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Abstract: Biomass is gaining in popularity as an energy source. However, the
combustion process generates a significant amount of ash, posing an
environmental challenge. Previous studies have explored the incorporation of
biomass ash into cement concrete to reduce its environmental impact; however,
this has resulted in reduced strength performance. Biomass ash has been
increasingly used as a component of geopolymer binder materials. This
research examined how the treatment processes influence the physical and
mechanical properties of geopolymer mortars that include parawood ash and
fly ash. The parawood ash was mixed at 0%, 20%, 40%, and 60% by weight
of the binder, and the specimens were subjected to heat curing at 80 <C for 6,
12, and 24 h and cured at ambient temperature (30 +2<C) for 24 h. The
compressive strength, bulk density, compressive strength loss after immersion
in seawater, microstructure, chemical composition, and mineral composition
of the test specimens were evaluated. The results demonstrated significant
improvements in compressive strength. The geopolymer specimens with 20%
parawood ash, cured at ambient temperature for 24 h, achieved the highest
compressive strength of 32.31 MPa at 28 days. However, the specimens
subjected to heat curing for 6-24 hours exhibited optimal compressive
strengths within the first 24 h. Prolonged heat curing also effectively reduced
the bulk density of the geopolymer. In addition to enhancing the compressive
strength, the incorporation of parawood ash contributes to the reduction of
waste materials.
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1 Introduction

The generation of electricity from biomass as a substitute for fossil fuels is of significant
importance in the context of global warming, because it can reduce carbon emissions. Amidst the global
calls for countries to reduce their carbon emissions, biomass power generation has regained prominence.
Over the past two decades, from 2000 to 2020, electricity production from biomass power plants has
increased from 162 to 685 TWh [1]. Asia and Europe lead biomass electricity production, generating
276 TWh and 238 TWh, respectively, with Europe accounting for 14% of renewable electricity
production [1]. However, this rapid growth has led to a significant increase in biomass ash production.

In Thailand, various agricultural waste materials are utilized as biomass fuels for electricity
generation, such as rice husks and bagasse, among others. Currently, there has been an expansion in
electricity production using parawood, as Thailand possesses extensive para rubber tree plantations and
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is one of the world's leading producers of para rubber. In the para rubber tree cultivation cycle, when
the trees reach an advanced age, they must be cut down and replaced with new plantings. The residual
parawood from furniture production is used as biomass fuel in biomass power plants, leading to an
annual increase in parawood ash (PWA) production. In 2024, Thailand generated approximately 6.4
million tonnes of para rubber wood for use as biomass fuel [2]. The combustion of para rubber wood
yields a residual ash content of approximately 2% by weight, resulting in an estimated 0.128 million
tonnes of rubber wood ash (RWA). Currently, these ash by-products are only partially disposed of or
utilized.

One of the most commonly used and effective binding agents for geopolymer applications is fly
ash, a residual product from coal-fired power plants that generate electricity [3-6]. Many researchers
have investigated the integration of fly ash with various industrial waste materials, including slag [7-9],
metakaolin [10-12], palm oil ash [13, 14], rice husk ash [15-17], and bagasse ash [18, 19]. In addition
to the utilization of the aforementioned waste materials, recent studies have explored the incorporation
of biomass power plant wood ash as a component in geopolymer production, either as a replacement
for fly ash [20] or metakaolin [21]. Abdulkareem et al. [22] investigated the potential of utilizing high
calcium biomass wood ash as a sustainable substitute for FA Ash in the development of a geopolymer
mortar system. Given the environmental and economic benefits of using waste materials like biomass
wood ash, the study aimed to evaluate its feasibility as a replacement for FA. The engineering
characteristics of mortar samples were evaluated by substituting FA with biomass wood ash in
proportions of 10%, 20%, and 30% of the total binder weight. The findings revealed that the geopolymer
mixture with 10% biomass wood ash exhibited superior properties compared to the control mix, making
it the most effective formulation. At a 20% replacement ratio, the mixture still achieved a compressive
strength exceeding 30 MPa, indicating acceptable performance despite the increased biomass wood ash
content. However, the geopolymer blend containing 30% biomass wood ash demonstrated notably
inferior mechanical properties across all testing periods, highlighting the limitations of higher
replacement ratios. Ates et al. [20] reported that a study was conducted on geopolymer fly ash
incorporating biomass wood fly ash, both calcined and non-calcined. Testing revealed that the
geopolymer mixed with calcined biomass wood fly ash exhibited improved compressive and flexural
strength compared to the control geopolymer.

However, it is noteworthy that the use of wood ash as a geopolymer binder has been studied very
little compared to other waste materials. For this reason, the researchers are interested in investigating
the feasibility of utilizing parawood ash as a component in geopolymer mixtures to mitigate
environmental issues.

In this research, geopolymer mortar samples were created by substituting fly ash (FA) with wood
pellet ash (WPA) at 20%, 40%, and 60% by weight. These samples underwent various heat treatments,
including exposure to 80<C for 6, 12, and 24 hours, as well as ambient temperature curing. The
geopolymer binder was activated using a mixture of sodium silicate (Na,SiO3) and sodium hydroxide
(NaOH) solutions, combined by weight. The study examined the compressive strength, water
absorption, bulk density and compressive strength loss after immersion in seawater of the blended
geopolymer mixes, along with the application of other analytical methods such as scanning electron
microscopy (SEM), X-ray fluorescence (XRF), and X-ray diffraction analysis (XRD). The findings and
conclusions from this investigation will contribute to a better understanding of waste ash hybridization
in producing hybrid waste geopolymers. Additionally, this research may pave the way for the future
incorporation of biomass ash in contemporary construction techniques.

2 Research and Methodology

2.1 Materials

The fly ash was obtained from Mae Moh electric power plant in Lampang province in northern
Thailand. The particle size distribution of FA by Malvern laser particle size analyzer is shown in Fig.
la. The chemical compositions and mineral compositions of FA are shown in Table 1 and Fig. 2,
respectively. The chemical composition of FA was analyzed using X-ray fluorescence (XRF), revealing
that the major oxides were silica (SiO) and alumina (Al>Os), while the CaO content was 12.48%. The
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X-ray diffraction (XRD) patterns of FA are presented in Fig. 2. The mineral phases in fly ash include
quartz (SiO), anhydrite (Ca(SQO4)), and magnetite (Fe2O4). The analysis of the microstructure using
scanning electron microscopy (SEM) revealed that the FA exhibits small particle characteristics
consistent with the grading test. It is noteworthy that the FA particles are spherical in shape, particularly
the silica particles, as shown in Figs. 3a and 3b.
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Fig. 1. Particle size distribution.

Parawood ash, produced when parawood is burned for electricity generation, was collected from a
biomass thermal power facility. This PWA was then processed in a ball mill for about 4 hours. The
milling process was conducted at a rotational speed of 33 rpm using a 15 kg steel ball charge. This
procedure was maintained to ensure a particle size distribution where at least 66% of the material passed
through a 45 m sieve, thereby satisfying the physical requirements specified in ASTM C618-19. The
particle size distributions, as measured by laser scattering, are depicted in Fig. 1b. The chemical
composition was analyzed using the XRF method, which revealed that PWA contains 34.84% calcium
oxide (CaO) and 18.58% potassium oxide (K20), both of which are the main chemical components.
Additionally, other chemical components were also detected, as shown in Table 1. Figs. 3c and 3d
show the physical characteristics with particles larger than fly ash particles, exhibiting angular shapes
and rough surfaces, with flakes adhering to the surface. Fig. 4 shows the storage of parawood ash after
the combustion of parawood and parawood residues from the furniture industry. The image illustrates
the large quantities of ash generated, as well as the environmental challenges associated with waste
disposal.
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Fig. 2. XRD pattern of FA and PWA.
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Table 1. The chemical composition of FA and PWA.

. Content (% weight)
Oxides FA PWA
SiO, 45.27 6
Al,O; 23 0.96
Fe.03 9.4 0.52
CaOo 12.48 34.86
K20 231 18.58
SO3 2.73 4.45
MgO 1.7 4.62
P.Os 0.26 2.22
MnO 0.1 0.65
SrO 0.1 0.16
TiO, 0.39 -
Na,O 1.03 -
ZrO; 0.03 -
Cl - 0.29
Rb,0 - 0.14

JSM5800LV|20 kV[500 %[273.1 um 0612 —50 ym— |JSM5800LY |20 kV 1000 |136.5 um 0613 —20 ym—

(a) FA 500 (b) FA 1000

E]

JSM5B00LV|20 kV|500 x|273.1 um 0609 —50 um—— JSM5800LV|20 kV|1000 x136.5 pym|0610 —20 pm—

(c) PWA 500 (d) PWA 1000
Fig. 3. SEM image of FA and PWA.
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Fig. 4. Characteristics of the site.

The alkaline activators used in geopolymerization reactions included sodium silicate (Na,SiOs)
and sodium hydroxide (NaOH). The sodium silicate had a chemical composition of 14.85 wt% NaO,
29.45 wit% SiO,, and 55.70 wt% H,0O. The sodium hydroxide was in flake form with 99% purity.

The geopolymer mortars incorporated river sand as the fine aggregate inert component. This sand
featured a specific gravity of 2.51 and a maximum particle size of 4.75 mm. According to ASTM C128-
18, the water absorption rate of the river sand was measured at 1.48%.

2.2 Sample preparation

Table 2. Mix proportions of geopolymer mortars with 1,000 g of binder.

. Binder Alkaline .

Mix FA () PWA (g) ss () SH (9) Sand (g) Curing
POH6 1,000 0 571.5 228.6 2,750 Hot6 h
P20H6 800 200 571.5 228.6 2,750 Hot6 h
P40H6 600 400 571.5 228.6 2,750 Hot6 h
P60H6 400 600 571.5 228.6 2,750 Hot6 h
POH12 1,000 0 571.5 228.6 2,750 Hot 12 h

P20H12 800 200 571.5 228.6 2,750 Hot 12 h
P40H12 600 400 571.5 228.6 2,750 Hot 12 h
P60H12 400 600 571.5 228.6 2,750 Hot 12 h
POH24 1,000 0 571.5 228.6 2,750 Hot 24 h
P20H24 800 200 571.5 228.6 2,750 Hot 24 h
P40H24 600 400 571.5 228.6 2,750 Hot 24 h
P60H24 400 600 571.5 228.6 2,750 Hot 24 h
POA24 1,000 0 571.5 228.6 2,750 Ambient 24 h
P20A24 800 200 571.5 228.6 2,750 Ambient 24 h
P40A24 600 400 571.5 228.6 2,750 Ambient 24 h
P60A24 400 600 571.5 228.6 2,750 Ambient 24 h

SS = sodium silicate, SH = sodium hydroxide

A total of 16 different formulations were created, as detailed in Table 2, using binder materials
(FA and PWA), sodium silicate, sodium hydroxide, water, and sand aggregate. The study focused on
developing geopolymer binders by partially substituting FA with PWA. The experimental design
incorporated 16 distinct formulations, representing a full factorial approach for PWA at 20, 40, and 60%
by weight, with heat curing at 80<C for 6, 12, and 24 hours, and curing at room temperature for 24
hours. The binder, activator, sand, and water were used in a mass ratio of 1:0.8:2.75:0.25. To prepare
the alkali solution, sodium hydroxide flakes were mixed with sodium silicate liquid at a weight ratio of
1:2.5 [23]. The process of preparing the geopolymer mortar consisted of four steps. In Step 1, FA and
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PWA were manually blended for approximately 3 minutes. Step 2 involved hand-mixing the binder
(FA + PWA) with sand for approximately 3 minutes. In Step 3, NaOH and Na,SiOs were blended into
a uniform alkaline solution, followed by the addition of water. Step 4 consisted of mixing the binder
materials and sand with the alkaline solution. According to Hawa et al. [23], the combination of sodium
silicate and sodium hydroxide in Step 3 generates heat, which speeds up the geopolymerization process.
Following mixing, the geopolymer slurries were cast into acrylic molds with cube dimensions of 50
mm =50 mm x50 mm to set, and produce specimens for compressive strength and compressive strength
loss evaluation, compacted according to ASTM C109/C109M-21. Prior to being placed in the oven, the
geopolymer mortar molds were completely wrapped in plastic to prevent moisture evaporation from the
geopolymer matrix when exposed to the oven heat. The geopolymer mortars were initially cured in
acrylic molds at room temperature for 24 hours, followed by heat curing at 80 <C for periods of 6, 12,
and 24 hours. After demolding, the samples were kept at a consistent ambient temperature of 30 £2<C
until they were tested. The compressive strength of the geopolymer mortars was evaluated at intervals
of 1, 7, and 28 days. Similarly, the compressive strength was tested via seawater immersion. For the
microstructural and mineralogical analyses, geopolymer paste specimens were cast in molds measuring
2 cm in diameter and 0.8 cm in thickness. The preparation procedure was identical to that of the
geopolymer mortar, except for the sand mixing step.

2.3 Characterization techniques

2.3.1 Compressive strength and bulk density

The compressive strength tests were performed on cast specimens with dimensions of 50 mm =50
mm x50 mm. A universal testing machine specifically designed for mortar was used to carry out these
tests. Mortar compressive strength was evaluated according to ASTM C109/C109M-21 at the ages of
1, 7, and 28 days after demolding, with samples cured at ambient temperature. The bulk density of
geopolymer mortars was determined at 28 days from their mass-to-volume ratio, using the same
specimens after the completion of compressive strength testing.

2.3.2 Compressive strength loss

The compressive strength loss after immersion in seawater was measured using cubic cast
specimens measuring 50 mm on each side. A universal testing machine specifically designed for mortar
was used to perform the tests. The geopolymer samples were tested for strength loss after immersion in
seawater for 28 days after demolding.

2.3.3 Water absorption

Water absorption tests were conducted to evaluate the actual absorption capacity of geopolymer
mortars. Specimens used for this test were cubes measuring 50 mm >50 mm =50 mm, cured at ambient
temperature for 28 days prior to testing. After curing, samples were immersed in water for durations of
1, 6, 12, and 24 hours. Following immersion, the water absorption values of the geopolymer mortars
were calculated according to Eqg. (1).

(W, —W,)x100 /W, (1)

W, = Weight after immersion in water (g)
W, = Weight before immersion in water (g)

2.3.4 Microstructure

The microstructural analysis using SEM imaging was performed to examine the raw materials,
geopolymerization products, and pore structures within the geopolymer paste matrices. For the
microstructural investigation, only geopolymer pastes containing 0-60% PWA by weight and subjected
to curing at ambient temperature were analyzed (specifically samples POA24, P20A24, PA0A24, and
P60A24, as detailed in Table 2).

2.3.5 Mineral analysis
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XRD analysis was conducted to identify the crystalline phases present in FA, PWA, and
geopolymer pastes. The powdered samples were analyzed with an X'Pert MPD X-ray diffractometer,
scanning a 20 range of 5° to 90° using the clay and rock 0.4 program. The XRD investigation aimed to
determine the characteristic crystalline phases and to observe any shifts in peak positions.

2.3.6 Chemical composition

The XRF analysis was employed to determine the chemical compositions of FA, PWA, and
geopolymer pastes. This technique was utilized to examine the variations in the chemical compositions
of geopolymer pastes resulting from the incorporation of PWA into the binder.

3 Results and Discussion

3.1 Compressive strength

Fig. 5 illustrates the compressive strength test results for all mixtures at 1, 7, and 28 days of curing
age. The results indicated that all samples with partial replacement of PWA had lower compressive
strengths than the samples without PWA (mixtures containing only 100% FA (POH6, POH12, and
POH24)) at all aging periods. Notably, three series of samples were heat-cured at 80T for different
durations to evaluate the effect of elevated temperatures on strength development. Interestingly, the
specimens without heat curing, containing 20% and 40% PWA, exhibited better compressive strength
than the control specimens at both 7 and 28 days of curing. This suggests that heat curing may not
always be necessary for achieving optimal strength in PWA-containing mixtures. The compressive
strength gain of 100% FA alone was primarily driven by geopolymerization, a process that forms the
sodium polysialate (N-A-S-H) gel network [24]. However, the incorporation of PWA at 20%, 40%, and
60% resulted in a gradual reduction in compressive strength across all heat curing conditions. This
reduction can partly be attributed to the relatively large particle size of PWA, which leads to reduced
reaction efficiency. Additionally, heat curing of geopolymer mortar may induce rapid reactions, causing
the alkaline solution to accelerate the reactions within a short period. While this accelerates early-age
strength development, it can hinder further strength gains at later ages. The curing temperature plays a
crucial role in the formation of geopolymer mortars, as it directly influences the reaction Kinetics
involved in geopolymerization. Elevated temperatures enhance reaction kinetics, accelerating early-age
strength development. However, there exists an optimal temperature range beyond which the increase
in strength may level off or even decline [25]. Although geopolymer mixtures cured at higher
temperatures achieve greater early-age strength, they do not necessarily lead to significantly higher
long-term compressive strength values [26]. These findings align with the study conducted by Hawa
[27], which utilized oil palm ash as a precursor material. Hawa's results also indicated that heat curing
led to high early-age compressive strength in oil palm ash-based geopolymers. Similarly, the use of fly
ash combined with field para rubber latex exhibited a comparable trend in compressive strength
development [28, 29]. Overall, the results highlight the importance of balancing heat curing conditions
and material composition to optimize both early-age and long-term strength in geopolymer mortars.

Fig. 5d illustrates the rise in compressive strength of geopolymer mortar mixtures cured at room
temperature with a partial substitution of PWA. The compressive strength of these mortars was
influenced by the quantity of PWA incorporated and the duration of curing. In the sample that contained
solely PWA, the compressive strength increased from 0.48 MPa after one day of curing to 23.33 MPa
after 28 days. According to Abdulkareem et al. [22], the strength progression of POA24 (100% FA) is
primarily influenced by the dissolution and polycondensation processes of the aluminosilicate
components in the FA, leading to the formation of a sodium-polysialates (N-A-S-H) gel network, which
serves as the binding geopolymeric phase. For samples with 20% and 40% PWA, the compressive
strength increased from 0.61 and 0.90 MPa on the first day of curing to 32.31 and 25.48 MPa for 28
days, respectively. Initially, on the first day, all mixtures exhibited similar compressive strengths.
However, for 28 days, the specimens displayed different compressive strengths due to variations in the
geopolymerization process. The compressive strength of the P60A24 geopolymer exhibited a
significant reduction compared to the POA24 control at 7 and 28 days of curing. Notably, however,
P60A24 achieved its peak strength at the 1-day mark, suggesting that high substitution levels of rubber
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wood ash (RWA) may promote early-age strength development. This observation aligns with the
findings of Abdulkareem et al. [22], who noted that rapid setting times can hinder the formation of a
homogeneous and continuous reaction phase, ultimately leading to poor or incomplete polymerization
[30]. In the P20A24 sample, which contained 20% PWA and was cured at room temperature, the
compressive strength was 0.90 MPa on the first day, and increased to 32.31 MPa at 28 days, with the
most notable increase occurring after seven days. It can be observed that the geopolymer incorporating
20% PWA exhibited slow development of early-age compressive strength; however, from 7 to 28 days,
the compressive strength increased significantly. This is attributed to the low-temperature curing
conditions, which slowed geopolymerization reactions and consequently resulted in lower initial
compressive strength. Nevertheless, the compressive strength gradually increased with age as the
alkaline solution present in the system slowly reacted over time. This behavior contrasts with heat
curing, which accelerates the reaction rate, resulting in higher early-age compressive strength. The
presence of CaO as a primary chemical component in PWA plays a significant role in enhancing
reactivity, thereby contributing to improved compressive strength development when incorporated in
appropriate amounts. This is consistent with the findings of Nuaklong et al. [31], who reported that fly
ash geopolymer with high calcium (CaO) content provides higher compressive strength compared to
low-calcium fly ash. Overall, the results highlight the importance of balancing PWA content and curing
conditions to optimize both early-age and long-term strength in geopolymer mortars.
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Fig. 5. Compressive strength of geopolymer samples under different curing conditions.

3.2 Compressive strength loss

Fig. 6 compares the compressive strength of geopolymer mortar specimens immersed in seawater
versus those not immersed in seawater at a curing age of 28 days, for samples subjected to heat curing
for 6, 12, and 24 hours. Seawater immersion was conducted immediately after heat curing. After 28
days of seawater immersion, it was observed that the compressive strength of the geopolymer mortar
decreased as the proportion of PWA increased across all heat curing durations. Notably, the
compressive strength of seawater-immersed specimens showed a slight decline with increasing PWA
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content, whereas air-cured geopolymer mortar exhibited a significant reduction in compressive strength
with higher PWA content. Additionally, a clear disparity in compressive strength was observed between
immersed and non-immersed specimens for geopolymer mortar without PWA and with 20% PWA.
However, when the PWA content reached 40% or higher, the compressive strength of geopolymer
mortar under both conditions (immersed and non-immersed) became very similar. This suggests that
the inclusion of 40% and 60% PWA, combined with heat curing, may lead to rapid setting, resulting in
no adverse effects on compressive strength after 28 days of seawater immersion. These findings are
supported by the compressive strength test results shown in Figs. 5a-5c.
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Fig. 6. Compressive strength of geopolymer samples under different curing conditions at 28 days.
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Fig. 7 compares the compressive strength of geopolymer mortar immersed in seawater after heat
curing for 6, 12, and 24 hours. It is evident that the compressive strength decreases as the PWA content
increases across all heat curing durations. For specimens subjected to 6 and 12 hours of heat curing, the
compressive strength values show only minor differences for all mix ratios. This suggests that the
difference in heat curing duration of 6 hours has a minimal effect on the compressive strength. The
percentage loss in compressive strength for seawater-immersed specimens compared to non-immersed
specimens ranges between 29.77 to 32.5%. When considering specimens without PWA, the
compressive strengths across the three heat curing durations are very similar, with values of 20.06,
20.00, and 19.8 MPa for 6, 12, and 24 hours of heat curing, respectively.

3.3 Water absorption

Evaluating water absorption is essential for determining the durability and effectiveness of
geopolymer materials. This research involved a water absorption test to analyze how geopolymerization
influences the pore structure of geopolymer matrices composed of FA and PWA. The study specifically
focused on how substituting PWA affects the water absorption characteristics of geopolymer mortars.
Tests were conducted after 7 and 28 days of curing under two conditions: heat curing at high
temperatures and ambient curing at room temperature. As shown in Fig. 8, the water absorption of all
mixtures exhibited slight but consistent changes, ranging from 7.47% to 10.53% across all tested ages.

This range indicates that replacing PWA has a noticeable yet moderate effect on water absorption
properties.
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Fig. 8. Water absorption of geopolymer mortars at 28 days.

The least water absorption was observed in the control mixture without PWA inclusion across all
curing conditions. From the results, it was noted that the water absorption of geopolymers containing
PWA tended to increase compared to the sample without PWA, particularly in heat-cured geopolymers.
This increase in water absorption can be attributed to the larger average particle size of PWA compared
to fly ash. The larger particles of PWA were unable to fill the voids in the geopolymer matrix effectively,
leading to a less dense microstructure. Furthermore, the larger particle size of PWA hindered its active
participation in the geopolymerization process. As a result, insufficient reaction products were formed
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to fill the voids, which contributed to higher water absorption. This observation aligns with the findings
of Asante et al. [32], who reported that unground fly ash (with larger particle sizes) results in higher
water absorption compared to ground fly ash (with smaller particle sizes). Their study emphasized that
larger particles cannot pack tightly within the composite material, leaving more voids and increasing
water absorption.

Upon examining geopolymers cured for both 7 and 28 days, it was observed that the water
absorption percentage experienced a slight reduction at the 28-day mark. This reduction is likely due to
the enhanced geopolymerization reaction of fly ash over time. Nevertheless, the decrease in water
absorption percentage across all mix ratios was limited to a maximum of 1.32%, suggesting that the
inclusion of PWA in the geopolymer did not significantly elevate its water absorption. The test results
align with the findings of Gill et al. [33] from their investigation into the water absorption of fly ash-
based geopolymer mixed with marble powder.

3.4 Bulk density

Fig. 9 presents the densities of geopolymer mortars subjected to both heat curing and room-
temperature curing conditions. It was evident that the density of these mortars diminished with extended
heat curing. For instance, in the geopolymer mortar containing 20% PWA, the densities for samples
P20A24, P20H6, P20H12, and P20H24 were recorded as 2146, 2133, 2118, and 2103 kg/m3
respectively. This decline is due to the prolonged hot curing, which reduces water content as it is
consumed during the reaction process. Additionally, extended heat curing led to partial water
evaporation from the geopolymer matrix, which then condensed on the plastic mold wrapping. When
left at room temperature for up to 28 days, further evaporation took place. Moreover, the larger particle
size of PWA created larger voids, making evaporation easier. This aligns with the water absorption test
results, which indicate that as the PWA content increases, water absorption also rises.
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Fig. 9. Density of geopolymer samples at 28 days.

3.5 SEM

SEM micrographs of geopolymer paste at different PWA content levels with an ambient
temperature curing condition at the age of 28 days are shown in Fig. 10. The micrograph of the POA24
sample shows a heterogeneous and porous matrix with the appearance of agglomerated precipitation
products connected together, as well as many small microcracks. Abdulkareem et al. [22] reported that
minor microcracks form due to the loss of free water through evaporation throughout the curing and
aging stages. It is noteworthy that a small number of unreacted fly ash (FA) spherical particles were
observed. This suggests the possibility that the high volume of alkaline solution in this mix promoted
the complete dissolution of the FA particles. However, numerous small microcracks were found
extensively distributed throughout the matrix.

The effects of the partial substitution of FA with PWA on the microstructure and mechanical
properties of geopolymer mortars were investigated. The addition of PWA at 20% (P20A24) and 40%
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(P40A24) of the total binder content significantly improved the microstructure compared to the control
mixture (POA24). SEM images at 28 days (Figs. 10b and 10c) reveal enhanced uniformity and density
in the gel matrix for both mixtures, particularly for P20A24. Notably, fly ash microspheres were entirely
absent in these mixtures, indicating that the highly alkaline environment created by PWA facilitated
complete FA dissolution. The resulting reaction products contributed to refining the microstructure and
reducing microcracks [34]. The P20A24 mixture exhibited superior mechanical properties due to its
densely reacted geopolymer matrix and minimal microcracking. While P40A24 also showed reduced
microcracks compared to the control, it developed significant porosity that weakened its compressive
strength relative to P20A24. Nevertheless, both mixtures outperformed the control (POA24) in terms of
structural integrity. In contrast, the microstructure of the P60A24 mixture (Fig. 10d) displayed a poorly
reacted matrix with a loose and clumped texture. This inefficiency in geopolymerization was likely
caused by excessive FA substitution with PWA at 60%, which led to an overproduction of sodium-
related compounds during precursor dissolution. XRD analysis (Fig. 11) confirmed the presence of
thermonatrite in this mixture, a phase known to negatively affect geopolymer strength. Overall, these
findings suggest that moderate substitution levels of FA with PWA (up to 40%) can enhance both
microstructural characteristics and mechanical performance. However, excessive substitution levels
(e.g., 60%) result in diminished performance due to poor reaction efficiency and increased porosity.

(c) P40A24, 500><and 1,500
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(d) P60A24, 500> and 1,500
Fig. 10. SEM images of geopolymer paste 500>and 1,500
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Fig. 11. XRD pattern of geopolymer pastes after curing at ambient temperature.

3.6 X-ray diffraction analysis
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Fig. 11 presents the XRD analysis of the resulting geopolymer pastes, which was conducted to
investigate the phase composition and structural changes after geopolymerization. All mixtures
exhibited a characteristic high background between 20° and 38° 260, indicative of the presence of
amorphous phases, along with increased crystalline peaks associated with the base materials. Notably,
the high background shifted from 21° and 39° 20 for the P0A24 sample and from 25° and 40° 26 for
P60A24 in the initial materials to 20° and 38° 20 after geopolymerization. The observed shift indicates
the development of an amorphous sodium aluminosilicate hydrate (N-A-S-H) gel along with a three-
dimensional structural network [35]. As Abdulkareem et al. [22] reported, a broad hump in the XRD
pattern is typically an indicator of an amorphous component, implying a high degree of
geopolymerization and the formation of a significant quantity of amorphous geopolymeric products. In
addition to the amorphous phase, the POA24 sample (without PWA) displayed some partially crystalline
traces, which were originally detected in the fly ash (FA), as well as a newly formed phase of sodalite
(sodium aluminum silicate chloride; Nas(AlsSicO24)Cl2) resulting from the geopolymerization. The
formation of sodalite is noteworthy, as Ulian and Valdr&[36] identified it as an important mineral
belonging to the zeolite group, which may influence the properties and performance of the resulting
geopolymer material. Wang et al. [37] reported that the N-A-S-H framework in geopolymers with an
n(Si)/n(Al) ratio of 1 closely resembles the structure of sodalite. Consequently, the detection of sodalite
through XRD analysis serves as a vital confirmation of N-A-S-H gel formation within the matrix.

The XRD patterns of samples P20A24, P40A24, and P60A24 revealed notable variations in
crystalline composition compared to the control sample, highlighting the impact of increasing PWA
content. Specifically, the intensity of the main sodalite peaks at approximately 14° and 24° 26 decreased
as the PWA content increased, a trend attributed to the dilution of fly ash (FA) in the geopolymer
mixtures. In parallel, a new sodium-based phase, thermonatrite (Na,CO; H-0), became increasingly
prominent with higher PWA content. Furthermore, a distinct increase in the intensity of calcite peaks
at approximately 30° (20) was observed with high volume of PWA. According to Chindaprasirt et al.
[38], the diffraction peak at 30°represents the C-A-S-H phase. The formation of C-A-S-H typically
enhances the mechanical performance of geopolymers. However, excessive PWA incorporation led to
the prominent formation of thermonatrite. This suggests the presence of excess sodium (from the NaOH
or Na,SiOs activators) that failed to integrate into the aluminosilicate framework for N-A-S-H gel
synthesis. This 'free' sodium subsequently migrates to the surface, reacts with atmospheric CO2, and
crystallizes, which is an indication that the activator dosage exceeded the absorption capacity of the
precursors. This phenomenon is likely a contributing factor to the degradation of compressive strength.
Perez-Cortes et al. [39] reported that thermonatrite dissolves during fresh binder mixing, which
enhances the system's alkalinity. This elevated alkalinity promotes the dissolution of aluminosilicate
precursors and supplies additional Na* ions, thereby creating an environment favorable for (N,C)-A-S-
H gel formation [40]. However, the prominent detection of thermonatrite in the 60% PWA-blended
geopolymer sample suggests that the reaction was incomplete, leaving a substantial amount of residual
sodium carbonate. This excess unreacted sodium carbonate, in turn, adversely affects the development
of compressive strength.

3.7 XRF

The purpose of this analysis is to investigate how the incorporation of parawood ash affects the
chemical composition and compressive strength of air-cured geopolymer pastes. Table 3 and Fig. 12
present the XRF chemical composition analysis results for these pastes. The data show that as the
proportion of parawood ash in the mixture increases, the contents of SiO, and Al,Os decrease, while
those of CaO and KO increase. This trend is expected, given that parawood ash is primarily composed
of CaO and K;O and contains relatively low amounts of SiO, and Al,QOs. In contrast, the Na,O content
remains relatively stable, owing to the constant alkaline activator ratio used in all mixtures. In
geopolymer research, particular attention is paid to the SiO2/AlOs ratio, as it significantly influences
compressive strength. Previous studies, such as that by Chindaprasirt et al. [41], have shown that a fly
ash-based geopolymer blended with iron slag at a SiO./Al,Os molar ratio of 4.79 achieved a
compressive strength of 30.9 MPa, which is comparable to the strength observed in sample P20A24
(SiO2/AlLO3 = 3.34) in the present study. Here, the SiO2/Al>O3 ratio was determined via XRF analysis
of the geopolymer paste after the reaction. The results indicate that a SiO2/Al>Os ratio of 3.34 (P20A24)
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yields the highest compressive strength, while samples with ratios of 3.29 (P0A24) and 4.03 (P40A24)
exhibit lower strengths. Furthermore, when the SiO2/Al:O3 ratio increases to 4.92 (P60A24), the
compressive strength decreases significantly (see Fig. 5d). These findings underscore the importance
of optimizing the SiO,/Al,Os ratio to achieve maximum compressive strength in geopolymer pastes.

Table 3. The chemical composition of geopolymer pastes after curing at ambient temperature.
Content (% weight)

Oxide POA24 P20A24 P40A24 P60A24
SiO, 34.28 29.17 25.61 21.36
Al,O3 10.41 8.74 6.36 4.34
Fe,03 10.26 8.4 5.88 4.17
CaO 13.28 16.51 17.69 20.65
K20 1.79 2.68 3.28 4.1
SOs3 1.76 1.5 1.24 1.1
MgO 1.35 1.99 2.4 2.71
P20s 0.25 0.47 0.78 1.08
MnO 0.12 0.18 0.26 0.32
SrO 0.1 0.1 0.09 0.1
TiO, 0.31 0.28 0.2 0.15
Na,O 17.06 16.74 18.58 17.3
Cl 0.1 0.1
Rb,0O 0.04
Oxide ratio
SiO,/AlL,O3 3.29 3.34 4.03 4,92
Ca0/SiO; 0.39 0.57 0.69 0.97
CaO/Al,O3 1.28 1.89 2.78 4,76
1 17.06
Na20 bl 3 =5 BPOA24
173 @P20A24
= 179 mP40A24
k20 =4%08 OP60A24
—
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Fig. 12. The main chemical composition of geopolymer pastes.

Fig. 13 presents the XRF analysis results for the SiO/Al,O3, CaO/SiO,, and CaO/Al;Os ratios in
the samples, compared with their initial molar ratios, to assess the changes resulting from
geopolymerization. The results show that although the XRF-determined ratios are consistently lower
than the initial molar ratios, there is a strong correlation between the two sets, as indicated by the high
R=2values for all three ratios. For example, as shown in Fig. 13a, the SiO./Al,O3 ratios of samples
POA24, P20A24, P40A24, and P60A24 were 3.29, 3.34, 4.03, and 4.92, respectively, and significantly
lower than their corresponding initial molar ratios of 4.59, 4.96, 5.56, and 6.70. This consistent
reduction suggests that after geopolymerization, the original chemical constitution of the raw materials
was modified through alkaline dissolution and the subsequent generation of novel reaction compounds,
which directly affected the percentages of SiO, Al.Os, and other constituents. The importance of the
SiO./AlyO3 ratio is further supported by Juengsuwattananon et al. [42], who reported that maximum
strength was achieved at an initial SiO»/Al,Os molar ratio of 4.0. However, when the ratio increased to
6.0-7.0, sodium bicarbonate compounds and unreacted raw materials were observed, indicating
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incomplete reaction efficiency. These findings highlight the need to carefully control the SiO2/Al2O3
ratio to optimize the performance of geopolymer materials.
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Fig. 13. Relationship of initial molar ratio and product ratio.

4 Conclusions

This study investigated the effects of parawood ash (PWA) and curing conditions on the
compressive strength, durability, and microstructures of fly ash-based geopolymers. The conclusions
were summarized as follows:

Partial replacement of fly ash (FA) with PWA generally reduced compressive strength, but
samples with 20% and 40% PWA cured at ambient temperature showed significant strength
gains at later ages, sometimes surpassing heat-cured controls.
Heat curing accelerates early strength development but may limit long-term strength, while
ambient curing allows for gradual strength increase, especially in mixtures with optimal PWA
content.
The results emphasize the need to balance PWA content and curing conditions to achieve
optimal early-age and long-term compressive strength in geopolymer mortars.
Increasing PWA content leads to decreased compressive strength in both seawater-immersed
and air-cured geopolymer mortars, with the reduction being more pronounced in air-cured
samples; at 40% or higher PWA, compressive strengths of immersed and non-immersed
specimens become similar.
The duration of heat curing (6, 12, or 24 hours) has minimal effect on compressive strength,
while seawater immersion results in a 29.77-32.5% strength loss compared to non-immersed
specimens.
Substituting PWA for fly ash in geopolymer mortars moderately increases water absorption,
especially in heat-cured samples, due to the larger particle size of PWA leading to a less dense
microstructure.
Water absorption slightly decreases from 7 to 28 days due to ongoing geopolymerization, but
the overall increase from PWA inclusion remains limited, indicating no significant negative
impact on durability.

000117-16



Hawa et al., SUST, 2026, 6(4): 000117

» Prolonged heat curing and higher PWA content reduce the density of geopolymer mortars by
increasing water loss and void formation, as confirmed by both density and water absorption
test results.

» Moderate substitution of fly ash with PWA (up to 40%) improves the microstructure and
mechanical properties of geopolymer mortars, while excessive substitution (60%) leads to poor
reaction efficiency, increased porosity, and reduced strength.

+ XRD analysis shows that moderate PWA substitution in geopolymer pastes promotes
amorphous gel formation and structural refinement, while high PWA content leads to increased
thermonatrite and residual sodium carbonate, resulting in incomplete reactions and reduced
compressive strength.

» Increasing parawood ash content in air-cured geopolymer pastes alters the chemical
composition, lowering SiO, and Al,O3z while raising CaO and K;O, and demonstrates that an
optimal SiO/Al,Os ratio (around 3.34) maximizes compressive strength, highlighting the need
for careful ratio optimization.

+ XRF analysis reveals that geopolymerization lowers the SiOJ/Al,O3;, CaO/SiO2, and
CaO/Al,Os ratios compared to initial values, emphasizing the importance of optimizing the
SiO2/Al;O3 ratio to achieve maximum strength and efficient reactions in geopolymer materials.
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