysing and assessing the incorporation
of industrial waste, Waelz slag (WS) and foundry sand dust (FSD), in ceramic products obtained
sequentially at laboratory, semi-industrial and industrial level, over technological properties and
metals release. As a result, from the SOM analysis, a clustered map of the samples developed is
obtained that highlights the most important parameters affecting the technological and environmental
properties to be the type of clay and therefore, the firing temperature; secondly, the Waelz slag
content, being independent of the foundry sand addition; and finally, the type and level of processing
(laboratory-pressing, semi-industrial extruder, industrial extruder).

Keywords: fired bricks; Waelz slag; foundry sand; scale-up; Self-Organizing Maps

1. Introduction

The implementation of the circular economy through the incorporation of residual
raw materials into material cycles is a high priority for the Green Deal (Circular Economy
Action Plan adopted by the European Commission on 11 March 2020). Wastes addition to
manufacture building materials plays a key role in the circularity of construction sector
through the development of innovative solutions of materials efficiency, as saving of raw
materials by substitution of primary raw material with recycled materials from urban
and industrial wastes [1]. Specifically, one of the most extended construction materials is
fired clay products [2,3]. Although clay brick and tile industries are showing innovative
solutions to add to the circular economy in Europe, regulatory and technical barriers still
exist to scale up current initiatives or to start new ones. Some of them are the differentiated
interpretations of end-of-waste and by-products status among Member States, the lack of a
well-functioning European market for secondary raw materials, as well as the need for an
efficient system for collection, sorting and separation of waste that includes the adaptation
of technical requirements of installations [4].

Some recently published research works have supported these limitations for an
evolution towards a circular economy. Zanelli et al. [5], analysed the effects of different
types of waste on technological behaviour, technical performance and environmental
impact of ceramic tiles in the prospect of an industrial transfer. Dondi et al. [6], shows the
conflict between resource efficiency and market trends in the ceramic tile industry, and
how it reflects on the supply chain raw materials. The environmental impact of Italian
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ceramic tiles production is analysed and discussed by Boschi et al. [7], highlighting the
larger number of technological innovations incorporated.

On the one hand, many scientific works have been dedicated to the incorporation
of wastes into clay ceramics during the last decade. Some researchers have also shown,
not only that the use of residues contributes to the reduction of natural resources, but that
certain residues can even produce several improvements regarding the manufacturing
process and properties of fired clay products [8–13]. Fuel or organic wastes contribute to
savings in firing energy, while fluxing or inorganic wastes improve the ceramic proper-
ties [12,14,15]. Specifically, inorganic wastes containing metals and minerals can melt and
react with the clay minerals [16–18]. Despite these advantages, these trials have not yet
been scaled up to mass production in industrial facilities. Among other reasons, processing
differences between laboratory and real factory lead to high uncertainty in the compulsory
final product properties, particularly when waste materials are incorporated in the raw
materials formulation [9].

As is highlighted in the review by Zanelli et al. [5], a correct design of experiments
is crucial to achieve useful results for a technological transfer to the industrial practice.
In this sense, aspects such as the use of experimental conditions as close as possible to
the actual industrial technology, the scale factor, the use of industrial references without
waste addition and the analysis of the appropriate amount of recyclable waste in each
experimental step are critical.

Waste additions and processing conditions effect on the physico-chemical, technological
and environmental properties of the final product have been extensively studied using classical
multivariate statistical techniques [19–27]. Otherwise, Artificial Neural Networks (ANN) and
Self-Organizing Maps (SOMs) have thus far been used in a more limited way as an al-
ternative to assess the abovementioned relationships. A Self-Organizing Map (SOM) is
a single layer artificial neural network with unsupervised learning developed by Teuvo
Kohonen in 1984 [28], which arises as a statistical tool alternative to classical multivariate
statistical techniques. The SOM analysis allows to establish relationships and classify
different samples by converting complex nonlinear statistical relationships into simple
geometric relationships offering greater potential for data visualization. Currently, there
is a considerable amount of research, which uses this tool tackling environmental sub-
jects with different purposes, as for example, to assess sediment and dredged material
quality [28–31], to interpret and analyse the release of pollutants from sediment in contact
with acidified seawater [32] and to assess water [33,34] and air quality [35–37]. However, it
is important to highlight that there are no published studies which apply this tool to analyse
the technical and environmental feasibility of construction materials incorporating waste.

The general objective of this work is the technical and environmental assessment
of Waelz slag (WS), an industrial by-product from the recovery of electric arc furnace
dust (EAFD) and foundry sand dust (FSD) incorporation in fired clay ceramic cycles
through the Self-Organizing Maps, evaluating experimental results of authors’ previous
studies [20,21,38–42]. Specifically, the effect of scale-up is analysed, introducing results
from technological and environmental tests carried out at the laboratory, semi-industrial,
and industrial levels into the SOM tool.

2. Materials and Methods
2.1. Raw Materials

Four clays (referred to as C1 to C4) extracted from different quarries and supplied
by Northern Spain brick factories have been used for production of ceramic products. A
calcareous clay (C1) used for laboratory wall bricks pieces, semi-industrial prototypes
and large-format hollow brick (also named lightweight brick); two non-calcareous clays
(C2 and C3) used for laboratory roof tiles and face bricks pieces, respectively, and an illitic-
calcareous clay, C4 clay, used to develop a perforated brick (also named ceramic block),
with which the results obtained with the other clays, will be validated.
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The Waelz slag (WS) was supplied by Befesa Zinc Aser (Abengoa Group), who
operates a commercial Waelz plant in Erandio (Basque Country Region, Spain). This
material is marketable under the trade name Ferrosita. Foundry sand dust (FSD) was
supplied by Nissan Motor Ibérica S.A. and was obtained from the ventilation bag-house
system at the automotive foundry facility located in Corrales de Buelna (Cantabria, Spain).
Wood pulp (Pulp), which is used as an additive in the manufacture of semi-industrial pro-
totypes and light industrial bricks, was made of pinewood and supplied by one of the
local brick factories. Wood pulp additions lead to obtaining ceramic products with greater
porosity than conventional brick, thereby improving (i) acoustic performance, since they
are basically used as partition bricks and, (ii) manageability due to the lighter products
obtained in large formats. Table 1 illustrates the major oxide and trace element concen-
trations of the raw materials employed in the manufacture of the fired products in the
present work.

Table 1. Major oxide and trace elements concentrations of the raw materials employed in the manufacture of the ceramic products.

Major Oxide (%)
Clay

Foundry Sand Dust (FSD) Waelz Slag (WS) Wood Pulp
C1 C2 C3 C4

SiO2 46.55 56.35 64.22 49.48 51.02 7.15 10.73
Al2O3 15.28 16.92 16.93 17.68 12.36 3.47 6.71

Fe2O3
a 5.21 5.94 5.91 5.72 3.47 56.02 0.44

MnO 0.07 0.07 0.06 0.03 0.09 2.60 0.02
MgO 2.14 4.15 0.89 1.46 2.31 3.24 1.60
CaO 10.04 0.62 0.52 6.08 2.07 15.92 25.87

Na2O 0.59 1.11 0.58 0.67 1.93 0.78 0.16
K2O 3.25 3.75 3.03 2.92 0.47 0.20 0.16
TiO2 0.63 0.82 0.83 0.69 0.39 0.18 0.206
P2O5 0.11 0.18 0.08 0.09 0.06 0.30 0.09
LOI 14.50 9.77 5.78 11.98 25.61 −1.77 52.37

Trace Elements (ppm)

As 40 31 30 13 16 54 2
Ba 704 476 483 510 442 688 148
Cd <0.5 <0.5 <0.5 <0.5 <0.5 2 6
Cr 68 95 46 88 18 3210 65
Cu 33 19 27 21 30 2300 237
Mo <2 <2 <2 <2 <2 74 3
Ni 42 37 29 46 14 275 30
Pb 36 19 28 26 20 6570 64
Zn 129 71 139 120 135 43,100 134

a Total iron oxide content expressed as Fe2O3.

2.2. Ceramic Mixtures Processing

The methodology used in this work is illustrated in Figure 1. Three different sets of ex-
periments were carried out. A first group of laboratory trial (30 samples) was made in order
to determine the viability to obtain suitable pieces at the laboratory conditions. The mixing
process of WS (0–40%), FSD (0–40%) and clay (100–60%) (Figure 2) was carried out with a
small percentage of water, in a Raimondi Iperbet Jobsite Mixer. Moulding was performed
by uniaxial pressing of test-pieces under 10 MPa with a Mignon SS/EA Nanetti laboratory
press. Drying and firing of mixtures were performed in a laboratory electric furnace,
Hobersal Model 12 PR/300 following the industrial firing cycles: C1-based mixtures (wall
bricks and blocks to cover) were fired at 850 ◦C for ~45 h; C2-based mixtures (roof tiles)
were fired at 950 ◦C for ~35 h, and C3-based mixtures (face bricks) were fired at 1050 ◦C
for ~24 h. Further details can be found elsewhere in Coronado et al. [19,20,38]. These sam-
ples are labelled with a first tag, which means the experimental scale, L (laboratory), the
next one corresponds to the type of clay (C1 to C3), and the following the percentage of
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Waelz slag (W) and foundry sand dust (F) in the mixture. Reference pieces without waste
addition are labelled as LC1 to LC3.
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Figure 1. Stages in the manufacture of the studied ceramic products and analysed properties.

In a second development stage, a semi-industrial trial of 22 samples was obtained
based on mixtures of C1 clay, WS (0–40%), FSD (0–35%) and a fixed 8% of wood pulp
(Figure 2). Mixtures were moulded through a pilot-plant scale extrusion, with a Verdés
Model 050C extruder. The obtained prototypes of solid bricks were dried in a muffle
furnace at 100 ◦C during 24 h and the firing cycle was completed in an industrial furnace,
reaching temperatures up to 850 ◦C. These samples are labelled with a first tag, which
means the experimental scale, S (Semi-industrial), then the type of clay used, C1, and
the WS and FSD content was W and F, respectively. Further information can be found in
Quijorna et al. [21,40].

Finally, in the demonstration stage at industrial level, two market sizes of hollow
brick were manufactured: perforated brick (also named ceramic block) and large-format
hollow brick (also named lightweight brick). In both cases, clay C4 and C1 and optimal
incorporations of 20% and 30% of WS were moulded with a Verdés Model 050C extruder
system, dried in a muffle furnace at 100 ◦C during 24 h and fired in an industrial furnace
up to 950 ◦C and 850 ◦C according to the industrial firing cycle of each product. These
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products were labelled with a first tag of the experimental scale, I (Industrial), a second
tag of the type of clay (C4 and C1), and the content of WS (W). Further information can be
found in Quijorna et al. [40,42]. The composition and label of the studied ceramic mixtures
are summarized in Figure 2 and Table S1 (Supplementary material).
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2.3. Analytical Methods

The chemical composition of the samples was determined at Activations Laborato-
ries (Canada). Major elements were determined by fusion-inductively coupled plasma
(FUS-ICP). The contents of Cd, Cu, Mo, Ni, Pb, and Zn were determined using total
digestion ICP. Contents of As and Cr were determined by non-destructive instrumen-
tal neutron activation analysis (INNA) and Ba by means of INNA/FUS-ICP. Fired brick
specimens (pieces, prototypes and bricks) were analysed for their technological (phys-
ical, mechanical, and chemical) properties according to standard methods employed
for characterisation of ceramic construction materials [43,44]. These characterisations
included: (i) water absorption capacity (WA) [43,45], (ii) flexural strength (MOR) [46]
through the modulus of rupture that was assessed using a servohydraulic apparatus
equipped with a 15 Tm Suzpecar MES-150 stress cell; (iii) open porosity (OP) [45] de-
termined by mercury intrusion porosimetry using a Micromeritics AutoPore IV 9500;
(iv) Linear firing shrinkage (LFS) measured with a precision calliper; (v) weight loss dur-
ing firing (WL) and (vi) bulk density (D) [45]. High quality commercial ceramic bricks
typically exhibit WA below 16%, LFS values below 8%, WL values between 5 and 15% and
D in the range 2–2.15 g/cm3, depending on the type of brick (wall bricks, roof tiles or face
bricks) [47–49], which will be considered as threshold values of the technical properties.

The environmental properties assessed on the fired specimens were the release of po-
tentially toxic species during their leaching of metals after disposal in landfill sites, simulat-
ing the end of life when they become construction and demolition waste. Leaching was as-
sessed from crushed samples and sieved to a particle size below 4 mm following EN 12457-1
and 2 methods. Distilled water is used as leachant in the compliance equilibrium leaching
tests (one-stage batch tests), using liquid to solid ratios of 2:1 [50] and 10:1 [51]. Leachates
were analysed for critical elements included in the Landfill Directive 2003/33/CE [52]. Con-
centrations of Ba, Cd, Cr, Cu, Mo, Ni and Zn were analysed using ICP-OES (Perkin Elmer
Plasma 400), As and Pb were determined by Atomic Absorption (Perkin Elmer 1100B).
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2.4. Self-Organizing Maps

Self-Organizing Maps (SOMs) are the most widely used type of neural network
without supervised learning [33]. SOMs are a type of single-layer artificial neural network
developed by Teuvo Kohonen in 1984 [28]. The interest of self-organizing maps as an
analytical and visualization tool in exploratory data analysis has grown in recent years,
as it allows the conversion of nonlinear complex statistical relationships from a high-
dimensional data set to simple geometric relationships in a space of low dimension [53,54].

The SOM tool applied to the environmental classification of sediments and to anal-
yse sediment leaching behaviour have been previously used by the authors; in these
works [31,32], the SOM is shown as an effective tool for the integration of multiple physical,
chemical, and ecotoxicological variables in order to classify different sites and behaviours
under study according to their similar sediment quality and leaching characteristics. Details
about the methodology background and use of the SOM are described in these previous
articles.

Quantization Error (QE) is the average of the sum of the Euclidean distance between
the data vector and the neuron that fits better with that input data, or Best Matching
Unit (BMU); and the Topographic Error (TE) measures the average of data vectors, which
first and second BMUs are not adjacent, i.e., an evaluation of the continuity of the map [55].
The type of normalization chosen will depend on the values of Quantization Error (QE) and
Topographic Error (TE) obtained for each dataset, the one which yields the minimal QE and
TE being applied. This will be studied for all the SOM analysis performed, but it turns out
that, generally, the “range” normalization returns the lowest QE and TE values, so typically
this normalisation will be employed. In this work, the heuristic formula of Vesanto et al.
2000 [56], m = 5

√
n (where m is the number of neurons or map units and n is the dimension

of the data or the number of samples in the dataset) is selected to set the map size along
with a minimal result of TE. This preserves the map topology, and uses a number of neurons
more minor than the size of dataset, thus overfitting is avoided. Moreover, a hexagonal
lattice is preferred because it is beneficial in terms of visualization [57], and the clustering
of the map is performed with the k-means algorithm [58]. Finally, the representation of the
maps in the results will be carried out with the k-means clustered map in the left side, along
with the c-planes in the right side, simplifying the results interpretation obtained from the
SOM. The SOM analysis in this work is implemented with the help of the SOM Toolbox 2.0,
a public library developed by Alhoniemi et al. [59] that runs in Matlab, version R2014a.

3. Results and Discussion
3.1. Laboratory Pressed Clay Mixtures with WS-FSD Incorporation

Laboratory ceramic pieces obtained by pressing at a wide range of raw materials com-
position and firing temperature (Figure 1) were analysed for their technological properties
of bulk density (D), water absorption capacity (WA), open porosity (OP), flexural strength
(MOR), linear firing shrinkage (LFS) and weight loss during firing (WL), as well as for As,
Ba, Cd, Cr, Cu, Mo, Ni, and Zn in equilibrium leaching tests at L/S = 10 (Table S2) (Supple-
mentary material). The data set results of the 14 variables obtained in the 30 samples of
laboratory pieces can be grouped in a SOM trained map (Figure 3a) based on “range” data
normalisation resulting in a 6 x 5 (30 neurons) map, similar to the size of the 27-unit map
proposed by the algorithm [59], with QE = 0.519 and TE = 0. The application of the k-
means algorithm to the trained map classifies the samples into four clusters (clusters I–IV).
Figure 3b shows the component planes of the SOM for the 14 properties of the laboratory
clay fired pieces.

Cluster I is characterised by mixtures without or with relatively low content of Waelz
slag, while foundry sand dust contents vary from 6 to 40%. The predominant type of clay
found in this cluster is the low firing temperature clay, C1. This cluster is characterised for
the highest values of water absorption, open porosity and weight loss, and the lowest of the
module of rupture and density, probably related to the high content in carbonates of clay C1



Appl. Sci. 2021, 11, 10010 7 of 17

(Table 1) and their decomposition during firing. In terms of leaching behaviour, this cluster
outperform the others as the element release is relatively low for all studied elements.
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Cluster II is similar to the Cluster I in terms of mixtures composition with negligible
Waelz slag and variable contents of foundry sand dust. C2 and C3-based clays, that means,
mild and high firing temperature processes respectively, are mainly found in this cluster.
Technological properties associated to this cluster are the relatively low values of water
absorption (WA) and open porosity (OP), while the linear firing shrinkage (LFS) is the
highest. The cluster exhibits also intermediate values of weight loss (WL) and density (D).
Leaching behaviour is characterised by the highest value of As, relatively high values of
Cu and Zn release, while Ba, Cr and Mo exhibit the lowest values.

Mixtures with high content of Waelz slag, higher than 20% and relatively low content
of foundry sand dust are included in Cluster III. C1, C2 and C3-based clays are found
in this cluster. Samples in this cluster show the lowest values of linear firing shrinkage
(negatives) and low values of weight loss, with high values of density, due to the glassy
phase formed by melted slag [27]. Ba, Cr and Mo release exhibit the highest values in
this cluster. Mo component plane is highlighted because some values in neurons exceed
non-hazardous landfill limits from the European Waste Landfill Council Decision (Table S2)
(Supplementary material). Neurons that surpass those values are framed in the component
plane (Figure 3b).

Mixtures grouped in cluster IV are C3-based products and therefore high firing temper-
ature samples, with variable Waelz slag and low foundry sand dust content. As technical
properties, these samples exhibit the highest values of density and the lowest of weight
lost, water absorption and open porosity among the four clusters. Highest values of Cd, Cu
and Zn release are characteristic of this cluster, intermediate values of Mo and low release
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values for the rest of the studied elements. Contrary to cluster III, Cr in cluster IV show
low release due to the high firing temperature because of the inverse correlation between
Cr release and firing temperature.

Samples with higher content of WS are located at the bottom side of the map (Figure 3a),
and most of the C3-based samples (fired at high temperature) are located at the right side,
C2-based samples fired at medium temperature at the centre, and C1-based samples fired
at low temperature to the left side. The addition of Waelz slag reduced the sintering tem-
perature because it adds network modifying species and improved the physico-chemical
and technological characteristics of the laboratory pieces. However, the addition of WS in
the mixtures causes a severe increase of Ba, Cr and Mo concentrations in leachate, which
are also dependent of the type of clay that determine the firing cycle and the maximum
temperature reached. The increased mobility of Cr and Mo observed in Waelz slag contain-
ing pieces has been previously described as consequence of the speciation change, from
elemental form to more soluble molybdates and chromates during the firing process. These
species are weakly retained on the sintered matrix of the final product, leading to high
releases in products fired at low temperatures [40,60].

In relation to the product properties, the strong inverse correlation value obtained
for the water absorption (WA) with the temperature can be interpreted along with the
WA component plane in the SOM, as well as with the addition of waste [15]. Highest
values of water absorption correspond to C1-based samples (low firing temperature clay),
while the lowest are located in the right side of the map, where most of the C3-based
samples are grouped. Open porosity (OP) evidences the same trend (Figure 3b) with
highest values in C1 based samples. The highest values of bulk density (D) are shown
by samples with high Waelz slag additions (bottom side) due to its high iron content. In
contrast, the weight loss (WL) shows a mirror-like behaviour respect to the density. Linear
firing shrinkage (LFS) displays the highest values in cluster II, where content of WS is
relatively low or nonexistent, whereas the highest MOR values are in samples located in
the centre of the map (Figure 3a) with relatively high FSD content.

An increased mobility of Cr and Mo has been observed from the laboratory pieces with
Waelz slag incorporation. Arsenic, despite its low content in the raw materials, increases its
mobility due to the thermal process, particularly in two of the three types of studied clays
(C2 and C3), although it remains below the inert landfill limit. Barium mobility is high in
Waelz slag [61], although the thermal process reduces its mobility considerably, below the
inert landfill limit as a result of metal incorporation to the generated silica-based matrix.
For these reasons, As, Ba, Cr and Mo are considered critical pollutants whose leaching
behaviour needs to be further studied in the next semi-industrial and industrial phases.

Laboratory scale ceramic pieces show the feasibility of incorporating WS and FSD
into fired ceramic materials. Industrial waste additions lead to analysed property values
ranging above and below those obtained from the reference pieces (LC1, LC2, LC3), except
for the open porosity, whose values are systematically 30% higher after the additions.
By-products could adversely affect the sintering process, especially FSD that present a very
high LOI. The OP is higher in the mixtures developed with C1 clay, due to the calcareous
nature of the clay and the decomposition of carbonates with temperature produce a greater
porosity [39]. Based on the laboratory results obtained and according to the scale-up
objectives of the present study, a more common and reproducible solid brick prototype is
going to be tested in the next stage of development at pilot-plant scale.

3.2. Semi-Industrial Extruded Clay Mixtures with WS-FSD Incorporation

In the development stage carried out in a pilot-plant, at a semi-industrial level, it was
decided to develop a brick prototype, named common brick, corresponding to the family
of “bricks and blocks to cover”, that have the highest marketable production in Spain [3].
In this pilot-plant trial, mixtures of the illitic-calcareous clay C1, WS (0–40%), FSD (0–35%)
and a fixed amount of 8% wood pulp have been used. The moulding system of extrusion
has been used as well as a firing cycle that is completed after drying, in an industrial
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furnace reaching required temperatures up to 850 ◦C (Figure 1) to obtain common bricks at
semi-industrial level.

The same technological properties have been measured on the fired products obtained,
and the critical pollutants that have been determined on the laboratory scale have been
analysed in the leachates. Prototypes obtained in this semi-industrial phase were evaluated
through two leaching protocols, UNE-EN 12457-1 and 2, using the liquid/solid ratio 2 and
10, which simulates closed and open landfill conditions, respectively.

The data set results of the 14 variables obtained in the 22 semi-industrial prototypes
shown in Table S3 (Supplementary material) can be grouped in an SOM trained map
(Figure 4a) based onto “range” normalization of data, resulting in a 6× 4 (24 neurons) map,
similar to the size of the 23-unit map proposed by the algorithm [59] with QE = 0.548 and
TE = 0. The application of the k-means algorithm to the trained map classifies the samples
into four clusters (clusters I–IV). Figure 4b shows the component planes of the SOM for the
14 properties of the clay fired prototypes.

Cluster I is characterised by ternary mixtures with low WS (5–20%) and high FSD (20–35%)
content. Cluster I is defined by the lowest values of metals release, for both L/S = 2
and L/S = 10, except for As with high release values at L/S = 2 and the highest release
values at L/S = 10. These samples showed low values of WA, OP, MOR and WL, high
values of LFS and intermediate values of D. Cluster II grouped the higher number of
mixtures (40% of the samples), including the reference: three binary mixtures with low
values of WS content (0–25%) and five ternary mixtures with a broad range of both WS
as well as FSD (5–30%) content. Cluster II, which groups samples with the lowest clay
substitution rates (0–30%), shows low and intermediate values of metals release, with
the lowest values of As at L/S = 2. These prototypes exhibit the highest values of WA,
MOR, WL, intermediate values of OP and LFS and the lowest values of D. Cluster III
groups only the ternary mixtures with a higher content of WS (5–30%) and a broad range
of FSD (0–30%) and clay substitution rate (20–40%). The metals release of this sample is
high to intermediate with high values of As releasing mainly at L/S = 2. The properties
reach intermediate values. Cluster IV includes only three samples, with the highest content
of WS (30–40%) in all of them. Here, the highest values of metal (Ba, Cr and Mo) release
are found for both leaching tests. Mo component planes, Mo2 and Mo10, whose neurons
surpassing the threshold values for non-hazardous landfill at L/S = 2 and L/S = 10, are
highlighted in Figure 4b.

Values of WA, OP and LFS in prototypes with industrial wastes additions are 31%,
20% and 25% as average, lower than the reference values (SC1 located in Cluster II). The
obtained values of LFS below 8% and WA below 16% classify the prototypes as high quality
bricks [48,49]. Density (D) values increases 25% as average reaching values in the range
1.5 to 1.9 g/cm3 typical of good quality bricks [62]. Samples with the higher WS additions
(Cluster IV) developed the higher density but the lower WA, MOR, WL and LFS. On the
other hand, the higher relative additions of FSD (samples in cluster I) lead to intermediate
values of technological properties. Metal release behaviour is similar in both of the leaching
tests at L/S = 2 and L/S = 10 (Figure 4b). Cluster II shows the best combination of metals
release and technological properties. Obtained results show the limitation of the WS
incorporation to values of 25–30%, whereas the FSD incorporation does not appear to be a
limiting due to the good results in both of the high and low FSD incorporations.

FSD does not provide improvement on the final product properties due to its role as a
filler replacing a fraction of the clay. Due to the difficulty of handling ternary mixtures at an
industrial level, only binary mixtures with WS and clay (and the corresponding additives)
were processed.
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3.3. Industrial Extruded Clay Mixtures with WS Incorporation

In this demonstration stage, at an industrial level, two types of hollow brick are
manufactured according to the current market demand in Spain: large-format hollow
brick (or lightweight brick) and perforated brick (or ceramic block). In these industrial
trials, mixtures of illitic-calcareous clay C1, a fixed amount of 8% wood pulp and a sample
with 30% WS (IC1W30) as well as a reference without WS (IC1) have been developed for
lightweight brick. The second products, the ceramic blocks, have been manufactured with
an illitic-calcareous clay C4 and 20% WS (IC4W20) as well as a reference without WS (IC4).
The moulding system of extrusion has been used coupled to a drying and firing cycle in
industrial furnaces reaching temperatures up to 850 ◦C and 930 ◦C adequate to obtain a
batch of each product at industrial level at Cerabric (La Rioja, Spain) and Utzubar (Navarra,
Spain) companies (Figure 1).

In the previous semi-industrial stage, the obtained prototypes showed linear firing
shrinkage (LFS) and weight loss (WL) values well below the reference sample values (SC1)
(Table S3) (Supplementary Material). An undefined trend has been observed with the
incorporation of slag, both in binary mixtures and in ternary mixtures. In addition, these
properties are not required in the Declarations of Performance (technical specifications)
for this type of products [44]. For this reason, these properties are not measured on the
industrial tests.

The data set of values of the 12 analysed variables in the four industrial samples is
shown in Table S4 (Supplementary Material). The WS incorporation increases the modulus
of rupture (MOR) and the density in the two types of industrial bricks tested. Additionally,
IC4W20 decreases water absorption (WA) and maintains the open porosity (OP) constant
respect to his reference IC4, while in contrast, IC1W30 increases WA and OP respect to the
IC1 reference brick. Although the release of Zn, Ba and As are below the limits for the Inert
landfill, experimental results showed that none of the commercial bricks (nor reference
bricks nor bricks with waste) complied with the criteria established by the European Union
for inert wastes (the most stringent), and being classified as a non-hazardous waste (due
to Cr and Mo release). Incorporation of Waelz slag into the clay mix results in higher
leaching of chromium (Cr) and molybdenum (Mo) from the fired ceramics. This is due
primarily to the higher concentration of these elements in the slag but may also be affected
by microstructural changes caused by the presence of these elements in the clay mix. The
leaching of Cr and Mo from light bricks containing 30% Waelz slag (IC1W30) reached
values close to the thresholds established for non-hazardous wastes (at L/S = 2 test). Lower
release values were observed in the case of standard bricks containing Waelz slag (IC4W20),
which may be attributed to the lower proportion of slag incorporated into the mix or to
microstructural variations derived from the small differences in the firing conditions and
raw materials. Due to the reducing conditions of the Waelz process, most of the Mo and Cr
present in the slag are in their elemental form [63,64]. It should be expected that this state
of oxidation changes during the brick firing process, resulting in formation of molybdates
and chromates that release more readily from the final product.

A SOM analysis has been made in order to compare the four industrial bricks that
incorporates WS with the six semi-industrial prototypes with only WS addition enabling the
detection of sample clusters. The data set results of the 12 variables of the semi-industrial
prototypes and industrial bricks with only WS addition have been grouped in a SOM
trained map (Figure 5a) based onto “range” normalization of data. The 4 × 4 (16 neurons)
map, equal to the size of the 16-unit map proposed by the algorithm [59] result in the
values of QE = 0.566 and TE = 0. Figure 5b shows the component planes of the SOM for the
12 properties of the tested samples.

Industrial bricks up to 20% of WS are grouped in the same luster I separately to the
others. Inside this Cluster I, IC4 and IC4W20 are located in the same neuron, while IC1 is
in a different neuron. All samples in this cluster show high density and MOR with low
OP and WA values; in addition, show relatively low release values of the studied metals
with the best results to the IC4 samples (Figure 5b). Cluster II, III and IV grouped samples
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with increasing amount of WS from 10% to 40%. The industrial sample IC1W30 is located
in cluster IV, together with semi-industrial samples with higher WA content. It is in the
same neuron of semi-industrial sample with a higher WS content (SC1W35), mainly due to
the high release values of Cr and Mo, caused by the reducing conditions in the industrial
oven [63,64]. Samples of clusters II, III and IV exhibit worse technical properties and higher
Ba, Cr and Mo released as we go forward in the order cluster II to III and to IV.
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Bricks incorporating up to 20% Waelz slag (IC4W20) show optimum technological
properties and metals release behaviour, reducing the waste landfilled as well as the energy
requirements involved in the firing process and therefore contributing to the circular econ-
omy. However, higher additions of WS (IC1W30) lead to worse properties in comparison
to the same dosage on a semi-industrial scale (SC1W30).

3.4. Comparative Analysis of Clay Mixtures at Different Manufacturing Scales

The comparative analysis by SOM of the 56 studied samples at laboratory, pilot-plant
and industrial scale lead to a trained map (Figure 6) based on “range” normalization of data
of 8 × 5 (40 neurons), similar to the size of the 37-unit map proposed by the algorithm [59],
with QE = 0.289 and TE = 0.

The shape of the four clustered maps in Figure 6a indicates that samples are effectively
sorted by, firstly, the type of clay and therefore, firing temperature; secondly, by Waelz
slag content, being independent of the foundry sand addition, and thirdly, by the type of
processing (laboratory-pressing, semi-industrial extruder, industrial, extruder). Cluster I
grouped Clay 1 based samples that includes all semi-industrial samples up to 30% of WS,
and laboratory and industrial samples without Waelz slag. Samples in this cluster show the
lowest values of D and MOR, but the highest values of WA and OP. The metal release shows
good behaviour with low metal leached concentrations. Cluster II includes laboratory
samples of all clays with almost no content of WS, as well as the industrial samples IC4,
IC4W20 which means that up to 20%WS does not substantially modify the behaviour of
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the brick. This cluster is of remarkable importance because of its minimum metal leaching
while preserving intermediate values of the technological properties. Cluster III includes
C2 and mainly C3-based laboratory pieces with high content of WS. These pieces fired
at the highest temperature, show the highest MOR values, as well as the lowest WA and
OP, even those with high waste dosages. Mo release exhibit medium-high values, even,
samples with the highest WS content exceed the threshold for non-hazardous landfill in
the European Council Decision (Annex I). However, it is not just one cluster that surpasses
those values. Some neurons of clusters III and IV surpass the values, as are highlighted in
the Mo component plane (Figure 6b).
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Samples with the highest content of WS, independent of being pressed or extruded,
are grouped on cluster IV. C1-based mixtures with the highest amount of WS are located in
this cluster, as well as some C2 based mixtures. The main characteristic of this cluster is the
high release of metals Ba, Cr and Mo, along with a good performance on the technological
properties (Figure 6b). The high values of water absorption (WA) and open porosity (OP)
and low values of density (D) and flexural strength (MOR) in cluster I and IV are inverse
correlated with the firing temperature (the lower in these clusters) and directly correlated
with the addition of wood pulp in the semi-industrial mixtures (cluster I) used to improve
product performances. In relation to the metal release, the increase of Ba, Cr and Mo
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concentrations in leachate are related to the addition of WS as well as the increase of D in the
mixtures. Samples with higher content on WS, independent of the clay and manufacturing
scale, will be located in cluster III and IV. Regarding the As release, samples with high firing
temperature are associated with high release values in the SOM (cluster II and III), where
C2 and C3-based laboratory pieces and the IC4 industrial mixtures are located. The Cr and
Mo release are high for those samples with high WS additions and low firing temperature.

Regarding scale-up, it should be noted that the reference samples without slag ob-
tained at semi-industrial (SC1) and industrial scale (IC1) are located in the same cluster,
displaying similar properties. Samples that include 30% of WS (SC1W30, IC1W30) are
found in different clusters, but in contiguous neurons, so their behaviour is also very simi-
lar, although it differs to the reference samples in a greater extent. However, differences
have been found in respect to samples obtained at laboratory scale, so it is concluded that
it is important to carry out an adequate scale-up of new products, especially if alterna-
tive raw materials are introduced to the manufacturing process that can interfere in the
sintering step.

4. Conclusions

This paper used an SOM-based methodology for analysing and assessing industrial
waste incorporation, as Waelz slag (WS) and foundry sand dust (FSD), in construction
ceramic products obtained sequentially at laboratory, semi-industrial and industrial level.
The quantity and type of clay and waste incorporated, and therefore the firing temperature,
and the scale at which the samples were manufactured, that determined the moulding
process of the mixture, are the characteristics that define the samples analysed. The
technological properties and potential contaminant elements release are the input variables
to the SOM tool.

The SOM classifies the ceramic samples according to the behaviour of the technological
and environmental properties, into four clusters at all levels. The addition of WS and
the type of clay used and therefore, the firing cycle applied to the mixtures have been
highlighted as the key factors in the ceramic sample classification. Additionally, the
component planes of the SOM evidenced that the incorporation of WS severely affects
the leaching behaviour of the mixtures with increasing release of Cr and Mo (up to 5.6
and 10 mg/kg respectively at industrial scale), and produce an important increase of the
density (1.69 to 1.96 g/cm3) and slightly their mechanical resistance (8.4 to 9.5 MPa).

Comparative analysis at different manufacturing scales shows that laboratory and
semi-industrial samples have different behaviour because of the type of moulding applied
and atmosphere of the used oven (electric vs. combustion). On the other hand, a good
correlation between semi-industrial and industrial scale from global SOM analysis is
obtained for ceramic products up to 20% of Waelz slag.

The results obtained in this work can be applied to processes of incorporation of
industrial inorganic waste into fired clay cycles, where the use of this tool will be useful as
it allows a simultaneous interpretation of results, clustering, correlating and classifying
data, thereby upgrading the scale-up process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
app112110010/s1, Table S1: Composition of the studied ceramic mixtures, Table S2: Results of the 14 analysed
variables obtained in the 30 samples of laboratory pieces. The Inert landfill and the non-hazardous
landfill limits from the European Waste Landfill Council Decision are included at the bottom, Table
S3: Results of the 14 analysed variables obtained in the 22 samples of semi-industrial prototypes.
The Inert landfill and the non-hazardous landfill limits from the European Waste Landfill Council
Decision are included at the bottom, Table S4: Results of the 12 analysed variables obtained in the
4 samples of industrial products. The Inert landfill and the non-hazardous landfill limits from the
European Waste Landfill Council Decision are included at the bottom.
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