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The study explores the influence of silica fume (SF) on the mechanical and
microstructural properties of biomass-derived geopolymer mortars. Three
pozzolanic precursors rice husk ash (RHA), palm shell ash (PSA), and laterite soil
ash (LSA) were combined with SF at substitution levels of 0-20% by binder weight.
Alkaline activation employed 6M NaOH and 2.65M sodium silicate. Compressive
strength tests, XRD, FTIR, and SEM analyses were conducted. Results showed a
substantial strength increase, particularly in RHA-based mortars, from 19 MPa to
52 MPa at 20% SF. XRD and FTIR analyses indicated enhanced gel formation with
dominant amorphous phases and stronger Si-O-T and O-H vibrations. SEM
images revealed denser microstructures with lower porosity. These findings
demonstrate that SF significantly enhances geopolymerization and mechanical
performance. The study offers new insights into the use of biomass-derived

materials and SF for developing high-performance, sustainable construction
mortars.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Geopolymers are inorganic aluminate-silicate compounds formed through the synthesis of
materials rich in silica and alumina, such as FA, RHA, PSA, and various other by-products [1-7].
These materials are activated through alkaline solutions, such as NaOH and Na,S05, which initiate
polymerization, resulting in the formation of resilient binding matrices that do not require
conventional Portland cement [8,9].

Geopolymer mortar, derived from natural resources, offers a sustainable, cement-free solution that
incorporates Industrial by-products abundant in silica and alumina, such as RHA, palm shell ash
(PSA), Lokan shell ash (LSA), and silica fume (SF) [10-11]. RHA, rich in amorphous SiO,,
demonstrates significant pozzolanic reactivity, thereby improving the mechanical properties of
geopolymer mortars [12]. Likewise, palm shell ash (PSA), which contains reactive silica and
alumina, promotes the development of aluminosilicate networks, thereby improving the
robustness and longevity of geopolymer mortars establish it as a highly promising sustainable
precursor [13,14]. Furthermore, LSA, which contains significant amounts of calcium, contributes to
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facilitates the generation of calcium-aluminosilicate-hydrate (C-A-S-H) gels, gels, thereby
improving the performance of geopolymer systems [10,14-16].

The SF a by-product abundant in amorphous Si0,, significantly enhances geopolymerization
Because of its extensive surface area and high chemical reactivity. The added to geopolymer
mortars, SF improves the aluminosilicate network formation, which leads to higher compressive
strength and overall better performance [15-19]. However, while the individual contributions of
various agricultural and marine wastes have been widely studied, few studies have explored the
combined use of these wastes along with silica fume in a unified geopolymer system. This gap
presents a unique opportunity to assess the synergistic effects of these multi-source precursors in
geopolymer mortars. Additionally, shellfish powder, although rich in CaO, provides good
workability and rapid setting, but it yields low compressive strength when used alone. In contrast,
fly ash offers higher strength but slower setting. A 50:50 blend of fly ash and shellfish powder has
been shown to significantly improve strength, suggesting an effective alternative binder that
balances performance and reduces the reliance on fly ash [17,20,21].

In this context, the materials used in this study were comprehensively characterized employing
XRF, XRD, and FTIR techniques to analyze their chemical composition, crystalline phases, and
functional groups. These techniques provided crucial insights into the elemental content,
mineralogy, and chemical bonding of the materials, supporting the evaluation of their reactivity,
compatibility, and suitability for structural applications [18,22,23]. The alkali activators,
particularly the interaction between NaOH and Na,SiO; is essential in driving the
geopolymerization process. They facilitate the breakdown of silica and alumina from sources such
as LSA, supporting the polycondensation process and the development of a durable aluminosilicate
framework [2,24]. The formulation of the alkaline activator solution plays a crucial role in
controlling the geopolymerization process, influencing the resulting mechanical strength. This
necessitates precise optimization of the component ratios [25-28].

Sodium silicate acts as a chemical accelerator, boosting the reaction rate, improving particle
adhesion, and enhancing the cohesion of the geopolymer mortar matrix [23,29]. XRF is used to
analyze and quantify the elemental makeup of materials [30-33]. While individual agricultural and
marine wastes, along with silica fume, have been investigated in geopolymer systems, limited
research has focused on their integrated use within a single geopolymer mortar formulation. This
study seeks to fill this gap by exploring the collective impact of RHA, PSA, LSA, and SF in geopolymer
mortars. The uniqueness of this study is in examining the combined effect of these multi-source
precursors on the mechanical properties and microstructure of geopolymer mortars, aiming to
enhance the development of sustainable, high-performance construction materials.

The study is among the few that investigate a hybrid geopolymer system combining agro-based
and marine-derived precursors with silica fume in a single formulation, offering a novel approach
to enhancing both sustainability and performance in construction materials.

2. Materials and Methods

The study utilized biomass-derived pozzolanic precursors rice husk ash (RHA), palm shell ash
(PSA), and Lokan shell ash (LSA) in combination with silica fume (SF) to develop geopolymer
mortars. The selection of these materials was based on their high silica and alumina content,
confirmed through X-ray fluorescence (XRF) analysis (Table 1), and their local availability as
industrial byproducts, aligning with sustainability objectives.

Silica fume was added at substitution levels of 0%, 5%, 10%, 15%, and 20% by binder weight to
evaluate its effect on geopolymer performance. Alkaline activation was achieved using a mixture of
6M sodium hydroxide (NaOH) and 2.65M sodium silicate (Na,S03), selected based on previous
studies demonstrating optimal reactivity for geopolymerization.

The water-to-binder ratio was fixed at 0.30, balancing workability and mechanical performance.
All mortars were cast in 50 mm cube molds and heat treatment (90 °C) for 3 days. For each mix,
three specimens were tested for compressive strength, and the average value was reported, with
total specimens were 45 pcs. Standard deviation was included to assess data variability.
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The mineralogical phases of selected samples were examined using X-ray diffraction (XRD) with a
scan range of 5° to 80° (20) at a scanning speed of 2°/min. Fourier transform infrared (FTIR)
spectroscopy was performed in the range of 400-4000 cm™* with a resolution of 4 cm™, to analyze
functional group changes and gel development. Scanning electron microscopy (SEM) imaging was
conducted at magnifications ranging from 500x to 5000x to observe morphological characteristics
and microstructural densification.

2.1. Raw Materials

In the research, fine aggregates sourced from KRUENG MEUREUBO were utilized, with a Fineness
Modulus (FM) of 2.837%, a bulk density of 1.655 kg/L, a specific gravity of 3.14, a water absorption
rate of 1.837%, and a sediment content of 4.75%. Lokan shell ash was used as the main precursor,
with silica fume added at varying levels of 0%, 5%, 10%, 15%, and 20% by the weight of the
precursor. The alkaline solution consisted of a 1:1 ratio of NaOH and Na,S05, with NaOH having a
molarity of 6 M and Na,S05 at 2.65 M. Aggregates, crucial as filler materials in concrete and mortar,
significantly impact their composition and performance. Typically, they constitute 70% to 75% of
the total volume in hardened mortar, influencing the material’s overall quality. Therefore, selecting
appropriate aggregates is vital for optimizing the performance and durability of concrete [34]. The
alkaline activator comprised a 1:1 ratio of NaOH (6 M) and Natrium silicate (2.65 M) solutions [35].

A range of agricultural and marine waste-derived materials were utilized as aluminosilicate
precursors in the production of geopolymer mortars. These materials, including RHA, PSA, LSA, and
silica fume (SF), were chosen for their pozzolanic properties and chemical compositions, which are
favorable for the geopolymerization process.
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Fig. 1. Graph of the distribution of Binder and Silica Fume materials

Fig. 1. presents the particle size distribution of the aggregate, in accordance with the SNI-03-2847-
2002 standards. It includes curves for the upper limit (maximum fine content), intermediate zones
(well-graded distributions for optimal packing density), and lower limit (minimum fine content).
The dotted line represents the gradation used in this study, which lies within the permissible range,
indicating a balanced selection of fine and coarse fractions to optimize mortar performance. This
gradation confirms compliance with standard specifications and ensures structural adequacy.

2.1.1. XRF

XRF is used to analyze and quantify the elemental composition of materials. In cementitious
systems, Si0, and Al,03; enhance mechanical strength, while CaO influences workability and setting
of fresh mixtures. Figure 2 displays the XRF spectrum of the LSA binder, highlighting silica (5i0,)
as the dominant component, with significant amounts of CaO and Fe,03, indicating potential C-A-
S-H synthesis and thermal stability. Minor elements (Mg, K, Na, Al) and trace levels of Cl, P, Ti, and
S suggest a complex mineral composition contributing to the binder’s reactivity.
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Fig. 2. X-ray fluorescence (XRF) spectrum of RHA, LSA and PSA

Figure. 2.a displays of XRF spectrum of RHA, with silica (Si0,) identified as the primary component,
accompanied by significant quantities of K, Ca, and P. Trace amounts of Al, Mg, Na, Fe, as well as
minor elements like Zn, Mn, and Cl, reflect the complex composition of RHA. The high Si0, content
underscores its potential as a reactive pozzolanic material for both geopolymer and cementitious
applications.

Table 1 summarizes the functional properties of RHA, highlighting its high amorphous silica
content as the key contributor to pozzolanic reactivity and aluminosilicate gel formation, which
enhances strength and durability. Minor components such as Ca0, Al,05, K;0, and Na,0 support
additional gel phase formation and early geopolymerization, positioning RHA as an effective
supplementary precursor for sustainable, high-performance binders. The outlines the functional
role of LSA in geopolymer systems, emphasizing Si0, as the main pozzolanic component and Ca0O
as an essential element in the development of C-A-S-H, enhancing early strength. Fe,03 improves
thermal stability and reactivity, while Al,0; and MgO support matrix stability and phase
development. Trace oxides (Na,0, K0, SO3) may act as activators, promoting early
geopolymerization and influencing phase assemblage. The outlines the functional performance of
PSA, highlighting its high SiO; and CaO content as key contributors to pozzolanic reactivity. Fe,05
enhances chemical reactivity, while Al,0; and MgO support phase development and hydration.
Minor oxides (Na,O0, K,0) act as fluxes or accelerators, and trace components (ZnO, Cr;03, P,0s,
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S03) may influence stability, redox behavior, and sulphate resistance. This multi-oxide composition
affirms PSA’s suitability as a pozzolanic precursor for high-performance geopolymer binders.

Table 1. presents an overview of the chemical composition of binder.

Binder Element Relative Intensity Chemical Compound
K Low K20
Ca High Ca0
P - P20s
Al Low Al203
Mg Low MgO
RHA Na Low Naz0
Fe Moderate Fe203
Cl - Cl salts
S Low SOs3
Zn Trace Zn0
Mn Trace MnO
K Low K20
Ca High Ca0
P - P20s
Al Low Al203
Mg Low MgO
LSA Na Low Naz0
Fe Moderate Fe203
Cl - Cl salts
S Low SOs3
Zn Trace Zn0
Mn Trace MnO
K Low K20
Ca High CaO
P - P20s
Al Low Al;03
Mg Low MgO
PSA Na Low Naz0
Fe Moderate Fe203
Cl - Cl salts
S Low SO3
Zn Trace Zn0
Mn Trace MnO

Fig. 2.b. indicates that the dominant compounds in LSA, Si0,, Ca0, and calcium silicates play a key
role in enhancing binder strength and reactivity. Fe,03 contributes to chemical stability and colour,
while Al,03 and MgO influence hydration. Minor oxides (K;O, Na,0, SO3) may act as accelerators
or impurities. The high SiO, and CaO content confirms LSA’s strong pozzolanic potential,
comparable to established SCMs like rice husk ash and volcanic ash. The LSA binder is primarily
composed of Si0O, and Ca0O, with notable levels of Fe,03 contributing to thermal stability and
influencing reactivity and color. Minor oxides (K;0, Na,0, Mg0O, Al,05, SO3) affect hydration
kinetics and phase stability. This composition highlights LSA’s strong pozzolanic potential for
binder applications. Elemental analysis was performed using a RIGAKU Supermini200 Sequential
WDXRF Spectrometer (Japan). Fig. 2.c. confirms the presence of Al,0; and MgO, indicating their
role in hydration and secondary phase formation. Minor elements (Na, K, Zn, Cr, P, S) may influence
early geopolymer, phase stability, and durability. PSA mainly consists of Si0, and Ca0, along with
significant amounts of Fe, 03, Al, 05, and MgO. This highlights its potential as a pozzolanic precursor
that can promote C-A-S-H formation and improve early strength development.
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2.2. Material Characterization

Material characterization was performed using FTIR to detect functional groups (0O-H, C-H, N-A-
S-H gels), XRD to examine crystalline phases like C-A-S-H, quartz, kaolin, and zeolite, and SEM to
evaluate the microstructure, including porosity, matrix bonding, and morphology. Compressive
strength results were analyzed statistically to assess the effect of SF content. FTIR and XRD spectra
were analyzed by comparing peaks with reference databases, while SEM images were visually
examined in relation to microstructural density and mechanical properties [36].

2.2.1. FTIR

FTIR characterization identifies functional groups in a sample to determine surface chemical
composition or molecular structure changes after treatment, activation, heating, or mixing of
materials). FTIR spectroscopy works on the principle that chemical bonds in molecules will absorb
infrared waves at a specific frequency that corresponds to strain or bend vibrations (vibrations)
[36]. Each functional group has a distinctive absorption region, thus allowing identification through
the spectrum. The instrument used in this analysis is the Thermal Scientific Nicolet iS10 FTIR
Spectrometer, Perkins. preparation solid sample (fine powder). The solvent used is KBr (potassium
bromide) with a ratio of 1:10.

2.2.2. XRD

XRD is a non-invasive technique used to analyze the crystal structure of solid materials [37]. This
approach uses the interaction of X-rays and atomic lattices in crystalline materials to determine
mineral phases, crystallite size, residual stress, and crystalline levels [39]. Sample preparation
conducted to produce a smooth, homogeneous, and moisture-free powder surface resulting in a
clear, defined, and representative X-ray diffraction pattern (diffractogram) of the crystal structure
of the material analyze. Mortar and pestle (porcelain or agate) to fine-tune the sample after it has
filtered using a sieve/sieve (usually 75um or No. 200).

2.2.3. SEM

SEM analysis aims to explore the surface morphology and microstructural features of geopolymer
mortars, including the qualitative identification of pores, microcracks, interparticle bonds, and the
distribution of phases involved in the polymerization reaction [40,41]. The apparatus utilized
comprises the Scanning Electron Microscope JEOL JSM-6510, FEI Hitachi. Sample preparation
involves extracting small fragments of geopolymer mortar (about 1 cm?®) from the interior of the
test specimen to prevent contamination of the external surface. Dehydrate the sample in the oven
at around 60-80°C for a minimum of 24 hours. Determine the geopolymer matrix N-A-S-H or C-
A-S-H synthesis.

2.3. Mix Design and Specimen Preparation

The study used LSA, PSA, and RHA as primary pozzolanic precursors, chosen for their high CaO and
Si0, content. SF was added as a supplementary binder to enhance geopolymer. The alkaline
activator consisted of 6 M NaOH and 2.65 M Na,Si0O5, while a 1% by weight superplasticizer (SP)
was included to improve workability, with additional water added as needed for consistency.

The mortar preparation process involved sieving LSA, PSA, RHA, and SF through a 75 pm mesh to
ensure uniform particle size. A 6 M NaOH solution was prepared as the alkaline activator, left at
room temperature for 24 hours, and then mixed with Na,SiO; in a 1:1 volume ratio. The dry
precursors (LSA + SF) were thoroughly blended before gradually adding the alkaline solution,
followed by the incorporation of the superplasticizer. The mixtures were poured into 5x5x5 cm
molds, cured at 60°C for 48 hours, and then stored at room temperature until day 28, when
compressive strength testing was carried out according to ASTM C109/C109M standards [42,43].

In the study, geopolymer mortars were produced using pozzolanic raw materials rich in silica and
alumina, such as RHA, PSA, and LSA. The alkaline activator consisted of a combination of NaOH and
Na,SiO; with a 1:1 molar ratio, which has been proven to produce the best performance in forming
stable and strong geopolymers.
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The selection of the 1:1 NaOH to Na,SiO5 ratio is based on its ability to efficiently Activate the
silica and alumina elements in the raw materials, while ensuring that sufficient silicate is available
to form a robust aluminosilicate network. This ratio ensures an optimal balance between reaction
rate and geopolymer gel formation, which is crucial for obtaining mortar with good mechanical
strength and long-term stability.

Previous studies have shown that the 1:1 NaOH to Na,SiOs; ratio is highly effective in improving the
mechanical properties of geopolymers. For instance, [44] it was shown that this ratio achieved the
highest compressive strength of up to 25.56 MPa after 7 days of curing in geopolymer mortar
containing fly ash. Similarly, [35] found that this ratio played a significant role in the formation of
a strong aluminosilicate network, contributing to improved mechanical properties of magnesium
silicate-based geopolymers. Additionally, [45] Validated the choice of the 1:1 ratio, as their study
demonstrated that this ratio enhanced compressive strength in geopolymer mortars derived from
different ash sources, such as RHA and PSA.

The 1:1 NaOH to Na,SiO3 ratio improves compressive strength and speeds up the formation of the
geopolymer network, which has a notable effect on the material's physical and microstructural
properties. As a result, this ratio was selected for the study to optimize the performance of
producing robust and durable geopolymer mortars.

Table 2. Mix design mortar based on binder for 1 m3.

Materials Silica Fume Addition Percentage

0% 5% 10% 15% 20%
Water (kg) 105.00 105.00 105.00 105.00 105.00

Super plasticizer (kg) 3.50 3.50 3.50 3.50 3.50
Natrium Silicate Solution (kg) 79.99 79.99 79.99 79.99 79.99
NaOH Solution (kg) 53.33 53.33 53.33 53.33 53.33

Fine Aggregate (kg) 1,500.00 1,500.00 1,500.00 1,500.00 1,500.00

Silica Fume (kg) 0.00 17.50 35.00 52.50 60.00
Binder (kg) 350.00 350.00 350.00 350.00 350.00

Table 2 presents the mix design, which incorporated silica fume (SF) at 5%, 10%, 15%, and 20% of
the total precursor weight (LSA + SF). The alkaline activator solution was mixed at a NaOH to
Na,Si0O; volumetric ratio of 1:1. The binder system consisted of a blend of Lokan shell ash (LSA)
and SF, with a 1% superplasticizer by precursor weight to improve workability.

Figure 3 illustrates the procedure for assessing the compressive strength of geopolymer mortar, in
accordance with standardized testing protocols. The process involves a sequence of essential steps
to guarantee consistent, precise, and dependable results when measuring the compressive strength
of geopolymer mortar samples. The samples should be prepared by mixing the specified
composition, using the correct proportions of precursor materials (such as fly ash, rice husk ash,
palm shell ash, etc.) and alkaline activators such as NaOH and Na,SiOs.

The mortar mixture is cast into standardized moulds, typically in a cube shape, such as 50 mm x 50
mm X 50 mm. Ensure that the mortar is well-compacted to eliminate air bubbles. This may be done
manually or using a vibrating table. After filling the moulds, the samples should be left to cure in a
controlled environment. The curing temperature and duration should follow standard procedures
or be adjusted according to the specific needs of the experiment. Once the curing process is
complete, the samples are taken out of the moulds and kept under standard conditions until they
are ready for testing. The dimensions of the cured samples are measured to ensure they meet the
required specifications.

The prepared mortar samples are placed in the TESTMASK testing machine for compressive
strength testing. TESTMASK is a mechanical testing machine commonly used for such evaluations,
manufactured in Turkey. It is calibrated according to the manufacturer's specifications to ensure
accurate results. The samples are placed centrally on the compression platen of the testing
machine, ensuring that they are aligned properly to avoid skewed loading during the test. The
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testing machine gradually applies compressive force to the sample until it fails, meaning it fractures
or breaks apart. The highest load the sample endures before failure is recorded as its compressive
strength. Figure 3. illustrates the procedure for Evaluating the compressive strength of geopolymer
mortar in accordance with standardized testing procedures. The mechanical tests were conducted
using a TESTMASK testing machine, produced in Turkey [42,48].

Fig. 3. Compressive strength testing [34,46,47]

3. Results and Discussion

3.1. Compressive Strength of Geopolymer Mortar

Figure 4 shows the GMPSA, the highest performance in each variation of the addition of silica fume.
The compressive strength increases significantly from about 19 MPa (0%) to more than 52 MPa
(20%). PSA is highly reactive in geopolymer systems and forms strong bonds with fume silica. The
GMPSA demonstrates superior performance compared to GMLSA, although it remains below the
standard set by GMRHA. The compressive strength increases from about 13 MPa to almost 47 MPa
at 20% silica fume. This indicates that slag has good pozzolan potential but is not as optimal as rice
husk ash. GMLSA indicates the lowest compressive strength value among the three. From about 16
MPa (0%) to about 45 MPa (20%). Despite consistent improvements, LSA is less effective than
other materials in forming solid geopolymer structures.
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Fig. 4. Compressive strength geopolymer mortar

The incorporation of Silica Fume, varying from 0% to 10%, leads to a gradual increase in
compressive strength, though the improvement is not markedly significant. This suggests that the
initial activation process and the early development of the N-A-S-H structure have not been fully
optimized. However, when SF is added in amounts ranging from 10% to 20%, a significant rise in
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compressive strength is observed, emphasizing the crucial role of silica fume in promoting the
polycondensation reaction. Silica fume serves as a highly reactive silica source, accelerating the
chemical bonding within the geopolymer paste. The maximum effect is observed at 20%, where
silica reactivity and bond structure formation reach their peak.

The technical discussion highlights that palm shell ash (PSA) exhibits the highest reactivity due to
its high amorphous silica content, which strengthens aluminosilicate bonds. GMSL utilizes the CaO
in slag to form C-S-H gel but shows lower microstructural density compared to GMRHA. GMPSA
exhibits slower reactivity due to its lower calcium content. Silica fume improves viscosity and
microstructural density by filling pores and gaps between particles, leading to denser structures
and higher compressive strength. The optimal efficiency is achieved with 15-20% silica fume,
avoiding risks of overdosing or segregation.

3.2. Characterization and Morphology of Geopolymer Mortar

Figure 5. illustrates the analysis of crystalline and amorphous phases in LSA-based geopolymer
mortar (Lokan Shell Ash/LSA) with the incorporation of silica fume, conducted via X-Ray
Diffraction (XRD) technology. The XRD spectrum exhibits a five-stage profile: raw data (Profile),
smoothing results (Smoothing Profile), background reduction (B.G. Subtract Profile), Ka1 signal
separation, and peak detection (Peak). The five processes demonstrate that the data processing has
conducted thoroughly to guarantee precision in the interpretation of the crystalline phase.

Analysis of diffraction peaks revealed the presence of predominant crystalline phases at angles of
20 approximately 26.6° 30.1°, 32-34°, and 47-50°. According to the JCPDS database [49-51], the
phases included are quartz (Si,0;), calcite (CaCO3), and portlandite (Ca(OH);). Quartz derived
from silica remnants in Lokan shell ash and the incorporation of fume silica, whereas calcite and
portlandite signify the byproducts of the original reaction between calcium and an alkaline
solution. Albite generated through the polymerization of silica and alumina inside a geopolymer
framework.

s 5i = Silikon
500 Q= Oksigen
Al = Aluminium
Fe = Ferrum
Ca= Calsium
Mg=Magnesium
1

T(%)

10 20 30 40 50 60 70 80

%\. curr spotdet modeV magE HFW 20
» 10.00 kV 65 pA3.0 LVDSE  10.8 mm 250 x 829 um ab SEM A US

(b)
Fig. 5. (a) SEM and (b) XRD of LSA-based geopolymer mortar

The background spectrum shows a broad peak between 20° and 35°, indicating the dominance of
the amorphous N-A-S-H (sodium alumina-silicate hydrate) geopolymer gel phase. This phase
lacks sharp peaks due to its irregular structure but contributes to the material's mechanical
strength. The incorporation of silica fume promotes the formation of N-A-S-H gels, leading to a
more compact and denser microstructure, as indicated by reduced noise and higher intensity in the
angular range. Overall, the XRD results indicate that LSA-based geopolymer systems with silica
fume addition possess a complex structure, comprising a blend of amorphous phases and small
amounts of crystalline material. This provides important mechanical advantages and chemical
resistance in environmentally friendly building material applications.
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Figure 5 illustrates the mineralogical and microstructural characteristics of geopolymer mortar
containing Lokan Shell Ash (LSA). The X-ray diffraction (XRD) pattern displays a notable peak
around 29° (28), which is attributed to calcite (CaCO3z), which confirms the significant calcium
carbonate content characteristic of marine shell-based precursors. Additional peaks within the
30°-35° range indicate the presence of portlandite (Ca(OH),) and gehlenite (Ca,Al(AlSi)0,),
compounds commonly formed in alkali-activated systems as a result of calcium-rich reactions. A
wide amorphous peak between 20° and 35° suggests the formation of amorphous aluminosilicate
gels, mainly C-A-S-H, which are crucial for the early development of strength. This mixed-phase
composition comprising both crystalline and amorphous phases demonstrates that the
geopolymerization process proceeded successfully, although the presence of unreacted minerals
implies incomplete reaction or limited precursor reactivity.

The SEM micrograph reveals needle- and rod-like crystalline structures, indicative of calcium
silicate or ettringite-like formations resulting from the high CaO content in LSA. These
morphologies are typically associated with fast-setting behavior and localized crystallization.
Regions exhibiting fibrous textures and porous zones reflect areas of intense reaction activity,
while the presence of micro-voids and cavities suggests a partially dense matrix. These voids may
influence the mechanical properties by reducing density but can also promote inter-particle
bonding during curing, The results of the following research as a comparison of research
[19,37,43,49,51,52]. Overall, the microstructure demonstrates good initial gel formation and
mechanical development; however, heterogeneity in gel distribution and porosity suggests that
further optimization of mix design or heat treatment conditions is needed to enhance uniformity
and long-term performance.

Table 3. Composition of the main compounds in GMLSA SF20%

Position 20 (degree) Chemical compound Chemical Additional Details
formula
26.6° Quartz Si0, Silica content from ash
30.1° Calcite CaCO3 Ca-Al silicate-forming reactants/fillers
32.0-34.0° Portlandite Ca (OH), Leftover hydration products or
additives
28.0-29.5° Albite NaAlSizOg Common alumln(.)sﬂl.cates n
geopolymerization
47-50° Hematite/ Fe205/ Iron content from ash or additives
Magnetite Fe30,
22-24° Amorphous hump i Indicates the amorphous phase of the

geopolymer (general)

5,0i = Cristobalite/Si0: amarf
54,0 = Quatrz (Si0z)
Q X,01 = KOl (Sylvite)
€a,C.0 = Calcite (CaC0s)
K,S,0 = K50« (feldspar)
AlLSi,O = Aluming Silikat (feldspar/kaolin thermal)
Fe,0 = Fe:0s (hematite)
€a,0= Ca0 (lime)
Mg,0 = Mg (periclase)
Fe,0 = minor ferrumi oxides

T(%)

s HV curr spo
%) 10.00 kV 65 pA 3.0

(b)
Fig. 6. (a) SEM and (b) XRD of PSA-based geopolymer mortar
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Figure 6. presents the XRD pattern of PSA-based geopolymer mortar, covering a 26 angle range
from 10° to 80°. A prominent peak around 26 = 27-30° signifies the presence of a crystalline phase,
likely silica (SiO,) or aluminosilicates, which have not fully reacted during the geopolymerization
process. The gradual decline in the background pattern suggests the predominance of an
amorphous phase, a typical characteristic of geopolymer materials, particularly when alkaline
activation has successfully converted early crystalline phases into amorphous aluminosilicate gels
(N-A-S-H gels). he strong peak at the primary crest suggests the possible presence of residual
crystalline materials from the palm shell ash, including quartz, calcite, or other mineral phases that
are resistant to alkaline solutions. In general, the palm shell ash-based geopolymer mortar displays
a semi-crystalline structure, with the material in an amorphous state, indicating favorable
conditions for geopolymer formation. The distinctness of the peaks suggests that additional
optimization is required for complete activation, which could involve increasing the molarity of the
alkaline solution, adjusting the Si/Al ratio, or extending the curing time.

Table 4. Composition of the main compounds in GMPSA SF20%

Position 26 Chemical Chemical formula Additional Details
(degrees) compound
26.6° Quartz (Silika) Si0, Common of silica ash
30.0° Calcite CaCOs Source of calcium
32.0° Portlandite Ca (OH), Hydration results
33-35° Albite NaAlSi;0g Alumina-silicate phase
40-50° Hematite Fe,03 Iron content from ash
28.0°, ~48.0° Gehlenite Ca,Al (AISi)O, General products of

geopolymerization

Figure 7. shows a porous surface with small cracks, which suggests that the curing process may be
imperfect or too fast. There are large voids and incompact structures, indicating that rice husk ash
particles have not fully dispersed or reacted. Such structures can decrease compressive strength
and increase porosity, which influences the durability and permeability of the mortar. Large or non-
uniform RHA particle sizes. Less homogeneous mixing. Alkaline activation is not optimal if the
molarity of the NaOH solution is too low or the Si/Al ratio is not ideal. Lack of curing time or too
low curing temperature. The Table 6. presents the compounds formed during the polymerization
process in geopolymer mortar made from rice husk ash, with the inclusion of 20% silica fume.

500
5,0= Cristobalite/si0; amorf
5,0 =Quatrz (Si0;)
ALSI,0 = Alumino Silikat (feldspar/aolin thermal)
Fe,0 = Fes0s (hematite)
400 €a,0 = Ca0 (Calsium Okside)

Mg, 0 = MgO (Magnesium Okside)
€a,C,0 = Caldte (CaCO3)

Ca, 5i,0 = Calsium Silicate [CaSi03)
Mg, 5i,0= Magnesium Silicate (Mg Si0)

300 -

200 4

100

10 20 30 40 50 60 70 80

(b)
Fig. 7. (a) SEM and (b) XRD of RHA-based geopolymer mortar

Figure 7 displays the dominant diffraction peak around 26.6° (20), indicating the presence of quartz
(Si0). The occurrence of rice husk ash (RHA) is commonly observed, particularly when it has not
undergone optimal thermal activation. The absence of a well-defined peak structure, coupled with
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a sloping baseline, signifies the predominance of the amorphous phase, which is attributed to the
geopolymer gel (N-A-S-H) formed during the polymerization process. Minor peaks observed
around 30°-35°, 48°, and 50° suggest the potential presence of compounds such as gehlenite, and
hematite, which may either originate from the initial materials or form as reaction by-products.
The structure of these RHA-based geopolymers is semi-crystalline, with the amorphous phase
being dominant, as expected in successful polymerization. The continued presence of crystalline
quartz suggests incomplete dissolution or reaction of the silica in RHA, potentially due to the large
particle size or inadequate curing time. The compounds present in geopolymer mortar derived
from rice husk ash are summarized in Table 7.

Table 5. Composition of the main compounds in GMRHA SF20%

Position 26 Chemical

Chemical formula Additional Details
(degrees) compound
26.6° Quartz (Silika) SiO, Common of silica ash
30.0° Calcite CaCOs; Source of calcium
32.0° Portlandite Ca (OH), Hydration results
33-35° Albite NaAlSi;Og Alumina-silicate phase
40-50° Hematite Fe,05 Iron content from ash
28.0°, ~48.0° Gehlenite Ca,Al (AlSi)O, General products of

geopolymerization

3.3. FTIR Result of Geopolymer Mortar

Figure 8 presents the Spectrum Zone Analysis and Chemical Interpretation within the 3300-3700
cm ! range (O-H stretching group). Sharp peaks in this region suggest the presence of hydroxyl
groups (0-H), which result from both bound water and geopolymer polycondensation reactions. As
the silica fume (SF) content increases, the intensity of the O-H peak increases and shifts slightly,
indicating the formation of a more active N-A-S-H gel. This change is attributed to the reaction
between silica fume and alumina, which boosts the chemical reactivity and development of the gel
structure. In the 2800-3000 cm™ range (C-H stretching group), the weak peak suggests traces of
residual organic compounds from biomass ash. Although C-H interactions play a minor role in
geopolymer network formation, they indicate carbon residue interactions. In the 1000-1200 cm™
range (Si-O-T stretching group; T = Si/Al), a peak shift to a higher frequency with SF addition
signals a more condensed silicate-aluminosilicate network. The GMSL spectrum with 20% SF
shows the narrowest and strongest peaks, supporting the hypothesis that SF enhances
polymerization. Additionally, the 1650-1450 cm™® range (H-O-H bending/structural water
deposits) correlates with water trapped within the geopolymer matrix. The addition of SF results
in microstructural compaction and reduced porosity.

357
341

324
304
284
26
244
224

20
s
-3 184
16
14
124 \ :
10 \ \
| \
84 it 14 ks 4
ol OH \ | \ /
\ | vV CH
4‘ CH ‘v\l
4000 3500 3000 2500 2000 1500 1000 450
cm-1

Fig. 8. FTIR test results of LSA-based geopolymer mortar
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Figure 9 shows a region at 3400 cm™, corresponding to O-H stretching, which represents the

vibrations of hydroxyl groups, possibly from free water or silicate structures. The intensity of this
band decreases as the palm shell ash content increases, suggesting a reduction in free water or
stronger hydrogen bonding, both indicating ongoing polymerization. The peak at 2920 cm™,
associated with C-H stretching, reflects organic impurities or carbon residues, with higher intensity
observed in samples with higher palm shell ash content (15-20%). The band at 1650 cm™
corresponds to H-O-H bending, further indicating the presence of structural water. Changes in the

shape or position of the peak suggest reorganization within the silica-alumina network.
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Fig.10. FTIR test results of RHA-based geopolymer mortar

The 1000-1100 cm™* region corresponds to the asymmetric stretching of Si-O-T (where T is Si or
Al) in geopolymer structures. For ash additions of 10-15%, the bands show a distinct profile and a
slight shift to lower wavenumbers, indicating increased condensation and polymerization rates. At
20% ash content, the band broadens, suggesting potential disruption of the silica-alumina gel
network due to an excess of ash. The band in the 875-700 cm™ range, corresponding to bending
vibrations of C-H or Si-0-Al, shows increased intensity in samples with 15-20% ash, potentially
due to the influence of carbon structures in the ash on the geopolymer network. As shown in Figure
10, an increase in the C-H band reflects the organic influence of palm shell ash, which may either
positively impact the structure (by densifying the matrix) or negatively affect the polycondensation
process. Adding 10-15% palm shell ash leads to sharper Si-O-T bands, indicative of a more active
polymerization reaction. At 20% ash content, the spectra suggest potential saturation or disruption
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of reactions, likely due to the excess carbon or acid material, which may hinder the
polycondensation process. The reduction in the O-H band and shift observed in the Si-O band
further suggest enhanced silicate condensation, resulting in more robust aluminosilicate
structures.

The increase in compressive strength with rising silica fume (SF) content is directly associated with
the enhanced formation of geo-polymeric gels, particularly sodium aluminosilicate hydrate (N-A-
S-H) and calcium-aluminosilicate hydrate (C-A-S-H), which contribute to matrix densification and
improved mechanical properties. The fine particle size and high pozzolanic reactivity of SF supplied
additional soluble silica, promoting the dissolution of aluminosilicate species and accelerating
geopolymerization. PSA-based mortars demonstrated the highest strength values, especially at
20% SF, due to the balanced chemical composition that supported a more complete and
homogeneous gel network. In contrast, RHA mortars, while rich in silica, lacked sufficient alumina
for optimal network formation, and LSA mortars, with their higher calcium content, exhibited
heterogeneous structures with residual crystalline phases and microcracks. These trends are
supported by microstructural analyses: XRD confirmed the predominance of amorphous phases,
with broad humps between 20°-35° 26; FTIR spectra revealed intensified Si-O-T and O-H bond
vibrations with increasing SF, indicating better gel development and reduced porosity; and SEM
images showed denser matrices in PSA mortars, while LSA samples displayed porous and irregular
microstructures. Together, these results confirm the synergistic role of SF in refining the
microstructure and enhancing the mechanical performance of geopolymer mortars. It is further
recommended to present compressive strength results with standard deviation and error bars to
improve statistical clarity. Overall, the integration of SF with biomass-based precursors, especially
PSA, demonstrates significant potential for developing high-strength, durable, and eco-friendly
geopolymer composites suitable for sustainable construction applications.

4. Conclusion

The study provides a detailed investigation into the role of silica fume (SF) in enhancing the
mechanical and microstructural properties of geopolymer mortars derived from biomass-based
precursors—namely rice husk ash (RHA), palm shell ash (PSA), and lokan soil ash (LSA). The use
of SF at various substitution levels (0%, 5%, 10%, 15%, and 20% by binder weight) allowed for a
comprehensive assessment of its influence on strength development and internal structure. Among
the three systems, PSA-based mortars exhibited the most significant improvement in compressive
strength, reaching up to 52 MPa at 20% SF, highlighting the synergistic effect between the
precursor and the reactive silica from SF. This enhancement is primarily attributed to the refined
microstructure and accelerated geopolymerization process induced by SF addition.

Microstructural characterizations provided strong evidence supporting the mechanical results.
XRD analysis confirmed the dominance of amorphous phases in all geopolymer matrices, indicating
successful geopolymerization, with wide humps around 20°-35° 26 representing the formation of
sodium aluminosilicate hydrate (N-A-S-H) and, in some LSA mortars, calcium-aluminosilicate
hydrate (C-A-S-H) gels. Minor crystalline phases such as quartz and calcite were detected in PSA
and LSA mortars, likely due to the presence of unreacted components. SEM observations revealed
notable differences in microstructure across systems, with RHA mortars showing denser and more
homogeneous surfaces, whereas LSA mortars exhibited visible needle-like crystalline formations
and higher porosity. FTIR spectra supported these observations, showing intensified Si-O-T and
O-H bond vibrations in mortars with higher SF content, suggesting improved gel formation and
lower internal porosity.

The optimal performance of geopolymer mortars was observed when SF was incorporated at 10-
20% by weight. Within this range, the mortars demonstrated a desirable balance between
mechanical strength, workability, and microstructural uniformity. The high surface area and
pozzolanic reactivity of SF enhanced the dissolution of precursor materials and the subsequent
polymerization reactions, resulting in better-integrated binder matrices. Lower SF contents failed
to achieve this level of enhancement, while excessively high SF could affect mix workability.
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In conclusion, the integration of silica fume into biomass-based geopolymer mortars significantly
improves both strength and durability, particularly in systems utilizing PSA. The results reinforce
the potential of agro-industrial and marine waste materials as viable precursors for sustainable
binder systems, with SF acting as a key performance enhancer. These findings contribute to the
growing body of knowledge on eco-efficient construction materials and suggest practical
applications in producing high-strength, durable, and environmentally responsible geopolymer
mortars. Future studies may focus on long-term durability, shrinkage behavior, and large-scale
applicability to fully realize the potential of these hybrid systems in structural and infrastructure
applications.
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