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Received 27 December 2023 Abstract: This study investigated the effect of dolomitic lime incorporation on the microstructure and
Revised 6 March 2024 mechanical properties of metakaolin-based geopolymers activated by alkaline solution. Five geopolymer
Accepted 8 March 2024 mixtures were prepared with the addition of 0.0%, 2.5%, 5.0%, 7.5%, and 10.0% dolomitic lime. The

microstructure of the geopolymers was evaluated by scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), and X-ray diffraction analyses (XRD). The compressive strength of the mixtures
ranged between 53.2 and 63.0 MPa after 28 days of ambient curing. SEM/EDS analyses showed that the main
phases formed were the N-A-S-H gel together with the C-A-S-H and N-M-A-S-H gels in the mixtures with
dolomitic lime. In summary, the results showed that the incorporation of dolomitic lime can significantly
improve the microstructure and properties of geopolymers.
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Resumo: Este estudo investigou o efeito da incorporago de cal dolomitica na microestrutura e nas propriedades
mecanicas de geopolimeros a base de metacaulim ativados por solugdo alcalina. Foram preparadas cinco misturas
de geopolimeros com adigdo de 0,0%, 2,5%, 5,0%, 7,5% e 10,0% de cal dolomitica. A microestrutura dos
geopolimeros foi avaliada por microscopia eletronica de varredura (MEV), espectroscopia de energia dispersiva
de raios X (EDS) e analises de difragdo de raios X (DRX). A resisténcia a compressdo das misturas variou entre
53,2 e 63,0 MPa apos 28 dias de cura ambiente. As analises SEM/EDS mostraram que as principais fases
formadas foram o gel N-A-S-H juntamente com os géis C-A-S-H e N-M-A-S-H nas misturas com cal dolomitica.
Em resumo, os resultados mostraram que a incorporagio de cal dolomitica pode melhorar significativamente a
microestrutura e as propriedades dos geopolimeros.
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1 INTRODUCTION

Geopolymers are inorganic polymers formed by a polymerization reaction between an aluminosilicate source and
an activator solution [1]. The main aluminosilicate sources used in the production of geopolymers are fly ash [2]-[4]
and metakaolin [5]-[7]. In addition, other materials such as bottom ash, natural zeolites, palm oil fuel ash, rice husk
ash, biomass fly ash, and silico-manganese fume have also been evaluated as sources of aluminosilicates [8].
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Several studies have evaluated the properties of geopolymers, mainly because of their potential to provide a
sustainable waste disposal solution since the sources of aluminosilicates are usually residual by-products of an
industrial process or materials whose production has a lower environmental impact than the production of Portland
cement [9], [10]. In addition, geopolymers can have good mechanical properties and good resistance to aggressive
environments [11], [12]. All these aspects make geopolymers a potential candidate for field use in civil engineering,
automotive, waste management, and retrofitting of existing buildings [8], [13].

Although metakaolin has significant reactive contents of silica and alumina in its chemical composition [14],
the percentage of calcium in its chemical composition is practically negligible [15], [16]. From the evaluation of
the chemical composition of different types of metakaolin obtained in several studies and in several countries for
the production of geopolymers, Jindal et al. [15] found that the average value of calcium (CaO) contained in
metakaolin is about 0.2% by mass. Thus, several researchers aim to evaluate the effects of calcium incorporation
in metakaolin-based geopolymers, because calcium incorporation can promote an increase in mechanical strength
due to the formation of C-S-H and C-A-S-H gels in the geopolymer matrix [5], [7], [17]-[19]. The incorporation
of calcium compounds can also show significant benefits to the mechanical properties of geopolymers prepared
from different aluminosilicate sources [2], [4], [20]-[22]. Huo et al. [23] identified from machine learning models
that the molar ratio of Si0,/CaO in geopolymers is one of the five most important parameters influencing the
compressive strength of geopolymers.

Calcium incorporation is usually realized by adding CaO [2] or Ca(OH), [2], [4], [5], [17], [20]-[22] to the
geopolymer preparation. However, the addition of Ca(OH), is more advantageous than CaO. This is because the
addition of Ca(OH), results in the formation of C-S-H and C-A-S-H gels in the geopolymer matrix and at the
same time contributes to the better dissolution of the precursor due to the increased alkalinity of the medium,
which consequently contributes to the geopolymerization [2]. Similar to the findings of Temuujin et al. [2],
Chen et al. [19] found that the incorporation of calcium hydroxide increased the dissolution of the precursor.

Exploring the effect of Ca(OH); on the product gel of fly ash-based pastes activated by an alkaline activator,
Zhao et al. [22] identified that the incorporation of high Ca(OH), contents can result in the higher forms of
C-A-S-H and C-S-H gels than N-A-S-H and C, N-A-S-H gels. This contributed to the increased compressive
strength due to the densification of the matrix. Similarly, Temuujin et al. [2] noted that the addition of CaO
and Ca(OH); to fly ash-based geopolymers resulted in the formation of C-S-H and C-A-S-H gels. After the
addition of 3% Ca(OH),, the compressive strength at 7 days of age increased from 11.8 MPa to 29.2 MPa in
geopolymers cured at ambient temperature. Yang et al. [4] also evaluated the effect of Ca(OH), addition on the
mechanical properties of fly ash-based geopolymers. The authors concluded that increasing the level of the
Ca(OH), addition promoted an increase in the compressive strength due to the increased densification of the
microstructure. The compressive strength of the mixture with 19% of Ca(OH), addition was 210% higher than
the compressive strength of the mixture with 4% addition, reaching 29.3 MPa in 28 days. Kim et al. [7] also
observed that the addition of Ca(OH), resulted in superior mechanical properties in metakaolin-based
geopolymers. Lv et al. [24] observed that the addition of Ca(OH), to fly ash and metakaolin-based geopolymers
can significantly improve the compressive strength.

In summary, the incorporation of Ca(OH), is beneficial to the mechanical properties of geopolymers because
it contributes to the formation of C-S-H and C-A-S-H gels due to its availability in the material
matrix [2], [4], [5], [7], [17]-[22], [25]. This results in improved mechanical properties due to the refinement and
compaction of the geopolymer matrix caused by the formation of C-S-H and C-A-S-H gels [23]. However, the
use of high-purity Ca(OH); is expensive. Therefore, the use of commercial hydrated lime of calcitic origin is a
viable option for this process. However, in several regions, it is not possible to obtain hydrated lime of calcitic
origin, because, from the natural mineral formations, it is only possible to obtain hydrated lime of dolomitic
origin, which is a material with high magnesium content.

Therefore, since there are no studies reported in the literature on the use of dolomitic lime in the production of
geopolymers, this research aimed to evaluate the effects of incorporating dolomitic lime on the mechanical properties
and microstructure of metakaolin-based geopolymers. The objective of this study is to understand whether the use of
lime with a different origin (dolomitic) can also add good properties to the geopolymer, which reinforces the innovation
of this article since there are no previous reports with this approach.
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2 MATERIALS AND METHODS
2.1 Materials

2.1.1 Raw materials

The metakaolin (MK) and dolomitic lime (DL) were commercially purchased. Table 1 shows the chemical
composition of MK and DL determined by X-ray fluorescence (XRF) analysis. The loss on ignition (LOI) in Table 1
was determined by mass loss up to 1000 °C.

Table 1. Chemical composition in % mass of MK and DL.

Oxides SiO2 ALO3 CaO MgO Fe203 K:O SOs TiO2 P20s Na2O LOI
MK 64.44 28.76 0.22 0.22 1.78 1.05 0.10 1.39 0.03 0.06 1.94
DL 2.20 0.20 44.9 27.0 0.20 0.10 0.10 0.10 0.10 - 25.33

Notes: MK — Metakaolin; DL - Dolomitic lime; LOI - Loss on ignition.

The metakaolin used in this study has a SiO,/Al,Os; molar ratio of 3.80. Although opinions about the ideal
Si0,/Al,03 ratio differ among researchers, the SiO,/Al,O; ratio in this study is within the acceptable range
(between 1.92 and 5.59) presented in the study by Jindal et al. [ 15] for the production of metakaolin-based geopolymers.
XRD patterns of MK (Figure 1) showed crystalline phases of anatase, quartz, and muscovite. These materials are
impurities of MK. In addition, the XRD of MK showed an amorphous structure between 15 and 35° 26, which is
characteristic of the material after the calcination process [15]. However, the presence of kaolinite was not observed.
Kaolinite is a raw material used in the production of metakaolin. Therefore, the calcination process was efficient and
allowed complete dehydroxylation of the kaolinite mineral phase during calcination. In addition, the XRD pattern of
the MK (Figure 1) suggests that the crystalline phases of the MK remained inert in the matrix. The high crystallinity
does not allow the complete dissolution of the MK by the activating solution in the geopolymerization process [26].
This is not necessarily a problem because these crystalline phases of MK can act as a filler and improve the densification
of the matrix [27]
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Figure 1. XRD pattern of the metakaolin (MK).

The XRD analysis of the DL (Figure 2) showed crystalline phases of portlandite (Ca(OH),), brucite (Mg(OH),),
dolomite (CaMg(COs),), and calcite (CaCOs3). The high magnesium (MgO) content identified in the XRF analysis of
the DL (Table 1) and the brucite and dolomite crystalline phases identified in the XRF analysis (Figure 2) confirmed
the dolomitic nature of the DL.
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Figure 2. XRD pattern of the dolomitic lime (DL).

2.1.2 Activator solution

The alkaline activator used is a mixture of sodium hydroxide (SH) and sodium silicate (SS). The sodium hydroxide
used is 97% pure. The sodium silicate solution used is composed of 52.75% H»0, 32.25% SiO,, and 15.0% Na,O and
has an apparent density of 1572.5 kg/m3.

2.1.3 Mixture proportion

Table 2 shows the mixtures of the geopolymers produced. Five mixtures were prepared with 0.0%, 2.5%, 5.0%,
7.5%, and 10.0% incorporation of DL on the total mass of solids in the mixture. The reference mixture (G0.0) was
developed according to previous tests and the optimal molar ratios of Na,O/Al,O3 and H>O/Na,O identified by
Riahi et al. [14] and Lahoti et al. [28]. According to Riahi et al. [14], these molar ratios have a significant influence on
the compressive strength of geopolymers. Therefore, the incorporation of DL does not affect the Na,O/Al,O3 and
H,0/Na,O molar ratios used in this study.

Table 2. Mixture proportions.

Code MK (kg) DL (kg) SS (kg) SH (kg) Water (kg) water/solids Na:O/ ALO; H»0/ Na:O
G0.0 100.0 - 62.9 8.4 21.7 0.40 0.9 12.0
G2.5 100.0 35 62.9 8.4 21.7 0.39 0.9 12.0
G5.0 100.0 7.6 62.9 8.4 21.7 0.38 0.9 12.0
G7.5 100.0 11.2 62.9 8.4 21.7 0.37 0.9 12.0
G10.0 100.0 15.3 62.9 8.4 21.7 0.36 0.9 12.0

Notes: MK - Metakaolin; DL - Dolomitic lime; SS - Sodium silicate; SH - Sodium hydroxide.

Silica sand (mesh -70) with a specific gravity of 2.65 g/cm® was used as a filler and as a potential means of
preventing drying shrinkage cracking in the geopolymer. The ratio of the mass of the geopolymer paste to the mass of
the silica sand was equal to 1.0. Incorporating sand particles into the geopolymer mixture can significantly reduce the
relative shrinkage from 2% to approximately zero, which contributes to improving the compressive strength of
geopolymers, as discussed by Riahi et al. [14].

2.1.4 Sample preparation and curing

Figure 3 shows the steps in the preparation and curing process of the geopolymer mixtures. Initially, the sodium
hydroxide was diluted in water and the resulting solution was mixed with the sodium silicate. After that, the alkaline
activator remained at rest for 24 hours to reach thermal equilibrium with the environment. The geopolymer pastes were
then prepared by mixing the MK and DL with the alkaline activator in a mortar mixer for 3 minutes. Finally, the silica
sand was incorporated into the mixture and the material was mixed for another 3 minutes.
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Figure 3. Steps in the preparation of geopolymer mixtures.

The geopolymer specimens were cast in cubic (50 x 50 x 50 mm) plastic molds. First, the specimens were allowed to
cure for 24 hours at a room temperature of (23 £ 2) °C. After this time, the specimens were removed from the molds.
To prevent early water loss from the specimens, the specimens were sealed with polypropylene film. This was necessary
because early water loss during geopolymerization reactions can reduce the compressive strength of geopolymers [29]-[31].
Finally, the specimens were cured at room temperature (23 + 2) °C until the age of the tests performed.

2.2 Methods

2.2.1 Compressive strength

The compressive strength of the geopolymer mixtures was determined at 1, 7, and 28 days of age, according to
ASTM C109 [32]. Four specimens of 50 x 50 x 50 mm were used for each geopolymer mixture at each age. The test
was performed in a 1000 kN capacity hydraulic press at (0.90 £ 0.05) MPa/s load rate. Results were statistically
analyzed using analysis of variance and Tukey's test at 5% significance.

2.2.2 Immersion Absorption and Void Index

Water immersion absorption and void index tests were carried out according to ASTM C140 [33] on three specimens
(50 x 50 x 50 mm) at an age of 28 days for each of the geopolymer mixtures produced. The saturated mass immersed
in water (M;) of the specimens was determined using a hydrostatic balance. After this, the specimens were then removed
from the water, drained and the saturated mass (M) was determined using a digital balance. The dry mass (M) was
then determined by placing the samples in an oven at a temperature of (110 £ 5) °C until a constant mass was reached.
From the determination of these parameters, the water absorption by immersion and the voids index of the prepared
geopolymer mixtures were determined.

2.2.3 Microstructural analysis

The chemical composition of MK and DL was determined by X-ray fluorescence (XRF) analysis performed on a
Panalytical X-ray spectrometer, model Axios Max, equipped with a 4 kV rhodium tube. The mineralogical composition
of MK, DL, and the geopolymer pastes (without silica sand incorporation) was determined by X-ray diffraction (XRD)
analysis. After 28 days of ambient curing, the geopolymer paste samples were ground in a porcelain mortar. The ground
material was sieved through a #200 mesh sieve. The resulting powder was dried in an oven at 40°C. Analyses were
performed using Rigaku Mini Flex 600 equipment. A copper radiation source (Cu Ko, A = 1.54 A) was used and the
anticathode voltage was 40 kV. The XRD analysis was performed by scanning at 20 angles ranging from 5° to 75°.
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The scanning speed was 3°/min. The microstructure of the geopolymer pastes (without silica sand incorporation) was
analyzed using a scanning electron microscope (SEM), model TESCAN VEGA3, operated in high vacuum mode with
an acceleration voltage of 15 kV. Energy dispersive spectroscopy (EDS) analyses were performed using an energy-dispersive
X-ray spectrometer (Oxford Instruments).

3. RESULTS AND DISCUSSIONS

Figure 4 shows the XRD analyses performed on the produced geopolymer mixtures. The crystalline phases of
quartz, anatase, and muscovite were identified in all the produced geopolymer mixtures. These crystalline phases are
impurities of MK (Figure 1) and remain inert in the geopolymer matrix because they were not dissolved by the alkaline
activator. This shows that the alkaline activator was not able to dissolve the crystalline impurities of MK, which
remained inert in the matrix of the produced geopolymers. However, the portlandite crystalline phase of DL (Figure 2)
was not identified in the XRD analyses of the produced geopolymer mixtures (Figure 4). This indicates that portlandite
is reactive in geopolymer mixtures and was completely consumed during geopolymerization.
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Figure 4. XRD of the metakaolin (MK), dolomitic lime (DL), and geopolymer mixtures at 28 days of age.

Through XRD analysis, Mijarsh et al. [20] observed that there was no Ca(OH), remaining in their geopolymer
mixtures with the incorporation of this material. Similarly, Walkley et al. [34] observed no Ca(OH), peaks in XRD
analyses of metakaolin-based geopolymer mixtures with Ca(OH), incorporation after 28 days of ambient curing.
Yang et al. [4] also noted that portlandite was completely consumed when incorporated in small amounts in the
geopolymer mixtures. Si et al. [18] also observed that Ca(OH), can be completely consumed during the C-S-H phase
formation process in the metakaolin-based geopolymer. Therefore, discussions in the literature support the hypothesis
that the portlandite from DL was completely dissolved by the alkaline activator and participated in the
geopolymerization reactions.
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Consequently, the compressive strength of the mixtures was affected (Figure 5). The dissolution of portlandite
(Ca(OH),) provided calcium to the geopolymer matrix, allowing the formation of calcium aluminosilicate gels. Figure 5
shows the compressive strength of the geopolymer mixtures produced at 1, 7, and 28 days of age. The compressive
strength of the mixtures with DL incorporation (G2.5, G5.0, G7.5, and G10.0) was higher than the compressive strength
of the reference mixture (GO0.0) at all ages.

Furthermore, the amount of calcium available in the geopolymeric system directly influences the type of gel formed.
Garcia-Lodeiro et al. [35] indicated that high calcium availability produced more stable C-A-S-H and C,ASHg gel
phases, while low calcium availability produced an amorphous (N, C)-A-S-H gel. Similarly, Luo et al. [36] observed
that the availability of calcium directly affected the composition of the formed gels. When calcium availability is
limited, an N-A-S-H gel with partial calcium uptake is formed, preserving the 3D structure of the geopolymer. As a
result, two hydrated gels, C-(N)-ASH type gel and N-(C)-ASH type gel, are separately developed into a hybrid binder.
Therefore, the incorporation of DL into the geopolymer matrix caused the formation of different types of calcium
aluminosilicate gels due to the variation of calcium availability in the geopolymer matrix. However, the likely
products of portlandite during geopolymerization reactions are calcium silicate hydrate (C-S-H) or calcium
aluminosilicates (C-A-S-H) in amorphous or poorly ordered form, which is difficult to identify by XRD [2].
Therefore, the results of the other microstructural analysis tests (SEM/EDS) need to be discussed to confirm this
hypothesis.
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Figure 5. Compressive strength of geopolymer mixtures at 1, 7, and 28 days.

Statistical analysis of variance and Tukey's test showed that the incorporation of DL into the geopolymer caused a
significant increase in compressive strength of 5.5%, 11.9%, 15.8%, and 18.5% at 28 days in G2.5, G5.0, G7.5, and
G10.0, respectively, compared to the reference mixture (G0.0). However, although DL incorporation contributes to the
increase in compressive strength, there is no statistically significant difference between the compressive strength of
G7.5 and G10.0 at 28 days of age. Therefore, considering the cost of DL incorporation, the optimum content for
incorporation of DL into the geopolymer was 7.5%.

The formation of C-S-H and C-A-S-H gels together with N-A-S-H gel in the geopolymer matrix due to the
incorporation of portlandite from DL can explain the increase in compressive strength. The formation of C-S-H
and C-A-S-H gels together with N-A-S-H gel in the geopolymer matrix [2], [4], [5], [7], [17]-[22], [25] produces
better mechanical properties in the geopolymer due to matrix refinement [23]. This hypothesis was confirmed by
the analysis of the microstructure of the materials as shown in Figure 6. The chemical element distribution
maps obtained by SEM/EDS (Figure 6) of the G0.0 and G10.0 mixtures confirm the results of the XRD analyses
(Figure 4).
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Figure 6. SEM/EDS maps of the G0.0 and G10.0 mixtures.

The N-A-S-H gel was the phase formed from the geopolymerization in the G0.0 mixture. In both mixtures
(G0.0 and G10.0), regions with high concentrations of silicon and low concentrations of aluminum and sodium
were identified, corresponding to the quartz crystalline phase of MK (Figure 1), which was not dissolved by the
alkaline activator. This confirms that the quartz crystalline phases have chemical stability and are not dissolved
by the alkaline activator. Thus, SEM/EDS analyses (Figure 6) show that the high crystallinity of the precursor
(Figure 1) is still present in the geopolymer matrix. This also confirms the presence of quartz crystalline phases
identified in the XRD analyses of the geopolymer pastes (Figure 4). In addition, the calcium dissolved by the
alkaline activator, which comes from the portlandite of DL (Figure 2), was uniformly distributed in the
G10 mixture. This indicates that the calcium is part of the geopolymer matrix due to the coexistence of the C-A-S-H
gel together with the N-A-S-H geopolymer gel. Garcia-Lodeiro et al. [35] showed that the presence of calcium
modifies N-A-S-H gel favoring the C-A-S-H formation in a medium with high pH (>12). Similarly,
Temuujin et al. [2] observed that calcium was homogeneously distributed inside of the matrix when analyzing the
microstructure of fly ash-based geopolymer matrix with CaO and Ca(OH), incorporation. As the calcium
incorporation values are small, around 4.7% of the mass of solids for G10.0, calcium is predicted to be
preferentially adsorbed and sodium will only be retained if there is insufficient calcium, which leads to the Ca?*
ions from the dissolution of DL to interact with the N-A-S-H gel to form a (N, C)-A-S-H gel [20].

The high magnesium regions (Figure 6) show that magnesium precipitation has occurred in some regions of G10.0
due to the presence of Mg(OH), (brucite) precipitates. However, the magnesium is homogeneously distributed in the
geopolymeric matrix outside of the brucite precipitation region. This indicates that the brucite from the DL was partially
dissolved by the alkaline activators and the dissolved part was incorporated into the geopolymer matrix.

Rev. IBRACON Estrut. Mater., vol. 18, no. 1, 18101, 2025 8/14



A. G. Borgato, N. A. M. Beltrame, T. A. Oliveira, and R. A. Medeiros-Junior

Thus, the homogeneously distributed magnesium in the geopolymer matrix indicates the formation of a gel of hydrated
magnesium and sodium aluminosilicates. Hu et al. [37] observed that Mg?* ions can be incorporated into the matrix
during geopolymerization reactions. In the evaluation of geopolymers produced with high magnesium content ground
ferronickel slag and fly ash, Kuri et al. [38] observed that the magnesium reacted with the Si-O-Si, Al-O-Al, or Al-O-Si
bonds in the geopolymerization reactions and developed a magnesium-sodium aluminosilicate hydrate (N-M-A-S-H)
gel. This resulted in higher compressive strength in the mixtures containing ground ferronickel slag. Similarly,
Yang et al. [39] identified that the main phases formed in geopolymers with nickel slag are a class of sodium-
magnesium-aluminosilicate gels. Therefore, the distribution of magnesium in the geopolymer matrix (Figure 7)
indicates the formation of hydrated sodium magnesium aluminosilicate (N-M-A-S-H), which also contributes to the
increased compressive strength (Figure 5) of geopolymers produced with DL incorporation.

Thus, C-A-S-H and N-M-A-S-H gels coexisted with the N-A-S-H gel in the mixtures with DL incorporation. This
confirms the hypothesis that the increase in compressive strength (Figure 5) with increasing DL incorporation is due to
the formation of these gels during geopolymerization. Therefore, the presence of these gels in the geopolymer matrix
resulted in matrix refinement, which was also observed in the void index (Figure 7a) and absorption (Figure 7b) tests.

According to Figure 7, both results showed that the void index (Figure 7a) and the immersion absorption (Figure 7b)
of the geopolymers were reduced as a function of increasing DL incorporation. Statistical analysis shows that DL

incorporation caused a significant reduction in void index and absorption of G2.5, G5.0, G7.5, and G10.0 compared to
GO0.0.
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Figure 7. Results of the (a) voids index and (b) immersion absorption of the geopolymers.

However, similar to the behavior observed in the compressive strength test, there is no statistically significant
difference between the void content and the absorption by immersion obtained between G7.5 and G10.0 at 28 days of
age. Therefore, these results converge with the results obtained in the compressive strength test (Figure 5) and confirm
the hypothesis that the densification of the geopolymeric matrix occurred due to the formation of C-A-S-H and N-M-
A-S-H gels together with the N-A-S-H gel.

In contrast, crystalline phases of brucite and calcite were identified in the mixtures with DL incorporation
(Figure 4). Thus, these materials derived from the DL (Figure 2) remained precipitated in the geopolymer matrix.
This indicates that the brucite and calcite were not dissolved or were partially dissolved by the alkaline activator.
Figure 8 shows the XRD analyses of the G0.0, G5.0, and G10.0 mixtures in the region of the highest intensity
peak of calcite (29.356°, PDF: 00-001-0837) and brucite (37.984°, PDF: 01-083-0114). For both materials, there
is an increase in the peak of higher intensity as a function of increasing DL incorporation content in the
geopolymer. Therefore, the precipitation of calcite and brucite in the geopolymer matrix increases with the DL
incorporation.
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Figure 8. XRD of mixtures G0.0, G5.0, and G10.0 in the region of the peak of the highest intensity of (a) calcite; and (b) brucite.

Clausi et al. [3] noted that calcite grains, which were not dissolved by the alkaline activator, favor the coexistence
of the C-A-S-H gel along with the N-A-S-H gel in some regions of the geopolymer matrix. This behavior is due to the
high calcium content available in these regions due to calcite precipitation and is consistent with the result identified
by Garcia-Lodeiro et al. [35], who observed the formation of the C-A-S-H gel in materials with high calcium contents.
Thus, calcite precipitation may be beneficial for the geopolymeric matrix due to the formation of calcium
aluminosilicate gels in the region of material precipitation. In addition, dolomite decomposes in an alkaline medium,
which favors the formation of brucite [3]. Therefore, the dolomite identified in the XRD analysis of DL (Figure 2) may
have converted to brucite, because this material was not identified in the XRD analyses of the geopolymer mixtures
with DL incorporation (Figure 4). However, there are no studies in the literature on the effects of brucite precipitation
in the geopolymer matrix, which proves an important innovation for this article. Figure 9a shows the precipitation of
brucite in the matrix of the G10 mixture identified by SEM.

Brucite =

Transition zone /

Matrix

" . ®

Figure 9. SEM of G10.0: (a) brucite precipitation in the matrix; (b) transition zone between matrix and precipitated brucite.
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This confirmed the results of the XRD (Figure 8b) and SEM/EDS (Figure 6) analyses. The material was not
completely dissolved by the alkaline activator and remained in the form of an inert precipitate in the geopolymer matrix.
Figure 9b shows that the region of the geopolymer matrix has a fine and more homogeneous microstructure, while the
region of the brucite precipitation has a heterogeneous structure. Furthermore, the transition zone (Figure 9b) between
the matrix and the precipitated brucite shows that there was no satisfactory adhesion between the materials, which may
have resulted in a higher porosity than the rest of the matrix. Consequently, this porous transition zone may affect the
mechanical properties of the produced geopolymers. This may explain the fact that mixtures G7.5 and G10.0 showed
statistically equal values for compressive strength (Figure 5), void index (Figure 7a), and absorption per immersion
(Figure 7b) after 28 days of age. Thus, the increase in compressive strength (Figure 5) due to the formation of C-A-S-H
and N-M-A-S-H gels (Figure 6) may not be sufficient to compensate for the loss in compressive strength (Figure 5)
due to the precipitation of brucite in the geopolymer matrix. In contrast, Figure 10 shows that the quartz particles exhibit
excellent bonding with the geopolymer matrix.

Matrix

Figure 10. SEM of the transition zone between the geopolymer matrix and the quartz from metakaolin in the G10.0 mixture.

This is consistent with the fact that quartz particles can significantly control shrinkage and improve the mechanical
properties of the produced geopolymers [14], [29]. As the dissolution of quartz by the alkaline solution is incipient,
quartz particles act as a filler and densify the microstructure of the geopolymer [14], [40]. Therefore, despite being
considered an impurity in MK (Figure 1), quartz particles can contribute to improving the mechanical strength of
geopolymers. Figure 10 also shows the formation of a gel in the geopolymer matrix characterized by a homogeneous
microstructure. This explains why the C-A-S-H, N-M-A-S-H, and N-A-S-H gels were not detected by XRD analysis
(Figure 4), since these materials are mostly amorphous and have no defined geometric shape.

5. CONCLUSIONS

In this study, the effects of DL incorporation on the mechanical properties and microstructure of MK-based
geopolymer were investigated. Based on the results of the tests and analyses performed, it was concluded that:

*  Portlandite (Ca(OH),) was completely consumed and brucite (Mg(OH),) was partially consumed during the
geopolymerization. This allowed the coexistence of the C-A-S-H and N-M-A-S-H gels in the geopolymer
matrix together with the N-A-S-H gel.

*  The coexistence of the C-A-S-H and N-M-A-S-H gels together with the N-A-S-H gel explains the increase in
compressive strength in the geopolymer mixtures with DL incorporation when compared to the reference
mixture without DL incorporation. Also, the results of the void index and the immersion absorption tests
corroborate with the results of the compressive strength tests. Thus, it was possible to obtain 63.0 MPa
compressive strength in mixture G10.0 at 28 days, which corresponds to an 18.4% increase over the reference
mixture without DL (GO0.0).
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»  The transition zone between the geopolymer matrix and the precipitated brucite (Mg(OH),) indicated that a
satisfactory adhesion between the materials did not occur. Thus, the weak bond between the two materials
may have compromised the compressive strength of the geopolymer. This may have limited the increase in
compressive strength because mixtures with 7.5% and 10.0% of DL incorporation showed statistically equal
compressive strengths.

*  XRD and SEM/EDS analyses showed that the quartz particles act as a filler and densify the microstructure of
the geopolymer due to the incipient dissolution of the quartz particles by the alkaline solution. Thus, although
considered an impurity of metakaolin, quartz particles can contribute to the increased mechanical strength of
geopolymers due to the excellent transition zone between the geopolymer matrix and the quartz.

*  Finally, the results of the tests performed showed that the incorporation of DL was effective since it was
possible to significantly improve the mechanical strength of metakaolin-based geopolymers with a material of
relatively low cost. However, studies on the evolution of the gels formed by the incorporation of DL at later
ages are necessary to provide information on the durability of these materials.
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