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Abstract. Currently, energy and extraction activities generate large amounts of highly polluting waste, so
there is a need for sustainable and environmentally friendly technologies. The aim of the study is to treat
mining tailings and fly ash through the process of geopolymerization. The samples studied were obtained
from the Toquepala mine, Tacna and from the ENGIE-Moquegua hydroelectric plant (Peru). The
methodology was based on two stages, the first characterization of Fly Ash (FA) and mine tailings (MT)
by EDX chemical characterization, SEM morphology, the second was prepared mixtures of MT and FA in
10 M alkaline solution, cured in 35 days at room temperature and the characterization of the geopolymer
by organoleptic analysis, SEM and TCLP. The first stage shows high aluminosilicate content 20.44%
Al2O3 and 53.39 % SiO; for (MT); 22.11% Al203 and 51.76% SiOz for (FA), presents metal and pyrite
content. In the second stage, the samples show health and environmental harmlessness, with the formation
of tetragonal structures typical of the geopolymer, the samples show a significant reduction of Sr, Ca, Fe,
Pb, Ba, Be, and Cu, demonstrating the effectiveness of treatment by means of geopolymerization opening
a new field for the environmental passive treatment.

materials to extract valuable metals and produce
electricity, however, these contaminants possess
metallic elements such as Cu, B, Be, Co, Mo, present
in the tailings and fly ashes, these are harmful to soil
and water as they are potentially reactive by
surrounding water bodies which could generate acidic
water [6] [7],

These wastes are environmental liabilities that need
immediate recourse, not only to remediation or
mitigation but also to seek new technologies that allow
us to restore and give added value to these pollutants
[8], where society, environment and economy are in
balance, being these industries the ones that move the
country economically [9].

Globally, these mining and thermoelectric wastes have
an inherent composition of aluminosilicates present in
mining tailings and fly ashes that are industrial
passives that need to be recovered and treated [10]
[11]. Encapsulation is a process involving tailings and
ashes that, when agglomerated under alkaline
conditions, achieve appropriate properties and chemical
stability, forming geopolymers that are capable of
stabilising these contaminants, in addition to giving
them other sustainable uses [12]. Therefore, it is
proposed to treat mining tailings and fly ash by means
of the geopolymerization process.

1 Introduction

Pollution from industrial mining and thermoelectric
waste, which causes severe environmental alterations
worldwide, presents great difficulty in its treatment
because large amounts of mass are produced daily.
This has motivated different researchers to develop
technologies for the management and processing of
mining and thermoelectric liabilities [1].

At a global level, the growing boom in technology has
generated an important need for raw materials such as
metal elements for the shaping of these technologies,
leading to a mining boom, which has become a major
socio-environmental problem for the population as the
environment has been altered and sustainable methods
are being sought to mitigate their impact [2]. On the
other hand, the thermoelectric industries are of great
concern, given that the transition to new green
technologies will take a long time for Third World
countries such as Peru [3], so it is of vital importance
to develop new affordable and low-cost technologies
for the treatment of mining and thermoelectric waste.
Industrial processes such as copper mining, where huge
quantities of tailings are discharged into tailings ponds
[4] and coal burning for electricity generation, generate
large quantities of coal, leaving fly ash as a by-product

[5], use techniques that move enormous quantities of 2 Materials and methods
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2.1 Sample selection

The samples were taken in situ, the fly ash samples
(FA) were provided by the ENGIE thermal power plant
in the city of Ilo, and the mining tailings from
Quebrada Honda of the Southern Peru Copper
Corporation mining company in Tacna. The samples
were studied at the mineralurgy laboratory of the
Universidad Nacional Jorge Basadre Grohmann in
Tacna

3 Methodology

The methodology for carrying out this research was
divided into two stages, the first in which the MT and
FA are physically, morphologically and chemically
characterized; and a second stage where the physical,
morphological and chemical properties of the
geopolymer formed by MT and FA are characterized.

3.1 First stage: Primary characterization of the
raw materials.

(a) Physical characterization: Tailings and fly ash
samples were characterized by sieve analysis and
specific gravity by the pycnometer method [13]
[29].

(b) Morphological characterization: The samples
were analyzed by scanning electron microscopy
instrumental analysis [14] [30].

(c) Chemical characterization: The elements present
were determined by instrumental analysis EDX -
Energy Dispersive X-Ray Spectroscopy [15] [31].

3.2 Second stage: Formulation of the
geopolymer and characterization.

Different mixtures composed of fly ash and mining

tailings were developed, these were activated and

agglomerated by means of a sodium hydroxide solution

with a liquid solid ratio of 5 to 1 with a molarity of 10

M, these were cured in the open air for 35 days for

their characterization [16] [32]

(a) Physical characterization: The geopolymer
briquettes formed from the industrial wastes passed
organoleptic tests.

(b) Morphological Characterization: The
geopolymer samples were analysed by scanning
electron microscopy [17] [33].

(¢) Chemical Characterization: For which the TCLP
(Toxicity  characteristic ~ leaching procedure)
instrumental analysis was performed for the best

geopolymer. [18] [19].
4 Results

4.1 First stage: primary characterization of raw
materials.

a) Physical Characterization: Particle size analysis,
for the tailings shows a fine particle size below the
106 pm opening, while for the fly ashes it shows a
fine particle size below 60 pm denoted in Figure 1,
these ones have a specific gravity of 2.86 for the
tailings and 2.21 for the fly ashes.
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Fig. 1. Particle size distribution for fly ash.

b) Morphological Characterization: A heterogeneous
particulate material with the presence of metallic
content on the surface of the samples is observed at
100 magnification resolution the presence of pyrites
and iron oxides, shown in figure 2 and 3.
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Fig. 3. Microphotography of fly ash at 100x resolution

¢) Chemical characterization: Quantitative chemical
compositional analysis for tailings and fly ashes,
showed a high percentage of eclements that are
important for geopolymer formation, such as silicates
and oxides present in tailings and fly ashes and they are
important for geopolymerization.

When these come into contact with the NaOH
activating solution, they form the geopolymer. The
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presence of typical elements such as Sulphur oxides
and iron oxides of the composition of tailings and fly
ashes, which are highly contaminating due to their
particle size and chemical reactivity, was also evident,
as shown in Table 1 and Table 2.

Table 1. EDAX chemical composition analysis results for
tailings

Formula Composition %
Relave
MgO 2,05
Al203 20,44
SiO2 53,39
SOs 8,81
KO 6,97
CaO 2,71
FeO 5,63
Table 2. EDAX chemical composition analysis results for fly
ash.
Formula Composition %.
Fly ash
NaO 5,25
MgO 1,53
AlLO3 22,11
SiO2 51,76
SOs 2,58
K20 2,67
CaO 4,63
FeO 9,47
4.2 Second stage: formulation of the

geopolymer and characterization.

a) Physical characterization: The formed briquettes
showed particular properties according to their
nature and mixture, it presents an average density
of 2, 12 g/cm3, a significant reduction in the smell
was evidenced, the briquettes could be -easily
manipulated without raising dust in the
environment and health, the colour is maintained
between lead shades evidenced in table 3.

b) Morphological Characterization: The geopolymer
shows tetragonal structures typical of geopolymers,
which shows the encapsulation and formation of the
geopolymer, which provides high mechanical
resistance and the insertion of the pollutants. This
tetragonal structure allows the reduction of
pollutants that are harmful to the environment,
which can be seen in figure 4.

Table 3. Characterization of the organoleptic properties of
the components and the geopolymer.

Type Colour Smell Touch

Pure Tailings | Theyare | Ithasa It is presented
ina mild as a powder
leaden sulphurous | with a rough
tone. mineral and fragile

odour and a | surface.
rotten egg
smell.

Pure Fly Ash | They Presents a It is presented
have a mild smell as a powder
dark lead | of oxidised | with a smooth
colour. minerals and fragile

surface.

Geopolymer | They Odourless Smooth and
vary with hard surface,
the in some cases
presence the presence
of light of silicon
to darker crystals
shades of similar to the
lead fly common
ash efflorescence

is observed
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Fig 4. Micrograph of the geopolymer at 300 magnification.

¢) Chemical characterization:
Results of the TCLP (Toxicity characteristic
leaching procedure)

A large reduction in the levels of pollutants is
observed in comparison with sample 1 pure binder
mixture and the geopolymer formed in sample 2, a
significant decrease in pollutants such as Pb, Ba,
Be, and Cu, which are harmful to the environment,
it is shown in (Table 4).



SHS Web of Conferences 100, 05003 (2021)

https://doi.org/10.1051/shsconf/202110005003

Table 4. TCLP Test Analysis

Type mg/L Sample 1 Sample 2 Type mg/L Sample 1 Sample 2
Ag(t) <0.002 <0.002 Li(t) <0.004 0.639
Al(t) 4.17 0.91 Mg(t) 16.21 9.79
Zn(t) 0.279 0.016 Mn(t) 1.277 0.012
B(t) 3.122 2.243 Mo(t) <0.004 0.483
Ba(t) 0.307 0.188 Na(t) 2030.05 2618.02
Be(t) 0.0066 <0.0003 Ni(t) <0.002 <0.002
Bi(t) <0.02 <0.02 P(t) <0.06 2.08
Ca(t) 493.42 228.77 Pb(t) 0.2 <0.01
Cd(t) <0.001 <0.001 Sb(t) <0.008 <0.008
Ce(t) <0.02 <0.02 Se(t) <0.02 1.76
Co(t) <0.002 <0.002 Sn(t) <0.007 <0.007
Cr(t) <0.004 <0.004 Sr(t) 4.3157 2.3054
Cu(t) 0.469 0.005 Ti(t) 0.05 0.03
Fe(t) 1.12 0.33 V(t) 0.045 0.713
K(t) 9.89 68.5

5 Discussion

The particle size of the samples that were studied,
reveals a fine size; for mine tailings and fly ash this
facilitates the mixing of the components and the
geopolymerization reaction, due to the larger surface
area of contact of the fine particles with the activating
solution. The results are similar to [20] and [15]. The
specific gravity for tailings and fly ashes shows that
they are light materials, which is reflected in their
density facilitating the transport of these encapsulated
contaminants for better disposal.

The morphological characterization of the raw
materials shows the presence of metallic elements on
their surface, such as pyrites and other oxides, which
are harmful to the environment and health [7], as well
as the presence of environmental humidity typical of
the Peruvian coast for Ilo and Tacna, which could
generate acidic water, as demonstrated by [21], and
contaminate underground tributaries if they are not
treated  appropriately. This  demonstrates the
importance of encapsulating industrial waste such as
tailings and fly ashes in a chemical mesh such as a
geopolymer, as explained by [22].

Due to the industrial origin of the samples, such as
the Ilo thermal power plant and the tailings channels of
Quebrada Honda, they show a high quantity of
important elements for the geopolymerization, such as
the aluminosilicates evidenced in the instrumental
analyses EDAX with percentages of 20,44% Al,O; and
53.39% SiO; for mine tailings and 22.11% AlLO;
51.76% SiO; for fly ash, these elements present in
mining and thermoelectric waste demonstrate the
formation of the geopolymer that was found by [19]
and [12].

The activating solution in this case Sodium
Hydroxide was very critical and it was demonstrated
that the molarity was 10 M for the formation of the
geopolymer, with important physical and chemical

properties such as high hardness, high mechanical
resistance and the formation of tetragonal structures of
the geopolymer in which the contaminating elements
are inserted for the encapsulation of hazardous waste
which in a similar way are demonstrated by [23] and
[24] The solid-liquid relationship shows the good
workability of the mixture and its low water
consumption for the formation of geopolymer
briquettes, as well as the evidence of [25], which is a
very important property for saving water consumption
in desert areas such as the southern coast of Peru, since
this is an environmentally sustainable material.

The organoleptic characterization for untreated fly
ash and mine tailings in its pure state presents invasive
properties to the environment such as bad smell due to
the sulphides present and easy spreading in the
environment due to the particle size and the form of
dust in which it is presented with a fragile surface,
which becomes very wvulnerable to environmental
climate conditions, as shown by [7], [8], this compared
to the geopolymer which has a hard surface and greater
resistance shows an ecological and environmental
alternative to mitigate the impact of these industrial
wastes due to the low cost and easy access to this
technology.

The morphological characterization for the formed
geopolymer shows tetragonal structures. This mesh is
responsible for the special physical-chemical properties
of the geopolymer, such as its structural resistance, low
specific gravity and low chemical reactivity in the
environment due to the encapsulation of the
contaminating elements in its tetragonal network as
evidenced by [26].

The TCLP analysis demonstrates a significant
reduction in the levels of the contaminants Mr. Ca, Fe,
Pb, Ba, Be, and Cu present in the raw materials after
treatment by geopolymerization, demonstrates the
chemical encapsulation of the contaminants, as well as
the evidence of Cristelo et al. Elements such as Mo,
Na, Ni, P, K, Li, Se and V, present difficulty to fix this
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kind of ions in the geopolymer matrix due to their high
solubility in alkaline environments. This increases their
presence in the formed geopolymer, as [27] show in
their results, so these elements are scattered in the
geopolymer matrix as [28], this predominant
mechanism depends on the level of solubility of the
heavy metal ions, i.e. the highly soluble elements are
more spread throughout the matrix, while the less
soluble elements form larger volume nuclei that are
then involved by the gel matrix, which makes this
geopolymer present a chemical and physical
encapsulation for elements such as Sr, Ca, Fe, Pb, Ba,
Be, and Cu and a physical encapsulation for the other
elements Mo, Na, Ni, P, K, Li, Se and V, taking into
account that the geopolymer formed is an aggregate
with great mechanical properties, This marks an
absolute difference between other treatments due to the
properties obtained in this research work, which was
treated under natural environmental conditions in the
Tacna Peru region, which shows that it is possible to
reduce the contaminating elements without the need to
calcine the mixture of raw materials, however the
curing time is 35 days to achieve optimal properties in
the geopolymer formed, it is recommended to carry out
more studies related to the encapsulation of heavy
contaminating elements, in addition to studies of future
applications of these materials for use in structures or
roads.

6 Conclusion

The physical and chemical characteristics of mining
tailings and fly ashes are ideal for the
geopolymerization process at room temperature in
alkaline solution, these untreated wastes represent a
danger to the environment due to their physical and
chemical characteristics such as their volatility and
reactivity in the atmosphere, the geopolymer formed
has optimum organoleptic properties for final disposal,
it shows reduction of odour, fixes the contaminating
particles in a tetragonal structure typical of the
geopolymer and improves its mechanical properties,
showing a significant reduction of the contaminating
elements, such as Sr, Ca, Fe, Pb, Ba, Be, and Cu
among others, which demonstrates the effectiveness of
encapsulation of the contaminating residues, being
innocuous with the environment, being able to consider
its use for future applications in the treatment of
mining and thermoelectric soils.
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