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The increasing demand for high-performance, cost-effective nanomaterials has driven significant interest in utilizing natural resources for advanced material production. This study presents the synthesis of nanostructured SiO2 from Ethiopian pumice through a sustainable, environmentally friendly, and cost-effective green chemistry approach. The process involved pumice purification and beneficiation, followed by alkaline leaching and wet sol–gel precipitation, achieved with low energy input and without the need for ablation or post-grinding steps. The end product’s properties were comprehensively analyzed using various techniques, including atomic absorption spectroscopy (AAS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermal analysis (TGA), UV-is spectroscopy, Brunauer–Emmett–Teller (BET) analysis, dynamic light scattering (DLS), scanning electron microscopy (SEM), and energy dispersive X-ray analysis (EDAX). AAS and EDAX analyses confirmed a high purity of 98.52% and an overall yield of 69.07%, within the upper range (50%–75%) reported in the literature, indicating a well-optimized process. BET analysis showed an average pore size of 86.63 nm along with a significant specific surface area of 571.48 m2/g. FTIR identified silanol (Si–OH) and siloxane (Si–O–Si) groups, while XRD revealed an amorphous structure. TGA demonstrated enhanced thermal stability up to 900°C, and UV–Vis analysis verified optical purity. DLS analysis revealed a uniform hydrodynamic diameter distribution within the favorable 10–100 nm range, while SEM images indicated an average primary particle size of 35.83 nm. This study optimized the synthesis of high-purity zero-dimensional (0D) nanostructured SiO2 from Ethiopian pumice, achieving uniform particle size, high surface area, and enhanced stability. The resulting 0D SiO2 outperforms conventional sources in both structural and functional properties, aligning with existing literature and industry standards and positioning it as an ideal and highly effective reinforcement filler for rubber composites. Its versatile properties also support applications in catalysis, adsorption, coatings, and optoelectronics. This work highlights Ethiopian pumice as a sustainable, cost-effective source of advanced silica materials with a strong potential for import substitution in Ethiopia’s tire industry.
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1 INTRODUCTION
Global industries face challenges related to outdated technologies, limited access to raw materials, and rising input costs. Nanomaterials have emerged as a promising solution to mitigate these issues (Roco and Bainbridge, 2002). Among these materials, nanostructured silica has emerged as significant attention due to its unique nanoscale characteristics, including small particle size, high uniformity, superior stability, and surface-active characteristics (Li et al., 2012), making it highly versatile for applications in rubber (Muhammud and Gupta, 2022), catalysis (Song et al., 2020), adsorption (Dizgeet, 2022; Wang, 2019; Hani et al., 2023), coatings (Beneditt-Jimenez et al., 2022), and electronics (Laskowski et al., 2019; Shimomura, 2023). Nanostructured silica, in particular, enhances mechanical strength, thermal stability, and abrasion resistance in tire rubber composites, contributing to fuel-efficient and high-performance green tires (Thirumalai et al., 2017; Zhang et al., 2020; Wang, 2018).
The growing demand for high-performance and cost-effective nanomaterials has intensified research into sustainable sources for synthesizing silica. Traditional methods often rely on synthetic precursors such as tetraethyl orthosilicate (TEOS) and energy-intensive processes, leading to high costs and environmental concerns. Addressing these challenges requires the development of eco-friendly, cost-effective, and scalable synthesis routes that utilize natural and abundant raw materials. While nanostructured silica can be derived from various biogenic sources, including rice husk (Zhang et al., 2014), corn cobs (Adam, 2011), teff straw (Gebretatios and Raghavan, 2021), and wheat husk (Kumar, 2017), as well as mineral sources like olivine (Rønning, 2004), perlite (Demir et al., 2019), silica sand (Aziz, 2014), granite (Santhosh et al., 2016), clay (Zhang, 2012), and diatomaceous earth (Zhao, 2015a), the search for more sustainable and cost-effective raw materials remains a critical challenge (Zhang, 2021; Pereira, 2018).
Pumice rock, formed through volcanic activity, is lightweight, porous, and rich in silica, along with other oxides like Al2O3 and Fe2O3 (Kumar and Prakash, 2019). Widely used in construction and filtration in various parts of the world, including Africa (Ravindra, 2021), its potential for high-value nanomaterial production remains underexploited (Günkaya and Banar, 2018). Ethiopian pumice, which is abundant, cost-effective, and composed of 60%–70% amorphous silica (Mulugeta and Tadesse, 2018; Kebede, 2020), offers a promising alternative for nanostructured silica synthesis (Ravindra, 2021; Ogunbiyi et al., 2019).
Currently, Ethiopia imports various grades of nanostructured silica for use in tire rubber, paints, printing inks, and plastics (Geda and Shimeles, 2007). While biomass-derived silica has shown potential in Ethiopia, one study (Bageru and Srivastava, 2018) successfully extracted nanostructured silica from teff straw ash for use as biocomposites with chitosan and alginate for pyridine removal.
Similarly, another study (Jembere, 2017) explored the potential of rice husk ash-derived silica in rubber tread compounds at Horizon Addis Tire Factory as a substitute for imported commercial silica. While these studies have shown promise, they involve multiple processing steps, such as seasonal biomass collection, an ablation step to produce ash, and additional grinding before application, limiting their economic feasibility.
In contrast, Ethiopia has abundant pumice rock, containing 60%–70% amorphous silica, with approximately 800,000 metric tons mined in 2019 (Crangle, 2019). Unlike biogenic sources, pumice is a scalable and energy-efficient option for nanostructured silica production, requiring no ablation or post-grinding and free of seasonal collection limits.
Compared to conventional energy-intensive and less environmentally friendly silica production, recent research prioritizes cost-effective and sustainable extraction from siliceous mineral ores like pumice. The synthesis of nanostructured silica can be achieved through various methods, each differing in scalability, energy efficiency, product purity, and industrial applicability. Hydrothermal synthesis utilizes high-temperature aqueous solutions to produce crystalline silica with controlled particle size; however, it is energy-intensive, requires high pressure, and faces scalability limitations and environmental challenges (Kumar, 2019; Mohammed et al., 2021). Microwave-assisted synthesis (Zhao, 2015b; Imoisili and Jen, 2022) and flame synthesis (Wang, 2018) enhance energy efficiency and scalability but present challenges related to equipment requirements and particle uniformity. Solvothermal synthesis (Lee, 2014), while achieving superior purity, remains costly and impractical for large-scale production. Acid–base precipitation is a simpler, cost-effective method but struggles with controlling particle size and morphology, and the use of strong acids and bases poses environmental concerns (Manurung et al., 2022).
Among the various methods, the sol–gel process is a versatile and environmentally friendly technique for efficiently extracting and converting pumice into high-performance nanostructured silica. Operating under mild conditions, it allows precise control over silica morphology and surface area while reducing energy consumption and minimizing the need for harsh chemicals, aligning with green chemistry principles (Brinker and Scherer, 1990).
Its scalability and ability to produce high-purity silica with tailored properties make it ideal for industrial applications (Kumar, 2019). In this study, an optimized alkaline leaching-sol–gel method incorporating controlled washing, drying, and calcination was identified as the most efficient and sustainable approach for producing high-performance nanostructured silica from pumice, modifying methods from previous research (Kumar, 2019; Mulugeta and Tadesse, 2018). This method lowers production costs while enhancing environmental sustainability, making it industrially viable (Karande et al., 2021; Emrie, 2024).
Ethiopian pumice, a silica-rich volcanic glass, represents an abundant yet underutilized resource for the synthesis of high-performance nanostructured silica. Despite its high silica content, the potential of Ethiopian pumice in nanomaterial synthesis remains largely unexplored. This study addresses this gap by extracting and synthesizing nanostructured silica from Ethiopian pumice through a systematic process involving purification, alkaline leaching, and sol-gel precipitation. The adopted method aligns with green chemistry principles by minimizing the use of toxic solvents and harsh chemicals while maintaining mild synthesis conditions to ensure sustainability and scalability. Comprehensive characterization revealed the structural, morphological, and thermal properties of the synthesized silica.
A key motivation for this study is the potential industrial application of the synthesized silica material, which has been evaluated and identified as an ideal reinforcement filler for rubber composites. The tire industry, in particular, depends on high-performance silica fillers to enhance mechanical strength, abrasion resistance, thermal stability, and rolling efficiency. This material demonstrates strong potential for import substitution in Ethiopia’s tire industry. Additionally, this study promotes the utilization of local resources that reduce production costs and support sustainable industrial development while contributing to global advancements in materials science and environmental sustainability.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Chemicals
The chemicals for the synthesis of high-performance nanostructured SiO2 from Ethiopian pumice were sourced from local chemical suppliers in Addis Ababa and used as received without further purification. Analytical-grade sodium hydroxide (99% purity, NaOH) was utilized for the preparation of Na2SiO3 solutions derived from pumice digestion and maintaining the alkalinity of different solutions. Analytical-grade sulfuric acid (H2SO4) from Merck (Germany) was employed as a 5 M solution prepared from concentrated acid (98% purity) for neutralizing the sodium silicate solution to form SiO2 gel from sodium silicate. Hydrochloric acid (HCl), analytical grade, procured from BDH Chemicals (United Kingdom), was used as a 1 M solution prepared from concentrated HCl (37% purity) for removing impurities from the prepared SiO2 nanostructure. Deionized water (DI water), laboratory-grade, sourced from an in-house purification system, was used throughout the synthesis. Analytical-grade ethanol (99.9% purity, C2H5OH), obtained from Fisher Scientific (United States), served as a solvent in the washing process and solution preparation.
2.1.2 Equipment
The equipment used in the synthesis and characterization process included a magnetic stirrer, hot plate, beakers, pH meter, vacuum filtration setup, oven, centrifuge, muffle furnace, analytical balance, mortar and pestle, three-neck round-bottom flask with reflux setup, crucibles, jaw crusher, electric grinder, thermometer, Whatman filter paper, and aluminum foil.
2.2 Experimental procedures
2.2.1 Collection, beneficiation, and characterization of pumice
Following consultation recommendations from the Geological Survey of Ethiopia, the Ethiopian pumice rock used in this study, with a silica content of 64.82%, was collected from the Tatek quarry in the Rift Valley region, owned by the Mugher Cement Factory. The pumice, selected for its high silica content, was originally intended for cement production.
The beneficiation and purification of pumice were carried out based on a baseline study (Sarikaya et al., 2017), with modifications made to increase its silica concentration, quality, and usability by removing impurities before using it as a precursor for SiO2 nanostructure preparation as shown in Figure 1. Initially, the collected pumice was cleaned through a multi-step wash with distilled water to remove dust, debris, and soluble contaminants. It was then oven-dried at 100°C for 12 h to eliminate moisture, cooled, and crushed using a jaw crusher. The crushed pumice was ground into finer particles with an electric grinder and sieved through a 180-µm mesh to ensure uniform particle size. The sieved pumice was subjected to calcination at 500°C for 4 h, resulting in the formation of meta-pumice. After calcination, the material was comprehensively analyzed for its properties, including optical behavior (UV–Vis spectroscopy), thermal stability (TGA), particle size distribution (DLS), surface texture and elemental composition (SEM-EDAX), phase identification (XRD), functional groups (FTIR), pore structure and specific surface area (BET), and silicate content and elemental concentration (AAS). The purified and characterized material was subsequently used as a precursor for SiO2 extraction.
[image: Figure 1]FIGURE 1 | Provides a pictorial representation of the beneficiation process of Ethiopian pumice.
2.2.2 Synthesis of 0D nanostructured SiO2
The beneficiated and purified Ethiopian pumice powder was utilized as a precursor for the synthesis of 0D nanostructured SiO2 under optimized conditions established in an unpublished study. Key synthesis parameters, including temperature, reaction time, pH, and reagent concentrations, were carefully monitored to achieve the desired properties. Nanostructured SiO2 was synthesized following a modified procedure based on a typical experimental approach as shown in Figure 2 (Mourhly et al., 2015). Initially, 30 g of pumice powder was dispersed in 300 mL of 3 M NaOH within a three-neck round-bottom flask and refluxed at 90°C for 2 h and 30 min to form a sodium silicate solution as shown in Figure 3. The resulting solution was centrifuged, filtered, and washed with minimal amounts of boiling distilled water.
[image: Figure 2]FIGURE 2 | Presents the complete sol–gel process flowchart for the synthesis of 0D nanostructured SiO2 from pumice.
[image: Figure 3]FIGURE 3 | Shows the alkaline leaching of pumice.
After cooling, 5 M H2SO4 was added dropwise to titrate the sodium silicate solution. During the reaction between Na2SiO3 and H2SO4 in the presence of water, soluble silica (Si(OH)4) sol and sodium sulfate (Na2SO4) were formed as shown in Figure 4. The pH of the solution was maintained at 7–8 to facilitate the formation of an SiO2 gel, which was stirred continuously for 30 min.
[image: Figure 4]FIGURE 4 | Illustrates the sol–gel process for preparing nanostructured SiO2.
The gel was then aged at room temperature for 24 h to enhance uniformity and morphology before being filtered, washed, and dried at 80°C for 24 h. To remove residual soluble minerals, the dried SiO2 was refluxed with 1 M HCl at 100°C for 3 h, followed by centrifugation, filtration, and oven drying at 120°C for 12 h. Finally, the purified SiO2 was calcined at 600°C for 5 h to eliminate organic residues, following a modified protocol adapted from similar studies (Pereira, 2018; Karande et al., 2021; Emrie, 2024).
The overall chemical reactions involved in the alkaline extraction of the sodium silicate solution from Ethiopian pumice, followed by the sol–gel synthesis of SiO2 nanostructures, are presented below. These reactions have been adapted from a similar study (Mourhly et al., 2015) with significant modifications:
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2.2.3 Characterization of 0D nanostructured SiO2
The high-performance nanostructured SiO2 synthesized from Ethiopian pumice was comprehensively characterized using advanced analytical techniques. Atomic absorption spectroscopy (AAS) was employed to determine the elemental composition, while X-ray diffraction (XRD) was used to analyze the crystalline structure and phase purity. Additional tailored properties were investigated as follows: thermal stability using thermogravimetric analysis (TGA), optical properties via UV–Vis spectroscopy, particle size distribution by dynamic light scattering (DLS), functional groups identified through Fourier transform infrared (FTIR) spectroscopy, surface area and pore size measured by Brunauer–Emmett–Teller (BET) analysis, and surface morphology, particle size, and elemental composition examined using scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDAX).
3 RESULTS AND DISCUSSION
3.1 Chemical composition analysis
The atomic absorption spectroscopy (AAS) analysis of silicate content, conducted at the Ethiopian Geological Survey Laboratory and presented in Table 1, confirmed a substantial increase in silica purity from 64.82% in beneficiated pumice to 98.52% in the synthesized nanostructured SiO2. This remarkable improvement confirms the effective removal of major impurities such as Al2O3 and Fe2O3, along with other minor oxide contaminants typically found in natural pumice. The synthesized nanostructured SiO2 exhibits superior purity compared to previous studies, which reported purity levels of 94% (Mourhly et al., 2015), 94.44% (Mourhly et al., 2019), 86.8% (Raza, 2019), 96.83% (Imoisili et al., 2020), and 93.299% (Hidayah, 2024), and is comparable to the 99% reported by Alves et al. (2017). The decrease in loss on ignition (LOI) from pumice to nanostructured SiO2 confirmed a reduction in impurity and moisture levels. The chemical compositional analysis showed that the purity level of nanostructured silica synthesized from Ethiopian pumice is similar to that of commercially produced silica, which is usually obtained through expensive and complex processes.
TABLE 1 | Complete silicate analysis report of beneficiated pumice and pumice-derived nanostructured SiO2 by AAS.
[image: Table 1]Standard commercial silica, used in rubber, glass, or coatings, typically has a purity range of 95%–99%. These results suggest that the nanostructured silica from Ethiopian pumice can be a sustainable and cost-effective alternative to high-grade commercial silica, making it suitable for high-performance applications like rubber reinforcement, catalysis, and electronics. The presence of alkali metal and alkaline earth metal oxides in small amounts does not significantly impact the performance of silica for the intended applications in our study.
3.2 Structural properties from XRD
X-ray diffraction (XRD) analysis, presented in Figure 5, confirms phase transformations in the Ethiopian beneficiated pumice during the synthesis of nanostructured silica. The XRD pattern of the beneficiated pumice reveals sharp peaks at 2θ = 27°, indicating the presence of crystalline silica and metal oxides, such as quartz (Rampe et al., 2023), consistent with natural SiO2 phases in pumice.
[image: Figure 5]FIGURE 5 | Displays the X-ray diffractograms of beneficiated pumice and pumice-derived SiO2.
Additional impurity peaks at 2θ ≈ 30°, 50°, and 60° correspond to residual crystalline phases of materials like Fe2O3 and Al2O3, with notable peaks at 2θ ≈ 25.6°, 35.1°, and 43.4° for Al2O3 (corundum) and peaks at 2θ ≈ 29.0° and 33.0° for Na2O (Hidayah, 2024). In contrast, the XRD pattern of the pumice-derived nanostructured SiO2 exhibits a broad hump centered approximately 20°–30° 2θ, characteristic of amorphous silica (Rønning, 2004; Bachir et al., 2023; Luthfiah et al., 2021), which is typical for sol–gel-synthesized SiO2. Minor residual peaks, resulting from trace amounts of crystalline silica or other impurities of alkali metal oxides, are observed at low intensities, confirming the predominance of an amorphous SiO2 structure (Mourhly et al., 2019; Khattak et al., 2023), validating purity and the successful synthesis of nanostructured SiO2. This transition from a crystalline to an amorphous state enhances surface area and reactivity, making the synthesized nanostructured SiO2 suitable for applications such as rubber reinforcement, adsorption, and catalysis.
3.3 Functional groups identified by FTIR
FTIR analysis (Figure 6) shows the structural transformation of beneficiated pumice into high-purity nanostructured SiO2, emphasizing its enhanced reactivity. The FTIR spectrum of beneficiated pumice exhibits characteristic peaks at 3,700–3,200 cm−1 (O–H stretching of water molecules) and a sharp absorption band at approximately 3,750 cm−1 due to isolated silanol (Si–OH) groups (Ellerbrock et al., 2022), 1,650–1,630 cm−1 (H–O–H bending of molecular water), 1,050–1,000 cm−1 and 820–750 cm−1 (Si–O–Si asymmetric and symmetric stretching, respectively), and 550–450 cm−1 (Si–O bending). Additional bands at 1,500–1,350 cm−1 indicate C–O stretching, and peaks at 960–850 cm−1 correspond to Al–O–Si stretching in aluminosilicates, while the peak at 870 cm−1 (out-of-plane bending of carbonate ions) indicates the presence of carbonates. Peaks below 500 cm−1 correspond to Al–O and Fe–O metal-oxygen bonds, consistent with prior studies (Demir et al., 2019; Meftah et al., 2023).
[image: Figure 6]FIGURE 6 | Highlights the FTIR spectra of beneficiated pumice and pumice-derived nanostructured SiO2.
The FTIR spectrum of the synthesized nanostructured SiO2 reveals characteristic features of high-purity silica, closely matching the spectra of commercial high-performance silica (Günkaya and Banar, 2018; Hidayah, 2024).
Key peaks include O–H stretching vibrations at 3,650–3,250 cm−1, attributed to surface hydroxyl groups and adsorbed moisture, and H–O–H bending vibrations at 1,650–1,630 cm−1, corresponding to molecular water. These features are commonly observed in high-performance silica, which has a high surface area and exhibits hydrophilicity, resulting in greater moisture adsorption (Mourhly et al., 2019).
In addition, bands at 1,150–1,050 cm−1 and 850 cm−1, corresponding to Si–O–Si asymmetric and symmetric stretching vibrations, respectively (Ellerbrock et al., 2022), confirm the presence of a well-organized silica network. The peak at 500–450 cm−1 is attributed to Si–O bending vibrations (Ellerbrock et al., 2022), which further indicate a well-structured silica matrix, typical of commercial-grade silica. The absence of peaks related to impurities (Johannesen et al., 1954) confirms that the synthesized SiO2 is highly pure, achieved through a combination of beneficiation, alkaline leaching, and sol-gel synthesis, which effectively reduces impurities to undetectable levels.
In FTIR spectra, the loss on ignition (LOI) decreases from pumice to nanostructured SiO2. The more prominent and intense O–H stretching (∼3,400 cm−1) and bending (∼1,630 cm−1) bands in nanostructured SiO2 are attributed to its higher surface area and increased concentration of surface silanol (Si–OH) groups. During the synthesis process, the removal of impurities and structural reorganization exposes more hydroxyl groups on the silica surface, leading to stronger O–H signals despite the overall reduction in bound water and impurities (Ellerbrock et al., 2022).
The high concentration of surface hydroxyl groups, resulting from the material’s increased surface area and amorphous nanostructure, enhances surface reactivity, making it highly suitable for applications such as rubber reinforcement, adsorption, and catalysis. These structural characteristics, combined with the spectral features, demonstrate that the synthesized Ethiopian pumice-derived SiO2 exhibits properties comparable to commercial high-performance nanostructured silica, confirming its potential for advanced industrial applications (Raza, 2019).
3.4 Thermal stability analysis: TGA
The thermogravimetric analysis (TGA) of beneficiated pumice exhibited a step-wise weight loss pattern as shown in Figure 7, indicating the gradual decomposition of its components. The initial weight loss below 400°C was attributed to the evaporation of moisture and the release of physically bound water. A sharp decrease in weight between 400°C and 450°C was associated with the decomposition of organic matter and volatile compounds. The weight remained stable between 450°C and 475°C, suggesting that most organic materials had decomposed. A slight weight gain between 475°C and 525°C was likely caused by the oxidation of residual impurities, such as metal oxides. From 525°C to 600°C, the weight remained constant, indicating thermal stability in this range. Another weight gain between 625°C and 650°C may have resulted from further oxidation of inorganic components. The weight remained stable from 675°C to 750°C, reflecting the thermal stability of the material’s inorganic matrix. A sharp weight loss occurred above 775°C, which was attributed to the decomposition or phase transformation of structural hydroxyl groups and high-temperature compounds like carbonates, releasing gases such as CO2. This step-wise weight loss pattern demonstrated the complex thermal decomposition and compositional diversity of beneficiated pumice, consistent with previous findings (Mourhly et al., 2015; Hidayah, 2024).
[image: Figure 7]FIGURE 7 | Depicts the TGA thermograms of beneficiated pumice and pumice-derived nanostructured SiO2, showcasing thermal stability.
In contrast, the nanostructured SiO2 exhibited a more pronounced weight loss below 100°C, primarily due to the evaporation of residual moisture. The weight loss continued up to approximately 500°C, after which the material became thermally stable, with minimal or no further loss as shown in Figure 7, indicating the robust thermal stability of silica. This stability above 500°C is characteristic of the silica network, which is inherently stable due to its high-temperature resistance. Thus, the enhanced thermal stability of nanostructured SiO2 was validated by its behavior above 500°C, where it maintained its mass, unlike the beneficiated pumice, which continued to show weight loss even at higher temperatures (Mourhly et al., 2019). Alkaline leaching and calcination effectively removed organic and inorganic impurities, resulting in minimal mass loss beyond 500°C. This indicated the high purity of the synthesized SiO2, consistent with previous studies (Li et al., 2012), which demonstrated that reduced impurity content and increased silica concentration contribute to improved thermal stability.
This enhanced thermal stability is linked to the effective removal of impurities and the formation of high-purity silica, making it well-suited for high-temperature applications such as rubber reinforcement, thermal insulation, and catalysis, as supported by previous research (Zhang et al., 2024).
3.5 UV–vis analysis of optical properties
The ultraviolet–visible (UV–Vis) spectra presented in Figure 8 highlight distinct differences between beneficiated pumice and pumice-derived nanostructured silica. The beneficiated pumice shows multiple broad peaks, indicating impurities such as metal oxides and organic residues, consistent with Hidayah (2024). In contrast, the nanostructured silica exhibits a characteristic broad peak at approximately 297 nm, attributed to intrinsic electronic transitions in the silica network, particularly the UV absorption of oxygen-silicon (Si–O) bonds (Luthfiah et al., 2021). This peak reflects the silica’s UV absorbance properties and indicates high optical purity.
[image: Figure 8]FIGURE 8 | Presents the UV–Vis absorbance spectra of beneficiated pumice and pumice-derived nanostructured SiO2.
The UV–Vis results show minimal light absorption in the visible region, confirming the high optical transparency and purity, as reported by Meftah et al. (2023) and Thahab Al-Abboodi et al. (2020). The purification and nanoscale processing of the beneficiated pumice significantly enhance its optical properties, aligning with previous studies (Bachir et al., 2023), which show that the nanosilica derived from natural materials exhibits well-defined absorbance peaks due to reduced impurities and intrinsic optical characteristics. This study demonstrates the optical refinement achieved through the synthesis of nanosilica from pumice.
3.6 Surface texture and pore structure analysis (BET method)
The BET analysis (Table 2; Figures 9A, B) reveals a significant increase in the surface area and pore volume following the transformation of Ethiopian pumice into nanostructured SiO2.
TABLE 2 | BET summary of beneficiated pumice and pumice nano SiO2.
[image: Table 2][image: Figure 9]FIGURE 9 | Illustrates the BET isotherms of beneficiated Ethiopian pumice (A) and pumice-derived nanostructured SiO2 (B).
The surface area increased from 335.167 m2/g (pumice) to 571.477 m2/g (nanostructured SiO2), exceeding the values reported in previous studies, which were found to be 25 m2/g to 30 m2/g (Kalapathy et al., 2002), 16–37 m2/g (Sulaiman et al., 2022), 60–120 m2/g (Khanday, 2018), 100–200 m2/g (Sharafudeen et al., 2017), 358 m2/g (Sarikaya et al., 2017), and 422 m2/g (Mourhly et al., 2019). However, it is slightly lower than the 670.8 m2/g reported in one study (Raza et al., 2018). Additionally, the pore volume expanded from 6.301 × 10−14 cm3/g to 8.663 × 10−14 cm3/g. These improvements are particularly beneficial for applications such as rubber reinforcement, adsorption, filtration, and catalysis. The optimized synthesis of nanostructured SiO2 in this study resulted in a well-defined morphology with a high surface area (571.48 m2/g) and controlled pore characteristics (86.63 nm). The synthesized silica exhibits properties suitable for rubber-grade fillers, demonstrating superior reinforcement capabilities compared to commercial silica fillers. Its BET surface area exceeds that of quartz-based and most biogenic silica sources, thereby enhancing its performance as both a filler and a reinforcing agent. This structural optimization improves adsorption efficiency by increasing the available surface area for molecular interactions and enhances catalytic performance by facilitating greater access of reactants to active sites. Utilizing abundant Ethiopian pumice offers a sustainable, cost-effective alternative to energy-intensive synthetic and mineral-derived silica and promotes the development of environmentally friendly materials.
3.7 Particle size analysis by DLS
The DLS analysis (Figure 10) confirms the successful synthesis of uniform nanostructured SiO2 with a narrow particle size distribution ranging from 10 nm to 100 nm. This contrasts sharply with the broader distribution observed in beneficiated pumice, which ranges from 600 nm to 10,000 nm. As highlighted in previous studies (Amer, 2020), such uniformity improves material consistency and performance, making it highly suitable for applications such as rubber reinforcement, catalysis, and adsorption. The particle size distribution of beneficiated pumice (Figure 10A) reveals a heterogeneous, polydisperse distribution with peaks between 600 nm and 10,000 nm.
[image: Figure 10]FIGURE 10 | Shows the DLS analysis for particle size distribution of beneficiated pumice (A) and pumice-derived SiO2 (B).
This broad distribution is attributed to the mixed mineral and organic components present in untreated pumice, as described in a previous study (Ravindra, 2021). In contrast, the nanostructured SiO2 (Figure 10B) shows a single dominant peak within the 10–100 nm range, confirming the synthesis of monodisperse SiO2 with significantly reduced polydispersity, consistent with the findings of another study (Luthfiah et al., 2021).
This narrower distribution validates the successful transformation of Ethiopian pumice into high-performance nanostructured SiO2, making it ideal for advanced applications such as rubber reinforcement, adsorption, and catalysis. The particle size distribution of nanostructured SiO2 in the 10–100 nm range aligns with previous studies (Demir et al., 2019), indicating the production of a high-performance SiO2 filler with minimal agglomeration, which is critical for reinforcing rubber.
The correlogram for beneficiated pumice (Figure 11A) shows a gradual decay in the correlation, indicating larger particles and high polydispersity, consistent with raw mineral samples reported by Aziz (2014).
In contrast, the correlogram for nanostructured SiO2 (Figure 11B) displays a sharp initial drop followed by exponential decay, confirming a more uniform particle size distribution. The gradual decrease to 0 suggests some residual aggregation, a common challenge in nanoparticle synthesis. These results demonstrate the successful conversion of Ethiopian pumice into nanostructured SiO2 with reduced polydispersity.
[image: Figure 11]FIGURE 11 | Presents the correlograms of beneficiated pumice (A) and pumice-derived nanostructured SiO2 (B).
Further improvements, such as surface functionalization or advanced dispersion techniques (Bachir et al., 2023), could enhance its performance, particularly for applications like rubber reinforcement.
3.8 Morphology and elemental composition analysis by SEM-EDAX
The SEM images (Figures 12, 13) illustrate the morphological transformation from beneficiated pumice to synthesized nanostructured SiO2. Beneficiated pumice exhibited a heterogeneous morphology, while the nanostructured SiO2 displayed uniform, spherical particles with minimal agglomeration, attributed to controlled nucleation and growth during the sol–gel synthesis process. The reduced agglomeration enhances the material’s suitability for advanced applications such as rubber reinforcement and coatings.
[image: Figure 12]FIGURE 12 | Images show the SEMEDAX analyses of beneficiated pumice; illustrating its morphology and elemental composition.
[image: Figure 13]FIGURE 13 | Images show the SEM-EDAX analysis of beneficiated pumice and pumice-derived nanostructured SiO2, respectively, illustrating their morphology and elemental composition.
The study successfully utilized 9.695 µm pumice particles to produce nanostructured SiO2 with an average particle size of 35.83 nm, as shown in Figure 12. SEM-EDAX analysis (Figure 12; Table 3) of the beneficiated pumice revealed a composition of 47.1% oxygen, 40.59% silicon, 9.53% aluminum, and trace amounts of sodium, calcium, iron, and magnesium.
TABLE 3 | Summary of EDAX elemental analysis of Ethiopian beneficiated pumice.
[image: Table 3]The EDAX spectra identified characteristic peaks at ∼1.65 keV (Si Kα), ∼1.5 keV (Al Kα), and ∼6.5 keV (Fe Kα), reflecting the heterogeneous composition and presence of impurities (Mourhly et al., 2015). In contrast, the SEM-EDAX analysis of the synthesized nanostructured SiO2 (Figure 13; Table 4) confirmed its high purity, with 98.52% of its composition consisting of silicon and oxygen, and only 1.48% of metal oxides remaining, an impurity level negligible for high-performance applications.
TABLE 4 | Summary of EDAX elemental analysis of pumice-derived nano SiO2.
[image: Table 4]The uniform nanoscale morphology and high purity of the synthesized SiO2 highlight its potential for use in optics, electronics, rubber fillers, and catalysis. The successful synthesis of 35.83 nm nanostructured SiO2 from Ethiopian pumice demonstrates the efficacy of the sol–gel method, aligning with findings from previous studies (Meftah et al., 2023; Bachir et al., 2023).
3.9 Mass balance and yield of 0D nanostructured SiO2
The synthesis of nanostructured SiO2 from Ethiopian pumice involves a multi-step process, including alkaline extraction, precipitation, washing, acid purification, drying, and calcination.
Using 30 g of Ethiopian pumice containing 64.82% SiO2, the theoretical silica content is calculated as
[image: image]
During alkaline leaching, pumice reacts with NaOH to form sodium silicate, with an extraction efficiency of 90%, yielding approximately:
[image: image]
Subsequent precipitation with H2SO4, with an efficiency of 85%, results in
[image: image]
Acid purification with HCl removes residual impurities with 95% efficiency, yielding
[image: image]
Drying and calcination at 600°C remove adsorbed water and residual organics, resulting in a final yield of
[image: image]
The overall yield is calculated using the following equation:
[image: image]
Additionally, the mass balance is expressed as
Mass balance (%) = Total mass of products and by-products/Initial mass of raw pumice × 100.
Sodium sulfate (Na2SO4), a key by-product, is formed in this reaction. Using molar ratios, its mass is calculated as:
[image: image]
The total expected mass of products and by-products is
[image: image]
The mass balance is calculated as
[image: image]
The mass balance exceeds 100% due to the incorporation of sodium and sulfur during synthesis, which were not present in the original pumice. Additionally, the removal of impurities and evaporation of water during drying and calcination result in an apparent increase in total mass compared to the initial raw material. This outcome aligns with typical chemical processes where reaction by-products contribute to the overall mass. The high final yield (69.07%) demonstrates an efficient synthesis process, and the mass balance value reflects realistic reaction outcomes reported in similar silica extraction studies (Melis et al., 2022). The method yields high-purity silica (98.52%), making it suitable for industrial applications. Moreover, the process is cost-effective, scalable, and supports sustainable material development by utilizing natural Ethiopian pumice.
3.10 0D nanostructured SiO2
Zero-dimensional (0D) nanostructured SiO2 nanoparticles are characterized by their nanoscale size and isotropic structure, typically forming spherical morphologies. The classification as 0D is based on their particle size and morphology, with dimensions confined to the nanoscale (1–100 nm). In this study, the synthesized SiO2 particles have an average size of 35.83 nm, as confirmed by scanning electron microscopy (SEM), and a particle size distribution of 10–100 nm, as confirmed by dynamic light scattering (DLS). These particles are spherical and lack extended directional growth, which is typical of 0D nanomaterials (Paras et al., 2023).
Unlike one-dimensional (1D) (nanorod) or two-dimensional (2D) (nanosheet) materials, which have extended structures, 0D materials are discrete, with no significant length, width, or height beyond the nanoscale. The uniform size distribution and spherical shape further support this classification.
The amorphous phase, with its high surface area, reactive silanol groups, and ease of surface functionalization, is preferred for applications in catalysis, reinforcement fillers, and adsorption (Zhuravlev, 2000). Thus, the prepared nanostructured SiO2 is amorphous and 0D, with properties suitable for advanced industrial applications.
3.11 Potential of nanostructured SiO2 for high-performance applications
In our study, we have not directly tested the material’s performance in specific applications such as rubber reinforcement or catalysis. However, the synthesized nanostructured SiO2 from Ethiopian pumice exhibits key physicochemical properties that are typically associated with high-performance silica materials. Its high purity (98.52%), significant yield (69.07%), and uniform nanoscale particle size distribution (average primary size of 35.83 nm, with a hydrodynamic diameter range of 10–100 nm) ensure consistent material quality. The high specific surface area (571.48 m2/g) and mesoporosity (pore volume of 0.74 cm3/g, average pore size of 86.63 nm) provide abundant active sites for surface interactions, enhancing its potential for demanding applications. Additionally, its thermal stability up to greater than 900°C and minimal weight loss beyond 500°C indicate resilience in high-temperature environments, while its optical purity reflects low impurity content.
These properties align with those reported in the literature for high-performance silica materials. For example, in rubber composites, a high surface area improves interfacial bonding with the polymer matrix, enhancing mechanical properties like tensile strength and elastic modulus. The nanoscale particle size ensures better dispersion, reducing filler aggregation and facilitating efficient stress transfer, which are features comparable to commercial fillers such as Ultrasil VN3. These results align with the findings reported by Brinke (2002). Similarly, in catalysis, the high surface area and mesoporosity provide abundant active sites, facilitating reactions such as hydrogenation and acid-catalyzed processes.
Additionally, its thermal stability enables operation at elevated temperatures, as reported by Song et al (2020). The material’s small particle size, large surface area, and pore volume also suggest its suitability for drug delivery, enabling efficient therapeutic agent loading, cellular uptake, and controlled release. Saha (2020) showed that silica materials with similar properties are effective for controlled and targeted drug delivery.
While further application-specific performance tests are needed to fully validate these claims, the combination of high purity, nanoscale uniformity, large surface area, mesoporosity, and thermal stability indicates that the synthesized nanostructured SiO2 possesses essential properties required for high-performance applications across various industries.
3.12 Comparison of 0D nanostructured SiO2 from various sources
This section compares the zero-dimensional (0D) nanostructured SiO2 synthesized from Ethiopian pumice with SiO2 produced from other sources, focusing on particle size, surface area, morphology, and application potential in rubber composites. The comparison of nanostructured silica from various sources proves the novelty and significance of our synthesized silica derived from Ethiopian pumice. Our material, synthesized through purification, wet-process alkaline leaching, and sol–gel precipitation, shows a high surface area of 571.48 m2/g, a pore size of 86.63 nm, and a purity of 98.52%, making it highly suitable for rubber reinforcement filler, catalysis, adsorption, and optoelectronics applications.
In contrast, silica from rice husk biomass (combustion and acid treatment) shows a lower surface area of 25–30 m2/g with high purity but lacks specified pore size and applications (Kalapathy et al., 2002). Silica sand produced via the sol–gel method has a surface area of 16–37 m2/g with high purity and is mainly used as a plant stimulant (Sulaiman et al., 2022). Quartz sand prepared directly used in hybrid silicon solar cells but lacks specific quantitative data (Al-Akhras et al., 2018). Bamboo leaf ash treated by combustion and acid washing has a surface area of 80–90 m2/g with high purity for adsorption and catalysis (Yao et al., 2020).
Diatomaceous earth produced through acid digestion shows a surface area of 60–120 m2/g for water purification and catalysis (Khanday, 2018). Fly ash treated with acid and the sol–gel process exhibits a surface area of 45–60 m2/g for environmental remediation and composites (Garg, 2021). Morocco pumice rock processed similarly to our method has a lower surface area of 422 m2/g, a pore size of 5.5 nm, and 94.44% purity for catalyst support (Mourhly et al., 2019). Olivine produced through leaching achieves a higher surface area of 670.8 m2/g with smaller pores (5.59 nm) and lower purity (86.8%) (Raza et al., 2018). Desert sand produced using alkali fusion shows a 100–200 m2/g surface area with 10–30 nm pores for water treatment (Sharafudeen et al., 2017). Perlite produced from wet processing has particle sizes of 0.3–1 μm with 98% purity for insulation materials (Srivastava et al., 2013). Turkish pumice produced via alkaline treatment yields a 358 m2/g surface area with a mesoporous structure for catalytic applications (Sarikaya et al., 2017).
Compared to all these, our silica’s exceptionally high surface area, tailored pore size, and high purity highlight its novelty, offering a sustainable and cost-effective solution with superior performance for industrial applications, particularly in rubber reinforcement.
3.13 Comparison of 0D SiO2 with commercial SiO2
The nanostructured 0D SiO2 synthesized in this study exhibits a significantly higher BET surface area (571.48 m2/g) than high-performance commercial silica such as Ultrasil VN3 (170–220 m2/g), with a comparable pore volume (0.74 cm3/g vs. 0.75 cm3/g) and similar particle size distribution (10–100 nm) (HB Chemical, 2022). Similarly, its average particle size (∼38 nm) falls within the range of commercial silica (∼25–50 nm), and both materials share an aggregated, near-spherical, porous morphology. The higher surface area of the synthesized silica enhances polymer–filler interactions, contributing to its comparable reinforcement efficiency in NR/SBR rubber composites, aligning well with established commercial standards (Brinke, 2002). This comparison highlights the potential of our pumice-derived silica as a high-performance reinforcement filler in rubber applications (Evonik, 2023).
4 CONCLUSION
This study successfully transformed Ethiopian pumice into high-purity nanostructured silica through beneficiation, alkaline leaching, and sol–gel precipitation. The synthesized silica exhibited enhanced structural, thermal, and optical properties, including a high BET surface area (571.48 m2/g), an average pore size (86.63 nm), and a uniform nanoscale particle size distribution (10–100 nm). These characteristics highlight its suitability for high-performance industrial applications such as rubber reinforcement, catalysis, adsorption, and optoelectronics. Compared to other silica sources, our material offers superior surface area, tailored pore size, and high purity (98.52%), making it a sustainable and cost-effective solution for advanced material applications, particularly in the rubber industry. The optimized process achieved a yield of 69.07%, within the upper range reported in the literature, confirming its efficiency and potential scalability.
This study introduces Ethiopian pumice as an underutilized volcanic rock source, presenting a sustainable alternative to synthetic and high-energy mineral-based silica production. The high-performance properties of the synthesized silica, including enhanced polymer-filler interactions and comparable reinforcement efficiency to commercial silica such as Ultrasil VN3 (HB Chemical, 2022), highlight its potential for reinforcing rubber composites (Evonik, 2023).
Future research should prioritize scaling up the synthesis of pumice-derived 0D SiO2 nanoparticles, optimizing reaction conditions, energy efficiency, and cost-effectiveness while maintaining high material quality (Kumar et al., 2024; Choudhury, 2023). Collaboration with industry partners is essential to ensure sustainable and scalable production. Pilot trials in tire formulations should evaluate mechanical performance, thermal stability, and wear resistance, positioning pumice-derived silica as a sustainable, high-performance alternative to conventional silica. Our green synthesis method, using affordable reagents (NaOH, H2SO4, and HCl) and simple techniques, operates under mild conditions, minimizes waste, and avoids toxic solvents, making it environmentally friendly and scalable. This approach adds value to Ethiopian pumice, enabling its use in industrial applications like rubber reinforcement, coatings, and composites. Its future application in Ethiopia’s tire industry, particularly at the Horizon Addis Tire factory, could significantly contribute to import substitution and the sustainable utilization of local resources, promoting industrial growth and advancing sustainable materials research.
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