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Abstract: Mining activity is essential for the social welfare of the population. However, this activity
produces a series of mining waste. These mining wastes, if not properly treated, can produce
significant environmental pollution. This study develops the incorporation of tailings from washing
plants in ceramic materials for bricks in order to retain the contaminating elements in the ceramic
matrix. To this end, firstly, a physical and chemical characterisation of the mining waste is carried
out and different groups of samples are conformed with clay and mining waste. These conformed
samples with mining waste are evaluated through different physical and mechanical tests typical
in the ceramic industry, studying the variation of properties by the incorporation of the waste. In turn,
the leachates from the groups of conformed samples are analyzed, confirming the retention of the
contaminating elements of the mining waste in the ceramic matrix. The results of these tests showed
that ceramics can be made for bricks with up to 90% mining waste, obtaining physical and mechanical
properties acceptable regarding the regulations and retaining the contaminating elements in the
ceramic matrix, as confirmed by the leachate tests.

Keywords: ceramics; bricks; mining waste; tailings; clay; leachate; sustainability; circular mining;
compressive strength

1. Introduction

The mining sector is essential for the development, economy, and well-being of the population,
since all the materials we currently use derive or have derived of these. However, it is also important
to note that it is one of the sectors that causes the most pollution and environmental impact. Therefore,
there are currently stricter environmental regulations than in previous times and that, in some cases,
makes the extraction of useful minerals for the industry unviable. However, a prohibition of the
extraction of materials by mining techniques is not the right trend, but rather a global study of the
mine in order to produce the least waste affecting the environment. That is to say, an integral study
cycle particularized for each mine, in which the waste produced is observed on the basis of the
defined extraction methods what are the wastes produced, the production processes are optimized
and these wastes are analyzed as new raw materials for other industrial processes. Always with the
unquestionable adequacy of the land once the mining operations have been completed.

Based on the above, there are different wastes or residues from mining operations of minerals.
Among them, and common in the extraction of metallic elements, are the tailings from flotation or
gravimetric processes, to a lesser extent the latter at present. These tailings from washing plants
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from flotation or gravimetric processes are very common in mining processing for later subjecting the
concentrated mineral to pyrometallurgical, and to a lesser extent, hydrometallurgical processes [1,2].
These tailings have a very different chemical composition depending on the rock or mineral from
which they come, containing a large number of heavy metals when the mine is for the extraction of
metallic elements. This occurs because, in the processes of concentration in the washing plants, by
flotation or by gravimetry, only the desired metallic element is concentrated, leaving the rest of the
metallic elements in the waste in a smaller proportion. In turn, it should be remembered that the
metallic elements in the minerals and rocks do not appear alone in most cases, so the existence of, for
example, Copper Sulphides, normally involves the existence of a smaller proportion of Iron Sulphides,
Zinc Sulphides, Barium Sulphides, Arsenic Sulphides, etc. These minerals exist in the deposits of
the mining waste after the concentration of the main element. In addition, there are millions of tons
of tailings from washing plants processed during decades of mining activity in the same mine [3,4].
These mining wastes are usually deposited in the proximity of the plant to, at best, be waterproofed and
form landfills. In other cases, depending on the existing regulations in each country and the evolution
of these regulations, these wastes have been uncontrollably thrown around the treatment plant.

As has been mentioned, these tailings from a washing plant or concentration plants have, in the
case of mining for the extraction of metal elements, a large percentage of heavy metals in smaller
proportions. At the same time, the flotation or gravimetric process forces the particle size to be
considerably small so that the processes are carried out correctly. Therefore, it is necessary to think
about the negative influence that this mining waste will create in the environment due to its chemical
composition and grading.

This mining waste in contact with storm water or river water, as well as its dispersion by the
wind due to its reduced particle size, causes the contamination of surface and/or ground water, the
affection of the ecosystem and a risk for living beings, fauna and even people [5,6]. In addition, arid or
semi-arid areas with reduced vegetation condition greater pollution due to the dispersion of particles
with the wind, since there is no vegetation that retains these residues [7]. However, it is not common for
vegetation to develop in the deposits of tailing from washing plants, as the presence of heavy metals
has a significant influence on the flora [8-10]. They are therefore large deposits of mining waste that
change over time by various processes of erosion with associated pollution, destroying the landscape
of the area [11-13].

The existence in previous times of less restrictive environmental regulations makes the situation
even more alarming, as is the case of the area of study of this work. The large amounts disposed of
tailings from washing plants outdoors, without waterproofing and without subsequent adequacy work
to prevent contamination, is a serious environmental problem. In addition, in most cases, they were
located in places that are inadmissible and unthinkable at present, such as near rivers, lakes, tributaries,
etc. [14,15]. This fact poses a problem, not only for the fauna and flora, but also for the public health of
the residences near the deposition area, as in the case study [16].

In order to avoid the deposition of these mining wastes, as well as to provide a new use for
them within the framework of the circular economy, different researches have been developed in this
respect. One of the options is the extraction of those elements that are found in the waste because they
were not of interest in the labors of primary mining [17,18]. These metallic elements are found in low
proportion and combined with other minerals, so their extraction by pyrometallurgical methods is
unfeasible in most cases [19,20]. However, the new techniques developed in hydrometallurgy, some
at atmospheric pressure and ambient temperature, have very low extraction costs, so the recovery
of these elements can be viable [21]. The lower grade of the mineral is compensated by the more
economical processes of processing and the lower costs of the raw material, with the extraction of the
elements by hydrometallurgy being interesting as different investigations have shown.

On the other hand, there are tailings from washing plants that have a very low proportion of metal
elements of interest that cannot be treated, since they would make even hydrometallurgical techniques
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unviable. In turn, hydrometallurgical techniques also produce waste after the leaching of elements
that cannot be deposited freely, so it is necessary to develop new uses for these mining wastes.

Based on the above, different lines have been developed in which this mining waste was used as
a raw material for other materials. The new product must be capable of retaining and accepting the
mining waste in order for viability to take of the project, as well as lessening environmental pollution.
Among the materials in which the tailings from mining washing plants have been incorporated are
mainly cement [22], and consequently mortar and concrete [23]. In the investigations developed in this
line, its incorporation has been evaluated as well as the effect on the finished material, determining
in most cases a decrease in resistance. It is important that the final material retains the elements
adequately and supports the possible variations in the chemical composition of the waste over time,
so it may be thought that cement is not the best material for incorporation. Mainly, because of the
influence in the setting processes and the acquisition of the resistance of the Sulfur, Chlorine, organic
matter, etc. There are also isolated cases in which even membranes have been developed with these
wastes or porous materials [24]. However, research into the reuse of these wastes in other materials is
still necessary.

It should be noted that the materials used for the incorporation of the tailings from washing plants
are mostly construction materials. This is due to the fact that the construction sector is one of the most
demanding sectors in terms of raw materials, expertly extracted from different mines and in high
proportions [25]. At the same time, it is one of the most polluting sectors [26], so different lines have
been developed to reduce the consumption of raw materials with the incorporation of waste [27-30],
thus creating more sustainable materials for construction.

In the present study, and based on what has been previously commented, the incorporation of
tailings from washing plants by gravimetric techniques into ceramic materials for bricks is detailed,
using this waste as raw material and avoiding the environmental pollution caused. These mining
wastes come from the area of Linares, Spain, and belong to the lead mines that were established in the
middle of the 19th century. The environmental regulations in this respect did not include sufficient
measures to prevent the contamination of ground water and surface water, as well as flora and fauna,
causing significant pollution in the ecosystem [31].

The choice of ceramics for bricks as the main material for the incorporation of the waste is
motivated by different reasons that are detailed below.

e  The manufacturing of bricks with red clay is an industrial activity developed and near to the
location of the gravimetric tailings.

e This industry consumes large quantities of raw materials, clay, for obtaining the brick as
a final product.

o  There are different successful cases in which waste has been incorporated as a substitute for the
raw material for bricks manufacture [32-35], obtaining ceramic materials with suitable properties
according to European regulations and with very interesting particular characteristics [36].

e  For their incorporation, it is not necessary to make great changes in the manufacturing process [37].

e It avoids the extraction of new raw materials such as clay, with the consequent reduction of
greenhouse gases and environmental impact [38,39].

e  This incorporation of mining waste in ceramics for bricks eliminates the deposition of tailings and
consequently the effect on the environment.

e  The ceramic matrix is capable of retaining most of the heavy metals present in the mining waste,
preventing its subsequent leaching and pollution [40].

This is therefore a study that develops in depth the reuse of a highly polluting mining waste,
which produces a material with good characteristics for commercialization and which creates
a sustainable material.

In order to achieve the final objective of this work, a series of logically ordered phases were carried
out that were able to objectively evaluate the viability of the incorporation of tailings from mining
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washing plants in the ceramic for bricks. Firstly, the physical properties and chemical composition
of the clay and mining waste were analysed. In this way, the compatibility between materials was
evaluated as well as the elements or chemical compounds of the waste to which more attention should
be paid for its use. Subsequently, samples were conformed and sintered with different combinations
of the materials under study, clay and tailings from washing plants, from 100% clay to 100% mining
waste. These samples were evaluated by different physical and mechanical tests in order to determine
the influence of the waste on the final material. Finally, leachate tests were carried out to analyze
in detail the retention of the chemical contaminating elements present in the mining waste and thus
avoid possible environmental contamination.

The tests showed, first of all, an aptitude of the red clay for use in ceramics, as well as a compatibility
with the mining waste. The mining waste, tailing from the washing plant, reflected a chemical
composition with different heavy metals that can indeed cause a significant environmental effect if not
treated properly. The different groups of ceramic samples with different percentages of combination of
both materials showed a lower density and strength with the increase of the percentage of mining
waste. In turn, this lower density implies a higher porosity and lower density, these characteristics
being particularly interesting. The lixiviate test of the different most conflicting chemical elements
showed an important retention of them in the ceramic matrix, being in all cases the lixiviates of the
ceramic materials conformed acceptable by the regulations on this respect. The maximum percentage of
incorporation of tailings from mining washing plants was 90% with acceptable results. This percentage
is excellent considering the advantages of the application of mining waste in ceramic materials and the
reduction of the deposits of the tailings.

2. Materials and Methods

This section describes the materials used in the study, as well as the methodology followed.
The methodology for the incorporation of mining waste in ceramics for bricks is comprised of a series of
logical and ordered tests capable of objectively evaluating the end of the study. The sections mentioned
below are detailed in detail.

2.1. Materials

The materials used in the present study are essentially clay and mining waste coming from mine
washing plant tailings. These wastes are analysed in detail in the methodology, for the evaluation
of their physical properties and their chemical composition. However, their location, formation and
general characteristics will be described in this section in order to understand the environmental
problem they supposed.

It should be noted that the mining waste used and the clay have been taken in representative
samples. Therefore, the physical-chemical properties and even the particle size correspond more to
a greater extent to the globality of the material.

The materials in the study have been dried for 24 h at a temperature of 105 + 2 °C to eliminate
humidity. This process has been carried out to eliminate useless variables that could damage the study
and cause disparity in the results. However, the existence of humidity in industry does not harm the
process or the final material, it should simply be taken into account so as not to add excess water in the
conforming process and to adjust to the optimal combination of materials defined in this work.

The materials used are detailed below.

2.1.1. Clay

The clay used in this work corresponds to the area of Linares, Spain. This clay, of remarkable quality,
has been and is widely used by the ceramic industry for the manufacture of bricks. Brick manufacturing
industry is common in the area and represents an important economic contribution, being a demanding
activity in terms of raw materials.
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The clay presents acceptable characteristics, although these characteristics will be corroborated by
the tests of the methodology. Its small particle size and chemical composition make this material very
suitable for use in ceramic materials for bricks.

The clay directly received from the production industry was dried and sieved by the 0.25-mm
sieve to facilitate the mixing and homogenisation processes.

2.1.2. Mining Waste

The mining waste detailed and scope of this study comes from the city of Linares, in the area of
Andalusia, Spain. In this area there was an important Lead extraction mining industry during the
second half of the 19th century and the 20th century. It is therefore usual to find different residues,
constructions, and wells from the previous mining period. This mining industry stopped its production
mainly due to the low price of Lead, the main element of extraction, and the absence of studies of new
exploitable seams.

More specifically, the mining waste belongs to the seam called "SAN ROQUE". This seam
from which Lead was extracted through the galena mineral, Lead Sulphide, was embedded into
granitic formations. Its longitude was about one kilometer and it was associated with other nearby
and parallel seams to it. The existing Lead Sulphide belonged to hydrothermal processes in which
a smaller proportion of Iron Sulphide, Zinc Sulphide, Barium Sulphide, Arsenic Sulphide, etc. had
been produced. This mine was exploited underground from approximately 1850 to 1950, focusing its
activity mainly on the 19th century.

The extracted materials were crushed and concentrated using gravimetric techniques. In turn, the
finer materials obtained were processed in washing plants by gravimetric techniques, not being usual
at that time the use of flotation processes. These plants extracted the Lead mineral for the subsequent
pyrometallurgical processes, depositing the wastes from the washing plant near the mine.

At present, these tailings represent large waste deposits in the outdoors, without any type of
waterproofing or control to avoid affecting the water, fauna, vegetation or public health. These tailings
are easily recognisable, since given their chemical composition there is no vegetation in them.
In addition, they are found near residential areas that have been affected by their deposit, mainly due
to contamination of water wells.

The sample was taken at a depth of 2 m to avoid taking the most affected surface part. In turn,
a total of 10 samples were taken from different areas of the tailings deposit in an attempt to take
representative samples. These samples have the same particle sizes as the tailings, and no grading
fraction has been altered. The mining waste will be analyzed chemically and physically, these tests are
mentioned in the methodology.

2.2. Methodology

The methodology of this study comprises a series of logical and ordered tests for the corroboration
of the final hypothesis. This hypothesis is the viability of incorporating of mining waste from Lead
mine washing plants in ceramics for brick manufacture.

For this purpose, firstly, an evaluation of the physical properties of the mining waste and the clay
is carried out. The chemical composition is essential to know by several factors, among these factors is
the detection of elements or chemical compounds that directly damage the end ceramic, as well as
the detection of possible chemical elements that could cause environmental pollution if they are not
properly evaluated.

After analyzing the chemical composition, different groups of samples or families proceed to
the conformation and are sintered. These families have different combinations of clay and mining
waste, from 100% clay to 100% mining waste. The different groups of samples after the sintering
process are characterized for the determination of the essential physical properties in ceramic materials.
The compressive strength tests are essential to evaluate the maximum percentage of incorporation of
the mining waste into the ceramic, since they show a minimum resistance that the final product must
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have. In turn, the colour of the different families was analysed to objectively determine their aesthetic
quality, and this test is very important in the ceramic industry.

Finally, the objective is not only to provide a new life for the mining waste but also to avoid
the pollution that it is currently causing. To this end, leachate tests were carried out comparing the
concentration of the chemical element contaminants in the different families of ceramics conformed
with the unaltered sample of the mining waste.

The logical order of the methodology will be able to detect those points of conflict, as well as the
weaknesses and fortresses of the study. In the following sections, we proceed the above-mentioned
tests are described in more detail, divided into three big blocks: analysis of the initial materials,
conformation of the samples and tests, and finally, evaluation of the leachates of the ceramics.

2.2.1. Analysis of the Initial Materials

Firstly, and as an essential point of this study, the physical and chemical characterization of the
waste was carried out. In turn, the clay was studied to evaluate the compatibility between both
materials. This characterisation is essential to predict the behaviour of the final ceramic created and
its properties, detecting those characteristics that may be harmful and controlling them during the
conforming process.

First, the physical properties were analysed. Among these properties, the density of the clay
particles and the mining waste was studied according to the standard UNE-EN 1097-7, using the
pycnometer method. The particle density of the materials is essential to evaluate the compatibility
between materials. If the density between both materials differs in great proportion it could cause
problems in the mixture, creating separation between them. In turn, a very different density would
require the use of volumetric corrections of all the parameters that influence the study. To calculate the
density of the particles, a series of weight and volume measurements are made with the pycnometer as
the main instrument and water of known density at a given temperature.

The main idea is the incorporation of the mining waste without the need for any previous
treatment, so the particle size must be analyzed to corroborate that a ceramic with good physical
properties and resistance will be created. A big particle size of mining waste would cause the need for
a grinding process to be carried out for use in ceramics, with the consequent associated industrial cost.
This test was carried out according to the standard UNE-EN 933-1.

The chemical composition has a significant influence on the environmental pollution of the waste,
as well as on the quality of the final manufactured material. Therefore, a thorough analysis of the
chemical composition of the mining waste and the clay is necessary to evaluate those chemical elements
or compounds that may be critical for the manufacture of ceramics for bricks. Among the tests carried
out is that of elemental analysis. This test determines the percentage of Carbon, Nitrogen, Hydrogen
and Sulfur present in the material. For this purpose, the sample is combusted at a temperature of
1000 + 5 °C and the combustion gases are analyzed. This test was performed with the TruSpec Micro
equipment of the LECO brand. The loss on ignition represents the loss of mass of the sample after
being subjected to a temperature of 1000 + 5 °C. Both tests are related and obtain complete values of
the detailed chemical elements.

In X-ray fluorescence analysis with the ADVANT’XP+ equipment (Thermo Fisher Scientific,
Waltham, MA, USA) of the Thermo Fisher brand, the percentage in which the different chemical
elements in the sample are present is determined. This test reflected those potentially contaminating
chemical elements and the percentage in which they were found. These elements were later analyzed
with leaching tests of the ceramics obtained, evaluating their retention in the ceramic matrix. It must
be taken into account that the X-ray fluorescence equipment analyzes the chemical elements with the
highest atomic weight. Therefore, the sample must be calcined to eliminate those elements that it does
not evaluate and divide the percentages of the composition in a balanced way among the detected
elements. Otherwise, there would be a higher proportion of chemical elements detected by this test
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method, as it would hide the lower atomic weight elements. This calcination process is for X-ray
fluorescence testing and it is not presented again in the methodology.

2.2.2. Conformation of the Samples and Tests

Once the starting materials had been analysed, as well as the compatibility between them, the
different groups of samples or families were manufactured. These sample groups contain different
percentages of clay and mining waste, tailings from Lead mine washing plants. In order to cover
the greatest number of possible combinations and to study the effect of the ceramic obtained with
the percentage of mining waste, families were conformed from 100% clay to 100% mining waste.
The mining waste percentage was progressively increased in percentage increments of 10%. The names
of the different groups of samples, as well as the percentage of clay and mining waste they contain, can
be seen in Table 1.

Table 1. Conformed ceramics families with combined percentages of clay and mining waste.

Samples Groups Clay, (%) Mining Waste, (%)

oM1o0C 100 0
1M9C 90 10
2M8C 80 20
3M7C 70 30
4M6C 60 40
5M5C 50 50
6M4C 40 60
7M3C 30 70
8M2C 20 80
IM1C 10 90
10MO0C 0 100

The existence of the 0OM10C family is useful to be able to compare the results of the ceramics
obtained with the mining waste and the traditional ceramic without additions. Something similar
occurs with the 10M0OC family conformed only with mining residue and in order to determine the
extreme properties of the possible combinations. In this way it is possible to evaluate accurately and
objectively the influence that the mining residue has on the final ceramic and its properties.

Once the combinations of materials for the different groups of samples were determined,
the different samples of each family were conformed, with a total of 15 samples for each family.
The samples were first mixed and homogenized in the appropriate proportion. Subsequently, 10%
water was added to the total mass of clay and mining waste. This percentage of water was evaluated as
optimal for the conforming process. Higher percentages created water exudation during compaction,
while lower percentages of water caused lower density of the specimens due to less compaction.

The mixture of both materials, clay and mining waste, and the water are poured into the metal
matrix and then, by means of a rammer, a pressure of 50 + 1 MPa is applied. The conforming process
is the same for all the samples with the same speed of compaction and the same maximum pressure of
50 + 1 MPa, for this a Testing Machines model AG-300kNX of the brand Shimadzu was used. The metal
matrix used has internal dimensions of 60 mm long and 30 mm wide, so these will be the approximate
dimensions of the samples obtained.

Once the samples are conformed, they are extracted and dried for 24 h at a temperature of
105 + 2 °C. This process is carried out to eliminate the water present in the sample in a progressive
process and not abrupt process, avoiding the creation of cracks in the material. After, the dried samples
are then measured and weighed for it test. Sintering is carried out in the muffle furnace at a temperature
of 950 + 5 °C for one hour, for which the temperature is raised at a rate of 4 °C per minute from ambient
temperature to sintering temperature. The same applies to cooling, using the same speed.
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The sintered samples are weighed and measured again for the various physical and mechanical
tests. The physical tests carried out are the determination of weight loss, determination of linear
shrinkage (UNE-EN 772-16 standard), capillary water absorption (UNE-EN 772-11 standard), cold-water
absorption (UNE-EN 772-21 standard), bulk density, and open porosity (UNE-EN 772-4 standard).

The weight loss and linear shrinkage test calculates the differences in mass and dimensions in the
samples after sintering. These simple tests reflect the behaviour of the ceramic beforehand, as they have
a significant influence on the subsequent characteristics. In turn, capillary water absorption represents
the variation of the mass of a sample when it is partially submerged for 1 minute in water, thus
reflecting the quality of the structure of the ceramic and the pores that are connected. Associated with
this test is the cold-water absorption test, determining the variation of the mass of the specimens with
immersion for 24 h in water at ambient temperature. This test is essential for ceramic elements that
are outdoors, since it reflects the water absorption and the greater weight that the ceramic element
will have on the structure. Finally, the open porosity and bulk density tests were carried out with
different measurements of the mass of the samples in dry, after immersion in water and submerged
in water. With these data, we obtained the results through different equations detailed in the standard
on the subject.

One of the essential tests in ceramics for bricks is the compressive strength test. This test was
carried out according to the standard UNE-EN 772-1 with the Testing Machine model AG-300kNX of
the brand Shimadzu. It was performed with the standardized speed of load application and automatic
detection of maximum resistance. The compressive strength test determines those families of samples
that do not obtain acceptable results for use and are therefore rejected. This limitation is established by
the European regulations, setting a minimum compressive strength of 10 MPa.

Finally, the color was objectively measured for all families of samples. An instrument called
a colorimeter (model RGB-2 of the trademark PCE, PCE Instruments, Southampton, UK) was used
for this purpose. This equipment determines the color coordinates of the samples according to the
primary colors Red, Green and Blue, quantifying it to be easily reproducible by graphic means. It must
be taken into account that colour is one more characteristic of the ceramic material, which is not limited
by the standards and is limited by the intense quality controls of the ceramic industry. It is therefore
a characteristic that should not be underestimated.

2.2.3. Evaluation of the Leachates of the Ceramics

One of the main objectives of this study was the retention of those contaminating elements that
are present in the mining waste from tailings from mining washing plants. These mining wastes are
currently causing significant environmental pollution, so that the material incorporating them must
avoid that be production of polluting leachate. In order to evaluate this characteristic leachate tests
were carried out on all sample families with acceptable results. In the analysis of the leachates, the
concentration of the most contaminating elements and in greater proportion existing in the sample
was evaluated. To confirm the retention of these chemical elements, the results of the leachates of the
families were compared with the leachates of the unaltered mining waste sample, thus being able to
quantify the retention.

The test was carried out in accordance with the standard for this purpose UNE-EN 772-5, which
describes a leaching process detailed below:

e  The dry and crushed sample to be leached is taken, weighing about 20 + 0.05 g.

e  Then, it is poured into a polyethylene bottle with 200 mL of deionized water.

e  Then itis shaken for 60 + 2 min by means of a horizontal shaker at 120 + 5 min™! with a horizontal
movement of 20 mm and ambient temperature.

e  After 15 + 1 min from the completion of the extraction, the in suspended sample is filtered through
with ash-free blue band paper filter and the filtrate is collected in a clean flask.
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Leachate samples from all ceramic families that be conformed with acceptable results and from
the mining residue sample were analyzed with Inductively Coupled Plasma-Mass Spectrometry.
The ICP-MS used was the Agilent 7900 (Agilent Technologies, Santa Clara, CA, USA). With this
equipment it is possible to determine the concentration of the chemical elements present in the mining
waste in a quantitative way, since standards were used during the test. The results reflected the
retention of the chemical elements, as well as the feasibility of manufacturing the ceramic families by
comparing the results with the maximums established by the standards.

3. Results and Discussions

Next the results of the different tests detailed in the methodology are described. These results
provide a series of partial conclusions that will define the final conclusion. The final conclusion of
this study is the assessment of the feasibility of incorporating mining waste from Lead mine washing
plants, in ceramics for bricks. The results are shown below in the three main blocks discussed.

3.1. Analysis of the Initial Materials

The analysis of the physical and chemical characteristics of the materials reflects the compatibility
between them, as well as the existence of some chemical elements pollutants that can cause
environmental pollution if not controlled.

The first of the physical tests carried out was that of particle density. The clay showed a density
of 2.44 + 0.04 g/cm?, being this value usual in clayey materials. On the other hand, the mining
waste reflected a density of 2.86 + 0.06 g/cm?, this density being slightly higher than that of the
clay and provided by the heavy metals it contains. However, the densities of both materials are
relatively similar so they should not cause problems in the conformed of the pieces, nor are volumetric
corrections necessary.

On the other hand, it should be remembered that the clay was sieved for use by the 0.25 mm
sieve. This clay has a very small particle size due to its origin and formation, so the particle size of the
mining waste was studied to evaluate its direct incorporation. The grading curve of the mining waste
is detailed in Figure 1.

GRADING CURVE OF MINING WASTE
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Figure 1. Grading curve of mining waste coming from tailings from washing plants.

Figure 1 reflects how the particle sizes of the mine waste are mostly less than 0.3 mm, so
compatibility with the clay screened by the 0.25 mm sieve is optimal. This reduced particle size of the
mine waste directly benefits the ceramics materials conformed process, however, its deposition in the
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outdoors has created a significant contamination by its dragging with the wind and the different types
of erosion.

Once the essential physical properties have been analysed, be proceed carried out the chemical
tests. Firstly, the elemental analysis test was carried out for the clay and mining waste. This test
quantifies the proportion of the chemical elements Carbon, Nitrogen, Hydrogen, and Sulfur when the
sample is combusted at the temperature of 1000 + 5 °C. The results of the elemental analysis test are
given in Table 2.

Table 2. Elemental analysis Carbon, Hydrogen, Nitrogen and Sulfur for clay and mining waste.

Samples Nitrogen, (%) Carbon, (%)  Hydrogen, (%) Sulfur, (%)
Clay 0.04 + 0.00 1.16 £ 0.05 0.65 + 0.02 0.00 + 0.00
Mining waste 0.00 + 0.00 3.57 £ 0.07 0.16 + 0.00 0.00 + 0.00

The elemental analysis of the clay reflects a low percentage of carbon, so it shows the practically
absence of carbonates or organic matter in its composition. This is an essential fact that reflects the
quality of clay as a raw material for ceramics. At the same time, there is a reduced percentage of
Hydrogen probably produced by the hydrated compounds that the clay contains. In the case of
mining waste, the percentage of Carbon is also reduced, although it is higher than in clay. However,
this percentage should not cause problems in the ceramic as it most probably corresponds to a low
percentage of carbonates. The hydrogen present in the sample is very low, due mainly to some hydrated
compound or simply to unavoidable moisture in the sample. It is worth noting the zero Sulfur value
obtained in both samples. In the clay this zero value reflects the quality of the material but in the
mining residue it implies much more. The null value in the mining residue of Sulfur, starting from this
metal sulphide residue, shows how the mining process carried out previously and the exposure to the
elements for more than 50 years to the elements has made possible the oxidation of the elements and
the inexistence of Sulfur. This is an excellent fact for the manufactured material because it will not
be damaged by Sulfur but, at the same time, it reflects the contamination that has existed due to the
deposit of tailings in the area.

The loss on ignition reflected the loss of mass when the samples are subjected to the temperature
of 1000 + 5 °C. This loss of mass can be due to different factors, including the removal of organic matter,
the removal of carbonates, the transformation of some chemical compounds and the oxidation of some
chemical elements. The results of the loss on ignition test of the clay and mining waste are detailed
in Table 3.

Table 3. Loss on ignition of clay and mining waste.

Sample Loss on Ignition, (%)
Clay 7.90 +0.35
Mining waste 11.71 £ 0.39

The loss on ignition of clay and mining waste is very similar. This loss on ignition is mainly due to
the transformation of some chemical compounds and the oxidation of other chemical elements, since
as was previously determined by elemental analysis, the percentage of Carbon is very low. Both values
are acceptable and will reflect very similar mass loss results in the samples.

X-ray fluorescence provides the elemental composition of the samples, detailing those elements
with the highest atomic weight. Among these chemical elements are all the heavy metals that are
a source of contamination by the waste. X-ray fluorescence test results for clay and mining waste are
detailed in Table 4.
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Table 4. X-ray fluorescence of the clay and minng waste samples.

Compound Clay, wt% Mining Waste, wt%
SiO, 52.62 + 0.25 4271 +£0.22
AlLO; 17.83 £ 0.19 10.79 + 0.14
Fe, O 7.84 £0.13 6.20 £0.11
K,O 5.63 £0.12 433 £0.09
MgO 3.44 £ 0.09 2.10 £ 0.07
CaO 3.19 £ 0.09 18.28 £ 0.17
TiO, 0.769 + 0.038 0.563 + 0.027
Na,O 0.165 + 0.015 0.423 + 0.071
P,0s5 0.154 + 0.008 -
P - 0.0975 + 0.0048
MnO 0.154 + 0.008 0.966 + 0.044
0.0379 +
ZrO, 0.0049 0.0484 + 0.0024
0.0357 +
V,05 0.0031 0.0102 £ 0.0015
0.0344 +
SrO 0.0036 0.0208 + 0.0010
0.0318 +
RuO, 0.0021 -
0.0273 +
Rb,O 0.0048 0.0188 + 0.0009
0.0273 +
PdO 0.0040 )
s 0.0247 + i
0.0013
SO; - 0.173 + 0.008
. 0.0233 +
NiO 0.0020 0.0052 + 0.0010
0.0184 +
PtO; 0.0039 -
0.0164 +
Cr,03 0.0023 0.0117 + 0.0012
0.0095 +
cl 0.0008 )
0.0078 +
Co304 0.0023 0.0086 + 0.0010
0.0063 +
MoO; 0.0018 -
0.0062 +
ZnO 0.0027 0.0780 + 0.0039
As,Os - 0.0153 + 0.0024
Ar - 0.0018 + 0.0007
CuO - 0.108 + 0.005
GayO5 - 0.0026 + 0.0006
Y,05 - 0.0101 + 0.0008
Sb,05 - 0.0029 £ 0.0013
BaO - 0.8701 + 0.0429
PbO - 1.63 £ 0.06

11 of 21

The X-ray fluorescence of the clay reflects a usual chemical composition of an aluminum silicate.
High percentages of Silicon and Alumina are present due to its composition, as well as Iron Oxides,
which give it the usual reddish colour of this material. Calcium and Magnesium Oxides are present
in a lower proportion, being their percentage adequate for its use. Potassium, derived directly from

feldspars, has a suitable percentage as it is a red clay. The other chemical elements are found in a much
lower proportion and do not produce anomalies in the composition of the clay that could become

a problem in the ceramic. The composition of the clay can be defined as acceptable.

On the other hand, the waste from mine tailings also has high percentages of Silica and Alumina,
both of which are compounds conforming of the granite. The same happens with Calcium, an element
present in feldspars that is usual in granitic rock. It should be noted that granite is the rock in which
the extracted Lead seam is found, so it is common to find traces of this material in the mining waste.
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At the same time, there are percentages of Lead typical of the mining labours and derivatives of the
extracted galena mineral. The existing Iron may be largely due to the metallic sulphides associated
with Lead Sulphides, among them and more commonly pyrite. The same happens with Magnesium,
usual in granitic rocks as well as in the polymetallic sulphides of the extracted seam. Potassium, as
in the case of clay, is derived directly from the feldspars that conform the granite. The other elements
are found in smaller proportion but must be studied later by leaching to check their retention in the
ceramic matrix. Among these elements are Manganese, Titanium, Barium and Copper. The percentages
are so small that they would not make extraction viable but if they can cause surface water and ground
water contamination if they are in contact with it. It is worth noting the low percentage of Arsenic in
the sample, being a very suitable value for its use in ceramics, since Arsenic is one of the most limited
elements for manufacturing due to the contamination it can create in the leaching.

Evaluated the chemical composition of the initial materials, as well as the physical properties,
it can be concluded that they are both compatible for use in the conformation of ceramic materials.
However, special attention should be paid to a number of chemical elements present in the mining
waste sample that may cause environmental problems if not retained in the ceramic matrix.

3.2. Conformation of the Samples and Tests

Here, we studied the characteristics of the clay and of the mining waste from Lead mine tailings, as
well as evaluated for suitability for conformation of ceramic materials, we proceeded to the realization
of the different groups of samples. The families carried out are those detailed in Table 1, being
conforming and sintering according to the process detailed in the methodology. These samples of the
different families were tested to determine the different physical properties detailed in this section.
Firstly, the loss of weight and the linear shrinkage of the different families of samples conformed with
clay and the mining waste are detailed in Figure 2.
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Figure 2. Physical properties of ceramic families with clay and mining waste after sintering (a) weight
loss and (b) linear shrinkage.
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The weight loss of the different families of ceramic samples reflects a linear behaviour that
increases as the percentage of mining waste increases. This is logical since it can be seen that the
O0M10C family, composed only of clay, and the 10MOC family, composed only of mining waste, have
similar weight losses to those obtained in the loss on ignition test for both materials - this coincidence
derives that the temperature of this test and the sintering temperature are similar. Therefore, a linear
increase in the percentage of mining waste leads to a linear increase in the loss of weight up to the
maximum value. In short, the graph shows how the loss of weight between samples is quite similar,
being greater the higher the percentage of mining waste. This fact will significantly affect the structure
of the conformed ceramic with a higher percentage of mining residue, reflecting a higher percentage
of pores.

In turn, the linear shrinkage of ceramic families decreases as the percentage of mining waste
increases. A virtually zero linear shrinkage value is obtained for samples conformed with 40% mining
residue and 60% clay. Higher values of mining residue in the samples cause to expand during the
sintering process. This test, like the weight loss test, determines the subsequent physical and mechanical
properties. A ceramic with a higher weight loss and a lower linear shrinkage after sintering produces
a more open internal structure. This structure causes a lower density, a higher porosity and a lower
resistance, however, these results must be studied and evaluated according to the limits established by
the regulations.

The capillary water absorption and the cold water absorption of the different families of ceramics
are detailed in Figure 3.

(a) CAPILLARY WATER ABSORPTION

ol
o
=]
o

4,680
4,352

3,801

£
o
o
o

3,332

2,624 2,861
2,347
1,960 2,060 2,106

1,620

CAPILLARY WATER
ABSORPTION g/m2*min

0 10 20 30 40 50 60 70 80 90 100

% MINING WASTE

(

O
—

COLD WATER ABSORPTION

29.52
27.18

30 4
23.23

19.07
16.57

15.61
14.24
12,02 1299 13.55

15 110.61

% COLD WATER
ABSORPTION

0 10 20 30 40 50 60 70 80 90 100

% MINING WASTE

Figure 3. Physical properties of ceramic families with clay and mining residue after sintering (a) capillary
water absorption and (b) cold water absorption.

The capillary water absorption of the different families of ceramics conformed clearly reflects the
effect detailed by the previous properties. A higher percentage of mining waste creates a more open
structure with a greater number of connected pores. It is therefore easy to see that the suction on this
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type of sample with a higher percentage of mining residue is higher. However, the standard sets a limit
of 8500 g/m?-min~, so all results are acceptable.

On the other hand, the cold water absorption increases at the same time as the percentage of
mining waste in the ceramic increases. This fact is obvious for the comments made above, and will
equally condition the properties of porosity, resistance and density. A greater absorption of cold water
in the elements that are outdoors implies a greater weight of the ceramic elements with the contact of
the water and, definitively, a greater weight in the structure that must support. However, the growth
of this property is slow and in none of the cases are alarming values obtained. However, a different
trend can be observed of the ceramics with a percentage higher than 60%, reflecting a faster growth of
cold water absorption that will be reflected later in other tests.

Figure 4 shows the results of the open porosity and bulk density tests of all the families of
ceramics conformed.
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Figure 4. Physical properties of ceramic families with clay and mining residue after sintering (a) open
porosity and (b) bulk density.

Figure 4 reflects the increase in open porosity with the increase in mining waste in ceramics.
This was to be expected since families with higher percentages of mining waste previously reflected
greater weight loss, less linear shrinkage, greater capillary water absorption and greater boiling water
absorption. Therefore, the increase in porosity in ceramics with mining residue is clear and objective.
However, a higher percentage of pores is not a problem, since if acceptable results are obtained by the
regulations, an increase in the percentage of pores implies such desired properties in the Construction
Sector as the decrease of thermal and acoustic conductivity. It should be noted that the material should
not only be environmentally defined in its production, but also over its lifetime. A material with better
thermal insulation directly causes a reduction in energy consumption for the climate equipment in the
home, a very important factor to take into account.

On the other hand, and based on the results obtained in the previous physical properties analysis,
it can be deduced, and it can be seen in Figure 4, that the density of the ceramic decreases while the
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percentage of the mining waste increases. A decrease in density in ceramic materials and under the
same processing conditions directly conditions a lower compressive strength. However, if the limits
set by the regulations are maintained, a lower density creates a lighter material. This lighter material
reduces the weight that the structure must support, implying less consumption of structural materials.

Finally, Figure 5 shows the compressive strength of the different ceramics obtained and the
deformation to breakage.
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Figure 5. Physical properties of ceramic families with clay and mining residue after sintering
(a) compressive strength and (b) deformation to breakage.

The compressive strength of the manufactured ceramics of the different families decreases when
the percentage of mining waste increases. This is mainly due to the properties determined above, higher
mass loss, lower linear shrinkage, and consequently lower density and higher porosity. The ceramic
with mining residue has a more porous internal structure, with less capacity to resist the compressive
loads. However, all the families conformed with a combination of clay and mining waste obtain
acceptable results according to the regulations on in this respect, except the family 10M0C composed
only of mining waste.

As the percentage of mining residue in the ceramic material increases, the deformation caused
by the breaking strain decreases. Therefore, it can be concluded that the incorporation of the mining
residue creates a more brittle and less ductile material, capable of resisting lower loads.

It is worth noting the increase in the slope of loss of resistance and decrease in deformation for
percentages higher than 60% of mining waste. This phenomenon was already observed in the cold
water absorption test and to a lesser or greater extent in all the physical properties results. This fact
demonstrates the existence from 60% of mining waste in the ceramic of a substantial change of the
obtained product, decreasing the characteristics resistant to a greater proportion. It is obvious to
think therefore that, from this point, there exists a smaller percentage of clay capable of retaining and
stabilizing the mining residue.

Finally, and as an essential characteristic within ceramics for bricks, Figure 6 reflects the color of
all families of conformed ceramics from clay-only conformed ceramic (left) to mining residue-only
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conformed ceramic (right). The intermediate samples correspond to intermediate percentages of clay
and mining waste combination.

Figure 6. Image of the samples of the different families of ceramics conformed from clay and mining
waste. From left to right, 0M10C, 1IM9C, 2M8C, 3M7C, 4M6C, 5M5C, 6M4C, 7M3C, 8M2C, 9IM1C
and 10MOC.

As can be seen in Figure 6, the color varies progressively from reddish tones of the red sintered
clay to brown tones of the sintered mining waste. The colour change is directly related to the chemical
composition of the combination of clay and mining waste, since the conforming and the sintering
process is the same. The colour is one more characteristic of the ceramic material, not limited by the
regulations, but by the quality controls of the ceramic industry. A residue that combined with the clay
creates a material with acceptable characteristics but produces rude changes in the colour of the product,
may that not be accepted by the quality controls of the company. This is because there are margins
in which the color of the ceramic can oscillate to maintain uniformity in production. Therefore, it can
be affirmed that colour, although an important characteristic, is a quality that the market must accept
and, therefore, in the scientific field it can only be faithfully recorded for subsequently reproduced by
graphic means. With their detailed purpose, the colour coordinates of the different ceramic families are
shown in Table 5 with the acceptable results in function on the primary colours.

Table 5. Red, Green and Blue coordinates of the color of the different families of samples conformed
with clay and mining waste.

Color O0M10C 1M9C 2M8C 3M7C 4M6C 5M5C 6M4C 7M3C 8M2C 9IM2C

Red 3107 259+6 247+7 277+7 291+6 279+7 284+8 284+6 271+8 291+6
Green 158+5 153+4 146+4 157+4 177+5 172+3 184+6 191+4 197+5 2206
Blue 111+3 114+3 110+3 116+3 134+3 131+3 143+4 149+3 153+4 177+4

The results of the physical and mechanical tests of the families of ceramic samples conformed with
clay and mining residue have reflected a suitability of all families except the family conformed only
with mining residue (10MOC). With these families of samples with acceptable results, the leachates of
the contaminating elements we proceeded to analyze in greater proportion.

3.3. Evaluation of the Leachates of the Ceramics

Leachate from contaminants in mining waste from tailings from Lead mine washing plants should
be analyzed for retention. The concentration of these elements in the leachate must also be evaluated
to ensure that it is permitted by the regulations.

Based on the above, the analyses of the leachates of the different families of ceramics conformed,
in comparison with the leachates of the unaltered mining waste, are detailed for the chemical elements
Iron, Lead, Manganese, and Titanium in Figure 7.

Leachate from the heavy elements Iron, Lead, Manganese, and Titanium are drastically reduced
when incorporated with clay in ceramic materials. This fact is easily observed in the graphs in Figure 7,
which reflect a drastic decrease in the concentration of these elements in all families of ceramics
conformed compared to the leachates of the unaltered sample represented in the first column of each
graph (MW). The heavy metals are easily retained in the ceramic matrix and therefore avoid the
existence of surface water or ground water contamination when in contact with the ceramic product.
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Figure 7. Leaching tests of chemical elements contaminating for the ceramic families with clay
and mining residue and the unaltered mining residue sample. (a) Iron leachate, (b) Lead leachate,
(c) Manganese leachate and (d) Titanium leachate.

On the other hand, the leachates of the different families of conformed ceramics and of the

unaltered sample of the mining waste for the chemical elements Magnesium, Aluminium, Barium, and
Copper are shown in Figure 8.
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Figure 8. Leaching tests of chemical elements contaminating for the ceramic families with clay and
mining residue and the unaltered mining residue sample. (a) Magnesium leachate, (b) Aluminium
leachate, (c) Barium leachate and (d) Copper leachate.

The leachates of the elements Magnesium, Aluminium, and Barium, because they are light metals,
and Copper, because it has a greater reactivity despite being a heavy metal, are not reduced in their
totality, as in the previous case. However, it is easily observable how the concentration of the chemical
elements detailed above is significantly reduced compared to the concentration in the leachates of the
unaltered sample of the mining waste. Furthermore, the results obtained from the chemical elements
detailed in the leachate of the ceramic families are acceptable by the regulations in this respect, and
being therefore the families suitable for its manufacture and significantly reducing environmental
pollution of the exposure of mining waste in large deposits to the elements.

Emphasis should be given to the importance of developing a material that not only incorporates
a residue, but also inactivates it so that the associated environmental pollution that would occur if it
were directly deposited does not occur. Therefore, the final objective of the incorporation of the waste
and retention of contaminating elements is achieved.
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4. Conclusions

The tests detailed in the methodology provide a series of partial conclusions that will lead to the
final conclusion, the viability of the development of ceramics with mining waste from tailings from
Lead mine washing plants and the retention of those contaminating elements in greater proportion.
It is important to highlight the importance of using a waste that is currently not used and that is causing
significant environmental pollution due to its uncontrolled deposition, reducing the environmental
impact, as well as creating a product with acceptable and sustainable characteristics.

The partial conclusions that can be extracted are:

e  The density of the mining waste, as well as its particle size, makes it possible to mix it with the
clay without any kind of pre-treatment, and thus to develop ceramic materials for bricks without
homogenization problems.

e Elemental analysis, loss on ignition, and even X-ray fluorescence, showed a significant similarity
between the mining waste and the clay. This fact facilitates the conformation of ceramics.
This similarity is due to the rock from which the mining seam, granite, comes. This similarity is
due to the rock from which the exploited seam comes by labourious mining the granite.

e  There are a number of contaminants such as Iron, Lead, Manganese, Titanium, Magnesium,
Aluminium, Barium, and Copper, which are found in greater proportion in mining waste and
can cause significant environmental pollution. Therefore, it is necessary to evaluate leachates
in ceramic products and confirm their retention in the ceramic matrix.

e  Ceramics with mining waste develop a higher weight loss and a lower linear shrinkage. For this
reason, they create a more porous internal structure, capable of obtaining a greater capillary water
absorption, a greater cold water absorption, a greater porosity, and a lower density.

e The increase in porosity has a significant influence on the acquisition of probable thermal and
acoustic insulation characteristics and is therefore an important fact to take into account.

e The decrease in density creates a lighter ceramic material that must support the structure, and
therefore there is less use of structural elements.

o The compressive strength decreases with increasing percentage of mining waste and creates
a more brittle material. However, all the families of ceramics with clay and mining waste have
acceptable resistance values, except the family conformed only by mining waste.

e  The colour of the samples varies progressively, without sudden changes and towards brown tones.
The color was recorded for reproduction in graphic media.

e  The heavy metals in the mining waste sample were retained in the ceramic matrix practically
in their totality, as confirmed by the leachate test. Therefore, the environmental impact associated
with the mining waste is reduced.

e  The light metals and Copper were partially retained in the ceramic matrix, be necessary the use of
higher sintering temperatures for their complete retention. However, the concentrations of these
elements in the leachates studied for the ceramic families obtained are lower than the maximums
set by the regulations.

On the basis of the detailed partial conclusions it can be stated that the conformation of ceramic
materials for brick production from mining waste from Lead mine tailings washing plants is feasible.
In addition, the ceramic matrix retains the existing contaminating elements in the waste and prevents
environmental pollution.

Therefore, this study evaluates the use of a useless, polluting, and low-cost mining waste
in ceramics with acceptable physical and mechanical results, thereby reducing its deposition in landfill,
the contamination of ground and surface water, the extraction of new raw materials, and creating
a sustainable product that retains the contaminating elements of the mining waste.

All the aspects mentioned above contribute to the development of a material framed inside of the
new circular economy. Unlike the linear economy, in this research, a new life is given to the mining
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waste as a raw material for ceramic materials. Therefore, the closure of the material flows and the
reduction of the environmental impact, associated to the extraction of new raw materials and the
pollution caused by the waste in landfill, are achieved.
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