/.-."'.-éi materials

Article

Retention of Pollutants Elements from Mine Tailings of Lead in
Geopolymers for Construction

Juan Maria Terrones-Saeta 1*(, Jorge Suarez-Macias
and Francisco Antonio Corpas-Iglesias

check for

updates
Citation: Terrones-Saeta, ].M.;
Suédrez-Macias, J.; Castanén, A.M.;
Goémez-Ferndndez, E,; Corpas-Iglesias,
F.A. Retention of Pollutants Elements
from Mine Tailings of Lead in
Geopolymers for Construction.
Materials 2021, 14, 6184. https://
doi.org/10.3390/mal4206184

Academic Editors: César Medina

Martinez and Holmer Savastano, Jr.

Received: 9 September 2021
Accepted: 12 October 2021
Published: 18 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 2

, Ana Maria Castafién 2, Fernando Gémez-Fernandez 2

1

Research Group TEP 222 “Materials and Mining Engineering”, Higher Polytechnic School of Linares,
University of Jaen, 23700 Linares, Spain; jsuarez@ujaen.es (J.5.-M.); facorpas@ujaen.es (FA.C.-1.)
Department of Mining, Topography and Structures, University of Leén (ESTIM), Campus de Vegazana, s.n,
24071 Ledn, Spain; amcasg@unileon.es (A.M.C.); fgomf@unileon.es (F.G.-F.)

*  Correspondence: terrones@ujaen.es

Abstract: The construction sector is one of the most demanding sectors of raw materials in existence
today. As a consequence, the extraction of these materials has a significant impact on the environment.
At the same time, mining activities produce a series of wastes, in some cases with polluting elements,
which must be treated to avoid pollution. Therefore, the use of mining waste for the conformation
of new construction materials is an important environmental advantage, even more so when such
waste is prevented from producing polluting leachates. Therefore, in this research, geopolymers
are developed with mine tailings from the Linares lead mines, chemically activated with potassium
hydroxide. For this purpose, different percentages of the alkaline activator were tested and the
physical and mechanical properties of the conformed materials were evaluated. The analysis of
the different conformed geopolymers determined the optimum percentage of potassium hydroxide
for conforming the geopolymer with the best mechanical and physical properties. In addition, the
concentration in the leachate of potentially contaminating chemical elements in the mining waste
was estimated to be lower than those regulated by the regulations. Consequently, this research shows
the development of a sustainable material for construction with mining waste and reduction of the
environmental impact of traditional products.

Keywords: geopolymer; mining waste; retention of potentially toxic elements; potentially toxic elements;

circular economy; sustainability; construction materials

1. Introduction

The development of the population’s well-being entails the consumption of large
amounts of resources [1]. In addition, this development leads to the generation of enormous
amounts of waste. Therefore, the currently used system of a linear economy, in which raw
materials are extracted and the product is manufactured, used, and finally landfilled, is not
a viable option for society today [2]. Consequently, a new circular economy has emerged
based on the reuse of waste as raw material for new materials, thus avoiding the landfilling
of waste, reducing the extraction of raw materials, and creating a closed material flow [3].

Based on the above, this type of circular economy can be applied to different sectors
and activities. However, it is interesting to apply this new methodology in activities that
consume large quantities of raw materials [4] and, at the same time, produce huge amounts
of waste [5], as is the case for the construction and mining sectors.

Mining activities are essential for the development of the population [6], as they
obtain resources used in different sectors. However, these mining activities produce a
series of highly polluting wastes that must be properly treated to avoid impact on the
environment [7,8]. In most cases these wastes are deposited in landfills; however, these
wastes still have an important potential to be used in other materials.
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Additionally, the construction sector is one of the most demanding in terms of raw
materials that currently exists, causing significant greenhouse gas emissions [9,10]. So
much so that the high consumption of raw materials such as clay means that this type of
resource is being depleted, making it necessary to search for more sustainable alternative
solutions [11].

Based on the above, the use of mining waste as a raw material for construction
materials is a sustainable solution that should be considered [12,13]. However, for the reuse
of this mining waste, it must be ensured that the potentially toxic elements existing in the
waste are encapsulated in the new material [14,15], thus avoiding environmental pollution.
It is therefore a very suitable solution when trying to avoid contamination of mining waste,
extraction of raw materials, and landfilling of waste.

There are different materials that can contain the waste with greater or lesser viability;
however, new materials formulated with waste must also be produced with less environ-
mental impact and with similar quality to traditional products. One such new material is
geopolymer [16].

Geopolymers, developed in 1978 by Joseph Davidovits [17], have been developed in
various research projects as substitutes for traditional cement [18] and even ceramics [19].
This material is an inorganic polymer formed by the combination and reaction of an
aluminosilicate and an alkaline activator, initially forming aluminate and silicate monomers,
then oligomers, and finally geopolymers [20]. This material has excellent fire resistance [21],
good mechanical strength [22], good chemical stability [23], and most importantly, it is
capable of retaining potential element contaminants [24].

The aluminosilicates used for the development of geopolymers in the various pub-
lished studies have mainly been waste, such as: fly ash [25,26], metakaolin [27,28], slag from
metallurgical industries [29,30], glass waste [31,32], bagasse [33,34], etc. In turn, as alkaline
activators [35,36], sodium hydroxide or potassium hydroxide have mainly been used.

Based on the above, this research develops geopolymers for construction with tailings
from the mining district of Linares (Spain) as a source of aluminosilicate, and potassium
hydroxide as an alkaline activator. In this way, the contamination produced by this mining
waste from old mines deposited in the outdoors is avoided; a new construction material
is developed as a substitute for cement and even ceramics; the extraction of new raw
materials is avoided; and potentially toxic elements that can leach from the tailings are
retained in this material.

With the aim of developing the described objective of this research, initially a physical-
chemical characterisation of the waste was carried out, determining its suitability as a
source of aluminosilicate and the existence of potentially toxic elements to be retained in the
geopolymer. Subsequently, and only with the material from the mine tailings and potassium
hydroxide, different families of geopolymers were conformed with different percentages of
alkaline activator. These geopolymer families were physically and mechanically evaluated
to determine the correct combination of aluminosilicate and alkaline activator. Finally, in
order to check that the potentially toxic elements in the mine tailings were retained in the
geopolymer matrix, leachate tests were carried out and the concentrations of contaminating
elements were calculated with respect to the limits set by the regulations.

2. Materials and Methods

This section describes the materials and methodology, consisting of different tests,
used to objectively assess the feasibility of manufacturing geopolymers from mine tailings
for the retention of potentially toxic elements of the tailings and with properties suitable
for use as construction materials.

2.1. Materials

The geopolymers of the present research have been developed with the fundamental
idea of obtaining a building material composed mainly of waste. For this reason, alu-
minosilicate material from mine tailings from the Linares district, Spain, was used as a
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source of aluminosilicate. This material was activated with an alkaline activator, more
specifically with potassium hydroxide. Consequently, the main materials of this research
are the mine tailings, called “Collado de Lobo”, and potassium hydroxide. These materials
are described in more detail in the following sections in order to be able to replicate the
results and define the materials used.

2.1.1. “Collado del Lobo” Mine Tailing

The mining district of Linares, located in the south of Spain, developed an intense
mining activity in the period between the end of the 19th century and the 20th century. This
mining activity was mainly based on the extraction and concentration of lead, derived from
lead sulphides, galena, or argentiferous galena. Associated with these types of sulphides
were other sulphides of copper, arsenic, zinc, which at the time of exploitation were of no
economic interest and were deposited on the surface as waste. It should be noted that the
aforementioned sulphides were developed by hydrothermal processes in the fissures of
the existing country rock in the area, which was mainly granite or slate. These rocks, of
a siliceous nature, were extracted in order to obtain lead and were also deposited on the
surface, which is why they are an important source of aluminosilicates.

However, as noted above, these siliceous rocks contain other elements of little interest
at the time of mining, such as zinc, arsenic, barium, copper, etc., which can cause significant
environmental pollution. Furthermore, the concentration methods used, which are totally
obsolete today, did not make it possible to recover all the lead in the extracted material, so
there are also potentially toxic concentrations of this chemical element.

More specifically, the mine tailings waste from the Linares district has all the afore-
mentioned components and, as a major environmental disadvantage, small particle size.
This mining waste was produced by crushing the material for the concentration of lead by
gravimetric methods in most cases or by flotation. The waste from these mining processes
was deposited directly on the surface without any waterproofing or treatment system to
avoid environmental contamination of ground or surface water, flora, fauna, etc., as envi-
ronmental regulations in those past decades were almost non-existent. As a result, these
large deposits of mining waste are currently exposed outdoors and produce significant
environmental pollution.

In this research, in particular, a mine tailing called “Collado de Lobo” was analysed
and used. This mine tailing has an approximate volume of 50,000 cubic metres and does
not have any type of environmental barrier to prevent contamination.

The samples of this material, for the development of this research, were taken accord-
ing to the UNE-EN 932-1 standard. Subsequently, the sample was taken to the laboratory
to be dried at a temperature of 105 £ 2 °C for 24 h in order to eliminate the moisture. The
existence of moisture in the waste is not detrimental to the industrial process, it must simply
be considered in order to add the correct percentage of water for the geopolymerisation
process. In this case, the waste was dried to avoid unknown variables that could cloud
the results.

Once the sample was dry, it was divided into different subsamples for characterisation
or for geopolymer conformation, according to the UNE-EN 932-2 standard. The samples for
chemical characterisation were ground to a particle size of less than 100 pm. This process
was carried out for the best chemical analysis of the samples due to the restrictions of the
analysis equipment used. For geopolymer conformation, as well as physical characteri-
sation tests, no grinding process was carried out, and the mine tailing sample was used
directly after drying.

2.1.2. Potassium Hydroxide

Potassium hydroxide was used as an alkaline activator to conform the geopolymers.
This material was used instead of sodium hydroxide for two fundamental reasons: its
lower economic cost in large quantities and the lower environmental impact produced by
this element when neutralised. The potassium hydroxide used had a purity of 85%.
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2.2. Methodology

The methodology of this research is composed of a series of logically ordered tests to
assess the feasibility of conforming geopolymers with mining tailings that retain, in turn,
the potentially toxic elements of the waste.

First, a chemical and physical characterisation of the mining waste was carried out,
determining its suitability for use as a raw material for construction materials, as well
as the existence of toxic elements that should be monitored. Subsequently, geopolymers
were conformed with the mine tailing “Collado del Lobo” and different percentages of
potassium hydroxide. In this way, the physical and mechanical properties of the geopoly-
mers conformed could be evaluated, as well as the variation of the properties produced
by the increase in the alkaline activator. Finally, the TCLP method was used to determine
the concentration of potentially toxic elements in the leachate of the different families of
geopolymers conformed, determining that they complied with the limits set by the EPA.

The following sections describe in greater detail the tests carried out, divided into the
three main blocks of this methodology. Characterisation of the mine tailings, geopolymer
conformation and testing, and evaluation of the leachates produced by the geopolymers.

2.2.1. Physical and Chemical Characterisation of the Mine Tailings “Collado del Lobo”

The physical-chemical characterisation of mine tailings is essential to determine its
quality for use as a material to conform geopolymers, the critical properties that must be
monitored, and the potentially toxic elements existing in the waste.

First, a physical characterisation of the mining waste “Collado del Lobo” was carried
out. The first of the tests was the UNE-EN 1097-7 particle density test. This test was carried
out using the pycnometer method to determine the difference between the density of the
waste and a conventional aggregate, 2.65 t/m>. These differences in density can cause
homogenisation problems when mixing the waste with other materials, as well as in the
transport and use of the geopolymer. For this reason, it is essential to determine the density.
In addition, in order to evaluate the quality of the mine tailings for use in geopolymers,
a test was carried out to determine the grading curve of the waste in accordance with
the UNE-EN 933-1 standard. The particle size of the mining waste, determined by the
mass passing through different sieves, has a significant influence on the quality of the
geopolymer formed from it, as a lower particle size leads to a higher activation of the
material and consequently to better mechanical and physical properties. To determine
whether the particle size of the mine tailings was adequate, this test was carried out.

For the chemical characterisation of the material, an elemental analysis test was carried
out. This test determines the percentage of carbon, nitrogen, and hydrogen in the waste,
by analysing the gases produced during the ignition of the sample at 950 & 5 °C. This test
was performed with LECO’s TruSpec Micro equipment (TruSpec Micro, LECO, St. Joseph,
MI, USA), in order to evaluate the presence of organic matter, nitrogen, carbon, etc., in
the sample.

At the same time, and with the aim of evaluating the existence of volatile elements or
the transformation of certain chemical compounds, a loss on ignition test was performed on
the mine tailings sample at a temperature of 950 £ 5 °C. This test determines the variation
in mass produced in the sample before and after subjecting it to the detailed temperature.

Finally, and with the aim to determine and quantify the existence of the elements of
higher atomic weight, an X-ray fluorescence test was carried out with the ADVANT XP+
commercial equipment (ADVANT’XP+, Thermo Fisher, Waltham, MA, USA). This test
makes it possible to determine whether the mine tailings have an adequate composition of
silicon and aluminium for geopolymer conformation, as well as the existence of potentially
toxic elements that must be controlled throughout the process so that the conformed
geopolymer does not produce unacceptable environmental contamination.
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2.2.2. Conforming of Samples: Physical and Mechanical Testing of Geopolymers

Once the waste was chemically and physically characterised, the different geopolymer
families were conformed. As noted, the geopolymer is alkaline activated aluminosilicate
from the mining tailings. Potassium hydroxide is the alkaline activator. Therefore, the
appropriate proportion of both elements must be calculated in order to obtain a geopolymer
with adequate physical and mechanical characteristics which, in addition, is capable of
retaining the leaching of potentially toxic elements from the mining waste. The geopolymer
families were conformed with mine tailings, 30% water, and increasing percentages of
potassium hydroxide, as detailed in Table 1.

Table 1. Family of geopolymers conformed with the mine tailings “Collado del Lobo” and different
percentages of potassium hydroxide.

Family Potassium Hydroxide, %
GCO0 0
GC5 5
GC10 10
GC15 15
GC20 20
GC25 25
GC30 30

All the geopolymer families were conformed with the same procedure, making a total
of nine samples per family to obtain statistically reliable results. For their manufacture,
initially, the percentage of potassium hydroxide was diluted in water until it was correctly
dissolved and, subsequently, this solution was mixed with the mine tailings until it was
homogenised. The material thus prepared was poured into a metal matrix with internal
dimensions of 60 mm in length and 30 mm in width, and then a pressure of 20 MPa
was applied with a rammer of similar dimensions. The prepared samples were stripped
and subjected to a temperature of 25 £ 2 °C for 24 h. Subsequently, they were dried
at a temperature of 105 £ 2 °C for 24 h. This drying process is carried out because, as
different authors have determined, the geopolymerisation temperature is very important.
Therefore, the geopolymer is first subjected to ambient temperature so that the appropriate
geopolymerisation reactions take place and, subsequently, it is dried at a higher temperature
to eliminate water and stop all the reactions that have not been produced. It should be
noted that the GCO family has no percentage of alkaline activator, so no geopolymer will
be formed. However, this family was developed to compare the results and to confirm that
a geopolymerisation process was indeed taking place in the other families.

The conformed geopolymers from the different families were subjected to various
physical tests. The first physical tests were the determination of the linear shrinkage and
the weight loss that occurs in the material during the geopolymerisation process. The linear
shrinkage and weight loss of the geopolymers was measured by quantifying the dimensions
and weight of the samples after compaction and subsequently after the drying process.
These tests, carried out in accordance with the UNE-EN 772-16 standard, are essential
for the industrial use of this material, as it is commercially necessary for the product to
have specific dimensions and weights. At the same time, in order to evaluate the effect of
water on the geopolymer, the capillary water absorption (UNE-EN 772-11) and cold-water
absorption (UNE-EN 772-21) tests were carried out. The capillary water absorption test is
performed by partially immersing the sample in water and determining the difference in
mass, and the cold-water absorption test is executed by immersing the sample in water for
24 h and determining the mass variation that occurs. Both tests evaluate the structure of
the geopolymers and their capacity to absorb water, determining whether the geopolymers
conformed have a greater or lesser open structure. In turn, the open porosity and apparent
density of the different families of geopolymers were calculated according to the UNE-EN
772-4 standard. These tests, carried out by hydrostatic methods after subjecting the samples
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to boiling water, determine essential properties and determining factors for mechanical
resistance and even other characteristics that are so important for a construction material,
such as thermal and acoustic insulation.

The colour of the different geopolymer families was registered using a colourimeter,
more specifically the commercial equipment PCE-RGB-2 (RGB-2, PCE, Meschede, Ger-
many). This physical property, which is not regulated by standards, is very important for
the marketing of a product. Therefore, within the subjectivity of the market itself, it can
only be quantified and recorded on a scientific level.

Finally, the mechanical properties of the different geopolymers conformed were de-
termined. This simple compressive strength test was carried out in accordance with the
UNE-EN 772-1 standard, determining the strength of all the geopolymers and selecting
on the basis of these results the one with the best mechanical properties, provided that
the rest of the limitations established by the standard were met and acceptable results
were obtained.

2.2.3. Analysis of the Geopolymer Leachates

Finally, to evaluate the retention of potentially toxic elements in the mine tailings in
the geopolymer matrix, the TCLP test was performed on all the geopolymer families. The
TCLP test was selected as a method for leachate analysis because it is an international
standard, applicable to different countries, and it is also used by several researchers to
evaluate leachate in construction materials.

To perform the method, the geopolymers were ground to a particle size of less than
10 mm. Subsequently, this sample was mixed with the leaching solution at a solid /liquid
ratio of 1:20 and, in turn, was agitated for 18 & 2 h at a temperature of 22 + 3 °C. The leach
solution was composed of 5.7 mL of glacial acetic acid and 64.3 mL of sodium hydroxide
solution (1 N) diluted in 1 L of distilled water. Subsequently, the solution after stirring
was filtered with a glass fibre filter, effective pore size 0.7 um, and acidified with nitric
acid to a pH of 2. The extracted liquid was analysed by inductively coupled plasma mass
spectrometry (7900, Agilent, Santa Clara, CA, USA).

In this way, the leaching of potentially toxic elements from the different geopolymer
families could be estimated, establishing an adequate percentage of potassium hydroxide
necessary for the correct encapsulation of the elements in the geopolymer.

3. Results
3.1. Physical and Chemical Characterisation of the Mine Tailings “Collado del Lobo”

First, to physically characterise the mine tailings, the density of the particles was
calculated, obtaining a waste density of 2.62 & 0.06 g/cm?. This density is very similar
to that developed for conventional construction materials, which is around 2.65 g/ cmB.
Therefore, there should be no problems of homogenisation with other materials, nor should
there be any special problems in their transport or manufacture of materials that would
unnecessarily overload the structures made with them.

In turn, and as noted above, the particle size of the aluminosilicate has a significant
influence on the quality of the geopolymer obtained. For this reason, the grading curve of
the mine tailings was determined. This grading curve is shown in Figure 1.

The grading curve of the mine tailings shows that the highest percentage of particles
has a size between 100 and 500 um. Therefore, it shows that the particle size of the
mine tailings can be considered as small and is suitable for geopolymer conforming. In
addition, there are almost 20% of particles with a particle size smaller than 100 um, so
the geopolymerisation reaction will occur properly by creating a matrix that envelops the
larger particles.

For the chemical characterisation, an elemental analysis test was initially carried out
to determine the percentage of carbon, hydrogen, and nitrogen in the mine tailings sample.
The results of this elemental analysis test are shown in Table 2.
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Figure 1. Grading curve of the mine tailings “Collado del Lobo”.

Table 2. Elemental analysis of mine tailings.

Sample Nitrogen, % Carbon, % Hydrogen, %
Mine tailings 0.151 £ 0.003 2.244 £+ 0.057 0.074 £ 0.002

The results of the elemental analysis test show that the percentage of nitrogen is
very low. Consequently, there should be no environmental problems, or problems in
the geopolymerisation process, with chemical compounds incorporating this element. In
addition, the low percentage of hydrogen in relation to the percentage of carbon reflects
the almost nonexistence of organic matter that could be detrimental to the geopolymer
made. The percentage of carbon in the sample seems to correspond mainly to carbonate
compounds, being equally low and not substantially altering the basic composition of
an aluminosilicate.

Additionally, the loss on ignition test at a temperature of 950 &+ 5 °C shows that the
variation in mass before and after subjecting the sample to this temperature is 6.89 =+ 0.25%.
This percentage is very low, which demonstrates the quality of the mine tailings as alumi-
nosilicate, as it reflects the low proportion of volatile elements and carbonates that could
damage the geopolymerisation process and assume a useless load in the material.

Finally, in order to determine the elements with the highest atomic weight in the
tailings, an X-ray fluorescence test was carried out, obtaining the results shown in Table 3.

Table 3. X-ray fluorescence of mine tailings.

Element wt. % Est. Error
Si 29.24 0.11
Al 5.75 0.08
Ca 5.28 0.09
K 3.64 0.09
Fe 1.79 0.06
Na 1.19 0.05
Pb 0.981 0.05

Mg 0.525 0.026
Ba 0.687 0.05
Ti 0.161 0.0080
Sx 0.103 0.0051

Mn 0.173 0.0086

Other elements 0.2051 0.0027
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The X-ray fluorescence test shows that the mine tailings are suitable for use as a source
of aluminosilicates for the manufacture of geopolymers. This is because the percentage
of silicon is high and that of aluminium is considerable, with a ratio between them of
approximately 5. Calcium, potassium, iron, and sodium appear in smaller but considerable
proportions, being common elements in the mine tailings of the district evaluated. It is
worth noting the existence of chemical elements that are found in smaller proportions
but can cause environmental contamination; these elements are called potentially toxic.
Among these elements, the one with the highest percentage in the sample is lead, a chemical
element extracted by the old mining operations. Barium, in turn, also exists in the sample
and, like the previous chemical element, must be controlled to prevent the geopolymer
conformed with the mine tailings from producing contaminating leachates of both elements.
The other elements controlled by the EPA for this type of construction material—arsenic,
cadmium, and chromium—were found in very low proportions. However, they will also
be assessed by leaching to confirm that they do not cause any environmental problems.

3.2. Conforming of Samples: Physical and Mechanical Testing of Geopolymers

Once the mine tailings were physically and chemically analysed, the different families
of geopolymers detailed in Table 1 were conformed according to the procedure described
in the methodology. These families of samples were subjected to different physical and
mechanical tests.

The first of the physical tests was the determination of linear shrinkage, with the
results shown in Figure 2 as a function of the percentage of potassium hydroxide.

10 4

&~ (=2} [o2]
L L L

Linear shrinkage, mm

~nN
L

0 5 10 15 20 25 30
Potassium hydroxide, %

Figure 2. Linear shrinkage of different geopolymer families.

The linear shrinkage of the conformed geopolymers decreases as the percentage of
potassium hydroxide increases. This fact shows that the samples conformed with low
percentage of potassium hydroxide do not adequately retain their shape and significant
dimensional variations occur during the geopolymerisation process. This is to be expected
if one considers that the 0% potassium hydroxide family is composed only of mine tailings
and is therefore only a compacted material. The samples with percentages higher than
15% undergo less linear shrinkage, maintaining more of their shape and with less variation
between results.

The weight loss test results of the different geopolymer families are shown in Figure 3.

The weight loss is lower in the families containing higher percentages of potassium
hydroxide. This fact reflects, as with linear shrinkage, that families with low potassium
hydroxide percentage have lower capacity to conserve their shape and mass during the
geopolymerisation process. Consequently, it can be stated that they are lower quality
families due to the fact that a correct geopolymerisation process has not taken place.
Families with more than 15% of potassium hydroxide have a smaller variation of results,
showing acceptable values.
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Figure 3. Weight loss of the different geopolymer families.

The capillary water absorption test reflects the capacity of a material to absorb water
when it is semi-submerged. This test produced the results shown in Figure 4 for all
geopolymer families conformed.

3000 4

*
2000 M

1000

Capillary water absorption,
g/{m2min)

o} 5 10 15 20 25 30
Potassium hydroxide, %

Figure 4. Capillary water absorption of different geopolymer families.

The capillary water absorption of the geopolymer families conformed with the mine
tailings is lower with higher percentage of potassium hydroxide. As can be interpreted from
the results, families with a higher percentage of potassium hydroxide have a more closed
structure and a smaller number of interconnected pores, resulting in less water suction
through this structure. This property is essential to be evaluated in building materials
that are exposed to the water table or to the soil’s own humidity, in which case a lower
absorption of water by capillarity is of interest.

The cold-water absorption test results are shown in Figure 5 for all geopolymer families.

24 1

18 @

Cold water absorption, %
~

0 5 10 15 20 25 30
Potassium hydroxide, %

Figure 5. Cold water absorption of different geopolymer families.
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The absorption of cold water, as with capillary water absorption, is lower with higher
percentage of potassium hydroxide in the geopolymer. This shows that the structure
of the material is more closed and possibly has fewer pores, making it more difficult to
absorb water and, consequently, to vary the mass. Therefore, this test is essential for those
building materials that are outdoors, as they are exposed to rainwater and, consequently,
can absorb this water. This water absorption therefore increases the weight of the material
and unnecessarily overloads the structure that supports the materials. Nevertheless, the
results obtained are acceptable, as they are similar to those developed for conventional
construction materials.

The open porosity of the different families of geopolymers conformed is shown in
Figure 6.

50 -

B
o
8

30 A

Open porosity, %

]
(=)
L

10 T T T T T 1
0 5 10 15 20 25 30

Potassium hydroxide, %

Figure 6. Open porosity of the different geopolymer families.

The open porosity, as expected from the results obtained for capillary water absorption
and cold-water absorption, is lower with higher percentage of potassium hydroxide in the
geopolymer. This fact reflects that there is a lower percentage of pores in the geopolymers
with a higher percentage of potassium hydroxide, developing a more closed structure
and, consequently, more resistant under equal conditions. However, the strength will be
evaluated through the corresponding test.

Bulk density, in turn, was evaluated for all geopolymer families, with the results
shown in Figure 7.

2.00 1

-
[e2]
o

Bulk density, g/em?
2

5 15 25
Potassium hydroxide, %

Figure 7. Bulk density of the different geopolymer families.

The bulk density increases as the percentage of potassium hydroxide increases. This
is to be expected based on the previous porosity results. Therefore, as noted above, a
more compact material was developed with increasing potassium hydroxide percent-
age. However, the densities obtained appear to be slightly lower than those of other
construction materials such as ceramics, mortar, concrete, etc. This lower density will
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influence the strength, but also possibly develop interesting properties such as thermal or
acoustic insulation.

As detailed above, colour is not a physical property limited by regulations. However,
it is a characteristic that is highly controlled by the companies producing construction
materials, as the materials must have a suitable colour to be marketed. It is therefore
necessary to quantify and registered the colour of geopolymers scientifically. Figure 8
shows the different families of samples conformed with different percentages of potassium
hydroxide and, in Table 4, the colour coordinates of each of these families are registered.

Figure 8. Image of the geopolymers conformed from the different sample families. From left to right:
GCo0, GC5, GC10, GC15, GC20, GC25, and GC30.

Table 4. Colour coordinates (red, green, and blue) of the different conformed geopolymer families.

Sample R G B
GCO0 489 419 351
GC5 524 450 382

GC10 470 416 360
GC15 434 385 337
GC20 423 373 323
GC25 489 446 390
GC30 500 456 408

Finally, because the geopolymer is intended for a construction material, the simple
compressive strength must be calculated. The simple compressive strength test results for
all geopolymer families are shown in Figure 9.

60 4

40 -

20 A

Compressive strength, MPa

0 5 10 15 20 25 30
Potassium hydroxide, %

Figure 9. Simple compressive strength of the different geopolymer families.

The simple compressive strength of the geopolymers increases as the percentage of
potassium hydroxide increases, exhibiting a maximum strength around 20% potassium
hydroxide and decreasing thereafter. The practically zero resistance of the family with
0% potassium hydroxide was to be expected if one considers that no geopolymer was
formed, since there is no alkaline activator and it only consists of a compacted material.
This fact confirms that in the successive percentages, geopolymers have been formed, as



Materials 2021, 14, 6184

12 of 17

they have higher strengths due to the addition of the alkaline activator. In contrast, the
families with lower percentages of potassium hydroxide had lower density and higher
porosity, so their lower strength is justifiable. However, the families with higher percentages
of potassium hydroxide showed higher density and lower porosity, so the decrease in
strength is not equally justifiable. However, it should be noted that the families with
25% potassium hydroxide after the geopolymerisation process showed small cracks on the
surface, this percentage of cracks being much higher in the family with 30% potassium
hydroxide. Therefore, this cracking of the material, due to a high percentage of potassium
hydroxide that cannot absorb and react with the mine tailings, results in a lower simple
compressive strength. Consequently, the most suitable geopolymer families for use, with
acceptable and considerable strengths, are those with a percentage of potassium hydroxide
of around 20%.

3.3. Analysis of the Geopolymer Leachates

The aim of this research is to prevent mining tailings, which mainly contain heavy
metals, from causing environmental pollution. Therefore, this waste was used as alu-
minosilicate for the conformation of geopolymers, activating this element with different
percentages of potassium hydroxide. These geopolymers have been physically and me-
chanically evaluated, determining their suitability for use. However, it is essential to
corroborate that the contaminating elements in the mine tailings do not produce a leachate
with high concentrations of these elements. For this purpose, the TCLP test was developed
for all geopolymer families. The leachates thus produced must comply with the limitations
established by the EPA for the chemical elements under study. These limits are shown in
Table 5.

Table 5. Maximum concentrations of metals or toxic elements in the leachate according to the TCLP
method (U.S. EPA).

Metals Maximum Allowable Concentration in the Leachate, ppb
Cr 5000
Pb 5000
As 5000
Cd 1000
Ba 100,000

The TCLP test results, performed on all conformed geopolymer families, reflect the
chromium leachate concentrations shown in Figure 10.

50 -
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Concentration, ppb
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Potassium hydroxide, %

Figure 10. Chrome concentration in the leachates of geopolymers conformed with different percent-
ages of potassium hydroxide according to the TCLP test method.

The concentration of chrome in the leachate decreases as the percentage of potassium
hydroxide increases, which is to be expected if one considers that the geopolymer is being
formed and, therefore, its matrix retains the contaminating elements. It should be noted
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that all the concentrations of chrome in the leachate are lower than the regulatory limit
for this element, 5000 ppb, even for the tailings sample without any type of treatment.
Therefore, the mine tailings sample does not produce contaminating leachate with respect
to chrome, although it is true that the concentration of chrome in the leachate decreases as
the percentage of potassium hydroxide increases.

The concentrations of lead in the leachate according to the TCLP method for the
different geopolymer families are shown in Figure 11.

100,000 1
80,000
60,000

40,000 -

Concentration, pphb

20,000 -

—————

0 T T T T T 1
0 5 10 15 20 25 30

Potassium hydroxide, %

—Ph e Maximum lead concentration

Figure 11. Lead concentration in the leachates of geopolymers conformed with different percentages
of potassium hydroxide according to the TCLP test method.

As can be seen, the concentration of lead in the leachate of the mine tailings sample is
higher than the concentration limited by the EPA. Consequently, it can be affirmed that
this mine tailing is producing environmental contamination with respect to this element.
In turn, it should be noted that the concentration of lead in the leachate decreases as the
percentage of potassium hydroxide increases, obtaining acceptable values according to the
EPA standard in geopolymers with a percentage higher than 15% of potassium hydroxide.
Consequently, geopolymer families with percentages above 15% potassium hydroxide are
acceptable for use as construction materials.

In turn, the arsenic concentration in the leachate of all geopolymer families is shown
in Figure 12.
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Figure 12. Arsenic concentration in the leachates of geopolymers conformed with different percent-
ages of potassium hydroxide according to the TCLP test method.

The concentration of arsenic in the leachate of the geopolymers is in all cases below
the regulatory limits for use as building materials. However, it should be noted that this
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concentration decreases substantially to negligible minima as the geopolymer is formed
with increasing percentage of potassium hydroxide.

The cadmium concentration in the leachate according to the TCLP test method for all
geopolymer families is shown in Figure 13.
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Figure 13. Cadmium concentration in the leachates of geopolymers conformed with different
percentages of potassium hydroxide according to the TCLP test method.

The concentration of cadmium in the geopolymer leachate, as is the case for chrome
and arsenic, is in all geopolymer families lower than the limits set by the EPA. Moreover,
mine tailings themselves do not produce environmental contamination, according to the
limitations noted above, for this chemical element. However, as in all previous cases,
the concentration of cadmium decreases as the percentage of potassium hydroxide in-
creases, demonstrating that the formation of the geopolymer retains the leaching of this
pollutant element.

Finally, the concentration of barium in the leachate of geopolymers conformed with
mine tailings and different percentages of potassium hydroxide is evaluated. These results
are shown in Figure 14.

100,000

80,000 4

60,000 -

40,000 -

Concentration, ppb
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T T
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Potassium hydroxide, %

Maximum Barium concentration

Ba

Figure 14. Barium concentration in the leachates of geopolymers conformed with different percent-
ages of potassium hydroxide according to the TCLP test method.

The concentration of barium in all the leachates is lower than the limits set by the
EPA. Consequently, it can be affirmed that the mine tailings do not produce environmental
contamination according to the restrictions detailed by the regulations and with respect to
this chemical element. However, it should be noted that the concentration of barium in the
leachate decreases as the percentage of potassium hydroxide increases. Therefore, it can be
considered that the formation of the geopolymer retains the leaching of this element, as
was the case for all the chemical elements evaluated.
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4. Conclusions

The results of the tests noted in the methodology allow a series of partial conclusions to
be drawn that lead to the confirmation of the final objective. Therefore, partial conclusions
are detailed below.

e  Mine tailings have a similar density to any conventional aggregate. At the same time,
the particle size of this tailings was mostly smaller than 500 um. Consequently, the
geopolymerisation process can be carried out adequately, as was corroborated by
different authors.

e  The chemical composition of the tailings showed a low proportion of organic mat-
ter, as there were no high percentages of carbon and hydrogen. In addition, the
low percentage of loss on ignition reflected the low proportion of volatile elements
and carbonates.

e The X-ray fluorescence test showed that the mine tailings were suitable for use as
aluminosilicate, as the elements with the highest proportion in the sample were
silicon and aluminium, both elements having a ratio of approximately 5. In addition,
potentially toxic elements such as barium, cadmium, chrome, arsenic, etc., were found
in the tailings. However, the potentially toxic element with the highest proportion,
and the most limiting for the use of this waste as a geopolymer, was lead.

e  The linear shrinkage, weight loss, capillary water absorption, cold-water absorption,
and open porosity of the geopolymers conformed with the tailings decrease as the
percentage of potassium hydroxide increases. Thus, it was shown that the geopolymer
is conforming with higher percentages of potassium hydroxide and that it had a more
closed structure with a lower percentage of pores. This fact was also reflected in the
bulk density, which decreased with increasing percentage of potassium hydroxide.

e The mechanical strength of the different geopolymers conformed increased with
increasing percentage of potassium hydroxide up to a maximum of 20%, after which
this strength decreased.

e  The concentration of potentially toxic elements, evaluated by the EPA in the leachate
obtained according to the TCLP test, decreased as the percentage of potassium hydrox-
ide increased, showing that the geopolymer is being conformed and that this material
retained the contaminating elements. The chemical elements chrome, cadmium, ar-
senic, and barium do not present environmental contamination from the mine tailings.
However, it was found that mine tailings can leach unacceptable concentrations of lead
and that these concentrations decreased in the leachate of geopolymers conformed
with a percentage of potassium hydroxide higher than 15%.

Consequently, the results obtained show that it is possible to formulate geopolymers
with the mining tailings “Collado del Lobo” and potassium hydroxide. The best mechanical
properties are obtained with the mining tailings, 30% mixing water, and 20% potassium
hydroxide, obtaining adequate physical properties of this family for the use of the de-
veloped material as a construction material. In addition, the family conformed with the
detailed percentages, avoids the leaching of lead in unacceptable concentrations according
to the EPA, therefore avoiding the environmental contamination produced by this element.
Consequently, this research develops a new material for construction with mainly mining
waste, avoids the environmental pollution that can be produced by this mining waste,
reduces the extraction of raw materials, and the deposition in waste dumps, and also
creates a sustainable material applicable for construction.
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