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Abstract 

The increasing demand for nanosilica in industrial applications has 

encouraged the utilization of abundant natural silica sand as a 

sustainable raw material. This study investigates the effect of alkali 

fusion temperature on the synthesis and characteristics of 

nanosilica derived from silica sand from Central Sulawesi, 

Indonesia. A cost-effective, energy-efficient synthesis method is 

needed to transform raw sand into high-value nanoparticles with 

controlled morphology. The study employed the alkali fusion 

method, where silica sand was reacted with NaOH at temperatures 

ranging from 400°C to 700°C, followed by leaching and titration 

to pH 7-8 to produce nanosilica. Characterization results via XRF 

and XRD confirmed that the synthesized nanosilica maintains a 

high SiO2 concentration (up to 72.46%) and exhibits a coexistence 

of amorphous phases and crystalline quartz. Morphological 

analysis by TEM revealed that increasing the fusion temperature 

decreases particle size from 18.91 nm at 400°C to 14.00 nm at 

700°C, indicating that higher thermal energy promotes structural 

decomposition. These findings suggest that the alkali fusion 

temperature is an important parameter for controlling nanosilica 

dimensions. Further evaluation, including yield and recovery 

analysis, is required to assess process efficiency and its potential 

for large-scale applications. 
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1 Introduction 

Indonesia possesses vast potential in natural mineral resources, 
particularly oxide materials such as silica sand [1, 2]. These deposits 
are widely distributed across the archipelago, including significant 
reserves in Central Sulawesi. Silica sand sourced from this region is 
characterized by a high silicon dioxide (SiO2) content, making it an 
excellent precursor for high-value industrial raw materials, most 
notably silica nanoparticles (SNP) or nanosilica (NS). 

Nanosilica typically exists in three primary crystalline forms: 
quartz, tridymite, and cristobalite. Due to its superior properties, 
such as a large specific surface area, high thermal resistance, 
excellent mechanical strength, and biocompatibility, it has become 
indispensable in modern industry [3-5]. Its applications span across 
diverse sectors, including rubber, automotive, electronics, energy 
storage, paints, and medical fields [6]. Furthermore, SNP is used as 
a catalyst precursor, adsorbent, and composite filler and has been 
shown to improve the efficiency of vapor-compression refrigeration 
cycles [7-9]. 

 Nanosilica can be synthesized using two primary approaches: 
top-down and bottom-up [10-12]. The bottom-up process involves 
chemical synthesis using precursors to build particles at the 
nanometer scale, which provides enhanced electrical, optical, and 
magnetic properties compared to micrometer-sized materials 
[13,14]. To date, several methods have been developed for SNP 
synthesis, including hydrothermal [15], sol-gel [16], sodium silicate 
solution [17], alkali fusion [18], and precipitation [19]. Traditionally, 
these processes involve constant stirring to inhibit excessive grain 
growth. However, many conventional methods still face technical 
limitations, remarkably low production yields, and limited control 
over particle size and morphology. 

 To address these challenges, researchers have explored 
alternative external influences to refine particle size. For instance, 
ultrasonic and microwave methods have been applied to 
hydroxyapatite synthesis [20,21]. At the same time, mechanical and 
membrane vibrations have been used to control the size of magnetite 
and metal particles during metallurgical and welding processes 
[7,22]. Among chemical routes, the alkali fusion method is gaining 
popularity due to its shorter synthesis time and lower energy 
requirements [23]. It involves heating the sample to specific 
temperatures, then precipitating and stirring until the pH is neutral. 
Despite its efficiency, the impact of fusion temperature, a critical 
parameter that determines the final phase and particle size, remains 
under-optimized to maximize its effectiveness. 

 This study aims to synthesize nanosilica from Central Sulawesi 
silica sand using the alkali fusion method, specifically investigating 
the effect of fusion temperature on the resulting particle 
characteristics. By optimizing the fusion temperature, this research 
seeks to produce nanosilica with a more controlled morphology and 
reduced particle size. The results are expected to provide a more 
efficient, scalable pathway to high-purity nanosilica suitable for 
advanced industrial applications. 

 
2 Material and methods 

2.1 Material preparation 

 The raw silica sand used in this study was sourced from Donggala 

Regency, Central Sulawesi, Indonesia. The sand was initially 

cleaned and dried to remove impurities. To reduce particle size, the 

dried sand was mechanically milled in a ball mill. The resulting 

powder was sieved using a sieve shaker, and the fraction passing 

through a 74 µm sieve (< 200 mesh) was collected as the starting 

concentrate.  

 
2.2 Synthesis and characterization of nanosilica via alkali fusion 

The synthesis of nanosilica was performed using the alkali fusion 

method, as illustrated in Fig. 1. Initially, the silica sand concentrate 

was blended with pro-analysis grade sodium hydroxide (NaOH) at a 

1:1 weight ratio. This mixture was heated in a furnace to 400°C, 

500°C, 600°C, and 700°C for 1 hour to facilitate the activation 

reaction. Upon cooling, the fused mixture was dissolved in air 

conditioner (AC) wastewater and placed on a hot plate magnetic 

stirrer. The solution was maintained at 70°C with a constant stirring 

speed of 400 rpm for 16 hours. During this stirring period, the 

solution was titrated with 2 M hydrochloric acid (HCl, 37% pro-

analysis) until a neutral pH of 7-8 was achieved, triggering the 

precipitation of silica gel. The resulting precipitates were 

subsequently filtered and washed repeatedly with AC water until a 

pure white color was obtained. Finally, the samples were dried in an 

oven at 100°C for 15 hours to produce the nanosilica powder. 

The physicochemical properties of the synthesized nanosilica 

were evaluated using several analytical techniques. The elemental 

and chemical compositions of the samples were determined using X-

ray Fluorescence (XRF), which enables both qualitative and 

quantitative analysis. This technique applies to various sample 

forms, including powders, liquids, and solids, and is based on the 

emission of characteristic X-rays upon irradiation with high-energy 

X-rays, allowing elemental identification and quantification from 

measured wavelengths and intensities. Meanwhile, the crystal phase 
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and its purity were identified by X-ray Diffraction (XRD, Bruker D2 

Phaser). Characterization was carried out using Cu−Kα radiation (λ 

= 0.154 nm) in the range 2θ = 5−90°. The speed used was 3°/min, 

operating at 40 kV and 30 mA. The morphological and 

microstructural characteristics were examined using Scanning 

Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM). SEM observations were performed using a JEOL JSM-6510 

LA operated at 15 kV and magnifications up to 100× to evaluate the 

surface morphology of the samples. TEM analysis was performed 

using JEOL JEM-1400 and FEI Tecnai G2 S-Twin instruments 

operated at 200 kV to confirm particle shape and to analyze the 

diffraction patterns. For TEM analysis, the samples were prepared 

by drop-casting onto carbon-coated copper grids. Furthermore, 

particle size analysis was conducted using ImageJ and Origin 

software, enabling quantitative determination of the average grain 

size and particle size distribution.  
 

 
 

Fig. 1. Schematic diagram of the alkali fusion synthesis process for nanosilica 
 

3 Result and discussion 

3.1 Synthesis of nanosilica particles 

Nanosilica (NS) was successfully synthesized using the alkali 

fusion method. During the fusion stage at 600°C, sodium hydroxide 

(NaOH) reacts with the crystalline silica in the sand to form sodium 

metasilicate (Na2SiO3). This transformation is critical because it 

converts insoluble silica into a water-soluble form, enabling its 

separation from mineral impurities. Subsequently, the Na2SiO3 

solution was titrated with pro-analysis HCl to induce the 

precipitation of hydrated silica and silicic acid. The resulting white 

gel-like precipitate was thoroughly washed with AC wastewater to 

eliminate residual chlorides and soluble impurities. The following 

equations represent the chemical mechanism of this synthesis:  
 

SiO2 + 2 NaOH → Na2SiO3 + H2O                                    (1) 
 

Na2SiO3 + 2HCl → SiO2+ 2 NaCl + H2O                               (2) 

 

3.2 Elemental composition analysis 

The chemical compositions of the raw silica sand and the 

synthesized nanosilica, as determined by X-ray Fluorescence (XRF), 

are summarized in Table 1. The silica content of the raw material 

was 70.344%, while the synthesized nanosilica ranged from 

69.582% to 72.456%. The results indicate that the primary chemical 

components remain consistent before and after the synthesis process. 

This confirms that the alkali fusion method effectively recovers 

silica from the sand without altering its elemental composition. The 

results of this study align with previous research, showing that the 

process of synthesizing nanosilica using the alkali fusion method 

with membrane vibration did not significantly alter the chemical 

composition of silica sand [7]. This indicates that the treatment 

primarily modifies the material's physical structure or particle size, 

without affecting its primary elemental content. 

 

Table 1. Chemical composition of raw silica sand and nanosilica 

synthesized at various temperatures. 
 

Compos

ition 

Raw 

material 

(wt%) 

Nanosilica particles 

(wt%) with alkali 

temperature 400℃ 

Nanosilica particles 

(wt%) with alkali 

temperature 700℃ 

SiO2 70.344 72.456 69.582 

Al2O3 16.459 18.831 19.6 

K2O 4.254 1.792 1.637 

Fe2O3 3.970 3.698 4.299 

CaO 3.339 2.015 3.283 

TiO2 0.720 0.525 0.852 

P2O5 0.676 0.421 0.444 

 

3.3 Phase identification and crystallinity 

The X-ray diffraction (XRD) patterns of the synthesized 

nanosilica at various temperatures are shown in Fig. 2. Comparison 

with JCPDS (card no. 46-1045) and AMCSD databases reveals a 

coexistence of amorphous and crystalline phases. All samples 

exhibit a characteristic broad hump centered at 2𝜃 = 22°, which is a 

hallmark of amorphous silica [24,25]. This diffuse scattering pattern 

is particularly dominant in samples (a) and (b), indicating a high 

degree of structural disorder.  

In addition to the amorphous halo, several sharp diffraction peaks 

were observed at approximately 2𝜃 = 22-25°, 28-30°, and 50-55°, 

signifying the presence of a crystalline quartz phase (SiO2). A 

prominent peak at 2𝜃 = 26.70°, corresponding to the (101) lattice 

plane, confirms the retention of the quartz structure, which typically 

forms at temperatures below 870°C [26]. Interestingly, peaks at 

21.5°, 31.7°, 42.4°, and 60.2° were found to match the pattern of 

NaCl [27], likely representing minor residual traces from the titration 

process. The XRD analysis further suggests that while temperature 

variations do not fundamentally alter the crystal structure, higher 

temperatures enhance nucleation rates, potentially leading to a 
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reduction in crystallite size, as calculated by the Scherrer equation 

[28].  
 

 
 

Fig. 2. XRD patterns of nanosilica particles synthesized at different 

alkali fusion temperatures: (a) 400°C, (b) 500°C, (c) 600°C, and (d) 

700°C 

3.4 Morphological and microstructural analysis 

The surface morphology of the nanosilica was examined using 

Scanning Electron Microscopy (SEM), as shown in Fig. 3. Samples 

treated at 400°C and 700°C both exhibit irregular, quasi-spherical 

shapes with a clear tendency toward agglomeration, a common 

phenomenon in nanoparticles due to their high surface energy.  

To further investigate the internal structure and precise particle 

size, Transmission Electron Microscopy (TEM) was employed (Fig. 

4). The TEM micrographs reveal that the particle size is highly 

dependent on the alkali fusion temperature. Specifically, the average 

particle size decreased from 18.91 ± 7.14 nm at 400°C to 14.00 ± 

3.33 nm at 700°C. This phenomenon can be attributed to the 

increased thermal energy at higher temperatures, which promotes a 

more efficient decomposition of the silica precursor and accelerates 

the reaction rate between the silica and the alkali. Consequently, 

higher fusion temperatures facilitate the formation of smaller, more 

uniform particles, whereas lower temperatures may lead to 

incomplete reactions and larger, non-homogeneous grain growth. 

 

 

 

 
 

Fig. 3. SEM micrographs of nanosilica particles synthesized at fusion temperatures: (a) 400°C and (b) 700°C (10,000x magnification) 

 

 
 

Fig. 4.  TEM micrographs and corresponding particle size distributions of nanosilica synthesized at fusion temperatures: (a) 400°C and (b) 

700°C 
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4 Conclusion 

This study synthesized nanosilica from Donggala silica sand 

using an alkali fusion process. XRF analysis indicated a relatively 

high SiO₂ content of up to 72.46%, while XRD results revealed 

the coexistence of amorphous and crystalline quartz phases, 

indicating partial structural transformation during synthesis. TEM 

observations showed that increasing the fusion temperature from 

400°C to 700°C reduced the average particle size from 18.91 nm 

to 14.00 nm, demonstrating the important role of fusion 

temperature in controlling nanosilica formation. The synthesized 

particles exhibited a quasi-spherical morphology with slight 

agglomeration. Overall, the results confirm that alkali fusion is an 

effective route for producing nanosilica from natural silica sand 

and that fusion temperature is a critical parameter influencing 

particle size and microstructural characteristics. However, further 

evaluation of yield, recovery, and process efficiency is necessary 

to support large-scale application. 
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