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Received 26 March 2024 Abstract: This research aimed to evaluate the resistance to sodium and magnesium sulfates of geopolymeric
Revised 07 June 2024 mortars, prepared with different proportions of alkaline activators of silicate and sodium hydroxide (Ma),

Na,O content in relation to metakaolin (MK) and silica modulus (Ms). Additionally, an air-entraining additive
Accepted 31 July 2024 was also used in an attempt to mitigate the expansive effects of sulfate attack for 20 weeks. The sulfate
resistance properties were evaluated by the change in longitudinal length, mass variation, compressive
strength, flexural tensile strength, and microstructure. SEM/EDS analyses suggest the formation of caminite
and a change in the structure of the aluminosilicate gel to M-A-S-(H) in mortars exposed to MgSO,, while
thenardite was indicated as a harmful product in mortars subjected to Na,SO4. The experimental results also
showed that the greater amount of Na,SiOs in the geopolymer formulation contributes to a denser structure
and lower water absorption rate, but resulted in greater physical deterioration and expansion after immersion
in sodium magnesium sulfate. The air-entraining additive did not minimize the tensions generated by the
sulfate attack. In mortars synthesized with Na,O/MK = 15% and Ms = 1.5 (GEO-15-1.5) and Na,0O/MK =
22% and Ms = 1.0 and 1.5 (GEO-22-1.0 and GEO-22-1.5), the compressive strengths were similar to standard
samples when immersed in MgSO,, while in the Na,SO, solution the increase in strength was attributed to the
temporary refinement of the pores by sulfate crystals.

Keywords: geopolymer, metakaolin, sulfate attack, air-entraining additive.

Resumo: Esta pesquisa teve como objetivo avaliar a resisténcia aos sulfatos de sodio e magnésio de
argamassas geopoliméricas, preparadas com diferentes propor¢des de ativadores alcalinos de silicato e
hidroxido de sodio (Ma), teor de Na,O em relagdo ao metacaulim (MK) e moédulo de silica (Ms). Além disso,
um aditivo incorporador de ar também foi utilizado na tentativa de mitigar os efeitos expansivos do ataque de
sulfato por 20 semanas. As propriedades de resisténcia aos sulfatos foram avaliadas pela mudanga no
comprimento longitudinal, variagdo de massa, resisténcia a compressdo, resisténcia a tragao por flexdo e
microestrutura. As analises MEV/EDS sugerem a formag3o de caminita e alteracao na estrutura do gel de
aluminossilicato para M-A-S-(H) em argamassas expostas aos MgSQ,, enquanto a tenardita foi indicada como
produto deletério em argamassas submetidas aos Na,SO4. Os resultados experimentais também mostraram
que a maior quantidade de Na,SiO; na formulagdo do geopolimero contribui para uma estrutura mais densa e
menor taxa de absor¢do de agua, mas resultou em maior deterioragdo fisica ¢ expansdo apds imersdo em
sulfato de sodio e magnésio. O aditivo incorporador de ar ndo minimizou as tensdes geradas pelo ataque de
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sulfato. Em argamassas sintetizadas com Na,O/MK = 15% e Ms = 1,5 (GEO-15-1.5) e Na,0O/MK = 22% ¢
Ms = 1,0 e 1,5 (GEO-22-1.0 e GEO-22-1.5), as resisténcias a compressdo foram semelhantes as amostras
padrdo quando imersas em MgSOy, enquanto na solugdo de Na,SO4 0 aumento na resisténcia foi atribuido ao
refinamento temporario dos poros por cristais de sulfato.

Palavras-chave: geopolimero, metacaulim, ataque de sulfato, aditivo incorporador de ar.
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1 INTRODUCTION

Geopolymers are materials produced by a reaction between an aluminosilicate precursor material and an activating
solution [1]. Materials containing silica and alumina can act as precursors, such as metakaolin [2]-[4], fly ash [5], [6],
rice husk ash [4], blast furnace slag [7]-[9], and biomass fly ash [10], [11]. Metakaolin is more chemically active at
room temperature than other aluminosilicate materials, such as fly ash [12]. The most common alkaline activators used
to dissolve precursor materials are sodium hydroxides and sodium silicates, usually a mixture of these components [13],
[14]. Several studies have indicated thegood mechanical performance of metakaolin-based geopolymers activated with
a combination of Na,SiO; and NaOH [15]-[17].

Sodium silicate is composed of SiO, Na,O, and H,O and the silica modulus (Ms = SiO,/Na,O) is a parameter used
to evaluate the properties of geopolymeric materials [18], as it influences the geopolymerization process and,
consequently, the pore network and compressive strength [19]. Excess silicate can weaken the structure and reduce the
resistance of geopolymers [20]. Furthermore, the concentration of Na,O can also affect the mechanical performance of
geopolymers. Cho etal. [19] demonstrated that the higher concentration of Na,O contributes to the increase in
compressive strength due to the greater dissolution of Si and Al and the generation of more geopolymer synthesis
products. However, excess led to a slower strength development because of the precipitation of gels around the surface
of the precursor material particles. The choice of initial aluminosilicate also affects the durability of alkali-activated
materials [21].

The ability to resist sulfate attack is a crucial longevity factor for concrete materials in aggressive exposure
situations, such as marine environments and saline soils [13], [22], [23]. Sulfate attack is a chemical process that
involves SO42” ions and cement hydration products and the effects are some of the most important factors in the
deterioration of concrete structures [24]. In geopolymers, the sulfate attack mechanism is different depending on the
calcium content. In high-calcium alkali-activated systems (alkali-activated cement), sulfate attack is similar to that of
OPC due to the similarity of the hydration products [25]. In contrast, the degradation of low-calcium alkali-activated
systems (geopolymers) involves the exchange of ions between the solution and the network structure [21]. The
exchange of OH™ and SO4* dominates the ion exchange process in the sodium sulfate solution, while the exchange of
Na* and Mg?" occurs in the magnesium sulfate solution [22].

Previous research [25] indicated that the presence of gypsum and ettringite decreased the physical and mechanical
properties in concrete mixes with higher calcium content, while in systems with low calcium content, the formation of
crystals of sodium sulfate in the pores of the material was observed. The low calcium content allows the sulfate solution
to exchange ions with the material's internal matrix, forming a less expansive material [25], compared to gypsum and
ettringite formed in systems with higher calcium content.

The degradation of geopolymers due to sodium sulfate attack mainly focuses on the effects of pores and cracks
within the matrix [13]. Thenardite is indicated as a new phase within the geopolymer and is considered responsible for
structural damage and loss of strength [13]. The growth of thenardite in the pores of the material generates
crystallization pressure and results in the deterioration of cement mortars, such as cracks and surface peeling [26], and
can result in considerable damage [27].

On the other hand, previous research [28] indicated the formation of Mg(OH), or M-A-S-(H) phases during
exposure to magnesium sulfates due to the counter-diffusion between Mg?* and Na'. The compound M-A-S-(H),
originated by replacing Na* from the N-A-S-(H) geopolymeric network with Mg?* from the MgSQO4 solution, is
indicated as a low resistance phase in other research [29], [30]. Geopolymers are also subject to deterioration in sulfated
environments, although the sulfate resistance of these materials is higher compared to Portland cement composites due
to the low CaO content of geopolymers [25].

As the mechanical properties of the geopolymer can be affected by several parameters, such as types of binders,
Si0»/Na,O ratio, type and concentrations of alkaline activators and curing conditions [19], different geopolymer
formulations can alter the microstructure of the material and make them less or more susceptible to sulfate attack.
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Furthermore, air-entraining additives have been incorporated into cementitious materials to minimize the expansive
effects of sulfate attack and freeze-thaw action, as discussed by Ren et al. [31].

The introduction of an air-entraining agent reduces the density and increases the porosity of geopolymer materials
due to micro-air bubbles created in the fresh state [32], which is permanent even after hardening [33]. Although the air
intake generates a decrease in compressive strength, tensile strength, flexion, and modulus of elasticity [32], [34], the
air-entraining additive promotes a constant void system in the concrete that contributes to increasing the durability of
the concrete against freezing/thawing cycles, for example. In the research by Aygormez et al. [33], it was discovered
that geopolymeric samples with air-entraining were more stable after the freeze-thaw effect. The reduction in surface
tensions provided by controlled, small, and uniformly distributed air bubbles in the samples favored resistance to
freeze/thaw cycles. Improvements in resistance to sulfate attack and freeze/thaw action were also indicated in the
research of Ren et al. [31].

In this context, the behavior of metakaolin-based geopolymer mortars exposed to sodium and magnesium sulfates
for 20 weeks was studied in this research. The variables of this study included different mixtures varying in silica
modulus (Ms), molar ratio between alkaline activators (Ma), sodium content in relation to the precursor material
(metakaolin), and air-entraining additive. Therefore, in addition to the different geopolymeric formulations, the study
of the effect of voids provided by the air-entraining additive was considered, since the sulfate attack results in expansive
phases generally accommodated in the pores of the materials. The consequences of this expansive phenomenon result
in stresses that can cause cracks and detachment of the material, facilitating the entry of sulfates or other degrading
agents into the internal structure of the concrete [35], [36]. Thus, the effect of the voids produced by the additive
incorporated into the air in mitigating the expansion of the mortar is also evaluated in this research.

2 MATERIALS AND EXPERIMENTAL PROGRAM
2.1 Materials

2.1.1 Geopolymeric mortar

Commercial metakaolin powder was used as a precursor material in this research. The structure of metakaolin
powder was characterized by an X-ray diffractometer (PANalytical), operating at 45 kV and 40 mA, with CuKa 1.2
radiation, wavelength 1.5418 A. The samples were placed in a zero-bottom silicon sample holder, pressing frontally
with a glass slide. The scanning range and step size were 7-70° 20 and 0.0167° 26, respectively, and the samples were
rotated horizontally at 2 s/rev, with a counting time of 24.765 seconds and a total time of 2 hours. The main peaks of
the diffractogram show that metakaolin is made up of quartz, illite, kaolinite, and microcline, as shown in Figure 1a.
The distribution of powdered metakaolin particles was performed using a laser diffractometer model CILAS 920 and
measuring range ranging from 0.30 um to 400 um (Figure 1b). The average diameter of metakaolin particles is 24.50
um and 90% of the grains have a diameter smaller than 55.66 pm.
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Figure 1. Characterization of metakaolin, (a) XDR, and (b) granulometric distribution.

A combination of sodium hydroxide pearls (97% pure) and sodium silicate, composed of 14.77% Na,0O, 32.26%
Si0,, and 52.97% water, was used to synthesize geopolymeric cement. The water in the sodium silicate solution was
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considered in the water/metakaolin ratio. The air-entraining additive used has an alkyl-aryl-sulfonated chemical base
and a specific mass between 0.980 and 1.020 g/cm?. Natural sand with a fineness modulus of 2.01 and a specific density
of 2.64 g/cm® was used to produce 72 mortar specimens with dimensions of (2.5 x 2.5 x 28.5) ¢cm for variation analysis
longitudinal length and mass and 72 mortar specimens with dimensions of (4.0 x 4.0 x 16.0) cm to evaluate the
compressive strength and flexural tensile (Table 1).

Table 1. Mixture composition of geopolymer mortars.

Type MK, g/ Na;SiO;, g/ NaOH, g/L W, g/L Ma Ms Na/MK (%) W/MK,g/g AE,g/L
GEO-15-1.5 4733 320.0 30.6 180.7 1.61 1.5 15 0.74 -

GEO-15-1.5-AE 4733 320.0 30.6 180.7 1.61 1.5 15 0.74 1.89
GE0-22-1.0 465.9 308.0 73.6 181.6 0.65 1.0 22 0.74 -
GEO-22-1.5 463.9 460.0 44.0 99.6 1.61 1.5 22 0.74 -

GEO-22-1.5-AE  463.9 460.0 44.0 99.6 1.61 1.5 22 0.74 1.86
GE0-22-2.0 468.9 620.0 14.9 18.6 6.39 2.0 22 0.74 -

Note: Ma = Na,Si03/NaOH, mol/mol; Ms = Si0O,/Na,0, mol/mol; Na/MK = sodium/metakaolin; W/MK = water/metakaolin, including water content in
Na,SiOs; W = additional water; AE = air-entraining additive.

The material ratios of 1:3.2:0.74 (binder:sand:water) were the same for all geopolymer mortar mixtures. The sets of
tested specimens and the nomenclature adopted are presented in Table 1. Example: GEO-15-1.5-AE refers to
geopolymeric mortar (GEO) with a 15% Na/MK ratio, Na,SiO3/NaOH ratio = 1.5 (Ma), and air-entraining additive
(AE). GEO-22-2.0 refers to geopolymeric mortar (GEO) with 22% Na/MK ratio and Na,SiO3/NaOH ratio = 2.0
(without air-entraining additive), and so on. Furthermore, the acronyms S and M were added to name the samples
immersed in the sodium sulfate and magnesium sulfate solution, respectively. The amount of Na,O was calculated by
converting NaOH to Na,O and the proportion contained in the sodium silicate solution, while the SiO, content was the
proportion contained in Na;SiOs to determine the molar ratios Si02/Na,O (Ms). The Na/M ratio was determined as a
mass percentage of Na,O in relation to the mass amount of metakaolin.

2.1.2 Geopolymer mixing and curing

Alkaline activators were prepared 24 hours before mixing the mortar. For this, NaOH was dissolved in water and
added to Na,SiOs. The water used to dissolve the NaOH varied with the amount of Na,SiO; added to the mixture, as
shown in Table 1, that is, the amount was obtained from the difference between the total water used in the mortar and
the water content contained in the Na,SiO3.

The next day, metakaolin was added to the alkaline solution and homogenized in a bench mixer at low speed (140
+ 5 rpm) for 60 s and at high speed (285 + 10 rpm) for another 30 s to obtain a homogeneous paste. After this time, the
speed was reduced and the fine aggregate was added over the next 30 s and mixed at high speed for another 30 s, when
the mixer was then turned off for 1 min and 30 s to remove the mortar adhering to the walls of the tank and of the
shovel. Immediately after this interval, the mixer was turned on again at high speed for another 60 seconds, resulting
in a total mixing time of 5 min (temperature 25 + 3 °C) and a volume of 0.0052 m3 per batch of mortar. The mixing
procedure was adapted from NBR 13583 [37].

The casting was done in two equal layers with 16 blows in each for consolidation. Then, the prisms were cured in
the mold for 24 hours (temperature = 25 £ 3 °C and RH = 50 £ 5%). The specimens were then demolded and stored in
a climate chamber at 20 °C and = 95% relative humidity until 84 days of age. As the chemical reactions of Na,SiO;
occur more slowly compared to NaOH [38], we chose to extend the curing time, which favors geopolymerization before
subjecting the mortars to sulfate attack.

2.1.3 Exposure to sodium and magnesium sulfates

Four mortar specimens were immersed in a solution of sodium sulfate (Na,SO4) and magnesium sulfate (MgSOs),
with purity greater than 99%. Specimens immersed in deionized water were also tested to calculate the resulting
longitudinal length and mass variations. The sodium sulfate mixture ratio was 100 g: 900 g, as recommended by NBR
13583 [37], prepared with deionized water and stored at room temperature for 24 hours. The amount of magnesium
sulfate heptahydrate was 173.53 g: 826.47 g. With these proportions, both sodium and magnesium sulfate solutions
presented the same amount of sulfate ions (SO4*= 67.63 g) per liter of solution. The mortar bars were placed in the
solutions with a minimum spacing of 20 mm between the specimens and stored in an oven at a constant temperature of
40 £ 2 °C for 20 weeks.
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2.2 Experimental testing

2.2.1 Mass and length change

A digital scale with an accuracy of 0.01 g was used to monitor mass change over time. The mass values of four
specimens were recorded and calculated every two weeks until the end of sulfate exposure (week 20). To avoid the
effect of the initial saturation degree on the results, the mass variation (Am) was determined in relation to week 1 of
exposure, calculated according to Equation 1. The water absorption rate (A4b) was determined, according to Equation
2, during the first week of immersion in water to characterize the permeability of the mortar specimens.

Am = = —‘Mi) X
Mi

100 Eq. (1)

Where Mx is the mass in week x and Mi represents the mass of the specimens after the first week of exposure to sulfates.

_ (Ms-Ma)
T Md

AAb x 100 Eq. (2)

Where Ms is the saturated mass and Md represents the dry mass before water immersion.
After reading the mass variation, the specimens were placed one by one in the length variation measurement gantry
with an accuracy of 0.001 mm, always in the same direction and position. The result of expansion (positive variation)

or retraction (negative variation) was calculated (Equation 3) from the difference between the bar reading at age x (Lx)
and the bar reading at age 0 (L1i), according to NBR 13583 [37].

Lx— Li
( : ) x
Li

AL = 100 Eq. 3)

Where Lx is the length in week x and Li is the initial length of the specimens before exposure to sulfates.

2.2.2 Compressive and flexural tensile strength

Compressive and tensile strengths were determined at exposure ages of 0 and 20 weeks. The test was carried out in
accordance with standard NBR 13279 [39]. A hydraulic press with a loading speed of 10 mm/min was used to break three
(tensile strength) and six (compressive strength) specimens for each mixture and exposure condition. Statistical treatment
of experimental data was performed using ANOVA analysis of variance and Tukey's test (5% probability of error).

2.2.3 Analyze microstructural

The evaluation of the mortar microstructures was performed by extracting fragments with (2.0 = 0.5) mm edges and
metalized with gold for analysis using scanning electron microscopy (SEM) on a Tescan microscope (model VEGA3
LMU), a voltage of 15 kV and approximation of up to 10 kx. Fragments with the same dimensions were collected and
evaluated by energy dispersive X-ray spectroscopy (EDS), Oxford detector, model C-Max 80.

3 RESULTS AND DISCUSSION

3.1 Solution absorption

Figure 2 shows the effect of the geopolymer mortar formulation on water absorption before exposure to sulfate.
Table 2 shows the analysis of variance of the data. The addition of air-entrained to the GEO-15-1.5-AE and GEO-22-
1.5-AE mixtures (Figure 2a) did not significantly increase the water absorption rate of the samples. Furthermore, it is
possible to observe that the higher sodium silicate content (Ms = 1.5 and Ms = 2.0) improved the water absorption of
the GEO-22-1.5 and GEO-22-2.0 samples, while the lower sodium/metakaolin content (Na/MK = 15%) produced a
structure with lower density compared to samples with Na/MK = 22% (Figure 2b). Previous research has also pointed
out that the use of silicates provides a denser microstructure compared to NaOH [20], [40]. Therefore, the geopolymer
formulation plays an important role in developing the microstructure and density of the material, which directly affects
resistance to sulfate attack. The proportion of voids increases the diffusion of sulfate ions into the samples, which
reduces sulfate resistance [12].
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Figure 2. Water absorption by immersion. (a) With air-entraining; (b) No air-entraining.

Table 2. Results of water absorption tests by immersion.

Specimens Average S.D. p-value Significance level
GEo21 270 020 —
Gro 15 270 020
Gro20 L4 020
GS(I)ES -51-?51 -ZE 3; gg; 0.1733 Non-significant
GEO 1 AF 136 2 o Non-ignicant

3.2 Visual appearance

Figure 3 shows the visual appearance of the specimens submerged in sodium and magnesium sulfate solutions after
20 weeks of exposure. The most noticeable damage was observed in the sodium sulfate solution when the samples had
more sodium silicate as an alkaline activator (GEO-22-2.0-S). The deterioration consisted of cracking of the edges and
disintegration of the specimens' surface particles. When immersed in magnesium sulfate solution, a compound was
formed on the surface of the GEO-22-2.0-M prisms, but no physical changes occurred during the tests.

GEO-15-1.5 - Sodium GEO-22-2.0 - Sodium

25 mm 25 mm
' — =

Figure 3. Visual inspection of samples.
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SEM/EDS analysis (Figure 4) shows the chemical elements O, Mg, S, and Si, which is a stoichiometric indicator of
the formation of caminite (Mg3(SO4)2(OH),), according to Chen et al. [22]. Caminite was removed from the surface of
GEO-22-2.0-M specimens in week 4 and no further compounds were recorded after this period. In the other samples,
no physical changes were found throughout the tests.

y Spectrum3 |
- 0 551
Mg 181
4 s 117
Si 6.9}
Spectrum4
(6] 53.6
Mg 202
S 9.SH
. Si 8.1

cugitll”

Figure 4. SEM/EDS of the compound formed on the surface of GEO-22-2.0-M after MgSO4 exposure.

3.3 Length and mass change

Figure 5 shows the evolution of the variation in linear length and weight of the specimens submerged in the sodium
sulfate solution. According to Figure 5a, all mortar samples showed similar longitudinal variations over the time of
exposure to sodium sulfates, except for the GEO-22-2.0-S sample, which showed an expansion close to 0.20%. This
expansion generated cracks and disintegration of particles on the surfaces of the specimens, as shown in the visual analysis
(Figure 3). Although the longitudinal variation of the GEO-22-2.0-S specimens was greater than the other samples, the
low water absorption rate (= 1.4%, Figure 2) contributed to the stability of the mass during the tests (Figure 5b).

On the other hand, the lower content of Na/MK = 15% and sodium silicate (Ms = 1.0) used in the mixtures GEO-15-
1.5-S and GEO-22-1.0-S increased the mass gain, which is in line with the highest water absorption rates (= 6-7%)
presented in section 3.1. For the GEO-22-2.0-S samples submerged in the sodium sulfate solution, the peaks of the major
chemical elements shown in SEM/EDS spectra 38 and 40 (Figure 6), corresponding to oxygen (O), sulfur (S), and sodium
(Na), were attributed to the formation of thenardite (NaySO4) [13], [25], similar to rice grains [26]. Therefore, the expansion
and cracks recorded in the GEO-22-2.0-S samples occurred due to the thenardite crystals. The thenardite was also
identified in the test specimens of the other mortars. However, the greater porosity compared to the GEO-22-2.0-S samples
may have accommodated the sulfate crystals in the pore network, dampening the physical data up to the tested age.

Na,SiO; generally offers higher mechanical resistance to geopolymers than activators with hydroxides [15], [41].
However, it has been previously demonstrated [20] that increasing the amount of this activator can weaken the
microstructure. A high concentration of Na,Si03, as in the GEO-22-2.0-S samples used in this research, increased leaching
risks due to its high mobility in geopolymers [42]-[44]. Therefore, the expansion of the GEO-22-2.0-S specimens without
adding mass suggests the coexistence of alkaline activator leaching and thenardite formation from sulfate attack.

e
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Figure 5. Samples exposed to Na2SOa. (a) Change in longitudinal length; (b) Change in mass.
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Figure 6. SEM/EDS of GEO-22-2.0-S mortars exposed to sodium sulfate.

According to Figure 5, the voids provided by the air-entraining additive did not influence the longitudinal and mass
variation of the mortars exposed to Na,SOs4, which may be associated with the insufficient time to accumulate the
sulfate attack products in the air voids and cause damage to the mortars. Therefore, no benefit of the air-entraining
additive was found in this study for the age and conditions tested.

Likewise, the evolution of the variation in the linear length and mass of the specimens submerged in the magnesium
sulfate solution is illustrated in Figure 7. Except the GEO-22-2.0-M specimens, all mortars with different formulations
showed longitudinal variations of less than 0.10% until the end of the tests (Figure 7a). In the GEO-22-2.0-M
specimens, an expansion of around 0.12% was recorded in the first weeks of exposure, but the linear increase in the
specimens did not cause surface damage as shown in Figure 3.
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Figure 7. Samples exposed to MgSOs4. (a) Change in linear length; (b) Change in mass.

Unlike exposure to Na;SOs, the mass of GEO-22-2.0-M reduced slightly due to the removal of caminite originating
on the surface of the specimens after four weeks of testing. Furthermore, the absence of mass increase confirms the non-
formation of new compounds until the end of the tests. The lower sodium content (Na/MK = 15%) contributes to the
increase in mass in samples exposed to magnesium sulfates, and this increase is related to the larger pore network measured
by water absorption in the first week of immersion in water (6-7%). Therefore, the larger pore network could increase the
diffusion of sulfate ions and, as a consequence, result in greater mass gains, as occurred in mixtures with Na /MK = 15%.

On the other hand, it is possible to notice a reduction in weight in geopolymers formulated with Ms = 1.0 and Ms = 2.0
(GEO-22-1.0-M and GEO-22-2.0-M). It is reported in previous research that Na,SiOs is more susceptible to leaching than
NaOH [43], [44], which would align with this research. Therefore, a greater drop in mass could be attributed to the use of the
alkaline activator Na,SiOs in mixtures with Ms = 2.0 and the internal decrease in mixtures GEO-22-1.0-M (Ms = 1.0) justified
by insufficient geopolymerization [15] and higher permeability shown in Figure 2b (6.11%). According to Phair et al. [45],
moderate leaching occurs when a combination of NaOH and Na,SiOs are used together, which justifies maintaining the
weight of samples GEO-22-1.5-M and GEO-22-1.5-AE-M throughout the tests. Furthermore, no benefit of the air-entraining
additive was found in mortars exposed to magnesium sulfates.
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In the MgSOy solution, spectrum?27 (Figure 8) shows the chemical elements corresponding to oxygen (O), silicon
(Si), aluminum (Al), and greater amounts of magnesium (Mg), which was attributed by stoichiometric calculations to
the formation of the M-A-S-(H), considered to be of low resistance in previous research [28]. Aluminosilicate gel with
magnesium sulfate was also reported in Jena and Panigrahi's research [29].

Spectrum27 Spectrum29

O 516 O 574
Si 239 Mg 227
Al 108 o) C 114
Mg 8.0 Al 4.1
Na 3.8 Si 3.4

Spectrum27
X

-

Spectrim29
s 2.4 |
£

SEM HV: 200KV WD: 8.85 mm VEGA3 TESCAN
SEM MAG: 5.00 kx Det: SE 10 pm
View field: 55.3 ym _ Date(midy): 01/17/24 CME-UFPR

Figure 8. SEM/EDS of GEO-22-1.5-M mortars exposed to magnesium sulfate.

Therefore, the exchange of Na* in the geopolymeric networks with Mg?* from the MgSOys solution occurred, giving
rise to a new M-A-S-(H) phase. Furthermore, MgCO3 phases (spectrum29) may have originated during sample
preparation due to the difficulty of keeping them without contact with atmospheric air. Crystals resulting from
magnesium sulfate attack are larger than sodium sulfate crystals [22]. Furthermore, hydrated magnesium silicate gel
(M-S-H) can coexist with N-A-S-(H) aluminosilicate gel and densify the geopolymer matrix.

3.4 Compressive and tensile strength

Figure 9 and Table 3 shows the effect of sodium and magnesium sulfate attack on compressive strength. Although
the crystallization of thenardite in the pores is considered harmful to the material due to internal pressure and
cracking [26], [27], in this study, a significant gain in compressive strength up to 19.6% was found in most samples
immersed in the solution of sodium sulfate. This increase in compressive strength may be associated with temporary
pore refinement cycles [46], [47]. According to Luo et al. [48], sulfate enters the samples, causing the deposition of
expansive products (sulfate crystals) to fill some pores in the material, densifying the samples and contributing to an
increase in compressive strength. As Na,SO, crystals continue to precipitate and deposit in the pores of the sample,
stresses increase, resulting in expansion and cracking. Thus, a new cycle is restarted until the material deteriorates.
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Figure 9. Mortar compressive strength results.
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Table 3. Analysis of variance of mortar compressive strength after 20 weeks.

Compressive strength (MPa)

Specimens Average p-value Signif. Specimens Average p-value Signif.
Gromsiss  smaerss % SE  Goiarwm  amean 00 S
-22-2.0- T £2.

Note: W=water, S= Na,SO4, M= MgSO,, AE= Air-Entraining and Sign.=Significant.

In the MgSO4 solution, no increase in resistance was recorded and the most important reduction of 21.7% occurred
in the GEO-22-2.0-M specimens, justified by the occurrence of expansion, formation of caminite in the surface region
and the M-A-S-(H). Although the expansion of the GEO-22-2.0-S specimens was greater (= 0.19%) than the GEO-22-
2.0-M specimens (= 0.12%), the geopolymer structure changed with this formulation (Ms = 2.0) was more affected
compared to Ms = 1.0 and 1.5. Therefore, the decrease in compressive strength of the GEO-22-2.0-M samples exposed
to magnesium sulfates was mainly due to the formation of the caminite and M-A-S-(H) phases, resulting from the ion
exchange process of the amorphous phase of the geopolymer when immersed in MgSOj4 solution as indicated in other
research [28]-[30]. Furthermore, the addition of air-entraining additive did not improve the compressive strength of
geopolymers during attacks by sodium and magnesium sulfates, since lower resistances are recorded compared to
samples without the chemical additive.

The influence of sodium and magnesium sulfate attack on flexural tensile strength can be observed in Figure 10 and
Table 4. Unlike compressive strength, all geopolymeric samples exposed to magnesium sulfates for 20 weeks showed
a decrease in strength flexural tensile strength of up to 32.9% (GEO-22-1.5-M), except the GEO-22-2.0-M mortars. In
the GEO-22-2.0-M samples, the lower void ratio (Figure 2b) may have contributed to the increase in the effective force
area and thus increased the stress-bearing capacity. In others samples immersed in MgSOy, the higher absorption rate
and structural changes in the gel may be associated with reduced mechanical resistance, since the M-A-S-(H) compound
is indicated as a low-resistance phase in other research [29], [30].

In the sodium sulfate solution, a reduction in tensile strength of up to 44.2% (GEO-22-1.0-S) was observed when
using the Na/MK = 22% content, except for the GEO specimens GEO-22-2.0-S that showed a slight increase in
resistance, although not significant. In specimens formulated with Na/MK = 15%, GEO-15-1.5-S samples showed a
significant increase in tensile strength of 31.2% compared to the same mixture immersed in water, while no change
occurred with the addition of an air-entraining additive. The increase in strength is attributed to the continuous hydration
and crystallization of sodium sulfates within the geopolymer concrete [25].

Likewise, the air-entraining additives added to geopolymer mortars did not contribute to improving the tensile
strength of the specimens subjected to attack by sodium and magnesium sulfates (Na/MK = 22%), as a decrease in the
mechanical resistance of 48.1% and 34.6%, respectively, were found in this research. There was also a 15% decrease
in the resistance of mortars synthesized with Na/MK = 15% and exposed to MgSQOs. Therefore, the hypothesis of
damping tensions caused by the expansive products of sulfate attack through the voids produced by the air-entraining
additive was not confirmed in this study until the age tested.
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Figure 10. Results of flexural tensile strength of mortars.
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Table 4. Analysis of variance of flexural tensile strength of mortars.

Flexural tensile strength (MPa)

Specimens Average p-value Signif. Specimens Average p-value Signif.
GEO515S itttz %% S Geooinos  pmersg 0 S
GOSN MM an sw  SORIN S
Gromiss  amsos 7 M Gonisam  reeaw 00 S+
EO-22-1.5-W 9.37+0.16

?}Eg-zz-l 5-M 6.2; £0.35 0007 Sign.

Note: W=water, S=Na,SO4, M=MgSO,, AE=Air-Entraining, Sign.=Significant and NS=Non-Significant.

The interaction between the microstructure and sulfates resulted in fluctuations in compressive strength and flexural
tensile strength. These fluctuations are due to the formation of sulfate attack products. Mixtures GEO-15-1.5, GEO-22.1.0,
and GEO-22-1.5 showed compressive strengths similar to standard samples when exposed to MgSO, for 20 weeks, while
in Na,SOy; solution, an increase in strength is recorded due to refinement temporary of pores by sulfate crystals. On the
other hand, there was a decrease in flexural tensile strength in most of the specimens exposed to both sulfate solutions.
Therefore, different geopolymer formulations can result in different behaviors when exposed to sodium and magnesium
sulfates, although the sulfate attack products are the same regardless of the geopolymer formulation.

4 CONCLUSIONS

Based on the observation and analysis of the deterioration caused by the attack by sodium and magnesium sulfates
in geopolymer mortars, the main conclusions are presented below:

* The use of a greater amount of Na,SiO; in the geopolymer formulation GEO-22-2.0 (Ms = 2.0) contributes to
significantly reducing the rate of water absorption by immersion. However, this samples show greater physical
deterioration and expansion after immersion in sodium sulfate sodium and magnesium, compared to samples Ms =
1.0 and 1.5, attributed to leaching of the Na,SiOs activator.

» The air-entraining additive used in this research did not result in significant changes in the physical appearance of
the mortars after 20 weeks of exposure to sodium and magnesium sulfates, which may be associated with the
insufficient time to accumulate the sulfate attack products in the air voids and cause damage to the mortars.

» The chemical elements identified in the SEM/EDS analyses were attributed to the formation of caminite and the
change in the structure of the aluminosilicate gel to M-A-S-(H) in mortars exposed to MgSOys, and to thenardite in
mortars subjected to Na;SO4. However, these identifications were performed only by stoichiometry calculations
and are subject to the accuracy of the technique used. The execution of other identification techniques, such as XRD,
is suggested to confirm the hypotheses raised in this article.

* The mixtures GEO-15-1.5, GEO-22-1.0, and GEO-22-1.5 showed compressive strengths similar to standard
samples when exposed to MgSO, for 20 weeks, while in the solution of Na,SOj, an increase in strength is recorded
due to temporary cycles of pore refinement by sulfate crystals.

» The geopolymer formulation can result in different behaviors when exposed to sodium and magnesium sulfates,
however, the products of sulfate attack are the same, regardless of the formulation used.

» This article's results are limited to the materials, dosage, and time available for the research. The influence of these
parameters on sulfate attack at later ages still needs further study.
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