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Abstract: This work studies the feasibility to employ a combination of volcanic ash (natural waste)
with different raw materials in the production of geopolymers: fly ash and mining tailing (considered
hazardous solid waste), natural pozzolan, and metakaolin. This study compares the properties of
geopolymers based on volcanic ash with fly ash, pozzolan, metakaolin, and mining tailing in a
relation of 1:1 with the addition of NaOH 15M and Na2SiO3 as alkali activators. FTIR and XRD assays
and mechanical tests were employed to characterize the geopolymers. The results showed that those
materials can be used as raw materials to produce geopolymers. Additionally, the results revealed that
prime material composition and their mineralogical characteristics influence the geopolymerization
reaction and compression strength, reaching values of 35 MPa for the volcanic ash-pozzolan mixture.
The pozzolan is a good source of Al2O3 and SiO2 and is highly reactive to the alkali activators resulting
in a better geopolymerization in comparison to the mixtures of volcanic ash with metakaolin, fly ash,
or mining tailing.

Keywords: volcanic ash; pozzolan; metakaolin; fly ash; mining tailing; geopolymer;
compression strength

1. Introduction

Geopolymers (GP) are inorganic polymers formed by the polycondensation of an
amorphous solid aluminosilicate in an alkali medium (hydroxide or silicate from an alkaline
metal) through a geopolymerization process [1]. This reaction yields an amorphous three-
dimensional structure in which SiO4 and AlO4 tetrahedra are linked by corner-shared
O atoms. Raw materials such as metakaolin [2,3], fly ash [4], pozzolan [5], or volcanic
ash [6–9], alongside with alkali solutions (NaOH or KOH with the addition of Na2SiO3),
are used in the synthesis of geopolymers. The reaction mechanisms that occur during the
formation of geopolymers depend on the chemical composition of the raw materials, the
activating solution, and synthesis conditions; for example, there are slags rich in silicon,
calcium, and aluminum; and the ash and metakaolin are rich in silicon and aluminum. In
the case of slag due to calcium, the calcium silicate hydrate (CSH) is mainly produced; while
using ash and metakaolin, amorphous aluminosilicates with three-dimensional structures
are generated [10]. The reaction mechanism is not yet clear, but a model proposed by
Provis mentions that the first thing that happens is the dissolution of aluminosilicates in
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monomers and then, they precipitate in the form of aluminosilicate gels because the Al-O
are weaker than Si-O bonds. Subsequently, the reorganization process occurs that consists
of the incorporation of silicon (which influences the mechanical properties) and finally,
polymerization and hardening [10].

In the last years, several studies have studied geopolymers as a potential substitute
for Portland cement (PC), in order to reduce the emissions of CO2 to the environment
that comes from PC production, and subsequently reduce the carbon footprint [6,11,12].
Among other applications of geopolymer are in precast applications, in the production
of railway sleepers and sewer pipes, in structural elements such as columns beans and
tunnel segments, and in passive building [13]. Besides, the properties of geopolymer
concrete could be used to produce durable structures, repair materials (for instance, in
highway infrastructures but it is still limited to light pavement applications), piers, coastal
bridges, and underwater concrete supports that are exposed to harsh environments such as
sulphate soils, chloride corrosion, attack from saltwater. So, their potential applications
depend on their properties and there are some studies that used them in highway pavement
applications and as a covering material so the concrete structures could be protected from
the marine environment; however, further investigations are needed [13]. Geopolymers
are well known to have good binding and mechanical properties [6,14], low shrinkage,
thermal stability, freeze–thaw, chemical and fire resistance, long-term durability, and
recyclability [15]; being one of the advantages of the production of geopolymers the origin
of raw materials, because aluminosilicates can be found as industrial by-products such
as fly ash [4,16], phosphate mine tailing [17], and blast furnace slag [18], or as natural
materials such as kaolin [16], metakaolin [3,19], clay, and volcanic ash [7–9], among others.
Therefore, these several sources used for their synthesis generate the following types of
geopolymers based on fly ash, metakaolin, slag, rice husk ash, high calcium wood ash, and
a combination of two or three different sources [10].

Some of the main factors identified that contribute to the formation and properties of
geopolymers are binder content, alkali activators, starting aluminosilicate constituents or
aluminosilicate, alkali activator solution ratio, binder ratio, molarity, aggregates, fineness,
additional water, curing conditions, among others [20]. Of the constituents or starting
aluminosilicate, it is important to consider the mineralogical composition, chemistry, parti-
cle size, glassy phase content, and particle morphology, as they have an important effect
on geopolymerization activity and reactions [21]. It is known that the mechanical prop-
erties of geopolymers are influenced by the chemical composition of the raw materials
and activators [22]. The addition of two or more raw materials-aluminosilicates in the
geopolymer production could result in a geopolymer with better properties than those
with one raw material-aluminosilicate [23]. There are different sources of materials with
high alumina and silica content to produce geopolymers. For that reason, it is possible to
combine different raw materials-aluminosilicates to improve the physical and mechanical
properties, or to obtain geopolymers with a lower SiO2/Al2O3 molar ratio. Zhen et al. [24]
reported that a lower SiO2/Al2O3 molar ratio shifts the pore distribution of geopolymers
into smaller pores, decreasing the surface area of the material, affecting leaching and heavy
metal immobilization. According to Ma et al. [25], the workability of geopolymer concrete
depends on the activator molarity, superplasticizer, and water content. So, the mechanism
of action depends on the raw material, geopolymer concrete properties, activator solutions
used, and synthesis conditions. For instance, when a geopolymer concrete is attacked by
an acid, its response depends on the acid strength, concentration of the activator solution
used, exposure time, mineralogical composition, and its properties. Besides, it has been
seen that a fly ash-based geopolymer concrete activated by NaOH solution has the best
acid resistance and this is probably due to Na that reacts with these acids and produces
hydrated salts [25].

Fly ash is a fine powder by-product transported by flue gas after the combustion
of coal in coal-fired power stations typically made up of small glass spheres, consisting
primarily of silicon, aluminum, iron, and calcium oxides [26]. However, fly ash-based
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geopolymers typically exhibit brittle behavior with low tensile strength, ductility, and
fracture toughness, thus limiting up to now the actual possibility to use these very promis-
ing materials for extensive and practical applications in constructions. This limit could
be, in principle, overcome by developing geopolymer composites, but, to the best of our
knowledge, very little is reported on this topic [15]. The microstructure, porosity, and
degree of densification of geopolymers depend on temperature [27]. Resistance at high
temperatures is an important characteristic of construction materials, in the case of fire;
in this sense, studies of geopolymers indicate that compressive strength increases at high
temperatures (>600 ◦C), so geopolymer composites are generally considered thermal and
fire-resistant structures [28].

Volcanic ash is an aluminosilicate material with Al2O3 and SiO2 contents that make
the synthesis of geopolymers possible [7–9]. There are eight active volcanoes located in
the south of Peru [29], where the most active volcano is the Ubinas (16◦ 22′ S, 70◦ 54′ W;
5672 m above sea level—asl) with a recurrence of four to seven unrest episodes per cen-
tury [30]. The activity of the Ubinas Volcano has generated millions of tons of volcanic
material resulting in deposits with a mafic andesitic composition [31], which can be used in
the production of geopolymers [8] with a positive economic impact on the country.

This paper aims to explore the feasibility of using volcanic ash in combination with
different raw materials in the production of geopolymers (e.g., fly ash, pozzolan, kaolin, and
mining tailing). A study of volcanic ashes, fly ashes, and mining wastes is proposed, due to
the fact that these are usually deposited in landfills that generate environmental problems,
so it is intended to valorize this type of waste. Additionally, because in this research volcanic
ash mixtures are studied in combination with different raw materials, it is important
to analyze the behavior of these new mixtures because the modification of the starting
components also changes the results. For instance, the amount of Al in a geopolymer
reaction plays an important role in the curing time and compressive strength. Therefore,
reducing the amount of Al leads to longer curing times, and when the amount of Al
increases the compressive strength is lower [32]. In addition, the amorphous and crystalline
phase content of the raw materials influences the compressive strength results, amorphous
phases dissolve more easily than crystalline phases during geopolymerization [2].

On the other hand, it is also intended to evaluate the influence that the introduction of
pozzolan and kaolin has on the mechanical properties of geopolymers with volcanic ashes.
The geopolymers obtained have been characterized by the techniques: X-ray diffraction
(XRD), FTIR analysis, and compressive strength tests, to determine their suitability for
construction applications.

2. Materials and Methods
2.1. Materials

The volcanic ash (Vol) employed in this work comes from Ubinas Volcano, located
in Moquegua (Peru), which was taken from a location with the coordinates: latitude
297,608 m, length 8,196,158 m, and 4600 m asl. This volcanic ash is considered a natural
waste. The fly ash (Fly) was obtained from the thermal power plant ILO2_ENERSUR
located in Moquegua (Peru). Kaolin was obtained from the company Agregados Calcáreos
S.A. with a particle size of 99.9991% under 38 µm. The pozzolan (Pz) was obtained from
Yura, located in Arequipa (Peru). The mining tailing (Mt) was supplied by the CANDEL IV
mine, located in Yarabamba, Arequipa (Peru).

The portions of volcanic ash, pozzolan, and mining tailing were grounded in a Fritsch
planetary ball mill model Pulverisette 6 to obtain a particle size lower than 70 µm. The
portion of kaolin was calcined in an electric furnace (Nabertherm) at 750 ◦C for 3 h, with a
heating rate of 5 ◦C/min [2] to obtain a high reactive metakaolin (Mk).

The alkali activator applied in this work consisted of 25% of Na2SiO3 and 75% NaOH
(99% purity). The liquid portions of mixtures were NaOH 15M and Na2SiO3 with a
composition of 18% Na2O, 32.12% SiO2, and 55.01% H2O. The alkali activation solution
was premixed and settled for 24 h at room temperature.



Buildings 2022, 12, 1118 4 of 12

The raw materials that were grounded in a Fritsch planetary ball mill model Pul-
verisette 6 to obtain a particle size lower than 70 µm were characterized through X-ray
fluorescence and X-ray diffraction assays. The chemical composition of the raw materials-
aluminosilicates was analyzed through X-ray fluorescence, employing Spectro Xepos equip-
ment. Table 1 shows the results. Mineralogical analysis was conducted via X-ray pow-
der diffraction (XRD). The sample A diffractometer Bruker D8, radiation source CuKα

(λ = 0.1542 nm), 40 kV, and 40 mA were employed to obtain the XRD diffractograms of
Vol, Fly, Pz, Mk, and Mt. Samples were analyzed at 2θ angles between 10◦ and 80◦ with
a scanning rate of 2◦/min. The diffractograms show that Pz has the largest amount of
amorphous particles followed by Mk, Fly, Vol, and Mt. The crystalline phases detected in
Pz are quartz, aluminum hydroxide, and silicon oxide; Mk contains quartz and kaolinite;
Fly contains quartz, mullite, and calcite; Vol contains anorthite and quartz; and Mt con-
tains quartz, mullite, calcite, copper phosphate trihydrate, iron phosphate, and aluminum
hydroxide with silicon oxide. As it was noted, when quartz (SiO2) is present in all of the
raw materials, the geopolymerization process slows down due to its hard dissolution in an
alkali solution [33]. The Mk obtained at temperatures of 600 ◦C to 900 ◦C can improve the
chemical reactivity of kaolinite [34].

Table 1. Chemical composition of volcanic ash (Vol), fly ash (Fly), pozzolan (Pz), metakaolin (Mk),
and mining tailings (Mt).

Oxide Vol Fly Pz Mk Mt

SiO2 44.91 44.44 53.11 42.78 45.54
Al2O3 13.30 25.75 10.16 30.91 12.99
Fe2O3 6.67 4.54 1.49 0.06 9.25
CaO 5.14 3.14 1.14 0.09 3.13
MgO 3.55 1.27 0.25 0.00 2.96
K2O 1.47 1.80 2.68 0.58 1.12

Na2O 0.26 0.01 0.01 0.01 0.01
P2O5 0.37 0.14 0.09 0.24 0.12
SO3 0.36 0.54 0.09 0.24 0.89
TiO2 1.07 1.13 0.22 0.35 0.41
CuO 0.00 0.01 0.00 0.00 0.44
LOI * 22.39 16.75 30.37 22.80 21.93

* LOI: loss on ignition.

2.2. Geopolymer Synthesis

The production of geopolymers consisted in the preparation of mixtures with 50% of
volcanic ash and 50% of any of the other raw materials (Fly, Pz, Mk, and Mt), followed by
the addition of the alkali activation solution for 5 min. The ratio for alkali solution/raw
material was 0.16. The paste was poured into a cylindrical mold with a height:diameter
ratio of 2:1 according to the EN 12504-1:2009 standard. The paste was compressed until
15 MPa, then samples were taken from the mold, covered by a thin polyethylene film to
avoid the evaporation of water, and hardened at 80 ◦C for 48 h for curing. The compression
strength test of five samples per each formulation was made after 7, 28, 60, and 90 days
of curing at room temperature (24 ± 3 ◦C) employing an electro-hydraulic press (ELE
International) with a loading rate of 10 mm/min according to the ASTM C39 standard. The
design of geopolymer paste composition is shown in Table 2.
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Table 2. Geopolymer paste composition, based on volcanic ash with fly ash, pozzolan, metakaolin,
and mining tailing.

Formulation Label SiO2 Al2O3 SiO2/Al2O3 Solid/Liquid Ratio

Fly-Vol 44.68 19.53 3.88 0.16
Pz-Vol 49.01 11.73 7.09 0.16
Mk-Vol 43.85 22.11 3.37 0.16
Mt-Vol 44.91 13.15 5.73 0.16

After the compression test, the pieces of samples were grounded and stored for XRD
and FTIR analysis. The FTIR analysis was made with the powder of prime material and
geopolymer samples in a Spectrum GX FT-IR Perkin-Elmer spectrometer using Spectrum
v2:00 software. XRD was made at the same conditions previously mentioned in Section 2.1.

3. Results and Discussion
3.1. X-ray Diffraction Patterns of Geopolymers

A comparison of the XRD patterns of raw materials (Vol, Fly, Pz, Mk, and Mt) and
geopolymers from different mixtures is shown in Figure 1. Figure 1A, corresponding to
the mixture of fly ash (Fly) and volcanic ash (Vol), reveals that fly ash has a higher content
of particles in the amorphous phase compared to the volcanic ash. It is also observed
that, as a consequence of the activation process of Fly and Vol, there are changes in the
intensity of the peaks. The main crystalline phases that originally existed in Fly and Vol are
present in the geopolymers (except the calcite that reacted during the geopolymerization),
indicating the presence of undissolved particles of volcanic ash and fly ash in the GP(Fly-
Vol) geopolymers.

Figure 1B shows the XRD patterns of Pz and Vol raw materials and GP(Pz-Vol) geopoly-
mers. Pz has a higher content of amorphous phase particles compared to volcanic ash.
The mineral phases of Pz are not observed in the geopolymers, which suggests that Pz
was able to completely dissolve in the alkaline solution and contribute to improving the
properties of the geopolymerization because the diffuse halo peak located from 15◦–40◦ (2θ)
angles is seen in the Pz curve, indicating the presence of a thermodynamically metastable
amorphous aluminosilicate structure with high pozzolanic activity. It is observed that the
mineral phases contained in the volcanic ash are still present in the diffractograms of the
sample GP(Pz-Vol), although a wide hump appears indicating the amorphous state.

Figure 1C shows the curves of Mk and Vol raw materials and GP(Mk-Vol) geopolymer.
Mk has a higher content of particles in the amorphous phase compared to volcanic ash.
Moreover, Mk includes a small amount of hardly soluble crystals (mainly quartz and kaolinite).
Mk also shows a thermodynamically metastable amorphous aluminosilicate structure from
15◦–40◦ (2θ) angles with high pozzolanic activity. The peaks of the mineral phases contained
in the volcanic ash are still present in the diffractograms of the GP(Mk-Vol) geopolymer.

Figure 1D shows the mineralogical phases of Mt, Vol, and GP(Mt-Vol) geopolymer.
The XRD pattern of Mt shows many crystalline phases such as quartz, mullite, calcite,
copper phosphate trihydrate, iron phosphate, and aluminum hydroxide with silicon oxide,
indicating that the composition of the mining tailing is more complex. The XRD pattern
of the GP(Mt-Vol) geopolymer reveals the presence of an amorphous hump with a wide
bottom at angles of 25◦–40◦ (2θ); the sharp peaks of anorthite are still present in the
geopolymer; and some remarkable peaks of Mt and Vol almost disappeared or decreased
in intensity.
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Figure 1. XRD patterns of raw materials (Vol, Fly, Pz, Mk, and Mt) and geopolymers. (A) Miner-
alogical phases of Fly, Vol, and GP(Fly-Vol). (B) Mineralogical phases of Pz, Vol, and GP(Pz-Vol).
(C) Mineralogical phases of Mk, Vol, and GP(Mk-Vol). (D) Mineralogical phases of Mt, Vol, and
GP(Mt-Vol).

The XRD patterns of the geopolymers based on volcanic ash with the other raw
materials (Fly, Pz, Mk, or Mt) are shown in Figure 2. The amorphous glassy phase is
observed in all the samples (regardless of the mixture of solids used) from 25◦–40◦ (2θ
angles). This halo is the result of the formation of an alkaline aluminosilicate gel (N-A-S-H
gel), the main product in the reaction to produce geopolymers [19]. The highest intensity
of the diffuse halo peak corresponds to the GP(Pz-Vol) geopolymer, followed by GP(Mk-
Vol), GP(Fly-Vol), and GP(Mt-Vol). For that reason, it is inferred that geopolymers based
on Pz have the highest amount of amorphous glassy phase. It is also observed that the
mineral phases contained in the volcanic ash (anorthite and quartz) are still present in
the diffractograms of all the geopolymers. This could be justified by the fact that these
mineral phases have been unaltered or only partially dissolved in the alkaline medium.
Therefore, these unreacted phases could act as microaggregates or fillers by reinforcing the
geopolymer matrix, resulting in a compact and high-strength structure [35].
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3.2. FTIR Spectra

The infrared spectra of raw materials and geopolymers are shown in Figure 3. The
highest intensity peak corresponding to the adsorption band in the 1030 cm−1–1090 cm−1

range can be related to the vibration of the asymmetric stretching of the Si-O-T bonds in TO4
(T = Si or Al) [8,36,37] of the raw materials (Vol, Fly, Pz, Mk, and Mt). When comparing it
with the rest of GP(Fly-Vol), GP(Pz-Vol), GP(Mk-Vol), and GP(Mt-Vol) geopolymers, a shift
of this main band towards lower wavenumbers (from 912 cm−1–1005 cm−1) is observed,
which is attributed to the increase in the tetrahedral aluminum related to the Si/Al ratio of
the geopolymers [8]. By increasing the Al replacement degree (instead of Si), shown by this
shifting of the band, the important role of the high content of aluminum in the formation
of aluminosilicate gel is appreciated, having a positive impact on the enhancement of the
geopolymerization [38]. Those results reveal the strong atomic bonds associated with the
formation of a geopolymer gel [36,37]. Moreover, these bands correspond to the main
part of the aluminosilicate matrix in the formation of a geopolymer, showing that the raw
materials reacted to the alkali solution [37,38].
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Moreover, the spectra show bands related to the vibration of carbonate ions (CO3
2−)

with a wave number of 1426 cm−1, making its presence more noticeable in Fly and Mt
samples, which could be attributed to the reaction of NaOH with CO2 from the air [28].
It is clearly seen that, after the geopolymerization, the intensity of those bands decreases,
and they shift to slightly higher wavenumbers. The weak absorption band at 797 cm−1

is related to the vibration of the symmetric stretching of the Si-O-Si bonds [37,38]. The
broadbands located from 3400–3600 cm−1 are related to the stretching of -OH, while bands
located in 1634–1664 cm−1 are related to the bending of the H-O-H groups. These bands
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could represent the absorption of water trapped in the samples or water placed on the
surface of the geopolymers [37,38].

3.3. Compression Strength

The results of the compression strength of geopolymers based on different combina-
tions of raw materials (Fly-Vol, Pz-Vol, Mk-Vol, Mt-Vol) are shown in Figure 4. According
to Figure 4 and the intensity of the diffuse halo peak in the XRD patterns (Figure 2), the
mechanical strength of the geopolymer GP(Pz-Vol) is the highest, followed by GP(Mk-Vol),
GP(Fly-Vol), and GP(Mt-Vol), because the high degree of amorphous phases existent in
the prime materials improved the compression strength of geopolymers in comparison
to those without the presence of a diffuse halo [2,39]. Therefore, GP(Pz-Vol) geopolymer
presents the highest compression strength value due to the degree of amorphous compo-
nents and the high chemical reaction activity of Pz according to the XRD results (Figure 1B).
These characteristics of Pz promote the dissolution of the aluminosilicate and accelerate
the polycondensation in geopolymers [33,39]. Besides, according to Tchakoute Kouamo [2],
the amorphous phase contained in the raw material influences the compressive strength
results because amorphous phases dissolve more easily than crystalline phases during
geopolymerization, since an important part of the reaction takes place at the liquid–particle
interface; moreover, finer particles allow a higher surface area and a more reactive material.
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mers at 7, 28, 60, and 90 days of curing.

On the other hand, the compression strength of the GP(Pz-Vol) geopolymer after
7 days of curing is 26.4 MPa, then 35.1 MPa after 28 days of curing. This value obtained for
the paste is even higher than the reported for Portland cement mortar
(29.36 ± 2.57 MPa) [9], suggesting that a mortar made of GP(Pz-Vol) could even show
better values. The compression strength after 60 days of curing is 32.8 MPa and finally
31.5 MPa after 90 days of curing. In addition, it was observed that the highest strength
value was obtained at 28 days, then a slight decrease occurred indicating that the lack of
sustainability of geopolymerization and solidification limits the growth of strength. This is
probably because at longer times there is a greater loss of moisture and a small interaction
of the remaining activating solution with the silicoaluminous components, which in turn
could react with the carbon dioxide (CO2) from the environment and lead to carbonation
and generation of microcracks.

The strengths of the other pastes are lower, although the use of aggregates (mortar)
could certainly increase them. The compressive strength of the geopolymer GP(Mk-Vol)
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is 15 MPa after 7 days of curing, 17.8 MPa after 28 days, then it slightly increases to
18.8 after 60 days, and finally 18.4 MPa after 90 days. The raw material Mk has a particle
size of 99.9991% under 38 µm, being the finest raw material employed in the production
of geopolymers. This small particle size possibly affects the wettability that raw materials
require, leading to an increase in the amount of activating solution in order to achieve a
complete geopolymerization and, consequently, the found compressive strength is lower
than expected. In addition, it is possible that the Mk forms interlocking pores (ion diffusion
channels) in the geopolymer matrix. According to Kusbiantoro [40], the presence of pores
in the initial stage of geopolymerization accelerates the efficiency in the transference of ions
resulting in the improvement of the mechanical strength of geopolymers. As the reaction
proceeds, free water in the capillary orifice evaporates to form air-filled holes. Additionally,
while the geopolymer is destroyed by external stress, the holes transform themselves into a
conduit for the propagation of microcracks, which reduces the mechanical strength of the
geopolymers [37,40].

The GP(Mt-Vol) geopolymer has a compressive strength of 17.7 MPa after 7 days of
curing, 15.3 MPa after 28 days, 15.5 MPa after 60 days, and 15.7 MPa after 90 days. Mt is the
raw material with less amorphous components and bigger particle size. The XRD results
indicate the partial solubility of the Mt and Vol components; however, the crystalline phases
of the volcanic ash are still present in the GP(Mt-Vol) geopolymer diffractogram. These
unreacted phases of Mt and Vol perform as microaggregates of the geopolymer, resulting
in a compact and resistant structure [35]. The compressive strength of the GP(Fly-Vol)
geopolymer is 16.8 MPa after 7 days of curing, 14.3 MPa after 28 days, 10.3 MPa after
60 days, and finally 16.9 MPa after 90 days. The fineness and water absorption of fly
ash [40] reduce the water content in the geopolymer system. When the hydroxyl ion is
quickly transferred into the fly ash particle, the dissolution of the aluminosilicates increases,
as well as the gelation of the saturated aluminosilicate solution. However, the differences
in the degree of solubility between fly ash and volcanic ash, as well as the variations in
the wettability capacity of the activating solution, are due to the fineness of the fly ash,
obtaining an unequal geopolymer gel production rate, and a decrease in the mechanical
strength in geopolymers.

4. Conclusions

• It has been shown that it is possible to use mixtures of natural waste (volcanic ash),
hazardous solid waste (fly ash and mining tailings), natural material (pozzolan),
and metakaolin as raw materials for the production of geopolymers. According to
XRD and FTIR analysis, the final products are identified as geopolymer compounds.
Additionally, it has been seen that the combination of precursor materials has an
influence on the geopolymerization, and the variation trend of the amorphous phase
contained in the geopolymers was detected by qualitative XRD analysis.

• The FTIR analysis revealed that the main band located in the range of 1014–1042 cm−1

proves geopolymerization related to Si-O-Si (Al) bonds and the increase in the amount
of SiO2. The main band (related to N-A-S-H gel) shifts to a lower wavenumber.
Additionally, it was observed that a change took place in the intensity and location in
the range of 1417–1440 cm−1 of the groups related to the carbonate vibration which
is probably detrimental to the mechanical properties that tend to cause cracks or
micro-cracks on the geopolymer.

• The XRD analysis showed that the geopolymer composites have amorphous and semi-
crystalline phases even in the raw materials that had crystalline phases. Among the
four geopolymers, the GP(Pz-Vol) geopolymer had the highest amount of amorphous
glassy phase, it has been seen that this promotes the development of the degree of
geopolymerization and, therefore, the highest achieved mechanical strength. This is
probably due to the unreacted phases that could act as microaggregates or fillers by
reinforcing the geopolymer matrix, resulting in a compact and high-strength structure



Buildings 2022, 12, 1118 11 of 12

• Additionally, a strong correlation was found between the strength values of the mor-
tars and the SiO2/Al2O3 ratios obtained from the precursor mixtures. Thus, the
compressive strength of the GP(Pz-Vol) reached values of 35.1 MPa, with this mixture
having a value of 7.09 SiO2/Al2O3 ratio. This value obtained for GP(Pz-Vol) geopoly-
mer is even higher than the reported for Portland cement mortar (29.36 ± 2.57 MPa),
so this mortar could even show better values and applications.
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