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Abstract: Geopolymer mortar from fly ash (FA) and field Para rubber latex (FPRL) with alkaline activators was
exposed to 5% magnesium sulfate and sulfuric acid for 90 days with compressive strength. Key parameters
assessed include compressive strength, expansion, degradation products, and microstructural changes, analyzed
using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The study focused on heat-curing time
and FPRL content. Samples were cured at 80°C for 0.5, 1, 2, or 4 hours, with FPRL added at 0%, 1%, 2.5%, and 5%
by the weight of fly ash. The optimal mixture 1% FPRL with heat curing for 4 hours not only yielded the highest
compressive strength but also effectively mitigated the loss of compressive strength caused by exposure to
magnesium sulfate and sulfuric acid. Expansion decreased with higher FPRL content and longer curing times.
SEM revealed diverse textures based on composition and a porous matrix caused by sulfuric acid erosion.

Keywords: Mortar; Alkaline activators; Fly ash; Microstructural.

Resumen: El mortero geopolimérico de cenizas volantes (FA) y latex de caucho natural Para (FPRL) con activadores
alcalinos se expuso al 5% de sulfato de magnesio y a acido sulfirico durante 90 dias para evaluar la resistencia a
la compresion. Aparte de este parametro, también se midieron expansién, productos de degradacion y cambios
microestructurales mediante difraccion de rayos X (XRD) y microscopia electrénica de barrido (SEM). El estudio
se centrd en el tiempo de curado térmico y el contenido de FPRL. Las probetas se curaron a 80 °C por 0.5, 1, 2
0 4 horas, con FPRL al 0%, 1%, 2.5% y 5% respecto a la FA. La mezcla 6ptima (1% FPRL, 4 h de curado térmico)
alcanzoé la mayor resistencia y mitigd la pérdida causada por los agentes agresivos. La expansion disminuyd
con mas FPRL y mayor curado. Mediante SEM se observaron texturas diversas y una matriz porosa debida a la
erosioén del acido sulfurico.

Palabras clave: Mortero; Activadores alcalinos; Cenizas volantes; Microestructural.
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1. INTRODUCTION

Ordinary Portland cement (OPC) is used as the binder in the production of concrete for building materials.
The demand for concrete is rising due to the development of infrastructure facilities, particularly in
developing countries (1). However, it has been demonstrated that Portland cement concrete faces
several issues, including durability problems when exposed to seawater (2-4) and substantial emissions
of carbon dioxide throughout the production of cement (5). Previous studies have investigated the
reduction of cement usage by employing waste materials as partial replacement for cement, including
fly ash (6-8), rice husk ash (9-11), and palm oil ash (12-14), among others. However, these studies
demonstrated only a partial replacement potential. Consequently, research has expanded to explore
geopolymers, which enable the complete utilization of waste materials as base constituents, such as
fly ash (15-17) or fly ash blended with waste materials (18-20).

Geopolymers exhibit excellent resistance to sulfate attack (21-23) and solid performance against acids
(24-26). Curing temperature is pivotal in refining microstructure and enhancing mechanical behavior.
In general, elevated-temperature curing accelerates geopolymerization relative to ambient curing (27,
28), and longer heat curing time similarly enhances the early-age compressive strength of geopolymer.
Hawa et al. (29) reported that geopolymer mortars prepared from metakaolin (MK) achieved high early
strength with longer heat curing time. Azarsa and Gupta (30) cured geopolymers using steam methods
to achieve higher compressive strength compared to dry curing in an oven. The results show that the
compressive strength achieved through steam methods was higher at every temperature (10-80 2C).
Therefore, high early strength can be guaranteed to some extent for the durability of geopolymer
when it comes into contact with sulfate and acid solutions. Several researchers (31-33) reported that
mortars and concrete with geopolymer binders had good resistance against acid and sulfate attacks,
in addition to being environmentally friendly. This is because their low carbon emissions and ability to
utilize industrial and agriculture waste as raw materials.

Fly ash is a raw material for geopolymer production due to its chemical composition rich in both SiO,
and ALO, in significant quantities, enabling effective geopolymerization. Nevertheless, researchers
have enhanced geopolymer properties derived from fly ash by incorporating other materials, such
as palm oil ash (34, 35), metakaolin (36-38) and slag (39-41). Several researchers have incorporated
natural rubber latex into geopolymer composites in order to improve specific material properties. This
modification aims to optimize the performance of the geopolymer in various applications by enhancing
targeted characteristics. Chindaprasirt and Ridtirud (42) reported that optimum of natural rubber latex
for geopolymer mortars is 1.0 percent by weight of fly ash with improved strength properties and an
increase setting time of geopolymer paste. Hawa et al. (43) observed that a geopolymer synthesized
from fly ash and mixed with 1% natural rubber latex exhibited maximum compressive strength after
being subjected to heat curing at 80°C for 4 hours. This process highlights the significance of both the
latex concentration and the curing conditions in optimizing the mechanical properties of the material.
Rath et al. (44) experimented with varying amounts of rubber latex, specifically 0.5%, 1%, 1.5%, and 2%,
combined with calcined clay in a geopolymer. The findings indicated that increasing the proportion of
natural rubber latex led to improved workability and reduced shrinkage. Rath (45) presented that natural
rubber latex decreased water absorption and drying shrinkage with metakaolin based geopolymer
concrete. Nonetheless, the current body of research on geopolymer materials incorporating natural
rubber latex is still relatively sparse. This highlights the necessity for more comprehensive studies
to be conducted in this area. Previous studies have primarily focused on investigating the strength,
water absorption, setting time, and drying shrinkage. However, this study examined the durability of

Materiales de Construccion, 76 (361), 2026, e403 https://doi.org/10.3989/mc.2026.414525



https://doi.org/10.3989/mc.2026.414525
https://creativecommons.org/licenses/by/4.0/

Strength, expansion and microstructural change of fly ash geopolymer mortars containing field

geopolymer containing rubber latex when immersed in magnesium sulfate and sulfuric acid solutions,
with emphasis on strength, expansion behavior, and microstructural characteristics. This scope
represents a departure from previous research.

This study thus aimed to investigate the effects of field Para rubber latex in fly ash geopolymer matrix.
The purpose of incorporating FPRL was to enhance the strength properties of geopolymer. The
mechanical, durability properties, and microstructures of geopolymer towards magnesium sulfate and
sulfuric acid attacks were studies. The finding in this study would offer an interesting way to used field
Para rubber latex for the production of construction materials in the appropriate ratio and heat curing
time. This study mixed field Para rubber latex with geopolymers to create a new construction-material
innovation that is chemically resistant and environmentally friendly.

2. MATERIALS AND METHODS

2.1. Research methodology

Figure 1 presents a detailed and thorough flowchart that clarifies the methodology used in this study. This
methodology involves several critical steps designed to systematically achieve the research objectives.
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Figure 1. Flowchart of the research methodology.
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2.2. Materials

Fly ash was obtained from the Mae Moh Electric Power Plant located in Lampang Province, northern
Thailand. Table 1 and Figure 2 display the chemical and mineral compositions of the fly ash, respectively.
The chemical composition of the fly ash was analyzed through X-ray fluorescence (XRF) analysis. which
showed that the major oxides were silica (SiO,) and alumina (AL O,), while the CaO content was 12.5%.
The particle size distribution of fly ash by Malvern laser particle size analyzer was shown in Figure 3. The
average particle size of FA was 25.78 um. The X-ray diffraction (XRD) patterns of fly ash are presented
in Figure 2. The mineral phases in fly ash include quartz (SiO,), anhydrite (Ca(SO,)), and magnetite
(Fe,0,). Sodium hydroxide (NaOH) and sodium silicate (Na,SiO,) were used as alkaline activators for
geopolymerization reactions. Field Para rubber latex used in this study, derived from the RRIM 600
clone of rubber trees, was obtained from Narathiwat Province in Thailand. This FPRL is a suspension
containing 35-40% total solid content. The particle size distribution of FPRL ranged from 0.04 to
4.0 pm (43). The chemical compositions of sodium silicate were 14.85 wt% NaO, 29.45 wt% SiO,, and
55.70 wt% H,O. Using sodium hydroxide of flakes is 99% purity. Geopolymer mortars were prepared
using fine aggregates derived from natural river sand, which passed through ASTM sieve No. 4 according
to ASTM C33/C33M (46). These aggregates had a particle size of less than 4.75 mm, a specific gravity of
2.55, and a fineness modulus of 2.58.

Table 1. The chemical composition of fly ash.

Oxide $io, ALO, CaO Fe0, KO SO, MgO NaO TiO,

% by weight 45.3 23.0 12.5 9.4 2.3 2.7 1.7 1.0 0.4
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Figure 2. XRD pattern of FA. Figure 3. Particle size distribution of FA.

2.3. Sample preparation

In this research, the characteristics of geopolymer mortars were explored by analyzing the impact of
varying FPRL and different heat-curing durations. Mixing ratio of geopolymer mortars based on FA. A
total of sixteen mixtures were created by adjusting the FPRL content to 0%, 1%, 2.5%, and 5% by weight
of fly ash. The geopolymer mortar compositions were specified with an alkaline-to-fly ash ratio of 0.4,
a river sand-to-fly ash ratio of 2.75, and a sodium hydroxide-to- sodium silicate ratio of 1:1.5 by weight.
These mixing proportions are detailed in Table 2. The preparation process for the geopolymer mortars
consisted of four primary steps. Initially, FA and river sand were manually mixed for about 3 minutes
to achieve an even distribution of materials. Next, sodium hydroxide, sodium silicate, and water were
blended to create a uniform alkaline activator solution. This activator was then combined with the
solid materials (FA and river sand) from the first step and mixed for around 3 minutes until a consistent
slurry was formed. Finally, FPRL was incorporated into the mortar samples and mixed for 5 minutes.
After mixing, the fresh geopolymer mortar was cast into 50x50x50 mm and 25x25x285 mm molds
for compressive strength and expansion tests, respectively. The mortar was placed in acrylic molds,
sealed with polyvinyl wrap, and heat-cured at 80 °C for 0.5, 1, 2, or 4 hours. Following thermal curing,
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specimens were demolded and stored at room temperature until compressive strength testing. and
immersed in magnesium sulfate and sulfuric acid until testing for compressive strength and expansion.

2.4. Characterization techniques
2.4.1. Compressive strength

The measured compressive strength of mortar specimen was assessed under three different
conditions: 1. Curing at ambient temperature (air curing), 2. Immersion in a 5% magnesium sulfate
(MgSO0,) solution, and 3. Immersion in a 5% sulfuric acid (H,SO,) solution. All specimens, measuring
50x50x50 mm, were initially subjected to heat curing at 80°C for durations of 0.5, 1, 2, and 4 h.
Following the heat curing process, geopolymer mortars were maintained at room temperature for 28
days before testing with first condition. Compressive strength testing was performed in accordance
with ASTM C109/C109M (47). For evaluating chemical resistance, after demolding, the specimens
were immersed in 5% MgSO4 and 5% H,SO, solutions. After 90 days of immersion, the compressive
strength was measured to determine the extent of degradation. To assess the influence of each
component, three samples were prepared and tested for each test type.

2.4.2. Expansion

Magnesium sulfate expansion of the geopolymer mortars was prevent mined by ASTM C1012/C1012M
(48) utilizing 5 % MgSO0,. The expansion was determined with a length comparator in accordance with
ASTM C490/C490M (49). For each mixture, three casting samples were tested. Throughout the course
of this investigation, sulfate expansion tests were carried out on prismatic specimens measuring
(25%25x285) mm. These specimens were kept at an ambient temperature of 3012 °C and a relative
humidity of 70+5%. Sulfate expansion tests were led during a time of 1 to 70 days (10 weeks). The
typical level of development was determined in the accompanying Equation [1]:
L:LX_Li X 100 [1]
Lg

Where

L = Length change (%).

Lx = Length at the testing age (cm).
Li = Length at the initial (cm).

Lg = Gauge length (cm).

2.4.3. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis

The synthesized geopolymer paste after immersed in magnesium sulfate and sulfuric acid for 90 days
was investigated structural analysis with XRD and SEM. The XRD scans are performed at 26 = 5-902
with resolution using the clay and rock 0.4 program. For SEM analysis, small scraps of geopolymer
paste were analyzed physical characteristic of surface. The sectioned specimens were air-dried and
then sputter-coated with gold to enable microstructural imaging. Microstructure of the mortar matrix
was investigated using a JEOL JMS-5800 LV scanning electron microscope (Japan).

3. RESULTS AND DISCUSSION

3.1. Compressive strength of geopolymer mortars

Figure 4 shows the compressive strength of mortar samples curing at ambient temperature at 28 days,
samples immersed in magnesium sulfate and sulfuric acid. The specimens were exposed to 5% MgSO,
and H,SO, solution up to the age of 90 days. The effect of increasing FPRL in the geopolymer matrix
on 28-day strength varies slightly when FPRL is added up to a maximum of 2.5% by weight. However,
it was observed that 1% FPRL had highest compressive strength with ambient temperature curing at
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28 days, especially, specimens were cured for 4 h. It is clearly that a 1% of FPRL represents the most
suitable ratio for achieving optimal results. Adding 1% FPRL produced higher compressive strength
at all heat curing durations, but when 2.5% latex or more was added, the compressive strength of
geopolymer mortar decreased noticeably. The findings from this test closely resemble those obtained
by Chindaprasirt and Ridtirud (42). According to Chindaprasirt and Ridtirud (42), the optimum natural
rubber latex content was 1% by weight of high calcium fly ash to obtain geopolymer mortar with
improved the compressive strength. A small particle size of latex could fill the pores of geopolymer
matrix and make the specimen dens-compact. The filling of pores reduced the void in geopolymer
matrix. Increasing the FPRL to 2.5% or higher leads to a reduction in compressive strength. This effect
is attributed to the excessive FPRL content and the high surface tension associated with the latex.
Moreover, the compressive strength of geopolymer from FA containing FPRL decreased with increasing
FPRL content as dilution by water in the FPLR; as FPRL contains a large amount of water as a component,
using a high quantity of FPRL results in increased water content in the geopolymer matrix. In similar
research, Hawa et al. (50) investigated geopolymer mortars prepared from palm oil ash containing 1%,
3%, 5%, and 10% FPRL, cured at ambient temperature, and found that the 1% FPRL mix achieved the
greatest 28 day compressive strength.

Table 2. Mix proportion of geopolymer mortars (FA 100%).

Activator (g)
Mixture FA (g) FPRL (g) Water (g) River sand (g) Heat curing (h)
SS=1.5 SH=1
CT-0.5 100 0 24 16 25 275 0.5 (30 min)
CT-1 100 0 24 16 25 275 1
CT-2 100 0 24 16 25 275 2
CT-4 100 0 24 16 25 275 4
1L-0.5 100 1 24 16 25 275 0.5 (30 min)
11 100 1 24 16 25 275 1
1L-2 100 1 24 16 25 275 2
1L-4 100 1 24 16 25 275 4
2.51-0.5 100 2.5 24 16 25 275 0.5 (30 min)
2.511 100 2.5 24 16 25 275 1
2.51-2 100 2.5 24 16 25 275 2
2.51-4 100 2.5 24 16 25 275 4
5L-0.5 100 5 24 16 25 275 0.5 (30 min)
5L-1 100 5 24 16 25 275 1
5L-2 100 5 24 16 25 275 2
5L-4 100 5 24 16 25 275 4

The compressive strength of geopolymer samples after immersion in the 5% MgSO, and 5% H,SO,
compared with geopolymer curing at ambient temperature as shown in Figure 4. Specimens subjected
to immersion in a magnesium sulfate solution demonstrate superior compressive strength relative to
those exposed to sulfuric acid, regardless of the mixture ratio or duration of heat curing. This indicates
that magnesium sulfate may have a less aggressive impact on the compressive properties of the
samples than sulfuric acid. This observation is supported by SEM images (see Figure 7-12), which reveal
that samples soaked in a magnesium sulfate solution display a noticeably denser microstructure than
those exposed to sulfuric acid. Obeng et al. (51) reported that the aluminosilicate gel formed during
geopolymerization exhibits reduced susceptibility to magnesium sulfate attack. The increased density
suggests a different interaction between the material and the magnesium sulfate solution, resulting
in enhanced compressive properties. Additionally, the samples demonstrate greater compressive
strength than geopolymer mortar blended with 2.5% and 5% FPRL that was cured in air for 28 days.
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This suggests that magnesium sulfate immersion may significantly enhance the material’s mechanical
properties in comparison to latex-modified geopolymer mortars cured under standard conditions.
This research examined the compressive strength of geopolymer mortars when subjected to MgSO,
and H,SO, exposure. The findings revealed that geopolymer mortars submerged in H,SO, showed a
decrease in compressive strength, with reductions ranging from 28.00% to 73.14%. It is believed that
H,SO, degrades the microstructure of cement concrete and geopolymers due to expansion caused
by sulfate-containing compounds (52, 53). The greater deterioration observed with H,SO, may be
attributed to the migration of SO, ions within the geopolymer samples (54). Research by Aiken et al.
(55) demonstrated that exposure to H,SO, caused geopolymers to lose their inherent texture through
leaching and gypsum deposition. Calcium sulfate hydrate, or gypsum, formation is a detrimental
process within sulfuric acid-attacked geopolymers, leading to reduced compressive strength. Sulfuric
acid reacts with calcium compounds in the geopolymer to form gypsum, a product that has a larger
volume than the original material, causing internal stresses, microcracking, and ultimately, a significant
loss of the geopolymer's load-bearing capacity (56, 57). The formation of gypsum is clearly evidenced
by the SEM and XRD analysis results presented in Figures 10-12 and 14, respectively. Consequently, the
deterioration caused by H,SO, was more significant than that caused by MgSO,. Moreover, Alzeebaree
et al. (58) noted that the drop in compressive strength of geopolymer specimens under H,SO,
exposure stems from the breakdown of the aluminosilicate bridge (-Al-Si-0) within the geopolymer gel.
Moreover, this -Al-Si-O linkage is a principal component of the matrix, underpinning gel strengthening
and enhancing bonding among matrix constituents (59).

70
=@ Ambient temperature at 28 days

60
=@ Manesium sulfate at 90 days

50 A
©— Sulfuric acid at 90 days

Compressive strength (MPa)

Figure 4. Compressive strength of geopolymer mortar.

3.2. Effect of FPRL and heat curing on compressive strength of geopolymer mortars
immerse in magnesium sulfate and sulfuric acid

The results of compressive strength of geopolymer mortars immersion in MgSO, and H,SO, are
presented in Figures 4. The compressive strength exhibits a slight declining trend with an increase
of FPRL. For example, the compressive strength of geopolymer containing 0%, 1%, 2.5% and 5% FPRL
heat curing at temperature of 80 °C for 2h were 21.92, 20.30, 25.70 and 14.84 MPa, respectively.
While specimen immersion in H,SO, with 0%, 1%, 2.5% and 5% FPRL were 9.80, 7.68, 9.12 and
4.54 MPa, respectively. It was observed that geopolymer mortars an immerse in H,SO, had lower than
compressive strength comparison to in MgSO,. This is because exposure to H,SO, lost the intrinsic
texture due to leaching and deposition of gypsum (55). In effect of heat curing, an analysis of the
effects of heat curing clearly indicates that curing at 80 °C for 4 h. is the most effective method for
mitigating compressive strength loss. This is attributable to curing at 80 °C for 4 hours, which enhances
early-age compressive strength (29, 43), and especially, geopolymer mortar containing 1% FPRL. Hawa
et al. (43) reported that extended heat curing markedly accelerated early-age strength development,
as the geopolymer exhibited a densely compact matrix with fewer unreacted raw materials.
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3.3. Sulfate expansion

The durability of the expansion of geopolymer mortars was analyzed after immersion in magnesium
sulfate solution (5% MgSO,) for 70 days. In Figures 5 and 6, the testing of expansion was considered
in two affect such as effect of heat curing time and FPRL content, respectively. Figures 5(a) and 5(b)
illustrate the expansion of geopolymer mortars control (CT) and containing 1% FPRL (1L), respectively.
Geopolymer mortar bar of rapid expansion is observed after one day of immersion in MgSO, solution.
Because the CT and 1L mixtures contain a low amount of water in the system (due to no water from
FPRL (CT) and only a small amount of water from 1% FPRL (1L), the system retains little water after heat
curing. When the samples were immersed in magnesium sulfate solution, rapid expansion occurred in
the early stages. However, the expansion value was similarly significant with specimen heat curing for
0.5 and 1 h, while geopolymer samples heat curing for 2 and 4 h give clearly lower expansion with all
mix proportions. This is because prolonged heat curing clearly accelerated high early strength. Sata et
al. (60) observed that specimens with low compressive strength at an early age exhibit a pronounced
tendency for significant high expansion during the same period. Similarly, when using 2.5% and 5%
FPRL, as shown in Figures 5(c) and 5(d), respectively, it is evident that geopolymer mortar specimens
exhibited lower expansion values after 2 and 4 h of heat curing compared to those cured for 0.5 and
1h. Notably, longer curing durations resulted in reduced expansion, likely due to improved reaction
efficiency, which consequently yielded higher compressive strengths. Additionally, it is plausible that
higher FPRL content contributed to reduced expansion, because FPRL has water as its main component,
when mixed into the geopolymer, it leads to an increased water content within the geopolymer matrix
and thus lower expansion.

In the Figure 6, the expansions are presented for mixes containing 0%, 1%, 2.5%, and 5% FPRL that were
heat-cured at 80 °C for 0.5, 1, 2, and 4 hours, and extended curing durations reduced the expansion.
For example, the CT and 1L samples (Figure 6(c)) cured for 2 h had similar expansion behavior with
high expansion at early age test sample. It is noteworthy that after 14 days, the expansion values were
nearly identical for the CT and 1L specimens. In contrast, geopolymer samples incorporating 2.5% FPRL
(2.5L) exhibited expansion values similar to those with 5% FPRL (5L). This was because the incorporation
of higher amounts of FPRL resulted in increased water content within geopolymer matrix, as FPRL
contains a significant proportion of water in its mixture. This led to lower expansion values.
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Figure 5. Expansion of geopolymer mortars immersion in magnesium sulfate, effect of heat curing;
(a) without FPRL, (b) 1% FPRL, (c) 2.5% FPRL, and (d) 5% FPRL.
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Figure 6. Expansion of geopolymer mortars immersion in magnesium sulfate, effect of FPRL;
(@)0.5h, (b) 1 h, (c) 2 h,and (d) 4 h.

3.4. SEM

3.4.1. Magnesium sulfate

In this section, only the effect of binder and heat curing on scanning electron microscope (SEM) of
mortars after 90 days of exposure of 5% MgSO, is studied. Geopolymer samples were cured at 80 °C for
0.5, 1 and 4 h. Figures 7-9 show SEM micrographs of specimen heat cured for 0.5, 1 and 4 h respectively
with exposed to MgSO, attack. Figure 7 presents representative morphologies of the geopolymerization
products. The specimens display fine pores throughout the microstructure. Pore globules within the
matrix are roughly micrometer-scale in diameter, but these spherical features are not interconnected.
The micrographs indicate an inherently porous texture, and the particulates visible in the SEM images
correspond to silica (61-63). The 1L-0.5, 2.5L-0.5 and 5L-0.5 specimens clearly exhibited unreacted raw
materials. No geopolymerization phases were observed on the silica globular surfaces, and the interfacial
transition zone between these globules and the surrounding matrix showed voids around the silica
particles. Furthermore, it was also found that geopolymer exhibited micro cracks at all mixing ratios.
Geopolymer subjected to heat curing for 0.5 and 1 hour exhibited a similar texture, as shown in Figures 7
and 8, respectively. According to Bakharev (64) the exposure solution caused MgSO, to diffuse over the
surface of geopolymer samples. Calcium was transferred from the specimen to the surface area at the
same moment. The XRD patterns showed the formation of crystals of gypsum (Calcium Sulfate Hydrate)
encrusted in the geopolymer phase (CaSO,2H,0) (see Figure 13). It is noteworthy that all mixing ratios
exhibited a significant number of pores and cracks, which contributed to a reduction in the compressive
strength of geopolymer mortars. The MgSO, deterioration of fly ash based geopolymer performance
primarily arises from a weak cementation mechanism and gypsum induced cracking. The weak
cementation stems from Mg? replacing species in C-A-S-H and N-A-S-H, converting them to M-A-S-H
with inferior mechanical properties and bonding capacity (65). However, as observed in Figure 9(a), the
geopolymer matrix appeared dense and homogeneous, with no visible cracks, which is consistent with the
compressive strength test results showing that Sample 1L-4 exhibited the highest compressive strength.
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Figure 7. SEM images of geopolymer mortar with immersion in magnesium sulfate, heat curing for 0.5h;
(a) 1L-0.5, (b) 2.5L-0.5 and (c) 5L-0.5.
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Figure 8. SEM images of geopolymer mortar with immersion in magnesium sulfate, heat curing for 1h;
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(a) 1L-1, (b) 2.5L-1 and (c) 5L-1.
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Figure 9. SEM images of geopolymer mortar with immersion in magnesium sulfate, heat curing for 4h;
(a) 1L-4, (b) 2.5L-4 and (c) 5L-4.

3.4.2. Sulfuric acid

Figures 10-12 presents the SEM images of different geopolymer specimen immersed in sulfuric acid
solution for 90 days. The specimens exposed to 5% H,SO, solution for 90 days were observed as
micrographs and compared with different condition. As seem from Figures 10-12, partials unreacted
fly ash particles as well as loose and non-homogeneous were observed in geopolymer matrix. The
microstructural analysis conducted using a scanning electron microscope revealed the presence of
a significant amount of gypsum crystals dispersed throughout all mixing ratios and curing durations.
The extensive formation of gypsum directly resulted in a substantial reduction in the compressive
strength of the geopolymer samples. The gypsum crystals formed were isolated, rod-shaped, and
lacked interconnection. The excessive presence of gypsum led to a heterogeneous geopolymer
matrix. It is noteworthy that the incorporation of 5% FPRL results in a significantly higher dispersion
of gypsum crystals throughout geopolymer matrix, which is more pronounced compared to the
samples containing 1% and 2.5% FPRL. The abundant presence of gypsum crystals corresponds to the
results of the XRD analysis (see Figure 14). When observing the larger image (x100), it was evident
that the geopolymer mortar in all mixing ratios exhibited a porous, degraded texture, which was
one of the factors contributing to the reduction in compressive strength after immersion in sulfuric
acid. However, sample 1L-4 displayed a denser internal texture compared to other mixtures. Despite
containing a significant amount of flake-like debris, it did not exhibit the network-like porosity
observed in other samples, resulting in a higher compressive strength. Yang et al. (66) reported that
among the geopolymer morphologies affected by H,SO,, gypsum was the most significant corrosion
product. Xie et al. (67) demonstrate that gypsum crystals clog the pores of the geopolymer matrix and
compact the microstructure of the specimen, preventing further H,SO, corrosion (68). Considering the
components of natural rubber latex, which include rubber particles, proteins, resins, carbohydrates,
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and inorganic substances primarily composed of oxygen (O), nitrogen (N), carbon (C), and hydrogen
(H), it is unlikely to have any effect on gypsum formation, which requires calcium ions and sulfate ions
as its primary components. It is possible that increasing the amount of natural rubber latex increases
the water-to-fly ash ratio due to the high water content in fresh latex. The increase in the water-to-fly
ash ratio results in more pores forming in the hardened geopolymer, which enhances its permeability.
This allows sulfuric acid to penetrate deeper into the geopolymer mortar, leading to more intense
chemical reactions and greater formation of gypsum crystals. However, this study revealed that a
significant amount of gypsum formed after immersion in sulfuric acid, as clearly observed in the SEM
images and confirmed by XRD analysis, as shown in Figure 14. This formation negatively impacted the
compressive strength of geopolymer mortars.
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Figure 10. SEM images of geopolymer mortar with immersion in sulfuric acid, heat curing for 0.5h;
(a) 1L-0.5, (b) 2.5L-0.5 and (c) 5L-0.5.
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Figure 11. SEM images of geopolymer mortar with immersion in sulfuric acid, heat curing for 1h;
(a) 1L-1, (b) 2.5L-1 and (c) 5L-1.
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Figure 12. SEM images of geopolymer mortar with immersion in sulfuric acid, heat curing for 4h;
(a) 1L-4, (b) 2.5L-4 and (c) 5L-4.
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3.5. XRD PATTERN

3.5.1. Immersion in magnesium sulfate

The mineral compositions of the degradation of different samples with vary of FPRL and heat curing
time after 90 days of exposure to magnesium sulfate solutions were analyzed and the resulted
are shown in Figure 13. For geopolymer paste samples, the main peaks mainly related to Gypsum
(Calcium Sulfate Hydrate; CaSO,2H,0), Quartz (Silicon Oxide; SiO,), and Magnetite (Iron Oxide; Fe O,),
indicating that the N(C)-A-S-H gel product was decomposed in the magnesium sulfate environment,
the main alkaline activation products of FA are amorphous N(C)-A-S-H gels (69). In addition, the
intensity of the gypsum and quartz peaks in geopolymer pastes exposed to magnesium sulfate
revealed that samples with a higher FPRL content exhibited more pronounced peaks compared to
those with a lower FPRL content. Furthermore, geopolymer pastes subjected to shorter heat curing
durations demonstrated more distinct gypsum and quartz peaks than those subjected to longer heat
curing periods. This is because prolonged heat curing promotes a more complete geopolymerization
reaction (70), enabling the geopolymer to achieve higher compressive strength in a shorter time
frame (after demolding). As a result, when immersed in magnesium sulfate, these samples produced
less gypsum. The absence of anhydrite (calcium sulfate; CaSO,) in the geopolymer samples, despite
its clear detection in the fly ash, indicates that the N(C)-A-S-H phase in the paste was decalcified or
decomposed, providing the calcium required for gypsum production. Furthermore, Mg* ions can
cause calcite to partially dissolve (71), which explains why this phase is less intense.
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Figure 13. XRD pattern of geopolymer paste immersion in magnesium sulfate; (a) heat curing for 0.5 h (b) heat
curing for 1 h and (c) heat curing for 4h.

3.5.2. Immersion in sulfuric acid

Figure 14 presents the XRD patterns of geopolymer paste after they were exposed to 5% H,SO, for 90
days. The samples display the main crystal of gypsum. When comparing geopolymer pastes immersed
in sulfuric acid and magnesium sulfate, it was found that immersion in sulfuric acid resulted in a more
pronounced formation of gypsum compared to immersion in magnesium sulfate, across all mix ratios and
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heat curing time. This demonstrates that sulfuric acid reacts well with the products of geopolymerization,
resulting in the formation of a large amount of gypsum. Gypsum exhibits a markedly stronger presence
in these systems, irrespective of heat curing duration or FPRL dosage. The anhydrite and magnetite
phases in the peat were no longer present, but a crystal phase of gypsum emerged. Chen et al., (72)
explained that calcium carbonate reacts with sulfuric acid, resulting in the formation of gypsum. The
wide hump observed in geopolymer mixes within the range of approximately 20 to 35° 26 suggests the
existence of aluminosilicate gel and amorphous silicate phases (73). The diffraction peak corresponding
to gypsum was detected at 26 = 11° and 29° (approximately), consistent with findings documented in
prior studies (74). In this case, the N-A-S-H gel which is formed in fly ash system. It was also detected that
at the position around 21° 26, gypsum and quartz were prominently observed. According to Aiken et al.,
(55) there was a peak at around 21° 26 that showed the presence of both quartz and gypsum.
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Figure 14. XRD pattern of geopolymer paste immersion in sulfuric acid;
(a) heat curing for 0.5 h (b) heat curing for 1 h and (c) heat curing for 4h.

4. CONCLUSIONS

This study examined accelerated deterioration in geopolymer mortars containing field Para rubber
latex and varying heat-curing durations by exposing them to aggressive magnesium sulfate and sulfuric
acid environments. Degradation was evaluated through residual compressive strength and expansion
measurements, along with the study of microstructural changes and reaction products with magnesium
sulfate and sulfuric acid. The brief conclusions are presented below.

1. Geopolymer mortars containing 1% FPRL achieved the highest compressive strengths across all
tested curing periods, with the maximum strength observed after 4 hours of curing.

2. Geopolymer mortars containing 1% FPRL and heat cured for 4 hours provides the best protection
against degradation from magnesium sulfate and sulfuric acid.

3. The compressive strength of geopolymer mortar specimens after being exposed to 5% MgSO,
and H,SO, separately. The deterioration of specimens exposed to H,SO, was higher than the
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specimens exposed to MgSO,. The maximum compressive strengths of 50.44 and 33.43 MPa
were observed for 1% FPRL incorporated fly ash geopolymer mortars exposed to MgSO, and
H,SO,, respectively, heat curing for 4 hours.

4. Submerging geopolymer mortar in MgSO, and H,SO, solutions, the specimens heat cured
for 2 and 4 hours exhibited less expansion compared to those heat-cured for 0.5 and 1 hour.
Specifically, the specimens mixed with 2.5% and 5% FPRL exhibited the lowest expansion values.

5. Microstructural analysis of acid-induced deterioration showed the formation of needle-like
calcium sulfate (gypsum) crystals resulting from intense exposure to H,SO,. Consequently, the
leaching of Ca or Na cations from the aluminosilicate gel leads to its degradation, which in turn
compromises the microstructure of the fly ash geopolymer.
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