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This study conducts a deeper analysis of mortar’s mechanical and microstructural
characteristics by examining the influence of nano-silica derived from fly ash on
mortar's compressive strength and microstructure using the ratios of water-to-
cement (w/c) of 0.40, 0.45, and 0.485. Nano-silica was synthesized via the sol-gel
method, yielding amorphous spherical particles ranging from 30 to 80 nm in size,
with 98.37% SiO, content, as observed from SEM micrographs. XRD patterns
revealed a broad peak at 26 = 22° confirming the amorphous nature of the
synthesized silica. FTIR spectra exhibited characteristic Si-O-Si and Si-OH
vibrations at 1080 cm™" and 950 cm™, respectively, verifying the presence of silica
networks. Mortar mixtures contained nano-silica ranging from 1%, 2%, 3% and
4% by cement weight and were tested after 28 days of curing. The highest
compressive strength was achieved with 1% nano-silica at w/c = 0.40, showing

more than a 29% increase compared to the control sample. Unlike prior studies,
this work integrates compressive strength, SEM, XRD, and FTIR analyses in a single
investigation of fly ash-derived nano-silica under varying w/c ratios. Additionally,
XRD and FTIR analyses indicated increased C-S-H formation and hydration level,
while SEM showed a denser matrix with fewer pores. The results highlight that the
optimal nano-silica content improves mortar performance and promotes the
sustainable use of industrial waste. Overall, nano-silica derived from fly ash
effectively enhances the microstructure and mechanical performance of mortar by
promoting C-S-H gel formation and densifying the interfacial transition zone. This
study provides new insight into the potential of fly ash waste valorization for
producing functional nanomaterials in sustainable cementitious systems.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Mortar is one of essential construction materials that primarily functions as a binding medium for
bricks, concrete blocks, and other structural components. Its basic formulation typically comprises
cement, sand, and water. With advances in material science and engineering, significant efforts
have been made to enhance mortar performance, particularly in terms of mechanical strength,
durability, and environmental sustainability. Additionally, compressive strength is widely
recognized as a key parameter for evaluating mortar quality and structural reliability. This
property is influenced by several factors, including the water-cement ratio, aggregate grading and
distribution, and the incorporation of supplementary additives. Among these, the water-cement
ratio (W/C) exerts a decisive influence, as it directly affects porosity and the quality of interparticle
bonding within the hardened matrix. An increased W/C ratio generally results in higher water
content, promoting pore formation and consequently reducing compressive strength.

In recent decades, the development of concrete and mortar technology has increasingly utilized
innovative additives. One promising additive is nanomaterials, especially nano-silica. Nano-silica is
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characterized by its tiny particle size (generally <100 nm) [1] and high specific surface area,
enabling it to fill micro-pores in the concrete matrix, improve the microstructure, react faster with
cement hydration compounds, and improve its strength and durability [2-4]. An environmentally
friendly source of n.ano-silica is fly ash, a by-product of coal combustion that shows great potential
as a partial substitute for cement in mortar. Using fly ash as a source of nano-silica not only adds
value to industrial waste but also supports the concept of waste-to-resource concept in the
construction industry [5]. Various studies show that nano-silica synthesized from fly ash can
significantly improve mortar performance. Fly ash contains a large amount of silica, making it a
suitable raw material for making nano-silica through specific chemical processes such as sol-gel
methods, precipitation, or alkali-acid extraction [6-8]. Previous studies demonstrated that nano-
silica from fly ash can significantly improve the performance of mortar and concrete.

Using nano-silica from fly ash as an additive in mortar has positively affected its physical and
mechanical properties. In general, the addition of nano-silica improves the compressive and tensile
strength of mortar, refines pores microstructure by filling micro-cavities, and improves resistance
to water and aggressive chemicals penetration [9-13]. This improvement is attributed to the
pozzolanic reaction between nano-silica and calcium hydroxide (Ca(OH);), produced during
cement hydration, which generates additional calcium silicate hydrate (C-S-H) compounds [14].
nano-silica can be used either as a dry powder or in colloidal form [15]. Colloidal nano-silica
accelerates the hydration reaction, thereby improving the early strength development of TBNC
[16]. Microstructural characterization has a crucial role in elucidating the mechanisms underlying
material modification induced by the incorporation of nano-silica. X-ray diffraction (XRD) analysis
is utilized to identify crystalline phases such as portlandite, quartz, and calcium silicate hydrate (C-
S-H). Scanning electron microscopy (SEM) provides detailed insights into the topography and
density of the mortar matrix, while Fourier-transform infrared spectroscopy (FTIR) detects
functional groups associated with hydration products, including Si-0, Al-0, and OH bonds.

The observed improvements are believed to result primarily from two mechanisms: the filler effect
of nanoparticles and the water-to-cement (w/c) ratio[15], which is a critical parameter in mortar
mix design[16-17]. An excessively low w/c ratio may hinder hydration and reduce workability,
whereas an excessively high ratio increases porosity and reduces compressive strength. Hence,
assessing the interaction between nano-silica incorporation and the w/c ratio is essential for
optimizing mortar performance. Moreover, utilizing fly ash as a secondary source of nano-silica
provides additional advantages for environmental sustainability. This approach not only minimizes
industrial waste but also reduces cement consumption, thereby lowering carbon emissions
associated with cement production. Consequently, the application of nano-silica derived from fly
ash in mortar systems contributes to enhanced material performance and advances the principles
of sustainable construction and development. Furthermore, this research aims to:

e Examine the effect of nano-silica incorporation on mortar properties, particularly in
improving mechanical performance and microstructural characteristics.

¢ Analyze the effect of the water-to-cement ratio (W/C) and the substitution of 1% to 4% nano-
silica by weight of cement on the compressive strength of mortar, as a key indicator of
mechanical strength.

e Investigate microstructural changes in mortars due to nano-silica substitution through
material characterization using X-ray Diffraction (XRD) to identify crystalline phases,
Scanning Electron Microscopy (SEM) to observe surface morphology and pore structure, and
Fourier Transform Infrared Spectroscopy (FTIR) to identify chemical functional clusters
formed during hydration.

Previous studies reporting the positive effect of nano-silica incorporation in concrete on
mechanical strength and durability mostly focused on the effect of W/C ratio and various resources
of fly ash synthesis. However, few studies have quantified the combined effect of nano-silica dosage
and the w/c ratio on both hydration products and compressive strength using a multi-technique
approach. This research addresses that gap by measuring mortar compressive strength and
conducting characterization analysis using multiple analytical techniques, including X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), and Fourier Transform Infrared
Spectroscopy (FTIR). This study provides a comprehensive explanation of how synthesized nano-
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silica interacts with cement hydration compounds to improve mortar microstructures and
mechanical performance. In other words, the novelty of this work lies in combining optimized in-
house synthesized nano-silica with systematic variations in the w/c ratio and deeper multi-
technique microstructural characterization to provide a holistic view of how nano-silica interacts
with cement hydration products to enhance mortar performance.

2. Materials and Method
2.1. Materials

The main materials used in this study are Portland cement type [, natural fine sand, clean water,
and nano-silica derived from fly ash. The fine aggregate used in the mortar was sourced from
Tanjung Raja, Ogan Ilir Regency.

2.2. Nano-Silica Derived from Fly Ash

Nano-silica was synthesized from fly ash through the sol-gel method [22]. The synthesis process
began by sieving the material through a 200-mesh filter to ensure uniform particle size. The sieved
material was leached with a 4.5 M HNOj; solution under varying liquid-to-solid (L/S) ratios of 1:15,
combined with aging periods of 12 days. The mixture was magnetically stirred for 15 minutes at
room temperature to ensure homogeneity and then filtered to separate the silica-rich filtrate from
insoluble residues such as alumina and iron oxides. The filtrate was aged to form silica gel, which
was washed with deionized water until a neutral pH was achieved. The resulting gel was oven-
dried at 120 °C to obtain amorphous silica powder and subsequently calcined to enhance purity.
The synthesized nano-silica was characterized using XRD to confirm its amorphous nature, XRF to
determine chemical purity, and SEM to observe particle morphology. The overall synthesis process
is presented in Figure 1.

'~ Calcination  Nano Silica
(600°C, 3H)

Stirring \éiihrmiun Aging Dryitllm 1
(120°C)

,1"‘ (15 Minute) < (2days) X :
=i B % (PH neutral)

Aquadest

—\
\

MATERIAL
PREPARATION

Fig 1. Schematic procedure of synthesis for fly ash

2.3. Mortar Mix Proportion

In this study, five mortar mixtures with different w/c ratios (0.4, 0.45 and 0.485) were produced
to evaluate the impact of nano-silica derived from fly ash on compressive strength of mortar. The
mixtures were designated as A, B1, B2, B3, and B4. Mixture A consisted of fine natural aggregate,
cement, and water, while mixtures B1, B2, B3, and B4 contained varying nano-silica contents. Nano-
silica was used to partially replace cement at 1%, 2%, 3%, and 4% by weight [11] . In the initial
mixing step, the binder-to-sand ratio was maintained at 1:2.75, with w/c ratios of 0.4, 0.45, and
0.485. Cubes with size 50 x 50 x50 mm were prepared for compressive strength testing. Each mold
was filled in two layers, with each layer compacted using four rounds of tamping, totaling 32
strokes, to ensure uniform filling and prevent segregation. After tamping, the mortar surface was
allowed to slightly protrude above the mold, then leveled using the flat side of a trowel drawn once
across the top and along the mold’s length. Following molding, the specimens placed were in the
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moist room for 24 hours. The mortar samples' compressive strength (CS) tests were determined
after 28 days of curing. Table 1 illustrates the mixture proportions of the mortar specimens.

Table 1. Mixture proportions of mortar

No w/cratio Sample w/c Cement Fine aggregate Nano-silica
Code (gr) (gr) (gr) (gr)

1 0.4 A 244.80 612.00 1430 0

2 0.4 B1 244.80 601.58 1430 10.43
3 0.4 B2 244.80 591.15 1430 20.85
4 0.4 B3 244.80 580.72 1430 31.28
5 0.4 B4 244.80 570.30 1430 41.70
1 0.45 A 275.40 612,00 1430 0

2 0.45 B1 275.40 601.58 1430 10.43
3 0.45 B2 275.40 591.15 1430 20.85
4 0.45 B3 275.40 580.72 1430 31.28
5 0.45 B4 275.40 570.30 1430 41.70
1 0.485 A 296.82 612,00 1430 0

2 0.485 B1 296.82 601.58 1430 10.43
3 0.485 B2 296.82 591.15 1430 20.85
4 0.485 B3 296.82 580.72 1430 31.28
5 0.485 B4 296.82 570.30 1430 41.70

where; A is mortar mix without nano-silica, B refers to the mixes with various substitution
proportions.

2.4. Compressive Strength Testing

The compressive strength test was conducted after 28 days using a universal compression testing
machine in accordance with ASTM C109 standards. Six specimens were tested for each mix
variation, and the average value was recorded as the representative strength. The 28-day period
was selected as it is the standard reference for evaluating the final strength of cement-based
materials. This test aimed to determine the effect of nano-silica addition and different water-to-
cement ratios on mortar performance.

2.5. Characterization of Microstructures

Mortar microstructures were characterized using SEM to examine morphology, X-ray diffraction to
identify and analyze crystalline phases, and FTIR to identify functional groups. Scanning electron
microscopy with energy-dispersive X-ray (SEM/ EDX) type Phenom Pro Desktop was used to
analyze the morphology and elemental compositions of mortar and silica. A Fourier Transform
Infrared (FTIR) spectrum (Perkin-Elmer 2000) was obtained from pellets prepared by mixing the
sample with spectroscopic-grade KBr at a mass ratio of 1:100 and analyzed over a wave number
range of 4000-400 cm-!. X-ray diffraction (XRD) patterns were recorded using a X-ray
diffractometer (RIGAKU Miniflex 600 instrument) operated at 30 V and 10 mA, scanning diffraction
angles from 10° to 800 (20) at a rate of 81 min-1. Particle size distribution was measured by dynamic
light scattering (DLS) at 25 °C with a dispersant refractive index of 1.3328 and viscosity of 0.8878
cP.

3. Results and Discussion

3.1. Characteristic of Nano-silica

The chemical composition of the synthesized nano-silica, measured using an XRF analytical device,
is presented in Table 2, displaying a high nano-silica percentage of over 98%. While the X-Ray
Diffraction (XRD) characterization results are shown in Fig. 2a. As illustrated, a broad and low-
intensity peak appears at approximately 20 = 22°, a typical feature of amorphous SiO,, indicating
the amorphous nature of the material [19]. The moderate peak intensity (~520 cps) also confirms
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the absence of long-range crystalline order. Area integration indicates that approximately 88-92
% of the material is amorphous, with no detectable quartz or cristobalite peaks. In other words, the
absence of sharp crystalline peaks confirms that the silica structure has been successfully
converted into an amorphous form signifying that the sol-gel synthesis has produced high-purity
amorphous nano-silica (98.37 % SiO, from XRF) which is crucial for enhancing pozzolan reactivity
in the mortar mixture.

Furthermore, the FTIR spectrum of the synthesized nano-silica (Fig. 2b) reveals distinct absorption
characteristic of amorphous SiO,. A broad band centered near 3440 cm™ corresponds to O-H
stretching vibrations of surface silanol groups and adsorbed moisture, while the shoulder at
approximately 1630 cm™* represents the bending mode of molecular water. The dominant peak at
1080 cm™, showing a ~65 % reduction in transmittance, is signaled to asymmetric Si-O-Si
stretching within the silicate network, confirming extensive polymerization of SiO, tetrahedra.
Additional absorptions at around 800 cm™ (symmetric Si-0-Si) and 460 cm™ (Si-O bending)
further substantiate the presence of a non-crystalline silica framework, while the strong O-H
relates to a hydroxyl-rich surface favorable for pozzolanic reactivity. These functional groups
confirm the presence of amorphous silica structure with a high potential to form chemical bonds
with the cement matrix. This aligns with research conducted by [23], which described similar FTIR
spectra for extracted silica.
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SEM images at 10000x magnification

Fig. 2. Characterization results of nano-silica

SEM images at 10000x magnification (figure 2c) showed that the synthesized nano-silica particles
have irregular shapes and tend to form agglomerations, which may limit the dispersibility due to
persistent clustering after processing. Detailed analysis also identifies nanometer-sized primary
particles evenly distributed across the matrix. PSA results (figure 2d) showed a median
hydrodynamic diameter (D50) of 70.8 nm, consistent with the primary particle size observed in the
SEM images (<100 nm), indicating that most particles are in the nano size range [5,19.21,22]
{Formatting Citation}. This distribution pattern indicates the successful synthesis of nano-silica
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with dominant particle sizes below 100 nm, an important feature for reaching high surface area
and enhanced reactivity [25]. The minor agglomerations observed in the SEM images are likely
attributed to the drying process during sample preparation. The difference between SEM and PSA
measurements occurs because PSA detects the hydrodynamic diameters of particles in suspension,
accounting for solvation and particle interactions, where particle size measurement was performed
at a 25°C using water (H,0) as the dispersing medium. Water was selected for its inertness and
optical stability, ensuring accurate particle dispersion analysis. The solvent’s physical parameters
included a refractive index of 1.3328 and a viscosity of 0.8878 cP, consistent with water properties
at 25°C. The scattering intensity of 9380 cps indicated a stable particle suspension with sufficient
signal strength for accurate particle size determination, while SEM reveals only the dry core size.
These characterization findings confirm that the synthesized material corresponds to amorphous
nano-silica with favorable particle size distribution, irregular morphology, and active functional
groups. Such properties highlight its potential as an additive in mortar systems, contributing to
enhanced strength, density, and microstructural performance.

Table 2. Chemical composition of nano-silica (%)

XRF Analysis Results (%)

Sample
Si02 Fe203 Ca0 TiO2 Al203 Cr203 MgO Naz0 K20

Nano-silica 98.387 0.052 0.535 0.075 0.589 0.013 0.144 0.206 <0.010

3.2. Compressive Strength Test Results

The slump, compressive strength and standard deviation of the mortar are illustrated in Tables 3-
5. The compressive strength data showed a significant increase in samples with 1% - 4% nano-
silica substitution. The range of nano-silica percentage was determined based on effectiveness and
efficiency aspects from preliminary tests and previous studies [10,12-13]. In this work, the highest
compressive strength was recorded at 1% nano-silica with a w/c ratio of 0.4, reaching 35.07 MPa.

Table 3. The compressive strength of mortar

w/cratio Average of the compressive strength (Mpa)
A B1 B2 B3 B4
0.4 27.17 35.07 31.98 27.27 25.68
0.45 26.12 33.51 29.45 27.17 24.97
0.485 25.80 30.88 26.99 25.54 23.80

The slump test results revealed that the slump value of the mortar increased with a higher water-
to-cement (w/c) ratio but decreased with increasing nano-silica substitution. For plain mortar, the
slump rose from 42 mm at w/c = 0.40 to 68 mm at w/c = 0.485, indicating improved workability
due to higher water content. However, the inclusion of 1-4% nano-silica caused a consistent
reduction in slump at each w/c ratio. For example, at w/c = 0.45, the slump decreased from 53 mm
to 50 mm, 45 mm, 40 mm, and 38 mm for 1%, 2%, 3%, and 4% nano-silica substitution,
respectively.

Table 4. Slump test of mortar

w/c ratio Slump Test (mm)
A B1 B2 B3 B4
0.4 42 38 32 30 27
0.45 53 50 45 40 38
0.485 68 61 60 56 50

This reduction in slump is primarily attributed to the high specific surface area and hydrophilic
nature of nano-silica particles, which absorb part of the mixing water and decrease the amount of
free water available for lubrication in the mixture. Furthermore, nano-silica particles enhance early
hydration reactions and increase the viscosity of fresh mortar. In order to evaluate the effect of
moisture content (40%, 45%, 48.5%) and mixture type (B1, B2, B3, B4) on the compressive
strength of the mortar, a two-way ANOVA analysis without replication was performed. In this
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study, the normality and homogeneity of variances were not specifically tested. The calculation
results are presented in Table 6, showing the critical F, p-value, and F values for each factor. The
analysis indicates that both moisture content factor and the mixture type significantly influence the
compressive strength of the mortar. For the moisture content factor, the F value (13.67) exceeds
the critical F (4.46), with a p-value of 0.00 (< 0.05). This shows that changes in moisture content
significantly influence the compressive strength of the mortar. In general, increased moisture
content tends to reduce compressive strength, consistent with the theory that a higher water-
cement ratio results in greater porosity and lower strength

Table 5. The Standard Deviation of mortar

w/cratio Standard Deviation of mortar sample
A Bl B2 B3 B4
0.4 1,717256 2,115716 1,583217 2,295192 0,999455
0.45 1,982225 1,806671 2,410744 1,958362 3,377973
0.485 1,546536 1,584373 0,987413 1,52422 2,685088

Table 6. Output for two-factor ANOVA analysis for mortar (MPa)

Source of sS df MS F P-value F crit
Variation

Rows 20,22 2 10,11 13,67 0,00 4,46
Columns 129,88 4 32,47 43,91 0,00 3,84

Error 5,92 8 0,74

Total 156,01 14

The mixed-type factor also had a very significant influence, with F = 43.91 greater than the critical
F = 3.84, and p-value = 0.00 (< 0.05). This indicates that differences in material composition among
mixtures (B1-B4) significantly affected the resulting compressive strength. Based on average
values, B1 mixture showed the highest compressive strength (33.15 MPa), while B4 produced the
lowest compressive strength (24.82 MPa). These variations may be attributed to differences in fine
aggregates, additives types, or workability that affect the mortar’s density after hardening. The
error value was relatively small (SS = 5.92, MS = 0.74), indicating that the variation in the test data
remained within reasonable limits and that the results were consistent between replications. The
total data variation was 156.01, with the largest proportion attributed to the influence of mixture
factors (about 83% of the total SS). Thus, the results of this two-way ANOVA without replication
confirm that both moisture content and mixture type significantly influence the compressive
strength of mortar. In addition, the mixture type factor contributes to a more dominant variation
than moisture content. Despite having limited view regarding mechanical performance, the
findings of this 28-day compressive strength study align with the basic principle of concrete
technology that optimizing material composition has a greater influence on strength than
variations in moisture content in a limited range.

Figure 3 presents the compressive strength test results along with standard deviation of the
mortar. It demonstrates that incorporating the additive markedly affected the samples’ mechanical
properties. The control specimen reached an average compressive strength of 25-27 MPa. At 1%
nano-silica, the compressive strength peaked, notably in B1, reaching nearly 35 MPa. This
improvement is attributed to nano-silica, filling micro-pores, refining the microstructure, and
intensifying the pozzolanic reaction, thereby generating more C-S-H gel.

When the nano-silica dosage exceeded 1%, compressive strength progressively decreased. At 2%
nano-silica, compressive strength ranged from 26 to 31 MPa and declined further at 3% and 4%,
approaching or falling below the control value. This reduction is attributed to particle
agglomeration, insufficient dispersion, and increased water demand, which reduce the density of
the cement matrix and weaken interfacial bonding. The results demonstrate that a 1% additive
dosage maximizes compressive strength, while higher dosages do not provide further
improvement and instead reduce strength. These findings highlight the importance of identifying
the optimal nanomaterial content to achieve the desired performance in mortar.
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Fig. 3. Compressive strength of mortar

This work aligns with previous studies [16], which found that the enhancement of compressive
strength continued as the CNS concentration increased up to 1% and slightly reduced at 2% and
3%. The decrease in CS may be attributed to particle separation due to excess nanoparticles or
agglomeration caused by poor dispersion, which affects the pore structure of the concrete and
decreases its strength. Furthermore [27], demonstrated that carefully controlled nanoparticle
additions can enhance the early-age strength development of cement mortar without significantly
altering its density or ultrasonic properties, making them promising additives for sustainable, high-
performance construction materials. This finding also aligns with other studies, which reported
that higher nano-silica content may be less effective due to particle agglomeration that reduces the
workability of the concrete mixture [28].

3.3. XRD Test Result

Figure 4 shows X-ray diffraction (XRD) patterns of six mortar samples. The XRD analysis showed a
decrease in the relative intensity of the portlandite (Ca(OH),) peaks at 20 ~ 18° and 34° in mortars
containing nano-silica, compared to the control mortar. The intensity ratio of portlandite to quartz,
used as an inert reference phase, decreased consistently with increasing nano-silica content,
indicating a pozzolanic reaction between amorphous Ca(OH); and SiO, in nano-silica. Atthe same
time, a broad hump appeared in the range of 28-34°, which is characteristic of amorphous C-S-H.
According to [29], the high surface area of NS facilitated the formation of new C-S-H bonds, thereby
enhancing mortar strength. This confirms that nano-silica substitution not only consumes
portlandite but also accelerates the formation of C-S-H, the main hydration product acting as the
strength contributor.
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Fig. 4. XRD mortar pattern

Thus, the increase in compressive strength in mortars with nano-silica is mainly due to the
pozzolanic mechanism, namely the consumption of Ca(OH), and the increased C-S-H formation,
which improve the matrix microstructure and reduce porosity. The compressive strength test
results show that the addition of nano-silica consistently increases strength across water-to-
cement ratio. Overall, at every w/c ratio, the 1% nano-silica composition produced the highest
value, while higher nano-silica content led to a decrease. This pattern aligns with the XRD results,
which show a decreased portlandite peak intensity and a more pronounced amorphous C-S-H
hump at 1% nano-silica, indicating the most efficient pozzolanic reaction. At 2% nano-silica,
portlandite consumption remains evident but less significant by 1%, whereas at 3-4% the
portlandite intensity stabilizes or slightly increases, corresponding with decreased compressive
strength due to particle agglomeration and reduced reaction effectiveness. This correlation
confirms that maximum strength is achieved when the portlandite consumption and C-S-H
formation occur at approximately 1% nano-silica addition by cement mass. Furthermore, X-ray
Diffraction (XRD) analysis showed that the nano-silica substitution derived from fly ash affected
the composition of the hydrate phase in the mortar. The mixture containing 1% nano-silica and a
w/cof 0.40 showed a decrease in the peak intensity of calcium hydroxide (Ca(OH).), while the peak
associated with calcium silicate hydrate (C-S-H) increased, indicating a pozzolan reaction. This
phenomena is attributed to the reaction between nano-silica and Ca(OH), during hydration,
resulting in additional C-S-H formation that increases strength and density of the microstructure,
as depicted in the following reaction:

SiOz(nano) + Ca(OH)2+H20— C—S—H (1)

Based on the above reaction, the hydration mechanism begins with nano-silica from fly ash
entering the hydration system and acting as highly reactive amorphous SiO,. It serves as a
nucleation site that consumes Ca(OH), through pozzolanic reactions to produce secondary C-S-H
[18]. Although this process may reduce porosity, it increases the compressive strength of the
mortar.
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3.4. FT-IR Test Results

The FTIR test was performed using certified reference materials and known silica mineral samples,
following the manufacturer’s recommended procedures. The FTIR spectrum showed a shift in the
Si-0-Si absorption band at around 1000-1100 cm-1 in samples containing nano-silica, indicating
formation of more structured hydrated silicates (Fig. 5).

The intensity of the OH band also changed, indicating the interaction of nano-silica with water
coordinated in the matrix. This finding aligns with XRD pattern analysis, which explains the
increase in mechanical strength, especially in terms of chemical bonding in the mortar
microstructure. The FTIR spectrum depicts the response of the chemical functional groups of each
mortar sample in the wavenumber range of 4000-500 cm™*. All samples, both the control (A) and
the 1% nano-silica substitution (B1), showed similar absorption patterns, with some differences in
intensity and peak sharpness reflecting changes in chemical structure due to the addition of nano-
silica.
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Fig. 5. Spectrum FT-IR mortar specimen

Table 5 presents the summary of FTIR bands, assignments, dominant samples, and implications for
mortar control (A) and mortar with nano-silica substitution. The strong absorption band around
3400 cm™* corresponds to the stretching vibration of the -OH group, originating from bound water
and hydroxyl groups in cement hydrate structures such as C-S-H (Calcium Silicate Hydrate) and
ettringite. This peak appears slightly more intense in samples with nano-silica addition, suggesting
increased bound water associated with the formation of more hydration phases. While having
indication of acceptable reproducibility and data reliability of ANOVA with small error value (SS =
5.92, MS = 0.74), this study also acknowledged that there was experimental uncertainty.

The FTIR results showing increased intensity of the silanol (~960 cm™) and O-H (3200-3500
cm™') bands in samples with nano-silica align with the XRD findings, where the diffraction pattern
is dominated by broad amorphous silica peaks. This confirms that the material formed is
amorphous, with an imperfect level of silica tissue condensation, leaving reactive silanol groups.
This trend is reinforced by SEM results, which show a porous morphology with nano-micro sized
particles and irregular agglomeration. The porous structure and the presence of active silanol
groups simultaneously increase the specific surface area and chemical reactivity of the material.
Thus, the correlation among FTIR, XRD, and SEM suggests that nano-silica not only alters the
chemical composition (increased silanol groups) but also influences structural regularity
(amorphous phase) and micro texture (porous morphology), thereby improving the reactivity
potential of fly ash-based nano-silica.
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Table 5. Summary of FTIR bands, assignments, dominant samples, and implications

Wavenumber

(cm™) Assignment Dominant sample Interpretive implications
Increased OH — indicates more
3400-3200 Strain O-H (silanol, More clearly on silanol/water bound groups —
(Wide) adsorbed water) B1.04, B2.045 surface area and higher surface
reactivity
Bending H-0-H Stronger on B1.04 Higher water content = open pore
~1630 (dissorbed water) B2 045 structure and more hydrophilic
material
Si-0-Si asvmmetric All samples. main Indicates a silica skeleton is formed;
1100-1000 yn pres, Position shifts may reflect the
stretching tape . AR
degree of tissue polymerization
~960 Si-OH stretching / Si- More clearly on nigif::gg:g; r;s(;’;y :;Ehlssga}?id}:e} .
0-Ca (silanol, C-S-H) B1.04, B2.045 . Anotgroup &
chemical reactivity and lower silica
condensation
Indicates the presence of
Si-0-Si symmetric tetrahedral SiO,4 — the stability of
800 stretching All samples the silica base structure is
maintained
The presence of carbonation — can
1450 & 875 C03%™ (carbonate, Moderate intensity in  reduce the purity of silica, but it also
from CO, exposure) all samples indicates interaction with the
environment
Si-0 / Al-0-Si Demonstrated the contribution of fly
500-470 Bending All samples ash (aluminosilicate) — indication of
(aluminosilicate) the Si-Al mixture in tissues

3.5. SEM Test Results

Figure 6-7 presents the SEM-EDX Micrographs of control mortar (A0.4) and mortar substituted
with 1% nano-silica (B1.04), respectively. Figure 6 shows a relatively porous and non-
homogeneous surface morphology, with microcracks distributed throughout the observed area.
These cracks indicate internal stresses that may result from autogenic shrinkage, moisture
differences, or imbalances in the hydration process. The accompanying EDX spectrum displays the
dominant peaks of oxygen (0) and silicon (Si), along with significant signals of calcium (Ca),
aluminum (Al), sodium (Na), and magnesium (Mg), elements typically found in cement hydration
phase. The high Si/0 ratio confirms the formation of hydrated silicate phases, while the presence
of Ca indicates the contribution of hydration products such as calcium silicate hydrate (C-S-H) and
possible portlandite residues (Ca(OH);).

In contrast, Fig. 7 presents the SEM-EDX micrographs of mortar substituted with 1% nano-silica
(B1.04). It features a denser and more compact surface, with a texture dominated by smooth layers
and clusters of bound particles, indicating further hydration. This area has lower porosity, which
microstructurally implies increased mechanical resistance. The EDX spectrum exhibits O, Si, and Ca
peaks with relatively balanced intensity, indicating a more uniform formation of C-S-H and higher
consumption of Ca(OH), through pozzolanic reactions. The combination of morphological and
elemental information suggests that a more complete hydration process contributes to crack
reduction and increased matrix density, thereby increasing the mortar’s compressive strength and
durability. This suggests that using 4.5 M HNO3 and 12-day aging likely produces chemically active
nano-silica that disperses effectively within the mortar system.
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Fig. 7.SEM-EDX Micrographs of mortar specimen with partial substitution nano-silica

Scanning Electron Microscopy (SEM) results support this finding, showing that mortar with nano-
silica shows a denser matrix structure and a smaller, homogeneous pore distribution than the
control mortar. At the optimum 1% substitution, capillary pores are almost covered with C-S-H gel
and uniformly dispersed nano-silica particles. Conversely, at nano-silica levels above 1%, particle
agglomeration occurs, forming local cavities that may act as structural weak points.

The observation on the relationship amongst strength trend (optimum at 1 %), microstructural
evidence, and slump values can also be clarified. The optimum compressive strength obtained at
1% nano-silica addition (35.07 MPa at w/c = 0.40) is closely associated with the microstructural
densification evident in the SEM micrographs (Fig. 7), which display a compact matrix with
markedly reduced porosity resulting from enhanced C-S-H gel formation. Meanwhile, the
concurrent decline in slump values with increasing nano-silica content (Table 4) informing that the
nanoparticles absorbed free water and refined the pore network, thereby improving packing
density and mechanical integrity at low dosages. At higher substitution levels (>1%), particle
agglomeration and elevated water demand adversely affected workability and hindered strength
development.

5. Conclusions
Based on the findings of this study, the following conclusions can be drawn:

e The incorporation of fly ash-derived nano-silica significantly influences the mechanical and
microstructural properties of mortar, although this study was limited to a single curing age
and did not assess durability. Compressive strength testing demonstrated that, within the
selected nano-silica and W/C ranges, the optimum nano-silica dosage of 1% combined with
aW/Cratio of 0.40 yielded a maximum compressive strength of 35.07 MPa—an increase over
29% compared to the control mix. This improvement is primarily attributed to the dual role
of nano-silica as a pozzolanic reactant and micro filler, which promotes the consumption of
Ca(OH); from cement hydration to form additional C-S-H gel while filling micro-pores,
producing a denser and more homogeneous matrix.
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e The 29% increase in mortar compressive strength at a w/c ratio of 0.40 suggests the
potential to reduce cement content in the mixture by 27-40%. Determining the exact
replacement level requires dedicated mix trials with incremental cement reductions, which
are recommended as a key focus for future research.

e Mechanical testing and microstructural characterization confirm that the strength gain in
mortar with 1% nano-silica at a W/C ratio of 0.40 arises from two principal mechanisms: (i)
the filler effect, which reduces porosity by blocking capillary voids, and (ii) the pozzolanic
reaction, which generates additional C-S-H phases, enhancing matrix density and strength.
In contrast, higher nano-silica dosages reduced compressive strength, largely due to particle
agglomeration creating weak zones and disrupting matrix integrity. These findings
underscore that the effective application of fly ash-derived nano-silica in mortar requires
both an optimized dosage and a suitable W/C ratio to ensure adequate particle dispersion.

e XRD analysis showed a decrease in portlandite peak intensity and a corresponding increase
in C-S-H phase development in samples containing 1% nano-silica, confirming an enhanced
pozzolanic reaction. FTIR spectra supported this observation, showing a shift in the Si-0-Si
absorption band and increased -OH band intensity, reflecting more polymerized silicate
networks and a greater abundance of hydrate phases. SEM micrographs corroborated these
results, illustrating reduced porosity, more uniform particle dispersion, and improved paste-
aggregate interfacial bonding in the 1% nano-silica mix compared to the control. In contrast,
excessive nano-silica incorporation (>1%) negatively impacted compressive strength, due to
agglomeration effects, elevated water demand, and reduced pozzolanic efficiency.

e The indication of 28-day compressive strength study may provide a limited view of
mechanical performance; therefore, future research could be suggested to include early-age
(3 and 7 days) and long-term (56 and 90 days) measurements to get better insight regarding
the pattern of strength development pattern and pozzolanic kinetic reaction between nano-
silica and cement hydration products.

e Beyond mechanical and microstructural improvements, this study highlights the
sustainability potential of utilizing fly ash as a source of nano-silica. This approach reduces
cement consumption, mitigates industrial waste, and lowers carbon emissions, offering both
environmental and economic advantages for the construction industry.

¢ [n addition to compressive strength, durability is crucial for long-term performance. This
study did not include durability tests; therefore, future research focusing on water
absorption or sorptivity is recommended to strengthen the findings and support the
material’s practical application.
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