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ABSTRACT 

The development of non-polymeric, environmentally resilient radiative cooling materials is critical for reducing 

passive heat loads in buildings. This study reports the novel use of biogenic SiO₂ nanoparticles derived from diatomaceous 

biosludge as multifunctional modifiers for geopolymer-based radiative cooling coatings. The biosludge-derived silica was 

processed into nanoscale SiO₂ and functionalized using 3-aminopropyltriethoxysilane (APTES) to improve dispersion and 

interfacial compatibility within the geopolymer matrix. Three systems were investigated: a plain geopolymer, a geopolymer 

with unfunctionalized biogenic nano-SiO₂, and a geopolymer with APTES-functionalized biogenic nano-SiO₂. 

Characterization (XRD, FTIR, SEM/EDX, TGA, UV–Vis–NIR, and infrared emissivity) revealed that biogenic nano-SiO₂ 

actively participated in geopolymer gel formation, refining the pore structure and improving thermal stability. APTES-

functionalized biogenic SiO₂ produced the most pronounced improvements, yielding a densely crosslinked aluminosilicate 

matrix with enhanced broadband solar reflectance (~36%), near-unity infrared emissivity (8–13 μm), and the highest 

compressive strength (32.4 MPa). Outdoor field measurements confirmed that the APTES-functionalized coating 

consistently achieved 2–3 °C sub-ambient daytime cooling under direct solar exposure, whereas the plain geopolymer 

exhibited above-ambient temperatures. These results demonstrate that waste-derived, surface-functionalized biogenic silica 

provides a sustainable, scalable route for tuning the structural and optical properties of geopolymers for passive thermal 

management. 

Keywords: Geopolymer coatings; Radiative cooling; Biogenic SiO₂ nanoparticles; Diatomaceous biosludge; APTES 

functionalization; Infrared emissivity; Solar reflectance; Sustainable materials; Passive cooling. 

1. INTRODUCTION  

The rapid growth in global energy consumption 

associated with space cooling has created an urgent need 

for materials capable of reducing thermal loads without 

relying on electricity-driven systems. Buildings alone 

account for nearly 40% of worldwide energy use, a 

significant portion of which is dedicated to air-

conditioning technologies that rely heavily on fossil-

derived electricity sources (Hitchin, 2019). As urban 

populations continue to expand and climate patterns shift 

towards more extreme temperatures, passive cooling 

technologies have gained increasing attention as a 

sustainable alternative to conventional cooling strategies 

(Hughes et al. 2011; Li et al. 2017; Chetan et al. 2020). 

Among them, sub-ambient daytime radiative cooling 

(SDRC) has emerged as a promising technique capable 

of lowering surface temperatures below ambient values 

under direct sunlight, without any external energy input 

(Li et al. 2020). SDRC materials achieve cooling by 

reflecting incident solar radiation while simultaneously 

emitting thermal radiation through the atmospheric 

transparency window (8–13 μm) into outer space (Gao 

and Chen, 2023). Although impressive progress has been 

made through photonic structures and metamaterials 

capable of selective spectral control, such systems often 

require complex fabrication processes, vacuum 

deposition, or metallic back reflectors, all of which 

hinder large-scale application due to cost and durability 

concerns (Griffith et al. 2015). This challenge has 

motivated the exploration of inorganic coating systems 

that can be produced at low cost, applied using 

conventional coating techniques, and exhibit long-term 

stability under harsh environmental conditions. In this 

regard, geopolymers—inorganic aluminosilicate binders 

formed by the alkaline activation of kaolinitic or 

industrial aluminosilicate precursors—are particularly 

attractive (Kryvenko et al. 2024). Their three-

dimensional, amorphous aluminosilicate framework 

provides high chemical resistance, inherent fire 
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resistance, and environmental benefits due to the absence 

of Portland clinker production (Vignesh et al. 2025). 

More importantly, geopolymers possess intrinsic high 

infrared emissivity due to Si–O–Al vibrational modes, 

which naturally coincide with the atmospheric window, 

making them promising candidates for radiative cooling 

coatings (Liu et al. 2025). However, the solar reflectance 

of unmodified geopolymers remains insufficient for 

efficient daytime cooling, primarily due to their limited 

capacity to scatter incoming solar radiation.  

Recent studies show that incorporating optically 

active fillers such as TiO₂, Al₂O₃, and BaSO₄ enhances 

solar reflectance in geopolymers through Mie scattering 

(Veloso et al. 2021; Ziada et al. 2025). However, these 

fillers interact merely physically with the matrix. Silica 

nanoparticles (SiO₂), conversely, offer high surface area 

and chemical reactivity, allowing them to participate 

directly in geopolymer gel formation. This refines pore 

structure and simultaneously improves solar reflectance 

and infrared emissivity. Because pristine SiO₂ 

nanoparticles tend to agglomerate, surface 

functionalization with silane coupling agents such as 3-

aminopropyltriethoxysilane (APTES) is necessary to 

ensure stable dispersion and robust interfacial bonding 

(Si–O–Si) within the highly alkaline geopolymer 

environment (Jagajeevan and Sivakumar, 2026). Despite 

these advantages, the combined influence of 

functionalized nanoparticles on the optical, structural, 

and sub-ambient cooling performance of geopolymer 

binders remains underexplored. An additional and largely 

unexplored opportunity lies in the use of waste-derived 

biogenic silica as an alternative to synthetic nanosilica. 

Diatomaceous biosludge, a by-product of wastewater 

treatment processes, represents an abundant and under-

utilized source of amorphous biogenic SiO₂. Unlike 

industrial silica, biogenic silica possesses a hierarchically 

textured surface, intrinsic disorder, and high chemical 

reactivity, which can enhance dissolution and 

polycondensation behavior in alkaline environments. 

Integrating such waste-derived nanosilica into 

geopolymer matrices not only improves material 

performance but also aligns radiative cooling 

technologies with circular economy and sustainable 

construction principles. To address this gap, the present 

study investigates the role of unfunctionalized and 

APTES-functionalized biogenic SiO₂ nanoparticles 

derived from diatomaceous biosludge (DE-SiO₂) in 

enhancing the radiative cooling performance of 

geopolymer coatings. Three systems were prepared: (i) 

plain geopolymer, (ii) geopolymer modified with pristine 

SiO₂ nanoparticles, and (iii) geopolymer modified with 

APTES-functionalized SiO₂ nanoparticles. 

Comprehensive characterization was conducted to 

examine their optical performance (solar reflectance and 

infrared emissivity), structural evolution (XRD, FTIR), 

microstructure (SEM), thermal stability (TGA–DTA), 

and mechanical properties. Field testing was also 

performed to quantify sub-ambient cooling performance 

under natural climatic conditions. The outcomes of this 

study provide key insights into the structure–property–

performance relationships governing nanoparticle-

modified geopolymers and demonstrate the potential of 

functionalized silica for scalable, environmentally 

friendly radiative cooling coatings. Ultimately, this work 

contributes to the development of next-generation 

inorganic cooling materials capable of reducing building 

energy demand while offering long-term stability and 

minimal environmental impact. 

2. MATERIALS AND METHODS 

2.1 Materials 

The precursor material used in this study was a 

high-reactivity metakaolin, selected for its high 

amorphous content and consistent purity, properties 

known to facilitate effective geopolymerization under 

ambient curing. The alkaline activator solution consisted 

of a mixture of sodium hydroxide and sodium silicate, 

prepared freshly for each batch to ensure stable 

dissolution conditions and avoid premature gelation of 

silicate species. Biogenic silica nanoparticles, with an 

average particle size of 20–30 nm, derived from 

diatomaceous biosludge, were used as the baseline 

nanofiller. The biosludge served as a sustainable silica 

source rich in amorphous diatom frustules, enabling the 

production of highly reactive biogenic nanosilica suitable 

for geopolymer modification. Due to their high surface 

energy and associated tendency to agglomerate, a portion 

of the SiO₂ nanoparticles underwent surface modification 

using APTES, a silane coupling agent widely applied to 

enhance nanoparticle compatibility in aqueous or 

alkaline media. Ethanol and deionized water were used 

as solvents in the functionalization process. All raw 

materials were stored in sealed containers to minimize 

moisture adsorption and chemical degradation. Their 

chemical and physical properties were verified prior to 

use to ensure consistency with standard specifications 

(Table 1). 

2.2 Synthesis of Biogenic SiO₂ Nanoparticles 
from Diatomaceous Biosludge 

Diatomaceous biosludge was collected from the 

secondary sedimentation unit of a municipal wastewater 

treatment facility located in South India. This biosludge 

is predominantly composed of diatom frustules, which 

consist of amorphous biogenic silica formed through 

biological mineralization processes. The collected 

biosludge was first oven-dried at 105 °C for 24 h to 

remove free moisture and then mechanically ground to 

obtain a uniform powder. To eliminate residual organic 

matter while preserving the amorphous silica framework, 

the dried biosludge was subjected to controlled 

calcination at 600 °C for 3 h in a muffle furnace. This 

temperature was selected to ensure complete 

decomposition of organic residues without inducing 
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crystallization of the biogenic silica. The calcined 

material was subsequently dispersed in 2 M NaOH 

solution and heated at 90 °C under continuous stirring for 

2 h to promote alkaline dissolution of silica species. The 

resulting sodium silicate-rich solution was filtered to 

remove insoluble mineral impurities. Biogenic silica was 

precipitated by the slow, dropwise addition of dilute 

hydrochloric acid under constant stirring until a neutral 

pH (≈7) was achieved. The precipitate was aged for 12 h 

to ensure complete condensation of silanol groups and 

then washed repeatedly with deionized water to remove 

residual sodium and chloride ions. The washed silica gel 

was dried at 80 °C for 24 h and lightly ground. To obtain 

nanoscale biogenic SiO₂, the dried powder was subjected 

to high-energy ball milling followed by ultrasonication in 

deionized water. This combined top-down approach 

produced biogenic silica nanoparticles with an average 

particle size of 20–30 nm and a predominantly 

amorphous structure. The resulting biogenic nanosilica 

exhibited a high density of surface silanol (–Si–OH) 

groups, making it particularly suitable for subsequent 

silane functionalization and effective participation in 

geopolymer gel formation. The overall silica recovery 

yield from the biosludge was approximately 65–70%, 

indicating the feasibility of scalable silica extraction from 

wastewater-derived diatomaceous residues. 

2.3 Functionalization of SiO₂ with APTES 

Functionalized silica nanoparticles were 

prepared through a silanization route involving 

hydrolysis and condensation reactions. The process 

began by dispersing biogenic SiO₂ nanoparticles derived 

from diatomaceous biosludge in a 70:30 ethanol–water 

mixture, followed by ultrasonic agitation to reduce soft 

agglomerates. APTES was hydrolyzed separately in the 

same solvent system under mildly acidic conditions (pH 

≈ 4.5), a requirement for the activation of ethoxy groups. 

The hydrolyzed silane solution was then added dropwise 

to the silica dispersion under continuous stirring, 

allowing the APTES molecules to form covalent Si–O–

Si bonds with surface hydroxyl groups on the 

nanoparticles. 

The suspension was stirred for 2 h and 

subsequently heated to promote condensation. The 

modified nanoparticles were recovered by centrifugation, 

washed with ethanol to remove unreacted silane, and 

dried at 60 °C. The dried powder was lightly ground to 

maintain a uniform particle size distribution. Fig. 1 

illustrates the synthesis of silica nanoparticles from 

diatomaceous biosludge. FTIR spectroscopy later 

confirmed successful grafting by the presence of N–H 

bending and C–H stretching vibrations associated with 

the APTES functional groups. The functionalized 

nanoparticles were expected to exhibit improved 

dispersion in the geopolymer slurry, reduced 

agglomeration, and enhanced compatibility with the 

aluminosilicate gel. The high density of surface silanol 

groups inherent to biogenic SiO₂ significantly enhanced 

the efficiency of APTES grafting compared to 

conventional synthetic silica. This resulted in improved 

steric stabilization, reduced nanoparticle agglomeration, 

and stronger interfacial compatibility with the 

geopolymer matrix. The functionalized biogenic 

nanosilica was therefore expected to promote more 

uniform gel formation and superior structure–property 

synergy in the resulting geopolymer coatings. 

2.4 Preparation of Geopolymer Coatings 

Three geopolymer systems were synthesized for 

comparative evaluation: a plain geopolymer (serving as 

the control group), a geopolymer containing 

unfunctionalized biogenic SiO₂ nanoparticles derived 

from diatomaceous biosludge, and a geopolymer 

incorporating APTES-functionalized biogenic SiO₂ 

nanoparticles. For all systems, the alkaline activator was 

prepared by dissolving NaOH pellets in deionized water 

and cooling the solution to room temperature before 

blending with sodium silicate (Table 2). This controlled 

preparation minimized temperature-driven reaction 

variability. 

Table 1. Chemical and physical properties of raw materials  

Material 

Chemical 

Composition / 

Functional 

Groups 

Physical Properties Remarks 

Metakaolin 

SiO₂: 52–55%; 

Al₂O₃: 42–45%; 

minor Fe₂O₃, 

TiO₂ 

Median particle size: 

5–8 μm; high 

amorphous phase 

Geopolymer 

precursor 

Biogenic SiO₂ 

nanoparticles 

(biosludge-

derived) 

Amorphous SiO₂ 

from diatom 

frustules 

Particle size: 20–30 

nm; 

irregular/frustule-

derived morphology; 

BET surface area: 

140–190 m²/g 

Waste-

derived, 

highly 

reactive silica 

source 

APTES-

functionalized 

SiO₂ 

nanoparticles 

Si–O–Si 

backbone; –NH₂ 

and –CH₂–CH₂–

CH₂– groups 

from APTES 

Particle size: 25–35 

nm; enhanced 

dispersibility; BET: 

130–180 m²/g 

Better 

compatibility 

with the 

geopolymer 

matrix 

NaOH pellets ≥98% NaOH Solid pellets 

Used for 

alkali 

activation 

Sodium 

silicate 

solution 

SiO₂/Na₂O ≈ 2.0–

2.5; 35–40% 

solids 

Viscous alkaline 

solution 

Provides 

reactive silica 

Ethanol ≥99.5% purity Organic solvent 

Used in SiO₂ 

functionalizat

ion 

APTES C₉H₂₃NO₃Si Density ≈ 1.0 g/cm³ 

Silane 

coupling 

agent 
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Fig. 1: Synthesis of diatomaceous sludge-derived, APTES-functionalized SiO2 

Table 2. Experimental groups 

Component 
Plain 

Geopolymer 

Nano-SiO₂ 

Geopolymer 

APTES-

SiO₂ 

Geopolymer 

Unit 

Metakaolin 

(MK) 
100 100 100 g 

Sodium 

hydroxide 

solution 

30 30 30 

g per 

100 g 

MK 

Sodium 

silicate 

solution 

40 40 40 

g per 

100 g 

MK 

Additional 

water 

Adjusted for 

workable 

slurry 

Adjusted for 

workable 

slurry 

Adjusted for 

workable 

slurry 

g 

Pristine SiO₂ 

nanoparticles 
– 1.0 – 

g per 

100 g 

MK 

(wt.%) 

APTES-

functionalized 

SiO₂ 

nanoparticles 

– – 1.0 

g per 

100 g 

MK 

(wt.%) 

Liquid-to-

solid ratio 

(L/S) 

0.45 0.45 0.45 – 

Target 

coating 

thickness 

500 ± 50 500 ± 50 500 ± 50 µm 

The geopolymer slurry was produced by 

gradually blending metakaolin with the activator under 

mechanical mixing until a uniform paste developed. For 

nanoparticle-modified samples, either pristine or 

APTES-functionalized SiO₂ was first dispersed in water 

using ultrasonication for approximately 10 min to 

minimize aggregation. The resulting dispersion was 

introduced into the geopolymer slurry and mixed 

thoroughly to ensure homogeneity.  This procedure was 

especially important for the APTES-SiO₂ system, in 

which enhanced surface compatibility was expected to 

result in more uniform distribution and improved 

interaction with the geopolymer matrix. A fixed 

nanoparticle loading of 1.0 wt.% was selected based on 

preliminary optimization trials, which indicated that this 

concentration provides an optimal balance between 

maximizing gel crosslinking and avoiding excessive 

agglomeration at higher dosages. The slurries were 

applied onto fiber-cement board substrates using a 

controlled draw-down coating technique to achieve a 

thickness of approximately 500 ± 50 μm. Coated 

specimens were left to cure at 25 ± 2 °C and 

approximately 60% relative humidity for seven days. 

This curing regime allowed sufficient dissolution of 

metakaolin particles and polycondensation of silico-

aluminate species, leading to the formation of the 

geopolymer gel network. Each coating was visually 

examined to confirm uniformity, absence of defects, and 

adequate adhesion to the substrate. 
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2.5 Characterization Methods 

2.5.1 Solar Reflectance Measurement 

The solar reflectance properties of the coating 
systems were evaluated using a UV–Vis–NIR 
spectrophotometer equipped with an integrating sphere 
accessory. The instrument used was a PerkinElmer 
Lambda 950 model. Measurements were carried out over 
a broad wavelength range from 250 nm to 2500 nm, 
covering the ultraviolet (UV), visible (Vis), and near-
infrared (NIR) regions of the electromagnetic spectrum. 
The integrating sphere facilitated the collection of 
diffusely reflected light from the coated surfaces, 
enabling an accurate determination of the total 
reflectance. This test aimed to quantify the coatings' 
ability to reflect incoming solar radiation, which directly 
impacts their capacity to reduce surface heating and 
improve energy efficiency in building applications. 
Higher solar reflectance values are desirable for cool 
roofing and reflective coatings, as they contribute to 
lowering ambient temperatures and reducing the urban 
heat island effect. 

2.5.2 Infrared Emissivity Measurement 

Infrared emissivity of the coatings was 
measured using an FTIR spectrometer (Bruker Vertex 
70). The analysis focused on the mid-infrared (mid-IR) 
region, spanning from 6 to 20 μm, which is critical for 
thermal radiation emission. Special attention was given 
to the atmospheric window between 8 and 13 μm, where 
the Earth's atmosphere is most transparent, allowing 
effective radiative heat dissipation. The FTIR 
spectrometer was equipped with a mid-IR detector and a 
sample holder that allowed precise measurement of the 
emissivity of the coating surfaces at controlled 
temperatures. The data obtained provided insight into the 
thermal radiative properties of the coatings, which 
influence their ability to emit heat efficiently and 
contribute to passive cooling strategies in building 
design. 

2.5.3 Structural and Phase Composition Analysis 

XRD analysis was performed using a Bruker D8 
Advance X-ray diffractometer. The equipment utilized 
Cu Kα radiation (wavelength of 1.5406 Å) and a theta-
theta (θ–2θ) scanning configuration. The scans covered a 
2θ range typically from 5° to 80°, with a step size of 0.02° 
and a counting time sufficient to obtain clear diffraction 
peaks. The primary goal was to examine the phase 
composition and structural features of the coatings. The 
presence of a broad amorphous hump around 20°–35° in 
2θ was identified as an indicator of geopolymer gel 
formation, which is essential for the binder's structural 
integrity. Any shifts, peak broadening, or changes in 
intensity were analyzed to assess the influence of 
nanoparticle incorporation, particularly functionalized 
silica, on the crystalline and amorphous phases within the 
geopolymer matrix. 

2.5.4 Chemical Bonding Characterization 

Chemical bonding and molecular structure 
within the coatings were analyzed using FTIR 
spectroscopy. The instrument used was a Shimadzu 
IRAffinity-1S spectrometer, equipped with an attenuated 
total reflectance (ATR) accessory. Spectral data were 
collected in the range of 4000 to 400 cm⁻¹, focusing on 
the characteristic vibrational modes of the chemical 
groups present. The analysis aimed to identify Si–O–T (T 
= Si or Al) vibrations, hydroxyl (OH) groups, and 
specific signatures associated with APTES 
functionalization. These spectral features provided 
detailed insights into the chemical bonding environment, 
the degree of silanization, and the interactions between 
nanoparticles and the geopolymer matrix, which 
influence the coating’s chemical stability and adhesion 
properties.  

2.5.5 Microstructural Examination 

The microstructure of the coatings was 
examined using a scanning electron microscope (FEI 
Quanta 650). Prior to imaging, samples were prepared by 
sputter-coating with a thin layer of gold or platinum to 
prevent charging. SEM imaging was performed at 
accelerating voltages typically ranging from 5 to 20 kV. 
The high-resolution images provided detailed 
information about the surface morphology, nanoparticle 
distribution, pore size, and distribution, and the overall 
structural integrity of the coatings. This microstructural 
analysis was crucial for understanding how nanoparticle 
incorporation, especially functionalized silica, affected 
the coating’s physical appearance, uniformity, and 
potential defect formation. 

2.5.6 Thermal Behavior Analysis 

Thermal stability and decomposition 
characteristics of the coatings were evaluated using 
thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA), conducted using a NETZSCH 
STA 449 F3 Jupiter or similar instrument. The 
measurements were carried out from ambient 
temperature (around 25 °C) up to 1000 °C at a heating 
rate of 10 °C per min under a flowing inert gas such as 
nitrogen or air. TGA measured the mass loss associated 
with dehydration, dehydroxylation, and structural 
decomposition, while DTA detected endothermic or 
exothermic transitions related to phase changes or 
chemical reactions. The combined data enabled a 
comprehensive comparison of the thermal stability, 
decomposition stages, and residual char content across 
the three different coating formulations. 

2.5.7 Mechanical Property Evaluation 

The mechanical performance of the geopolymer 

coatings was assessed through a series of standardized 

tests. Compressive strength tests were conducted on 

cubic or cylindrical specimens of the bulk geopolymer 
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using a universal testing machine (UTM), Instron 5967, 

following ASTM C109 standards. The samples were 

tested at a controlled rate of loading until failure, 

providing data on the compressive strength, which 

reflects the structural integrity of the binder. 

In addition, hardness was measured using a Vickers 

hardness tester, and adhesion tests, such as pull-off or 

cross-hatch adhesion tests, were conducted using a 

DioTest adhesion tester. These tests evaluated the 

coating’s ability to withstand mechanical stresses and 

adhere firmly to substrates. The results provided critical 

insights into how the incorporation of functionalized 

silica nanoparticles influenced the durability, structural 

robustness, and long-term performance of the coatings 

under mechanical loading conditions. All mechanical 

evaluations were performed in triplicate to account for 

material variability, and results are reported as the mean 

± standard deviation. 

2.6 Field Radiative Cooling Performance 
Evaluation 

The radiative cooling performance of the 

geopolymer coatings was evaluated under real outdoor 

conditions to determine their ability to achieve sub-

ambient surface temperatures during daytime exposure. 

Coated and uncoated fiber-cement boards were placed on 

an unobstructed rooftop area with direct access to 

sunlight to avoid shading effects or reflective interference 

from nearby structures. Each sample was mounted within 

a thermally insulated frame fabricated from polystyrene 

foam and lined internally with aluminum foil. This 

configuration minimized heat exchange with the 

supporting surface and ensured that the measured 

temperatures predominantly reflected the radiative 

behavior of the coatings rather than substrate conduction 

effects. Surface temperatures were monitored 

continuously using Type-K thermocouples positioned at 

the interface between the coating layer and the cement 

board substrate. The thermocouples were secured using a 

high-temperature adhesive tape to maintain consistent 

thermal contact throughout the measurement period. 

Data were recorded at one-minute intervals using a multi-

channel digital data logger with an accuracy of ±0.1 °C. 

Prior to installation, all thermocouples were calibrated 

using an ice-water bath and a dry-block calibrator to 

ensure consistency across measurement channels. To 

capture the environmental boundary conditions that 

govern radiative cooling behavior, a portable automatic 

weather station was installed adjacent to the test samples. 

The station continuously monitored ambient air 

temperature, relative humidity, solar irradiance, and wind 

speed, as these parameters influence both convective heat 

losses and the radiative exchange between the coating 

surface and the sky dome. All environmental data were 

synchronized with thermal measurements to allow for 

accurate correlation between coating performance and 

atmospheric conditions. Tests were conducted over a full 

24-hour cycle to capture diurnal variations in solar 

exposure and nighttime infrared heat loss. Daytime 

performance was evaluated by examining the ability of 

the coatings to maintain surface temperatures below 

those of the uncoated sample and below the ambient air. 

Night-time measurements provided additional insight 

into the coatings’ emissivity-driven heat rejection 

capabilities, although the primary focus remained on 

daytime sub-ambient cooling. The plain geopolymer 

coating, nano-SiO₂ geopolymer coating, and APTES-

functionalized SiO₂ geopolymer coating were evaluated 

simultaneously under identical outdoor conditions to 

ensure direct comparability.  

3. RESULTS AND DISCUSSION 

3.1 XRD Analysis 

 

Fig. 2: XRD patterns of geopolymer systems 

Fig. 2 shows the XRD patterns of the plain 

geopolymer (GP), nano-SiO₂-modified GP, and APTES-

functionalized SiO₂ GP, plotted with vertical offsets for 

clarity. All three formulations show the characteristic 

amorphous aluminosilicate hump centred around 27–33°, 

which is typically associated with the disordered Q³–Q⁴ 

silicate network of geopolymer gels. The plain 

geopolymer displays a broad, low-intensity envelope, 

consistent with incomplete dissolution of metakaolin 

plates and the formation of a partially polymerized 

sodium aluminosilicate hydrate gel. With the 

incorporation of unmodified nano-SiO₂, a marked 

increase in the hump intensity is observed, indicating a 

higher degree of silicate re-polymerization and greater 

crosslink density within the gel framework. This 

observation agrees with previous studies reporting that 

nanosilica accelerates monomer formation, enhances 

polycondensation, and promotes early-stage nucleation 

of N-A-S-H gel domains. The visible increase in 

scattering intensity between 25° and 35° supports the 

hypothesis that nanosilica participates both as a reactive 

silica source and as a surface for heterogeneous 

nucleation of aluminosilicate species. The APTES-

functionalized SiO₂ geopolymer exhibits the strongest 

and sharpest amorphous hump among the three matrices. 

This suggests more efficient integration of the 
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functionalized nanoparticles into the geopolymer 

network, likely due to their enhanced interfacial bonding 

capability. The primary amine groups of APTES are 

known to interact with dissolved aluminate and silicate 

oligomers, improving their dispersion stability and 

facilitating more extensive gel formation (Dhaffouli et al. 

2024). This improved compatibility is reflected in the 

increased intensity and reduced breadth of the amorphous 

hump. In addition to the amorphous region, distinct 

crystalline reflections appear at approximately 12°, 18°, 

22°, 26°, 28.5°, 31°, and 47°. These peaks correspond to 

unreacted metakaolin phases (Si–O–Al), minor 

aluminate phases, and quartz impurities (N’cho et al. 

2023). Their relative intensity increases slightly in the 

modified systems, particularly in APTES–SiO₂ GP, likely 

due to improved nanoparticle dispersion enhancing X-ray 

scattering rather than increased crystallinity. The absence 

of new crystalline phases confirms that functionalization 

and nanoparticle incorporation do not alter the 

fundamental amorphous geopolymer matrix but instead 

modify its polymerization state. The enhanced 

amorphous character observed in the biogenic SiO₂-

modified systems can be further attributed to the 

inherently disordered nature of diatom-derived silica. 

Biogenic silica lacks long-range crystalline order, which 

enhances its reactivity in alkaline media and facilitates 

more efficient incorporation into the geopolymer gel 

network. This characteristic distinguishes waste-derived 

nanosilica from conventional synthetic counterparts and 

contributes to the observed increase in polymerization 

extent. Collectively, the XRD results indicate a clear 

trend: Plain GP < Nano-SiO₂ GP < APTES-SiO₂ GP in 

terms of structural ordering, polymerization extent, and 

gel phase development. These findings establish the 

structural foundation for the performance enhancements 

discussed in subsequent sections. 

3.2 FTIR Spectral Analysis 

Fig. 3 shows the FTIR spectra of the three 

geopolymer systems in the range of 4000–400 cm⁻¹, 

revealing distinct chemical signatures associated with gel 

formation and nanoparticle incorporation. All samples 

display a dominant asymmetric stretching band of Si–O–

T (T = Si or Al) centered between 1030 and 1080 cm⁻¹, 

characteristic of geopolymer gels. Notably, the position 

of this band shifts systematically across the formulations: 

the plain geopolymer exhibits a peak near ~1070 cm⁻¹, 

which shifts to ~1060 cm⁻¹ in the nano-SiO₂ GP and 

further to ~1050 cm⁻¹ in the APTES-functionalized 

system. This progressive redshift reflects increasing 

polymerization and a growing presence of Si–O–Si 

linkages relative to Si–O–Al bonds. The incorporation of 

nano-SiO₂ provides additional reactive silica, promoting 

more complete condensation of silicate species. For the 

APTES–SiO₂ GP, the larger shift suggests even greater 

structural reorganization, consistent with enhanced 

nanoparticle–matrix compatibility facilitated by APTES-

derived silane coupling reactions. All spectra exhibit O–

H stretching vibrations around 3400 cm⁻¹ and H–O–H 

bending near 1640 cm⁻¹, corresponding to physically 

absorbed and interlayer water (Zidi et al. 2021). The 

intensity of these bands decreases slightly for the nano-

SiO₂ and APTES–SiO₂ samples, supporting the 

conclusion that nanoparticle addition densifies the 

geopolymer matrix and reduces free water content. Such 

trends correlate with the densification observed in SEM 

analysis. Characteristic metakaolin Al–OH bending 

modes at ~915 cm⁻¹ appear faintly in the plain 

geopolymer but nearly disappear in nanoparticle-

modified matrices, suggesting more complete dissolution 

of the precursor and stronger gel formation (Ivanovic et 

al. 2020). 

 

Fig. 3: FTIR spectra of geopolymer systems  

Additional small features near 1450–1500 cm⁻¹ 

and 2850–2950 cm⁻¹ can be associated with surface-

adsorbed carbonate species and C–H stretching 

vibrations, respectively. A unique feature of the APTES–

SiO₂ modified geopolymer is the slight broadening 

around 1550–1580 cm⁻¹, attributable to N–H bending 

from the amine groups of APTES. Although subtle, this 

band confirms the chemical retention of grafted APTES 

on nanoparticle surfaces after geopolymerization. 

Overall, FTIR results corroborate XRD findings, 

showing that APTES functionalization yields the most 

chemically evolved and polymerized geopolymer 

structure. These spectral signatures confirm the enhanced 

role of functionalized nanoparticles in reinforcing the 

geopolymer network at the molecular scale. 

3.3 Microstructural Characterization  

SEM was employed to examine the surface 

morphology and dispersion characteristics of pristine 

SiO₂ nanoparticles and APTES-functionalized SiO₂. The 

SEM micrographs of the unmodified SiO₂ nanoparticles 

in Fig. 4a reveal predominantly spherical particles with 

relatively smooth surfaces and a narrow size distribution. 

However, due to the high surface energy and strong van 
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der Waals attraction among particles, noticeable 

agglomeration is observed, forming irregular clusters. 

These aggregates are typical of nanosilica systems and 

can limit effective dispersion in matrices if not surface-

modified. In contrast, the SEM images of APTES-

functionalized SiO₂ nanoparticles (Fig. 4b) exhibit a 

slightly rougher surface texture, indicating the successful 

grafting of organosilane molecules onto the nanoparticle 

surface. The particles appear more uniformly dispersed 

with reduced agglomeration compared to the pristine 

SiO₂, suggesting that the introduction of aminopropyl 

functional groups improves interparticle repulsion and 

steric stabilization. The presence of a thin organic coating 

layer around the nanoparticles can also be inferred from 

the marginal increase in apparent particle size and the less 

compact clustering observed in the micrographs. 

Furthermore, the SiO₂-APTES nanoparticles display 

improved spatial separation and a more homogeneous 

distribution, which is advantageous for enhancing 

interfacial bonding when incorporated into composite or 

cementitious matrices. The modification effectively 

alters the surface chemistry without significantly 

changing the overall particle morphology, confirming 

that the functionalization process preserves the structural 

integrity of the silica nanoparticles while improving their 

dispersion behavior. 

 

Fig. 4: (a) SEM micrographs of (a) pristine SiO₂ nanoparticles showing predominantly spherical morphology with smooth 
surfaces and noticeable agglomeration due to high surface energy and (b) APTES-functionalized SiO₂ nanoparticles 

exhibiting slightly roughened surfaces, reduced agglomeration, and improved particle dispersion, indicating successful 
surface modification

SEM and EDX analyses of the modified 

geopolymer coatings reveal pronounced microstructural 

transitions associated with nanosilica addition. The plain 

geopolymer exhibits a discontinuous matrix with angular 

metakaolin remnants, broad intergranular voids, and 

microcracks, indicating incomplete precursor dissolution 

(Naskar et al. 2016). In contrast, the nano-SiO₂ 

geopolymer reveals a substantially more consolidated 

network with smoother gel surfaces and narrower pore 

throats. This indicates that the high surface area of 

nanosilica accelerates silicate dissolution and provides 

abundant nucleation sites for secondary gel formation 

(Wen et al. 2020). The APTES-functionalized SiO₂ 

geopolymer demonstrates the most structurally advanced 

microarchitecture. SEM images show an exceptionally 

coherent gel matrix with minimal microcracking and 

near-total absence of unreacted metakaolin. The amine-

functional silane suppresses nanoparticle agglomeration 

through steric stabilization and provides interfacial 

siloxane bridges (Si–O–Si) that chemically integrate the 

nanoparticles into the framework (Woźnica et al. 2023). 

This interfacial compatibilization enhances gel-phase 

cohesion and promotes a more uniform polymerization 

front, resulting in a highly homogeneous morphology. 

EDX results reinforce this interpretation.  

The plain geopolymer displays a moderate Si/Al 

signature characteristic of poorly polymerized N–A–S–H 

gel. Nano-SiO₂ incorporation enriches the silica content, 

increasing the Si/Al atomic ratio as expected from 

enhanced gel crosslinking. The APTES–SiO₂ system 

exhibits an even higher Si abundance, accompanied by 

distinct nitrogen and carbon peaks at 0.39 and 0.27 keV, 

respectively—direct evidence of the chemically retained 

organosilane layer. The presence of nitrogen confirms 

that APTES participates in interfacial reactions rather 

than being volatilized or leached during synthesis, 

strongly suggesting covalent anchoring of the 

functionalized nanoparticles within the polymeric 

framework. This interfacial chemistry provides a 

structural explanation for the observed improvements in 

compressive strength, thermal stability, and radiative 

optical performance. The hierarchical morphology 

inherited from diatomaceous silica also plays a 

significant role in microstructural refinement. The 

frustule-derived surface texture of biogenic SiO₂ 

introduces multiscale interfacial features that promote gel 

anchoring and suppress localized stress concentration. 

This effect is particularly pronounced in the APTES-

functionalized system, where chemical bonding and 

physical interlocking operate synergistically to produce 
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an exceptionally compact and defect-free geopolymer 

microstructure. Collectively, the SEM/EDX results 

establish a clear structure–property relationship: 

nanosilica enhances geopolymerization through 

nucleation and reactive silica supply, while APTES 

introduces molecular-level interfacial compatibility that 

maximizes gel continuity and suppresses mesoscale 

defects. These microstructural enhancements form the 

mechanistic foundation for the superior multifunctional 

performance of the APTES–SiO₂ geopolymer coating 

observed across mechanical, thermogravimetric, and 

optical characterizations. 

3.4 TGA 

Fig. 6 presents the thermogravimetric behaviour 

of the plain geopolymer (GP), nano-SiO₂ GP, and 

APTES–SiO₂ GP from 30 °C to 900 °C. All samples 

exhibit a continuous mass loss characteristic of 

aluminosilicate geopolymers, but with clear differences 

in the rate and extent of degradation. These variations 

directly reflect the influence of nanoparticle dispersion, 

interfacial chemistry, and the degree of aluminosilicate 

gel polymerization. The plain geopolymer shows the 

highest cumulative mass loss, decreasing to 

approximately 47 wt.% at 900 °C. The initial region (30–

150 °C) corresponds primarily to the evaporation of 

physically bound water trapped within interlayer sites 

and mesopores, a behaviour consistent with earlier 

geopolymer studies (Ngouloure et al. 2022). This is 

followed by a gradual but steady mass loss between 150 

and 400 °C, attributable to the removal of chemisorbed 

water and dehydroxylation of residual metakaolin 

phases. The more pronounced weight reduction in the 

plain sample indicates incomplete geopolymerization 

and a more porous gel structure, which retains greater

 

Fig. 5: SEM/EDX analyses of (a) plain geopolymer, (b) nano-SiO2 geopolymer, and (c) APTES-functionalized nano-SiO2 
geopolymer 
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Fig. 6: TGA of geopolymer systems  

moisture and exhibits weaker binding forces. The 

incorporation of nano-SiO₂ significantly improves 

thermal stability. The nano-SiO₂ GP retains 

approximately 55 wt.% of its mass at 900 °C, an 8% 

improvement over the plain GP. This enhancement is 

linked to nanosilica acting as a reactive silicate donor, 

which increases the Si/Al ratio and promotes the 

formation of more cross-linked siloxane networks (Qu et 

al. 2024). The reduced slope of the TGA curve from 200–

500 °C suggests reduced structural water and fewer 

hydroxyl groups, consistent with a denser, more evolved 

geopolymer gel. The APTES-functionalized SiO₂ GP 

demonstrates the highest thermal resistance, retaining 

~60 wt.% mass at 900 °C. The shift in thermal profile is 

attributed to two synergistic effects: 

(1) enhanced nanoparticle dispersion due to the amine-

functional silane layer, which minimizes agglomeration 

and maximizes their participation in gel formation; and 

(2) interfacial covalent bonding between APTES and 

aluminosilicate species, which strengthens the molecular 

network. 

The slower mass-loss rate across the full temperature 

range indicates not only reduced water content but also a 

more thermally stable binding environment, consistent 

with improved polymerization observed in XRD and 

FTIR analyses. Across all samples, no abrupt weight 

losses are detected above 500 °C, confirming the absence 

of carbon-containing additives or thermally unstable 

organic phases. The smooth decay is characteristic of 

geopolymer matrices undergoing continued 

dehydroxylation and structural rearrangement at elevated 

temperatures (Tran and Ngo, 2025). The ordering of 

thermal stability follows the trend: APTES–SiO₂ GP > 

nano-SiO₂ GP > Plain GP. This trend strongly supports 

the hypothesis that surface-functionalized nanoparticles 

contribute to a more cohesive, chemically integrated 

geopolymer network. These improvements in thermal 

robustness are expected to translate into enhanced 

durability and service life in high-temperature or cyclic 

heat-exposure environments. 

3.5 Optical Properties 

3.5.1 UV–Vis–NIR Reflectance Behaviour 

The UV–Vis–NIR reflectance spectra in Fig. 7 

reveal distinct differences in solar optical behaviour 

among the three geopolymer systems. The plain 

geopolymer exhibits the lowest reflectance across the full 

wavelength range, remaining between 5% and 11%, 

which is consistent with dense aluminosilicate matrices 

lacking effective scattering centers (Ibrahim et al. 2025). 

The limited porosity and absence of high-refractive-

index inclusions lead to strong absorption and internal 

damping of incident photons, a behaviour similarly 

reported for unmodified metakaolin-based geopolymers  

 

Fig. 7: Solar reflectance spectra of geopolymer systems 

(Mahrous et al. 2024). With the addition of nano-SiO₂, 

broadband reflectance increases substantially, reaching 

values between 14% and 22%. This enhancement is 

attributed to additional dielectric contrast and increased 

internal interfaces formed by uniformly dispersed 

nanospheres, enabling Mie scattering that reduces photon 

penetration depth and mitigates near-infrared absorption 

losses. The suppression of the reflectance trough around 

1000–1300 nm further suggests reduced vibrational 

absorption associated with the aluminosilicate 

framework, likely due to the refinement of gel-phase 

microstructure (Rees et al. 2007). The APTES-

functionalized SiO₂ geopolymer demonstrates the 

highest reflectance, reaching up to 36% across the 

measured spectrum. Functionalization improves 

nanoparticle dispersion and minimizes agglomeration, 

enabling more uniform incorporation into the 

geopolymer network and promoting the development of 

hierarchical porosity capable of multiple scattering (Yang 

et al. 2025). This behaviour, reflected in the broad M-

shaped reflectance profile, corresponds to enhanced 

spectral selectivity and superior solar management 
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performance, consistent with similar observations in 

functionalized nanoparticle–polymer cooling systems 

(Bai et al. 2017). Overall, the reflectance results indicate 

that functionalized nanofillers provide a significant 

advantage in reducing solar heat gain and optimizing the 

coating for radiative cooling applications. In addition to 

improved dispersion, the superior reflectance 

performance of the APTES-functionalized biogenic SiO₂ 

geopolymer is influenced by the unique light-scattering 

behavior of diatom-derived silica. The residual nanoscale 

structural irregularities originating from diatom frustules 

enhance multiple internal scattering pathways, 

contributing to broadband solar reflectance enhancement 

beyond that achievable with purely synthetic spherical 

silica nanoparticles. 

3.5.2 Infrared Emissivity Characteristics 

Fig. 8 illustrates the mid-infrared emissivity 

characteristics of the plain, nano-SiO₂, and APTES–SiO₂ 

geopolymer coatings. All samples exhibit high emissivity 

outside the characteristic Si–O vibrational absorption 

bands, approaching values close to unity, which is typical 

of aluminosilicate structures with strong phonon activity 

and broad IR absorption tails (Giacomazzi et al. 2023). 

The plain geopolymer shows the deepest emissivity 

minima, dropping to 0.82–0.84 in regions associated with 

Si–O–T stretching bands near 1050–1100 cm⁻¹ and Si–O 

bending modes around 450–500 cm⁻¹, reflecting 

structural heterogeneity and incomplete 

geopolymerization. Nano-SiO₂ addition results in 

shallower emissivity dips, rising to 0.85–0.87, indicative 

of enhanced crosslinking and fewer radiatively inactive 

domains within the gel framework.  

 

Fig. 8: Infrared emissivity spectra of geopolymer systems  

This correlates well with XRD and FTIR 

evidence showing improved polymerization and 

increased Si–O–Si linkage formation. The APTES-

functionalized SiO₂ geopolymer displays the most 

favourable IR behaviour, maintaining emissivity values 

near 0.98–1.00 outside the vibrational troughs and 

showing only moderately depressed minima (0.88–0.90). 

These improvements suggest that silane functionalization 

enhances interfacial bonding between the nanoparticles 

and the gel matrix, promoting more efficient phonon 

transport and reducing vibrational disorder, which are 

critical for sustaining high IR output (Niranjana et al. 

2025). The overall pattern indicates that functionalized 

nanoparticles not only improve structural integrity but 

also amplify thermal radiation efficiency, positioning the 

APTES–SiO₂ system as superior for mid-IR radiative 

cooling functions. 

3.5.3 Implications for Radiative Cooling Performance 

The combined reflectance and emissivity data 

demonstrate a coherent optical enhancement that directly 

influences the radiative cooling capability of the 

coatings. High broadband solar reflectance significantly 

reduces heat absorption during daytime exposure, while 

strong mid-infrared emissivity ensures effective thermal 

radiation through the atmospheric transparency 

window—a dual requirement for sub-ambient cooling 

performance (Meng et al. 2020). The plain geopolymer 

shows limited potential for daytime cooling due to its low 

reflectance and pronounced emissivity minima, which 

restrict its ability to reject solar radiation and emit stored 

heat. Conversely, the nano-SiO₂-modified geopolymer 

presents a more favourable profile by reducing 

absorption losses and improving network homogeneity, 

thereby providing a measurable enhancement in radiative 

cooling efficiency. The APTES-functionalized SiO₂ 

geopolymer performs optimally, with the highest 

reflectance and near-ideal emissivity behaviour. This 

combination implies that the functionalized coating can 

maintain lower surface temperatures under realistic 

environmental conditions, consistent with the cooling 

effects reported in advanced inorganic and hybrid 

radiative coatings (Feng et al. 2023). The optical results 

therefore reinforce that functionalized nanoparticles offer 

a strategic pathway for engineering geopolymer matrices 

with superior radiative cooling potential, enabling their 

deployment as sustainable alternatives to polymer-based 

coatings. 

3.6 Mechanical Properties 

The compressive strength results presented in 

Fig. 9 reveal a clear and systematic enhancement in 

mechanical performance with the incorporation of 

nanosilica and APTES-functionalized nanosilica into the 

geopolymer matrix. The plain geopolymer exhibited a 

compressive strength of 18.5 MPa, which is consistent 

with values typically observed for metakaolin-based 

geopolymers synthesized without supplementary 

reactive silica or coupling additives (Bezerra et al. 2023). 

The relatively modest strength can be attributed to 

incomplete dissolution of the aluminosilicate precursor, 

limited Si–O–Si crosslink density, and the presence of 

microvoids generated during the polycondensation 
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process. These structural limitations reduce load-bearing 

continuity and produce localized stress concentrations 

that facilitate crack initiation and early failure. In 

contrast, the nano-SiO₂-modified geopolymer achieved a 

significantly higher strength of 26.8 MPa, reflecting the 

beneficial role of nanosilica as a highly reactive 

pozzolanic additive. The nanoparticles act as nucleation 

sites for gel formation, consuming free alkalis and 

dissolved silicate species to produce a denser, more 

crosslinked network characterized by increased Si–O–Si 

polymerization (Liu et al. 2017). The improved packing 

efficiency and refined microstructure reduce capillary 

porosity and enhance stress-transfer efficiency, 

explaining the ~45% increase in mechanical performance 

relative to the plain matrix. 

 

Fig. 9: Mechanical properties of geopolymer coatings 

The highest compressive strength was obtained 

for the APTES–SiO₂-modified geopolymer, which 

reached 32.4 MPa. This substantial enhancement 

highlights the effectiveness of functionalization in 

improving nanoparticle dispersion and interfacial 

compatibility with the surrounding gel. The amine groups 

of APTES form covalent and hydrogen bonding 

interactions with aluminosilicate oligomers, producing a 

more seamless particle–matrix interface that inhibits 

nanoparticle agglomeration (Mousavi and Fini, 2020). 

This leads to a highly uniform gel network with fewer 

structural defects and reduced microcracking propensity, 

mirroring improvements reported in silane-

functionalized nanocomposites (Sujitha et al. 2024). The 

resulting hierarchy—APTES–SiO₂ GP > Nano-SiO₂ GP 

> Plain GP—confirms that nanoparticle surface 

chemistry plays a decisive role not only in the 

geopolymerization kinetics but also in the mechanical 

integrity of the final composite. 

3.7 Field Radiative Cooling Performance 

Fig. 10 illustrates the 24-hour surface 

temperature profiles of the plain, nano-SiO₂, and APTES-

SiO₂ geopolymer coatings under real outdoor exposure, 

compared against ambient temperature. The plain 

geopolymer displayed the poorest thermal performance, 

with surface temperatures rising to 36 °C at midday, 

approximately 4 °C above ambient. This behaviour stems 

from its low broadband reflectance and inadequate 

suppression of near-infrared absorption, resulting in 

significant solar heat gain (Jiang et al. 2022). The weak 

emissivity minima further limit the ability of the plain 

material to dissipate stored heat through longwave IR 

radiation, causing elevated temperatures throughout the 

diurnal cycle. To ensure the reliability of these 

measurements, environmental variability was 

continuously tracked. During the peak daytime testing 

period, average solar irradiance was approximately 850 

± 50 W/m², relative humidity fluctuated between 45–

60%, and ambient wind speeds averaged 1.5 ± 0.5 m/s. 

Despite these dynamic boundary conditions, the cooling 

performance trends remained distinct. The nano-SiO₂ 

geopolymer demonstrated a moderate radiative cooling 

effect, maintaining surface temperatures consistently 

0.5–1.0 °C below ambient during daytime. This 

improvement can be directly linked to the enhanced 

optical properties observed earlier: increased reflectance 

between 350–2500 nm and higher mid-IR emissivity 

relative to the plain matrix. These modifications reduce 

solar heat absorption and increase longwave radiative 

emission, yielding a measurable reduction in surface 

temperature. However, the extent of cooling remains 

limited by partial nanoparticle agglomeration and 

incomplete suppression of mid-IR absorption bands.  

 

Fig. 10: Field radiative cooling performance of geopolymer 
coatings 

The APTES–SiO₂-modified geopolymer 

exhibited the most pronounced cooling capability, 

achieving 2–3 °C sub-ambient temperatures at peak solar 

conditions, with a minimum of ~22 °C compared to the 

ambient 24 °C. This superior performance arises from the 

synergistic combination of the highest measured solar 

reflectance and near-unity infrared emissivity across 

much of the radiative window. The homogeneous 

dispersion of functionalized nanoparticles increases 

multiple scattering within the coating and introduces 
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additional phonon-active interfaces, enabling more 

efficient transmission of thermal radiation to the sky 

(Safdar et al. 2024). This behaviour aligns with reports 

on high-performance inorganic radiative cooling 

materials capable of passive sub-ambient cooling even 

under direct sunlight. The sharper cooling response 

during mid-day and faster night-time thermal dissipation 

validates the structural and optical improvements 

achieved through functionalization, confirming the 

APTES-SiO₂ geopolymer as the most promising 

candidate for real-world radiative cooling applications. 

4. CONCLUSION 

This study demonstrates that biogenic SiO₂ 

nanoparticles derived from diatomaceous biosludge 

serve as highly effective functional additives for 

geopolymer-based radiative cooling coatings. While 

plain geopolymers exhibited incomplete polymerization 

and insufficient solar reflectance, resulting in above-

ambient surface temperatures, the incorporation of 

biogenic nanosilica refined the pore structure and 

improved structural crosslinking. The most significant 

enhancements occurred when biogenic nanosilica was 

surface-functionalized with APTES. This 

functionalization ensured uniform dispersion and robust 

interfacial bonding, yielding the highest compressive 

strength (32.4 MPa), enhanced broadband solar 

reflectance (~36%), and near-unity infrared emissivity. 

Consequently, the APTES-modified coating achieved 

consistent sub-ambient daytime cooling of 2–3 °C under 

direct sunlight. These findings establish that surface-

functionalized, waste-derived biogenic silica provides a 

sustainable, scalable pathway for developing low-carbon, 

non-polymeric cooling infrastructure for hot climates. 

Future work could focus on evaluating long-term 

durability under cyclic weathering and UV exposure. 
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