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Abstract: The manufacture of bricks for building purposes consumes large quantities of virgin
materials, such as clay. On the other hand, the ornamental stone processing industry produces a huge
amount of stone cutting sludge in its process. Therefore, this study presents the development of ceramic
materials for the manufacture of bricks with stone cutting sludges, more specifically from granite.
For this purpose, the physical properties of the stone cutting sludge and the chemical composition
were mainly analyzed. Subsequently, different groups of ceramic samples were conformed and
sintered with various combinations of clay and of stone cutting sludges. The conformed samples were
evaluated with different physical tests and with the compressive strength test. The addition of stone
cutting sludges to the ceramics reflected the creation of a material with lower density and higher
porosity. The compressive strength of the different groups reflected a maximum allowable percentage
of stone cutting sludges incorporation of 70%. Therefore, ceramic materials were developed with
stone cutting sludges, developing a sustainable, lighter material with acceptable mechanical and
physical characteristics. Avoiding the deposition of a polluting waste in a landfill and at the same
time avoiding the extraction of new virgin materials.

Keywords: stone cutting sludge; mining waste; ceramic; brick; clay; granite; sustainability;
compressive strength; physical tests

1. Introduction

Sustainability, the reduction of environmental impact, and the search for more environmentally
friendly solutions are the new trends on materials that are currently being imposed. This fact is
fundamentally due to a greater environmental awareness of the population, a greater scarcity of
resources, and consequently, more restrictive environmental regulations in the different countries [1,2].

A series of sustainable materials are currently being developed that produce a lower environmental
impact and lower greenhouse gas emissions, mainly in the construction sector. It must be taken into
account that the construction sector is one of the most polluting, since it consumes large quantities of
raw materials [3], uses little optimized industrial processes, and manufactures enormous quantities
of products [4]. These factors directly intervene in the future scarcity of essential raw materials [5],
as well as in the consumption of energy, being the sector that produces the highest energy consumption
worldwide [6].

In the construction sector, more specifically in building, a large amount of materials is consumed.
The construction of new buildings or the renovation of existing buildings is proof of this fact. Among the
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most consumed materials are ceramics, and in turn bricks. Bricks are ceramic products with thousands
of years of history and are commonly used for various reasons [7]. Among these reasons are their
good mechanical behavior, economic costs, as well as durability [8]. However, for the manufacturing
of this product, it is necessary to carry out expensive operations of extraction of virgin materials,
such as clay, with the consequent emissions of CO; [9]. A high temperature sintering process is
also necessary, around 950 °C. It is therefore a product that must suffer remodeling towards a more
sustainable material, and on which various investigations have been carried out in order to find more
environmentally friendly solutions [10-12].

In order to obtain a more sustainable ceramic product, several modifications have been made
surrounding the formulation and process of brick manufacturing. On the one hand, countries as
important as China have limited their production to avoid reducing the disappearance of cultivable
areas [13]; however, stopping such an important sector that produces so many benefits to the population,
as the construction sector, may not be the best solution. On the other hand, more sustainable materials
have been developed, such as geopolymers, which use waste in their conformation and less polluting
manufacturing processes [14,15]. However, it is a line of study still to be developed, and that must solve
the problems of durability. Finally, other options for the manufacturing of ceramic bricks have been
the incorporation of waste into its matrix, making processes more economical, and environmentally
sustainable [16].

The addition of waste into ceramic materials for the manufacturing of bricks has been done with
various wastes, resulting in several success cases [17,18]. The success of this technique is based on
different factors; on the one hand, it reduces the amount of virgin material to be used, clay, reducing the
operations of extraction of materials, the emissions that it entails, and the environmental impact on the
territory. On the other hand, a currently unused waste is incorporated; thus, reducing the economic
cost of the final product and, consequently, the layout of waste used in landfills is reduced. In addition,
the integration of waste into ceramic materials can provide particular characteristics that benefit the
final material. Among these characteristics are thermal and acoustic insulation [19,20], as well as the
lightness of the material [21]. This inclusion is easy to carry out without executing great modifications
in the production industry, either in the processes or in the machinery [22].

It is an option that brings economic and environmental benefits, reduces the deposition of
materials in landfills, and provides a new life to the waste, and is, therefore, totally within the new
circular economy [23]. Furthermore, it is common to find waste that, by its chemical composition,
can seriously damage the environment, either by contaminating surface water or underground water,
or by affecting vegetation and fauna. These wastes must be treated with special care and incorporate into
materials that cause adequate retention of the elements or chemical compounds conflicting. In this case,
the incorporation in ceramic materials of the contaminating residues is one of the best options, since the
ceramic matrix retains these contaminants in high proportion, and avoids their leachate [24-26].

On the other hand, and also within the construction sector, the ornamental stone production
industry produces in Europe an amount of approximately 5 million tons of stone cutting sludges per
year [27]. This waste is produced directly in the labor of cutting the stone for its later treatment and
sale. It has been calculated that the extraction and processing of granite and marble produce 40% in
volume of stone cutting sludge with respect to the initial volume, being the 20% of this percentage
corresponding to the labor of the processed in the industry [28]. Therefore, it is a waste produced in
great quantity, and its uncontrolled deposition can create a series of environmental problems.

The cutting of the granite, on which this study is based, with a diamond disc for processing,
is usually done with water to avoid heating the material and of the machinery. Therefore, stone cutting
sludge is produced with a reduced particle size, around tens of micrometers, and with a series of
metallic elements, such as cobalt or copper proceeding from of the cutting disc [29]. At the same time,
it is common to find organic compounds coming from lubricants and fats of the machinery itself.
Even if these stone cutting sludges are subjected to subsequent water separation by flocculation,
percentages of flocculants are usually obtained, which is a very limiting factor for their reuse [30].
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In short, stone cutting sludge is a waste that poses a problem in Europe. It is an even more
serious problem in countries such as the Ukraine, where environmental regulations are less restrictive,
and stone cutting sludge is landfilled directly in areas adjacent to the producing industry in large
pits. These pits are not waterproofed in most cases and are be using for sediment deposition by their
own gravity and water reuse. Therefore, these pits can cause significant contamination of agriculture,
living beings, and surface water or groundwater [31].

Based on the above, the deposition of the stone cutting sludges in a landfill can cause the
contamination of surface water and groundwater due to its chemical composition, as well as to a
serious effect on vegetation due to its small particle size. It is a problem that has been tried to be solved
through its reuse, and (always) by initially analyzing its chemical composition to study its viability.
The main areas in which stone cutting sludges have been reused have been bank restoration [32],
waterproofing, of substrates [33], or very specific work in civil construction [34]. In these operations,
the chemical composition should be controlled, since a high proportion of elements that pollute would
limit the use in the first two options, and should be studied in depth for the third option.

There are also isolated investigations in which these stone cutting sludges are incorporated as an
additive to cement [35,36], to mortar [37], to concrete [38], to plaster mortar [39], or even manufacturing,
such as artificial aggregates [40] or bituminous mixtures [41]. In most of the cases mentioned, mainly in
cementitious materials, their incorporation directly affects the resistance characteristics of the final
material [42].

According to what has been commented, and with the aim of providing an environmentally
friendly solution that reduces the deposition of waste, and creates sustainable materials with an easy
industrialization process, this work studies, the incorporation of granite cutting sludge in ceramic
materials for bricks.

With this objective, stone cutting sludges was firstly analyzed, being an essential stage for
the detection of the physical properties of the stone and its compatibility with clay. The chemical
composition was studied to evaluate the influence that it could have on the final product and the
existence of chemical elements that could become conflicting. Once the stone cutting sludge had been
analyzed, different groups of samples were manufactured with different percentages of combination
of clay and the stone cutting sludges, from 100% clay to 100% stone cutting sludge. These samples
were sintered and then evaluated with various traditional physical tests on ceramics. These tests were
carried out to analyze the variation in the properties of the ceramics with respect to the increase in the
percentage of stone cutting sludge. The color of the samples was evaluated on the basis of the chemical
composition, determining which factors were directly involved in the brightness and color reflected
by the different families of samples. Finally, the compressive strength test, so limiting in the ceramic
industry for the incorporation of waste, reflected the maximum percentage of stone cutting sludges in
the ceramic.

2. Materials and Methods

2.1. Materials

The materials used in this project are common industry materials, taken directly from the producing
companies without altering their characteristics. These materials are analyzed in the methodology,
so their description in this section will be of their formation, origin, and general qualities.

A drying process was carried out to eliminate the water they contained, and provided, in the
study, a greater control of all variables, among which included humidity. However, the existence
of humidity in the factory during the manufacturing process would not harm the final material;
it would simply have to be taken into account so as not to add excess water, and to respect the optimal
combinations of materials provided by this study. Therefore, all the tests described in the methodology
are carried out with dry materials and without moisture.

The materials used and the basis of this work are the clay and the stone cutting sludge.



Minerals 2020, 10, 621 4 0f 18

2.1.1. Clay

The clay used corresponds to the area of Jaen Spain. In this geographical area, there is an important
and traditional industry of manufacturing bricks with red clay; the one used in this study.

The red clay was evaluated with various tests in the methodology; however, it should be noted
that it has a high quality from its small particle size and presents no hazardous chemicals elements or
organic matter.

The clay to be used in the study was sieved by the 0.25 mm sieve; thus, obtaining a material that
can be easily processed in the mixture.

2.1.2. Stone Cutting Sludge

The stone cutting sludges used in this study belong to the companies producing ornamental
stones located in the immediate of the city of Zhytomyr, Ukraine.

These stone cutting sludges are produced in the granite cutting process for the manufacture of
different decorative elements. The use of water to prevent the heating of the machinery produces
this stone cutting sludge. This stone cutting sludge is deposited in pits for the reuse of water after
sedimentation and drying of the waste by natural evaporation processes. It has a reduced particle size
due to its formation process.

The initial material from which it comes is very similar throughout the production process,
as well as the machinery used. This fact is essential for the use of waste, since it directly implies that the
physical and chemical characteristics of the stone cutting sludges remain constant over time, in different
productions, and in different years. It is therefore easy to define a suitable material combination
with this waste that is stable and should not be continuously varied with the properties of the waste.
In other types of waste, such as sewage sludge, or construction and demolition waste, the same is not
true, so it is difficult to define an optimal combination of materials.

The physical and chemical testing of stone cutting sludges is defined in the methodology.

2.2. Methodology

The methodology followed in this work consists of a series of logically ordered tests to evaluate
the suitability of incorporating stone cutting sludges in ceramic materials. In this way, the critical
processes can be identified, as well as the special care that must be taken to the objectives of the study.

Firstly, and as a basis for any study of waste incorporation, the physical and chemical characteristics
of the initial materials were evaluated. To this end, tests were carried out to determine the chemical
composition of both materials, as well as the physical properties that conditioned their mixing and the
compatibility of them.

Subsequently, and having evaluated the suitability of the stone cutting sludges and clay for the
manufacture of ceramics, different groups of samples were conformed with increasing percentages
of the waste, from 100% clay to 100% stone cutting sludges. In this way, it was possible to obtain
samples in all ranges of possibilities. These samples were conformed and sintered to later evaluate
their physical properties.

Finally, and as a main limiting factor for the correct execution of ceramics, compressive strength
tests were carried out. All of the groups of samples were tested, evaluating the influence of the
compressive strength with the percentage of addition of stone cutting sludges. Based on this study,
it was possible to obtain a maximum incorporation of stone cutting sludges in ceramics, as well as a wide
range of possible combinations with different physical and resistance properties for particular cases.

This methodology is further detailed in the following four major blocks: analysis of the initial
materials, conformation of samples and physical tests, color analysis and compressive strength testing.
In turn, in the Results section, it is described in an analogous way to the scheme presented.
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2.2.1. Analysis of Initial Materials

The physical and chemical analysis of the properties of the starting material is fundamental to
establish the criteria to follow in the study. This analysis provides information necessary for the
evaluation of compatibility between materials, as well as of the presence of certain chemical elements
that should be controlled. The characterization of waste is essential for its incorporation into a material,
notably reducing the environmental impact with respect to its deposition in a landfill. For example,
the use of waste with pollutants and elements that are harmful to the environment in landfill or filling
in road infrastructure does not imply effective reuse, since its leaching can produce greater pollution
of groundwater than deposition in a landfill. Therefore, a characterization task is required that will
condition the viability of the incorporation of the waste in a new material or process.

The physical tests carried out surrounding clay and the stone cutting sludges are the particle
density tests, according to the standard UNE-EN 1097-7, and the plasticity index, according to the
standards UNE 103103 and UNE 103104. The density of the particles was calculated by the pycnometer
method, with successive measurements of weight and volumes in water of the sample. On the other
hand, plasticity is essential in materials for ceramics, reflecting their malleability, as well as the
percentage of clayey particles in the materials. The calculation of the plasticity index is made by the
Casagrande method, evaluating the liquid limit with the Casagrande cup and the plastic limit by the
appropriate method. Both tests accurately identify the compatibility between the clays and the stone
cutting sludges, as well as the possible volumetric corrections, if the density between the two materials
were very different.

Once the physical properties were evaluated, the chemical characterization of both materials
was carried out. For this purpose, elemental analysis tests were performed with the TruSpec Micro
equipment of the LECO brand (LECO, St. Joseph, MI, United States), loss on ignition, and X-ray
fluorescence with the ADVANT’XP+ equipment of the Thermo Fisher brand (Thermo Fisher Scientific,
Waltham, MA, United States).

The elemental analysis test detects the percentage of carbon, nitrogen, hydrogen, and sulfur
present in the sample. For this purpose, the sample is combusted and the gases from combustion
are analyzed. In turn, the loss on ignition reflects the loss of weight after subjecting the sample to
the temperature of 1000 + 10 °C, reflecting the percentage of organic matter or carbonates present in
the sample. The loss of weight may also be due to the transformation of some chemical compounds
or the oxidation of some chemical elements. This is an essential test for ceramic raw materials,
as the temperature is similar to that of the sintering process, and represents the properties of the final
material. The X-ray fluorescence test identifies the elemental composition of the samples analyzed,
showing the inorganic composition of the materials in a quantitative method.

With the defined tests, it will be possible to evaluate the existence of harmful chemical elements,
elements that will condition the final product, or the physical properties that will define the compatibility
between materials. In this way, the suitability of the use of stone cutting sludges in ceramics can
be assessed.

2.2.2. Sample Conformation and Physical Tests

After evaluating the suitability of the initial materials, different groups of samples were conformed
with percentages of clay and the stone cutting sludges. The initial group is composed of samples
with only clay. This group was made to be able to easily compare the properties of ceramics with
stone cutting sludges in different percentages with respect to the traditional material, evaluating the
variations of the physical and mechanical properties. Subsequently, different groups of samples were
executed with progressive percentages of clay substitution by stone cutting sludge of 10%, until the
last group of samples with 100% stone cutting sludges was obtained. In this way, groups of samples
were obtained that were uniformly distributed in all possible combinations of clays and stone cutting
sludges. The composition of the different groups of samples conformed is described in Table 1.
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Table 1. Conformed ceramics families with combined percentages of clay and the stone cutting sludge.

Samples Groups Clay, % Stone Cutting Sludge, %

0510C 100 0
1S9C 90 10
258C 80 20
357C 70 30
456C 60 40
555C 50 50
654C 40 60
753C 30 70
852C 20 80
951C 10 90

10S0C 0 100

The test samples from each group were conformed according to the same procedure. In the first
place, both elements, clay and stone cutting sludges, were mixed in the corresponding percentages
according to the family. Later, they were homogenized and 10% of water was added, referred to
the percentage by mass of the dry mixture, and they were mixed again. It should be noted that
the percentage of water added has been empirically evaluated as the most suitable for this type of
material and compacting process, higher percentages causing water exudation and lower percentages
leading to lower density and, therefore, lower compressive strength. The mixture of the materials
mentioned above was conformed in a steel matrix with internal dimensions of 60 mm in length and
30 mm in width, obtaining samples of similar proportions. The compaction was carried out with an
automatic test press model AG-300kNX of the commercial brand Shimadzu (Shimadzu, Kyoto, Japan).
This conformation was executed at a constant speed until the maximum compaction stress was reached,
50 + 1 MPa, this tensile was maintained for 1 min, and the matrix was removed from the test press.
The samples conformed by this method reflect similar values to the materials made in industry, as well
as those made by extrusion.

Subsequently, samples of the different groups were then dried at a temperature of 105 + 2 °C for
24 h to gradually remove the excess water and prevent the formation of cracks during the sintering
process. These dried samples were measured and weighed for the subsequent tests.

The sintering of the samples was carried out in the muffle furnace after all the samples had been
introduced. The temperature was raised to 4 degrees Celsius per minute from room temperature to
950 + 10 °C. This temperature was maintained for one hour and the specimens were cooled down
again at the same rate.

The sintered pieces were subjected to a series of standardized tests for the calculation of their
physical properties, tests that are essential in the field of ceramic materials for bricks. These tests are
to determine weight loss, linear shrinkage (UNE-EN 772-16 standard), capillary water absorption
(UNE-EN 772-11 standard), cold water absorption (UNE-EN 772-21 standard), open porosity, and bulk
density (UNE-EN 772-4 standard).

Variations in the weight of different samples before and after the sintering process reflect the
linear shrinkage and weight loss of the samples. Both phenomenon are very common in ceramics and
must be controlled and limited. The performance of these tests on all groups of samples accurately
reflected how both characteristics vary with the percentage of stone cutting sludges. On the other
hand, the capillary water absorption test consists of partially immersing the sample in water at room
temperature for a short time of 1 min, then weighing it and calculating this ratio by mass differences.
It is therefore a test that perfectly reflects the connection between the pores of the ceramic material;
a characteristic that has a significant influence on other properties, such as thermal or acoustic insulation.

In turn, the cold water absorption test consists of completely immersing the samples for a
prolonged period of 24 h. After this time, the samples are weighed again and compared with the dry
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weight, determining the water absorption. The test thus reflects the absorption capacity of the ceramic,
a fundamental fact to take into account when these ceramic elements are outdoors.

Finally, the open porosity and bulk density test is calculated through three types of measurements
of the weight of the samples, the dry weight, the water absorption weight and the submerged weight,
for these calculations it is obviously essential to use hydrostatic balances. From standardized ratios
and taking the density of water with respect to the test temperature, the open porosity and bulk density
were calculated. These properties of the ceramics have a significant influence on several fundamental
properties, like as, including strength, lightness of the material, thermal insulation, acoustic insulation,
etc. Therefore, it is essential to study the variation of these properties with the percentage of addition
of stone cutting sludges.

2.2.3. Color Analysis

Color is one of the characteristics of ceramics. This characteristic, not limited by the normative,
is limited by the ceramic industry. The quality processes in industry limit the maximum permissible
variations in color in the manufactured elements. In this way, the bricks will create similar tonalities in
the construction. It is therefore a very important factor to take into account, and not negligible.

A waste product that, when added to the ceramic material, creates a material with acceptable
physical and mechanical properties, but which varies abruptly in color, would be rejected in most
industrial processes.

Based on what has been said, the color variation should be studied and the reasons why it occurs
should be evaluated. Mainly, the color variation of ceramics is produced by their chemical composition,
provided that the forming and sintering process of the ceramic is similar. Therefore, this section will
present the image of the samples and reflect a study of why color variation occurs, determining those
chemical compounds present in the most influential stone cutting sludge.

Then, and in this respect, in order to determine subjectively the color of the different families
of ceramics, the color coordinates of each family in the primary colors (red, green, and blue) will be
measured with the colorimeter (RGB-2, PCE, Meschede, Germany). In this manner, the color of the
different ceramics manufactured with increasing percentages of stone cutting sludge can be graphically
reproduced, and to determine whether they are acceptable by the production industry.

2.2.4. Compressive Strength Test

Brick is a ceramic product of unparalleled use in building construction because of the characteristics
mentioned above and also because of its resistance. In other words, the mechanical resistance of the
ceramic material is one of the fundamental properties that the product must provide and it is limited
by the European regulations in this respect.

The compressive strength test was carried out with an automatic test press that continuously
recorded the values of stress and deformation of the sample, detecting the point of collapse of the sample.
To carry out the test, the samples were dried and then tested in the aforementioned press at room
temperature. The test was carried out at a constant speed of stress per second, being performed in the
same way for all the conformed samples of the different groups, according to the mentioned standard.

The European standard in this respect sets the minimum strength below which the material is
considered rejectable, at 10 MPa. Consequently, the ceramic families that show resistance lower than
that mentioned will be rejected, establishing the limit of incorporation of stone cutting sludges in the
ceramic. On the other hand, the families of samples with results above the limit established by the
regulations will be considered acceptable and susceptible to being used for the manufacture of bricks.
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3. Results and Discussion

3.1. Analysis of Initial Materials

The initial materials, clay and stone cutting sludges, were analyzed for their characterization.
First, the particle density of both materials was calculated, with a density of 2573 + 55 kg/m3 for
stone cutting sludges and 2456 + 51 kg/m? for clay. Both values are very similar, so there is a good
combination of them without dosage or homogenization problems. If, in addition, some of them have
a much lower or higher density, proportioning by volume should be made and ensure that during
their mixing no separation of them occurs.

Furthermore, the calculation of the plasticity index of both materials is essential for the identification
of clayey particles. The clay as expected reflected a plasticity index value of 16.4 + 0.8%. This result
perfectly reflects the plastic behavior of the material, usual in the red clays used in the manufacture
of bricks and acceptable for use. However, the stone cutting sludges reflected a plasticity index of
3.2 + 0.8%, that is, even being the particle size of the order of the clays their plasticity index reflects the
behavior of a material with low plasticity; therefore, its use would not imply problems of expansiveness
in civil works. For this study, the non-plastic behavior of the stone cutting sludges is sufficient and
acceptable for its use.

Once the physical properties have been analyzed, the chemical analysis of both materials is carried
out. The elemental analysis determines the percentage of carbon, nitrogen, hydrogen, and sulfur that
exists in the sample. This analysis, being the clay and the stone cutting sludges inorganic materials,
represented a very low percentage of the elements. The results of the elemental analysis of clay and
the stone cutting sludges are shown in Table 2.

Table 2. Elemental analysis carbon, hydrogen, nitrogen, and sulfur of clay and the stone cutting sludge.

Samples Nitrogen, % Carbon, % Hydrogen, % Sulfur, %
Clay 0.04 + 0.00 1.16 + 0.05 0.65 + 0.02 0.00 + 0.00
Stone Cutting Sludge 0.00 + 0.00 0.46 + 0.01 0.00 + 0.00 0.00 + 0.00

As can be seen in Table 2, clay has a very low percentage of carbon. This result reflects the quality
of the clay, therefore there is no organic matter or carbonates in important percentages that could
damage the manufactured ceramic. The reduced value of hydrogen is due to the transformation of
the hydrated compounds present in the clay. On the other hand, the elemental analysis of the stone
cutting sludges shows a zero value of nitrogen, hydrogen, and sulfur. These results are excellent if
their incorporation into ceramic materials is sought. The low percentage of carbon reflects different
aspects. On the one hand, there is not a high proportion of organic matter; secondly, there is not a
high percentage of carbonates (logical, as it is a residue of granite); thirdly, in the stone cutting sludges
are no traces of fats or organic lubricants used in the cutting machinery that could derivate to the
waste. Therefore, this test clearly reflects the chemical aptitude in relation to the mentioned elements
for the conformation of the ceramics. The zero value of sulfur in both samples is noteworthy and
very important. Sulfur is a pollutant element that must be controlled in the conformation for building
materials. If sulfur had appeared in considerable quantities in the waste, the manufactured ceramic
materials could produce polluting leachate.

In turn, the loss on ignition of clay and the stone cutting sludge samples reflect the variation in
mass suffered by the heating of the sample to the temperature a 1000 + 10 °C. This mass variation can
be due to several factors, the existence of organic matter, the existence of carbonates, the transformation
of some chemical compounds, or the oxidation of some chemical elements. It is therefore difficult
to differentiate which of the previous aspects it proceeds, but if should be taken into account for its
limitation. Table 3 details the results of loss on ignition of clay and the stone cutting sludges.
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Table 3. Loss on ignition of clay and the stone cutting sludge.

Sample Loss on Ignition, %
Clay 7.90 £ 0.35
Stone Cutting Sludge 0.70 £ 0.01

The loss on ignition of the clay reflects a low percentage, mainly due to the transformation of
compounds, mainly because they are hydrated chemical compounds. It is common to find this type
of value for clay used in brick making. On the other hand, the almost zero loss on ignition of stone
cutting sludges is another example of its composition. This test corroborates the results obtained in the
elemental analyses; there are no high percentages of organic matter, fats, or carbonates in the sample.
It must be taken into account that these stone cutting sludges come from granite, and that granite
is a rock composed mainly of quartz, feldspar, and mica, minerals with much higher processing
temperatures than those of this test and of by a sintering process (therefore appear unaltered).

Finally, X-ray fluorescence analysis reflected all the chemical elements with the highest atomic
weight present in the samples. The results of the X-ray fluorescence assays for the clay and the stone
cutting sludges are shown in Table 4.

Table 4. X-ray fluorescence of the clay and the stone cutting sludge samples.

Compound Clay, wt% Stone Cutting Sludge, wt%

SiO, 52.62 +0.25 65.80 + 0.24
Al,O3 17.83 +0.19 15.17 +0.18
Fe, O3 7.84 £0.13 435+0.10
K,O 5.63 +0.12 425+0.10
MgO 3.44 +£0.09 1.56 + 0.06
CaO 3.19 £ 0.09 3.55 + 0.09
TiO, 0.769 + 0.038 0.579 + 0.029
Na,O 0.165 + 0.015 3.44 +0.09
P,05 0.154 + 0.008 0.1750 + 0.0087
MnO 0.154 + 0.008 0.0623 + 0.0031
V410 0.0379 + 0.0049 0.0236 + 0.0027
V,0s5 0.0357 + 0.0031 -

SrO 0.0344 + 0.0036 0.0499 + 0.0025
RuOy 0.0318 + 0.0021 -

Rb,O 0.0273 + 0.0048 -

PdO 0.0273 + 0.0040 0.0124 + 0.0047

S 0.0247 + 0.0013 -

SO; - 0.0655 + 0.0037

NiO 0.0233 + 0.0020 -

PtO, 0.0184 + 0.0039 -

Cry03 0.0164 + 0.0023 -

Cl 0.0095 + 0.0008 0.0621 + 0.0058

Co304 0.0078 + 0.0023 -

MoO3 0.0063 + 0.0018 -

ZnO 0.0062 + 0.0027 0.0170 + 0.0061
AsyO3 - 0.0917 + 0.0190

The X-ray fluorescence of the clay reflects a typical composition of an aluminum silicate, so high
percentages of silicon oxide and aluminum oxide are present. In turn, iron oxide is also present,
giving it the characteristic reddish color after sintering. Potassium oxide present in the sample is
derived from feldspars present in the clay (as is calcium oxide). Low percentages of calcium oxide and
magnesium oxide are found in the sample; these chemical compounds must be monitored in order to
obtain good features of ceramic material. The other chemical elements present are in low proportion,
so that the integrity of the material is assured.
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On the other hand, the chemical composition of the stone cutting sludges reflects an excellent
chemical compatibility with the clay, since it contains minerals in its formation. As granite is the
material from which these sludges come, the existence of chemical compounds derived directly from
it is evident. High percentages of silicon oxide and aluminum oxide are present, and are derived
from quartz, feldspars, and mica, i.e., the base of this rock belongs to an aluminum silicate. Feldspars,
on the other hand, contribute the oxides of sodium, potassium, and calcium to the chemical composition.
These elements are found in reduced proportion, so as in the case of clay, they do not harm the final
material. The existence of mica in granite is reflecting by silicon oxide and aluminum oxide, but more
specifically by magnesium oxide and iron oxide. That is to say, the chemical composition of the stone
cutting sludges practically coincides with that of a granite, with no chemical elements, such as heavy
metals, coming in large part from the abrasion of the cutting disc.

It is worth noting the low proportion of sulfur and arsenic in both clay and the stone cutting
sludges. Both elements are highly controlled by environmental regulations and must be monitored in
the final product through leaching methods, so that they are within the margins established by the
regulations and do not produce environmental pollution. Neither are there heavy metals in great
proportion that suppose a limitation—a reason why the low content in metals will be perfectly retained
in the created ceramic matrix.

The results of the initial characterization of the materials have reflected an adequate compatibility
between clay and the stone cutting sludges. The density of both materials is very similar
(by avoiding mixing problems); in turn, the chemical composition of both materials is relatively
the same, upon leaving to start from similar minerals, but with particular characteristics that will
influence the results significantly (mainly, the higher transformation temperature of the different
chemical compounds of the granite with respect to the clay).

3.2. Sample Conformation and Physical Tests

Once the suitability of the stone cutting sludges for the manufacture of ceramic materials has
been conformed, as well as the clay, the different groups of samples detailed in Table 1 are shaped and
sintered. These samples were executed according to the procedure detailed in the methodology and
were subsequently characterized by various physical tests. Figure 1 shows the results of the weight
loss and linear shrinkage tests on the groups of samples after sintering and according to the percentage
of stone cutting sludges they contain.

The weight loss tests for the different groups of samples after sintering reflect the values expected
and shown in the loss on ignition tests for clay and the stone cutting sludges. It is easily observable
how the 0S10C family, formed only with clay, shows a loss of weight similar to that reflected in the loss
on ignition test, as is the case with the family of samples 10S0C, conformed only with stone cutting
sludges. Intermediate values show a linear variation corresponding to percentages of stone cutting
sludges as a variable.

On the other hand, the linear shrinkage of the family composed only of clay shows a result of
2.71%, decreasing progressively until the 5S5C family with 50% of stone cutting sludges that presents a
value of approximately zero linear shrinkage. Higher values of stone cutting sludges in the ceramic
reflect expansion of the ceramic. In other words, an increase in the percentage of stone cutting sludges
reduces the linear shrinkage until to get cause dilatation. This fact is due to different reasons, firstly the
particle size. The very small particle size of the clays causes the particles to be in contact and when
the temperature rises, they join together in a resistant structure that reduces the size of the final
piece. Therefore, the stone cutting sludges, even having a small particle size very similar to that of
clay, does not have such a high specific surface area value, so this linear shrinkage does not occur.
In addition, the weight loss test showed that although the waste and the clay have very similar
chemical composition, the processing temperature of the chemical compounds of both elements is
clearly different. Therefore, in the stone cutting sludges, there is no such binding of particles during
sintering produced in the clay and the shrinkage values are not similar.
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Figure 1. Graphs of the physical tests of the different groups of ceramic samples as a function
of the percentage of stone cutting sludges. (a) Weight loss after sintering and (b) linear shrinkage
after sintering.

Both tests reflect clear results and that will condition all subsequent trials, so it is essential to take
them into account. However, the values obtained in both tests in all the sample groups do not exceed
the limits of the standards for ceramics for brick manufacturing.

The tests of capillary water absorption and cold water absorption detailed in the methodology are
represented graphically in Figure 2, according to the percentage of stone cutting sludges present in
the ceramic.

The capillary water absorption increases as the percentage of stone cutting sludges in the ceramic
increases; however, the increase is low and does not represent a rejectable value (corresponding to the
10S0C family with 100% of the stone cutting sludges) due to the normative. This fact is mainly due to
the reduction of the linear shrinkage of the ceramic that was previously noticed, creating a material with
a more open structure and with a greater number of connected pores. Therefore, partially submerging
the ceramic in water makes it possible for the water to be more easily introduced into more open
structures with higher percentages of stone cutting sludges. Is a factor to be considered in other
secondary characteristics, such as thermal and acoustic conductivity.

In turn, cold water absorption or room temperature water absorption shows similar results;
a higher percentage of stone cutting sludge directly induces a higher percentage in the cold water
absorption. This fact will condition the density and the porosity of the ceramic as it was later determined.
However, it should be noted that the percentage of variation is very low, the change being much more
abrupt with other types of wastes.

These characteristics of the ceramics directly reflect the behavior of the material when it is
outdoors; a greater absorption, either by capillarity or in cold water, reflects that the material will retain
more water in contact with it and, consequently, it will become a greater weight in the structure that
supports such material. However, the emphasis is on again that the variations, although appreciable,
are minimal.
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Figure 2. Graphs of the physical tests of the different groups of ceramic samples as a function of the
percentage of stone cutting sludges. (a) Capillary water absorption and (b) cold water absorption.

Figure 3 shows the open porosity and bulk density tests of the different groups of ceramics
conformed with up of increasing percentages of stone cutting sludges.

The open porosity, as have been can predicted in the previous tests, increases as the percentage
of stone cutting sludges in the ceramics increases. As mentioned above, the smaller particle size of
the clays and the processing temperatures of the chemical compounds in the stone cutting sludges
result in less linear shrinkage of the ceramic and less weight loss after sintering, thus enabling a
more open structure with a larger number of pores to be created. However, this higher porosity,
if the appropriate mechanical and physical characteristics are maintained, should not be a problem.
A higher porosity conditions a better thermal and acoustic insulation. This insulation characteristic
is very important, since it means less energy consumption in the climate equipment, and in essence,
reduces CO, emissions. In other words, not only must sustainability be taken into account in the
production of the material, but also in its entire life cycle analysis, which is why this increase in porosity
can become very interesting.

Moreover, the bulk density diminishes as the percentage of sludges increases; this fact can
be expected for all of the explained above concerning the different tests. As in the previous case,
the decrease in density need not be a problem as long as other characteristics, such as the resistance,
are maintained. A lower density creates a lighter material, which directly influences a lower load in
the structure and, consequently, less use of structural materials.

Reducing the porosity of waste may be done by increasing the temperature to 1150 °C.
At this temperature is a large amount of melt (more than 65%) with relatively low viscosity and high
activity [43].

It should be noted that the values of all the families for the tests carried out are acceptable
and provide very interesting particular characteristics; therefore, the compressive strength test will
be responsible for determining the maximum percentage of stone cutting sludge addition in the
ceramic acceptable.
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Figure 3. Graphs of the physical tests of the different groups of ceramic samples as a function of the
percentage of stone cutting sludges. (a) Open porosity and (b) bulk density.

3.3. Color Analysis

As the granite sludge content increased, the samples changed color from red-brown to light red,
as shown in Figure 4. The first sample on the left does not contain granite sludge. Moreover, 10% more
granite sludge was added to each subsequent sample. The last sample contains 100% granite sludge.

Figure 4. Image of a sample of each family of ceramics made from stone cutting sludge. From left to
right, 0510C, 1S0C, 2S8C, 357C, 456C, 555C, 654C, 7S3C, 852C, 952C, and 10S0C.

The brightness of the image of ceramic products is influenced by the ratio (Fe;O3 + TiO,)/CaO.
As the values of this ratio increase, there is a decrease in the luminosity, which is associated with an
increase in the number of coloring oxides in the mass. The content of iron oxide in granite sludge is
almost twice less than in clays. As the proportion of granite sludge in the composition of the samples
increases, the Fe;O3 content decreases, which leads to a lighter image of the samples.

The red hue of color is influenced by the ratio (CaO + TiO,)/Fe;O3, with increasing values of this
ratio, the share of the red component in the color of the products decreases. This we can see in Figure 4.
Mixing clay with granite sludge, we can change the color of the final product.
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In interest to determine the color in a subjective way, and to be able to reproduce it by graphic
means, the coordinates in the primary colors (red, green, and blue) of each family of samples are
presented below, Table 5.

Table 5. Color coordinates of the samples families in the primary colors (red, green, and blue).

Samples Groups Red Green Blue
0s10C 355 + 10 189 +7 133 +4
159C 360 + 10 204 + 4 143 £5
258C 376 +8 219+ 8 157 + 6
357C 437 +17 257 +£9 177 £ 6
4S6C 444 + 16 282+ 8 207+ 6
555C 446 + 16 289 +9 216 £5
654C 474 + 15 342 +9 268 + 10
753C 482 + 15 342 +12 265 + 11
852C 496 + 16 359 + 13 281 + 11
951C 532 + 18 403 + 10 321 +12
10S0C 548 + 18 424 + 11 3417

3.4. Compressive Strength Test

The compressive strength test for ceramic materials intended for brick manufacture is essential
to corroborate the suitability of the manufactured ceramic. The compressive strength of the brick is
one of the limiting factors that will reflect the maximum percentage of stone cutting sludges addition
allowed in the ceramic material. The results of the compressive strength tests of the different groups
of ceramic samples are represented in Figure 5 graphically, showing the ultimate strength value and
deformation values with respect to the percentage of stone cutting sludges in the ceramic.

Figure 5 clearly reflects how a progressive decrease in compressive strength occurs with the
increase in the percentage of stone cutting sludges in the ceramic. This was to be expected from the
reflected values of density and porosity shown above. A lower density value and higher porosity of
the material, under equal conditions and in most cases, corresponds to a lower value of compressive
strength. The decrease in compressive strength derives from the higher processing temperature of the
chemical compounds present in the granite from which the cutting sludges are derived. Even having a
particle size similar to that of clay and a chemical composition quite similar, the sintering temperature of
950 °C does not cause the same effect in granite cutting sludges as in clay, providing an internal structure
with greater porosity and a greater number of connected pores that directly affects the compressive
strength. However, the results of ceramics with up to 70% stone cutting sludges reflect acceptable
results according to this test and are therefore feasible to manufacture. In addition, the incorporation of
up to 70% of stone cutting sludges creates particular characteristics that are very interesting for its use,
such as lower density and higher porosity. Both factors have a significant influence on the expected
thermal and acoustic insulation properties, which are highly desired by the ceramic industry. Its lower
density makes it possible to create a lighter material, which with the incorporation of waste, achieves
acceptable properties and a lower weight, so as not to overload the structure of the building.

On the other hand, the deformation up to the collapse of the material, i.e., the deformation
corresponding to the breaking strain, reflects a progressive decrease with respect to the percentage of
added stone cutting sludges. Therefore, the conformed ceramic material with the addition of stone
cutting sludges is more brittle. This characteristic, as expected, is not limited by the regulations, but if
it is interesting to know it in order to understand the behavior of the waste in the material and the
process that has taken place.

It is essential to highlight that in this study, waste, which is an environmental problem, has been
incorporated in a material in a percentage of up to 70%, and acceptable results have been obtained for
physical and mechanical properties.
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Figure 5. Graphs of the compressive strength test of the different groups of ceramic samples as a
function of the percentage of stone cutting sludges. (a) Compressive strength and (b) deformation
before material collapse.

4. Conclusions

This section first describes the partial conclusions obtained from the various tests in order

to evaluate the final conclusion—the possibility of creating ceramic materials for bricks with the

incorporation of stone cutting sludges, and with acceptable properties. At the same time, it is important

to highlight the importance of incorporating waste, without use, and which represents a serious
environmental problem, in a product produced in large quantities, and which contributes particular
characteristics to the final product. The partial conclusions are described below:

stone cutting sludges of granite cutting reflects a density similar to that of clay, which favors
the mixed process and therefore its reuse. The density obtained reflects that there are no high
proportions of heavy metals derived from the diamond cutting disc that they could become an
environmental problem;

the index of plasticity, which is lower than that of clay, reflects the fact that stone cutting sludges,
even if it has a particle size similar to clay, does not have a similar specific surface area and,
in turn, does not have secondary problems of expansiveness;

the chemical analysis of the stone cutting sludges shows mainly the low percentage of carbon.
This value reflects the absence of lubricants or fats from of the cutting process, as well as the
absence of organic matter or carbonates;

the X-ray fluorescence of the stone sludges reflects a chemical composition similar to clay and
derived from the composition of granite (quartz, feldspars, and mica) without the existence of
contamination with heavy metals or chemical elements, such as sulfur and chlorine, which could
pose an environmental problem;

the loss on ignition details the higher transformation temperature of the chemical compounds
present in the stone cutting sludges with respect to the clay. Low percentage of loss weight is
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reflected in the test that were confirmed by the loss weight of the ceramic samples with different
percentages of stone cutting sludges;

e linear shrinkage of ceramic samples is less, and even dilatation occurs, for ceramics with stone
cutting sludges. Therefore, the assumptions induced in the characterization about the behavior of
stone cutting sludges in the sintering process are demonstrated;

e capillarity water absorption and cold water absorption increases with the increase in the percentage
of stone cutting sludges, reflecting a more open structure with a greater number of pores.
This characteristic is especially suitable about thermal and acoustic insulators materials;

e the porosity of the samples increases as the percentage of stone cutting sludges increases,
as confirmed by the above tests. In relation to this fact, the density of the ceramic obtained
decreases with the increase in the percentage of stone cutting sludges. This lower density produces
a more open and porous structure of the ceramic with stone cutting sludges, which provides a
lighter material for construction;

e the color of the ceramics varies with the percentage of stone cutting sludge; however, all ceramics
show similar tonalities and progressive changes in brightness and color;

e the compressive strength test reflects a decrease in strength with an increase in the percentage
of stone cutting sludges, obviously brought about by the above characteristics. The maximum
addition of stone cutting sludges for the manufacture of brick ceramics is 70%, achieving rejectable
values of strength for higher percentages of incorporation.

Based on the partial conclusions, it can be stated that it is possible to incorporate stone cutting
sludges from granite in ceramic materials for brick manufacturing, in percentages of up to 70%.
With this research, therefore, a sustainable material is obtained, which reduces the deposition of waste,
such as stone cutting sludges in landfill, which avoids environmental pollution due to its deposit,
and creates a material with acceptable characteristics (and also has particulars characteristics). It is
therefore an ideal solution for the reuse of stone cutting sludge as opposed to other solutions currently
being proposed, for various reasons. These reasons are mainly: the ease with which the waste can
be incorporated into the industrial process for the manufacture of new ceramics, the reduction of the
extraction of virgin materials (clay) and the elimination of waste disposal in landfills. Furthermore,
the presence, which is not the case in this study, of heavy metals, could be retained in the ceramic
matrix, avoiding future problems of contamination due to leaching of the waste in its deposit.
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