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Abstract  

 The Bantargebang Municipal Solid Waste Incineration (MSWI) pilot project provides a national model for 

sustainable waste management. The incineration process generates fly ash rich in mineral oxides, including calcium oxide 

(45.00%), silicon dioxide (13.40%), iron oxide (8.00%), and aluminum oxide (7.50%), providing a promising source of 

silica for further utilization. In this study, silicon dioxide was extracted from Bantargebang MSWI fly ash via sodium 

silicate formation and converted into amorphous silica nanoparticles through acid-induced sol-gel precipitation without 

organic structure-directing agents. Extraction time and heating temperature during sodium silicate preparation were 

systematically evaluated using inductively coupled plasma-optical emission spectroscopy (ICP-OES). The synthesized 

nanoparticles were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

transmission electron microscopy (TEM), and nitrogen adsorption-desorption analysis. Optimal conditions using a 2 h 

steam-pressure treatment at 125 °C yielded 20.00% silica. TEM revealed spherical, aggregated nanoparticles averaging 

19.85 ± 0.09 nm at 110 °C and 17.40 ± 0.29 nm at 125 °C. Brunauer-Emmett-Teller (BET) analysis showed surface areas 

of 156.36 and 802.51 m² g⁻¹, with corresponding pore volumes of 0.75 and 1.85 cm³ g⁻¹, for silica synthesized at 110 and 

125 °C, respectively. The high surface area and pore volume obtained at 125 °C confirm the formation of highly porous 

amorphous silica nanoparticles. These results highlight the potential of industrial fly ash as a sustainable source of high-

performance silica. Owing to their exceptionally high surface area and well-developed porosity, the synthesized silica 

nanoparticles exhibit strong potential for future applications in environmental remediation, particularly as adsorbent 

materials for wastewater treatment. 
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Introduction 

 Solid waste management is becoming increasingly 

important as the amount of waste produced today 

continues to rise. With increasing awareness of the 

environment and its potential harmful impacts, 

recycling or utilizing these materials has become an 

attractive alternative to disposal [1-4]. Municipal solid 

waste (MSW) has become a major issue in Indonesia 

due to several factors, such as increasing populations, 

economic activity, and the challenge of locating land for 
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landfills. In Indonesia, MSW comprises a substantial 

portion of biomass, accounting for 62.4% of the waste. 

This biomass includes food waste, wood, vegetables, 

and fruits, all of which possess significant potential as 

an energy source [5]. In 2019, Bantargebang-Bekasi 

Municipal solid waste incineration (MSWI) served as a 

pilot project for converting municipal waste into 

electrical energy, which processes 100 tons of waste per 

day. The MSWI Bantargebang unit is responsible for 

processing waste through an incineration system that 

uses combustion residual heat to generate steam for 

turbine operation and electricity generation [5,6]. MSWI 

generates fly ash as a by-product, accounting for 

approximately 2.5% - 5% of the total incinerated waste, 

depending on the incineration process and waste 

composition [7-9]. Field monitoring data suggest that 

the Bantargebang Bekasi MSWI produced 2.4 - 3.2 tons 

of fly ash for every 100 tons of waste processed. The fly 

ash produced is used to manufacture paving blocks in 

the MSWI area. Between 2,200 - 2,900 pieces of paving 

block produced per day, each requiring 1.08 kg of fly 

ash. However, new technology is still required to 

develop and fabricate a value-added product from this 

large amount of waste. One of the key technologies is 

utilizing the chemical content in the fly ash.  

MSWI FA generally contains lower amounts of 

silica and alumina than coal-derived fly ash [10]. In 

addition, MSWI FA often contains leachable toxic 

compounds that require prior reduction or stabilization 

[10-14]. Its chemical composition, however, is strongly 

influenced by incineration technology. Fly ash from 

grate furnace incinerators typically exhibits high CaO 

contents (≈27 - 47 wt%) and low SiO₂ contents (≈2 - 13 

wt%) [15-21], indicating that silica is mainly associated 

with calcium-rich phases. In contrast, fluidized bed 

incinerators produce fly ash with lower CaO contents 

(≈20 - 35 wt%) and significantly higher SiO₂ contents 

(≈16 - 25 wt%) [17,18,21], suggesting a greater potential 

for silica recovery and utilization in material synthesis. 

The source can include glass, ceramics, paper, 

cardboard, plastic, textiles, wood, and organic materials. 

Many of these materials contain silica in various forms. 

For example, plant materials such as paper and wood 

naturally contain cellulose, which consists of 

polysaccharides with silica in their cell walls. Silica can 

also be produced from electronic waste originating from 

circuit boards and electronic components [22]. 

However, studies have shown that the characteristics of 

fly ash resulting from burning urban waste, depending 

on the composition of incinerated waste, may contain 

hazardous compounds including metals in high 

concentrations, persistent organic pollutants, etc. In 

many cases, municipal solid waste contains varying 

amounts of metals [23]. Municipal solid waste contains 

metals in various amounts, such as Pb, As, Cd, Fe, Al, 

Cu, Zn, Ni [5,23-25], along with water-soluble elements 

including Ca, K, and Na [26]. To remove these 

contaminants, water or acidic solutions are commonly 

utilized to leach out heavy metals and soluble salts, 

silica can be extracted from fly ash via alkali treatment 

with sodium hydroxide (NaOH) [27], yielding sodium 

silicate (Na2SiO3). The sodium silicate can serve as 

precursor for synthesizing advanced silica-based 

materials, including silica nanoparticles.  

The value and functionality of silica products are 

highly determined by their microstructure and degree of 

crystallinity. While crystalline silica is abundant in the 

earthʼs crust, it has limited direct applications due to low 

reactivity. However, amorphous silica nanoparticles, 

especially with a high specific surface area, high 

porosity, and small particle size, are of great interest in 

several chemical applications, including catalyst 

supports, thermal insulators, and absorbents [27]. A 

variety of approaches have been developed for 

synthesizing silica nanoparticles, typically using silicon 

alkoxides as a silicon source. However, these processes 

are energy-intensive, expensive, and eco-hazardous due 

to high temperature, high pressure, and strong acidity. 

With increasing demand for silica nanoparticles, it is 

important to find more environmentally friendly and 

cost-effective methods for synthesis. Among several 

chemical and physical approaches in fabrication of silica 

nanoparticles, the sol-gel method is a widely used 

chemical synthesis technique for producing high-purity 

and uniform silica nanoparticles [28,29]. It involves the 

transition from a colloidal solution (sol) to a gel phase, 

enabling a precise control over particle size and 

composition. Typically, metal alkoxides or chlorides 

serve as precursor. In this context, Na2SiO3 used as 

precursor, undergoing hydrolysis and polycondensation 

to form a gel network. Due to its versatility, sol-gel 

method is commonly utilized in application that requires 

high-performance silica materials [30]. 
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Numerous studies have employed sol-gel methods 

to synthesize amorphous silica nanoparticles from 

diverse precursors, including river sand [31,32], coal fly 

ash [32-39], palm kernel shell ash [39,40], rice husk 

[39,41], and sugarcane bagasse ash [42,43]. These 

approaches generally produce nanoscale silica with 

tunable purity, particle size, and porosity. However, 

most reported systems focus on non-ordered or 

moderately porous silica structures [42,44]. The 

synthesis of highly porous or ordered mesoporous silica 

from MSWI FA-particularly from the Bantargebang 

facility-remains underexplored, especially under 

controlled hydrothermal conditions.  

Previous studies indicate that waste-derived 

precursors exhibit substantial variation in initial SiO₂ 

content, ranging from 33.07% in coal fly ash to 85.85% 

in rice husk ash [44]. Through combustion and alkaline 

extraction-sol-gel processing, rice husk ash achieved 

SiO₂ purities of up to 96.44%, while sugarcane bagasse 

ash (49.8% SiO₂) reached 98.4% following acid 

leaching and NaOH extraction [43,44]. Similarly, coal 

fly ash (33.07% - 45.15% SiO₂) produced silica with 

purities between 94.27% and 98.62%, and biomass fly 

ash improved from 44.41% to 93.63% after chemical 

processing. These findings confirm the effectiveness of 

alkaline extraction in enriching silica content, although 

the final purity strongly depends on the pretreatment 

strategy [44]. 

In terms of textural performance, rice husk-

derived silica exhibited surface areas around 196 m² g⁻¹ 

with pore sizes of 14 - 26 nm [28]. Acid-treated 

sugarcane bagasse ash yielded surface areas between 

199 and 524 m² g⁻¹ depending on the leaching agent 

[42]. Coal fly ash processed via alkali fusion-sol-gel 

achieved approximately 385 m² g⁻¹ with pore diameters 

near 3.3 nm [45], whereas acid-leached systems 

reported 290 m² g⁻¹ with larger pore sizes (23.3 nm) 

[46]. Biomass power plant fly ash-derived silica showed 

relatively lower surface area (115 m² g⁻¹) with particle 

sizes of 20 - 40 nm [44], while commercial silica 

typically exhibits 200 - 400 m² g⁻¹ with minimal porosity 

(Aerosil®) [47,48]. These studies demonstrate that 

although high-purity silica can be obtained from various 

waste sources, achieving simultaneously high surface 

area, controlled porosity, and nanoscale particle size 

remains dependent on precursor composition and 

extraction conditions. 

Despite extensive biomass- and coal-derived silica 

research from high-SiO₂ precursors [44], studies 

utilizing MSWI-FA- characterized by its challenging 

low SiO₂ content of ~3 - 25 wt% [17,21,49] – as a 

precursor for high-performance mesoporous silica 

remain scarce. The critical question is whether steam-

pressure extraction followed by acid-induced sol-gel 

precipitation can successfully extract silica from this 

low-SiO₂ matrix and achieve high surface areas 

comparable to higher-SiO₂ waste sources. 

Although extensive studies have been conducted 

on silica derived from biomass and coal-based 

precursors, research utilizing MSWI-FA as a precursor 

for high-performance mesoporous silica remains 

limited. This is mainly attributed to the relatively low 

SiO₂ content in MSWI FA (typically ≈3 - 25 wt%) 

[17,49], where silica is not the dominant phase. Such a 

complex matrix poses significant challenges for 

selective silica extraction and purification. Therefore, a 

key question arises as to whether steam-pressure 

hydrothermal extraction followed by acid-induced sol-

gel precipitation can effectively recover silica from this 

low-SiO₂ matrix and generate high-performance 

mesoporous silica comparable to that obtained from 

silica-rich precursors. 

In this study, a steam-pressure-assisted sol-gel 

extraction process is employed using autoclave 

temperatures of 110 and 125 °C to investigate the 

influence of temperature and extraction time on silicon 

recovery and the co-extraction of other metal species 

from Bantargebang MSWI FA. Notably, no washing or 

acid demineralization pretreatment is applied, allowing 

the intrinsic effects of hydrothermal conditions on silica 

formation to be directly evaluated. 

This work demonstrates, for the first time, the 

direct synthesis of highly porous amorphous silica 

nanoparticles from Bantargebang MSWI FA via steam-

pressure-assisted alkaline extraction without prior acid 

demineralization, revealing a strong temperature–

porosity relationship. 

 

Materials and methods  

Materials 

MSWI-FA used in this study was obtained from 

the PLTS Bantargebang pilot project, Bekasi, West 

Java, Indonesia. Sodium hydroxide (NaOH, ≥98%, 

analytical grade) was purchased from ACS BDH 
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Chemicals Ltd., Poole, United Kingdom. Hydrochloric 

acid (HCl, 37 wt%, analytical grade) was supplied by 

Merck KGaA, Darmstadt, Germany. Deionized water 

was used for the preparation of all aqueous solutions. All 

chemicals were used as received without further 

purification. 

 

Pretreatment 

Pretreatment of fly ash was carried out by drying 

in an oven at a temperature of 105 °C for 24 h. to remove 

any moisture content. Dried fly ash with a size of less 

than 45 m was carried out by a sieving process using a 

sieve shaker. Then, samples were calcined using furnace 

at 550 °C for 1 h to remove any organic compound. The 

composition of pretreated fly ash was studied with an X-

ray fluorescence (XRF) spectrometer (Rigaku Next CG 

1291). Surface morphology of the samples was analyzed 

using a SEM (PhenomProX, Thermo Fischer Scientific) 

operated at an accelerating voltage of 15 kV, with a field 

of view (FOV) of 814 m using the backscattered 

electron (BSD) full mapping detector mode. Elemental 

composition and distribution were studied using a built-

in Energy dispersive X-ray (EDX) spectroscopy. 

 

Preparation of silica 

 The extraction of silica was performed via a 

hydrothermal method following the previous study [50]. 

For each treatment, the pre-treated fly ash sample was 

divided into three separate bottles, each containing 7.5 g 

of MSWI FA and 75 mL of 4 M NaOH solution, 

maintaining a consistent solid-to-liquid ratio. The 

bottles were subjected to hydrothermal extraction under 

identical temperature and time conditions (see Table 1). 

After extraction, the contents of each bottle were 

filtered individually through glass microfiber filters 

(Sartorius 13440-44-Q) to separate the solid residues. 

Each filtrate was then adjusted to a total volume of 75 

mL by rinsing the residual fly ash on the filter with 

deionized water, ensuring that the remaining dissolved 

Si was fully recovered. The filtrates from the three 

bottles were subsequently combined into a single 

container, resulting in a total volume of 225 mL. The 

resulting sodium silicate (Na₂SiO₃) solution was titrated 

with 10 M HCl until the pH reached approximately 7 

and left for 24 h. to facilitate the formation of an aqua 

gel. The formed gel was subsequently filtered, washed 

repeatedly with deionized water until neutral pH, and 

dried at 105 °C until a constant weight was obtained. 

The hydrothermal process was carried out at 2 

temperatures (110 and 125 °C) for four different 

durations (1 - 4 h), resulting in eight different Na₂SiO₃ 

samples. The samples were coded according to their 

extraction temperatures and durations, as presented in 

Table 1. 

 

Silica recovery and ICP analysis 

The combined filtrate from each treatment was 

analysed using ICP-OES to determine the amount of 

silicon extracted. Silica recovery and extraction 

efficiency were calculated based on the total Si present 

in the raw MSWI FA (1.395 g Si per 22.5 g FA, 

corresponding to 6.2 wt%) as follows: 

 

Extraction efficiency (%) =  
Si dissolved (g)

Total Si in FA (g)
 x 100  (1) 

 

This calculation provides a mass-balance 

perspective, allowing estimation of the fraction of total 

silicon transferred into the liquid phase under each 

extraction condition.  

All measurements were conducted in duplicate to 

ensure reproducibility and the reported values represent 

average results. 

 

Solid characterizations  

The elemental composition of sodium silicate 

filtrate was analyzed using ICP-OES (Agilent 725 

Series). Functional groups in the samples were studied 

using FTIR spectrophotometer (ThermoScientific) 

scanned in the mid-infrared region (4,000 to 400 cm-1). 

The study on the morphology of as-prepared 

nanoparticles was carried out TEM (Hitachi HT7700) 

equipped with a low-resolution imaging capability. 

Samples were placed on the TEM mesh grid made of 

copper coated with carbon (20 nm). The size, shape, and 

distribution of particles were visualized using imagej 

software. X-ray diffraction (XRD) analysis was 

performed using a Bruker D8 Advance diffractometer 

equipped with a Cu anode as the X-ray source. The 

instrument operated with Cu Kα radiation, consisting of 

Kα₁ (λ = 1.5406 Å) and Kα₂ (λ = 1.5444 Å), with an 

average wavelength of λ = 1.5418 Å. The X-ray 

generator was set at an accelerating voltage of 40 kV and 
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a tube current of 25 mA, operated in Bragg-Brentano 

geometry. Nitrogen adsorption-desorption analysis was 

performed using a Quantachrome NOVA instrument 

(Nova Station A) at E-Services Science Laboratory 

(ELSA), BRIN. Prior to analysis, the samples were 

degassed at 30 °C for 3 h to remove physically adsorbed 

species. The specific surface area was determined using 

the Brunauer-Emmett-Teller (BET) method within the 

relative pressure (P/P₀) range of 0.05 - 0.30. Pore size 

distribution and pore volume were calculated using the 

Barrett-Joyner-Halenda (BJH) method based on the 

desorption branch of the isotherm. Nitrogen was used as 

the adsorbate at 77 K. The BET surface area 

measurements were performed duplicate, and consistent 

results were obtained, indicating good reproducibility of 

the data. The synthesis and characterization of 

nanosilica derived from MSWI FA are illustrated in 

Figure 1.

 

Table 1 Sample codes of Na2SiO3 extracted from MSWI FA at different heating temperatures and durations. 

Sample codes Heating temperatures (°C) Heating durations (h) 

MFA110-1t 110 1 

MFA110-2t 110 2 

MFA110-3t 110 3 

MFA110-4t 110 4 

MFA125-1t 125 1 

MFA125-2t 125 2 

MFA125-3t 125 3 

MFA125-4t 125 4 
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Figure 1 Schematic illustration of the synthesis and characterization of nanosilica derived from MSWI FA. 

 

The process begins with a pretreatment step involving drying of the raw fly ash to remove moisture. Subsequently, 

silica is extracted via alkaline treatment using 4 M NaOH solution under controlled thermal conditions at 110 and 125 

°C, with reaction times varied at 1 - 4 h to investigate the effect of time-temperature conditions on silica formation. The 

obtained silicate solution is then processed to produce amorphous and highly porous silica nanoparticles. Finally, the 

synthesized nanosilica is subjected to comprehensive characterization to evaluate its physicochemical properties, 

including structural, morphological, and textural features. 

 

Results and discussion 

Characterization of pretreated MSWI FA 

The chemical composition of MSWI FA was analyzed using XRF is presented in Table 2. The results show that the 

fly ash from the Bantargebang MSWI facility contains various metal oxides, with calcium oxide (45.00 wt%), silicon 
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dioxide (13.40 wt%), iron oxide (8.00 wt%), and aluminum oxide (7.50 wt%) as the dominant components, indicating a 

Ca-rich and aluminosilicate-based matrix.  

 

Table 2 Chemical composition of pretreated MSWI FA determined by XRF. 

Mineral composition Concentration wt(%) 

Calcium oxide (CaO) 

Silicon dioxide (SiO2) 

Iron trioxide (Fe2O3) 

Aluminium oxide (Al2O3) 

Sulfur trioxide (SO3) 

Chloride (Cl) 

Titanium dioxide (TiO2) 

Potassium oxide (K2O) 

Phosphorus pentoxide (P2O5) 

Magnesium oxide (MgO) 

Zinc oxide (ZnO) 

Manganese dioxide (MnO 

45.00 

13.40 

8.00 

7.50 

6,30 

6.00 

4.70 

2.70 

2.50 

2.10 

0.70 

0.30 

  

Compared to MSWI fly ash reported in other 

regions, the Bantargebang FA exhibits a notably high 

CaO content, which is consistent with the use of 

lime‑based flue‑gas deacidification (e.g., Ca(OH)₂ or 

CaO injection) in the incineration process, a common 

practice in many modern MSWIs. For instance, MSWI 

fly ash from grate‑furnace plants in Hangzhou, China, 

generally contains lower CaO but higher MgO, Al₂O₃, 

and SiO₂ compared with Bantargebang, suggesting that 

variations in incinerator type and APC chemistry 

strongly influence the oxide profile [51,52]. 

In contrast, MSWI FA from several European and 

Asian facilities often show higher Na₂O and K₂O 

contents (up to several wt%) due to the use of 

sodium‑based sorbents (e.g., NaHCO₃), whereas such 

alkali oxides are relatively minor in the Bantargebang 

sample, likely reflecting differences in waste 

composition and deacidification strategy. The relatively 

high SiO₂ and Al₂O₃ fractions in Bantargebang FA, 

together with the dominant CaO, reinforce its 

aluminosilicate–calcium system that can be potentially 

valorized as a source of pozzolanic or cementitious 

materials, similar to MSWI FA from other regions 

where Ca‑ and Al/Si‑rich matrices have been reported 

[51].  

 The SEM micrographs of the pre-treated MSWI 

FA are shown in Figure 2. It reveals that samples consist 

of a mixture of spherical and irregularly shaped 

particles, with particle sizes ranging from around 10 to 

70 µm. The SEM image at 1000× magnification 

highlights spherical and agglomerated particles, which 

are typical of municipal solid waste incineration fly ash 

and indicate the presence of partially fused, amorphous 

aggregates formed during high‑temperature combustion 

[53,54]. The irregular morphology is associated with 

unburned residues and inorganic oxides, whereas the 

spherical particles are often linked to molten 

aluminosilicate phases that solidified rapidly in the flue 

gas stream [53]. 

 Figure 2(c) shows the EDX spectrum obtained 

from the region shown in (a), indicating the presence of 

major elements such as Ca, Si, Al, and O, along with 

minor contributions from Cl, Na, and K. This elemental 

profile is consistent with the typical composition of 

MSWI FA, where Ca is predominantly present as 

Ca‑rich phases (e.g., chlorides, sulfates, and silicates) 

and Al/Si are associated with aluminosilicate glass and 

residual minerals [53,54].
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Figure 2 SEM-EDX characterization of raw MSWI-FA from Bantargebang, illustrating its morphology and elemental 

composition. (a) SEM image at 330x magnification showing the overall morphology and heterogeneous particle 

distribution. (b) SEM image at 1000x magnification highlighting spherical and agglomerated particles. (c) EDX spectrum 

obtained from the region shown in (a), indicating the presence of major elements such as Ca, Si, Al, and O. 

 

Silica analysis from sodium silica extract of 

MSWI-FA 

Elemental mapping further confirms the 

distribution of key elements such as Ca, Si, Al, and Fe 

across the particle surfaces, which is consistent with the 

XRF analysis results. However, it should be noted that 

XRF provides bulk compositional data, whereas EDX 

reflects localized elemental information from selected 

regions of the sample. As a result, differences in relative 

elemental proportions are expected due to the 

heterogeneous nature of MSWI-FA and the different 

analytical scales. Additionally, EDX analysis was 

conducted based on surface morphology captured by 

SEM micrograph. Therefore, the EDX results are used 

here to qualitatively support the XRF findings rather 

than for direct quantitative comparison [55]. 

The omission of the acid leaching 

(demineralization) step prior to alkaline extraction is 

justified by the selective dissolution behavior of silica 

under alkaline conditions. At high pH (>10), amorphous 

silica in the glassy phase of MSWI-FA is preferentially 

dissolved to form soluble silicate species. In contrast, 

most crystalline metal oxides, such as Al₂O₃ and Fe₂O₃ 

(commonly present as stable phases like mullite), 

exhibit very low solubility and remain in the solid 

residue or precipitate as stable hydroxides (e.g., Al(OH)₃ 

and Fe(OH)₃). 

Consequently, interference from these metal 

species is minimal, allowing the formation of a 

relatively pure silicate solution without prior 

demineralization. This behavior is consistent with 

previous studies on direct alkaline leaching (DAL), 

which demonstrate effective and selective silica 

extraction from fly ash matrices [35]. 

Silica extraction from MSWI-FA was conducted 

through a hydrothermal alkali extraction followed by 

acid precipitation. The conversion of silica proceeds via 

two main stages: Alkaline dissolution and acidification, 

followed by two possible final pathways, namely 

aqueous polymerization or thermal dehydration. 

Initially, silica present in MSWI-FA undergoes alkali 

dissolution under hydrothermal conditions, in which 

SiO₂ reacts with sodium hydroxide to form soluble 

sodium silicate, as described in reaction (2) [4,35,44]. 

 

SiO2 (s) + 2 NaOH(aq)             Na2SiO3(aq) + H2O(l)   (2) 

 

(a) 

(c) 

(b)  
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Subsequently, the sodium silicate solution is 

acidified using hydrochloric acid, leading to the 

formation of orthosilicic acid (Si(OH)₄), which acts as 

the key precursor for silica formation through sol-gel 

processes. The corresponding reaction is shown in 

reaction (3) [4,56].  

 

Na2SiO3(aq) + 2HCl(aq)    ≡Si–OH(aq) +  2NaCl(aq)        (3) 

 

Polymerization of silanol groups occurs in the 

aqueous phase during the aging process (12 - 48 h, pH 4 

- 6, ambient temperature). Condensation between silanol 

species results in the formation of siloxane (Si-O-Si) 

bonds, producing a three-dimensional silica gel or 

hydrogel network, as illustrated in reaction (4) 

[35,44,57]. 

 

≡Si–OH + HO–Si≡   water condensation   ≡Si–O–Si≡ + H2O             

         (4) 

 

Subsequently, calcination induces thermal 

dehydration of residual silanol groups within the Si-O-

Si network, yielding structurally stable amorphous SiO₂. 

This process is represented by reaction (5). 

 

≡Si–O–Si≡              SiO2 + H2O                            (5) 

 

The elemental composition of sodium silicate 

extracts obtained from MSWI FA was investigated using 

ICP-OES to evaluate silica yield and the extent of co-

extracted metal impurities. Similar to coal fly ash, 

MSWI FA contains silica in both amorphous and 

aluminosilicate forms; therefore, alkaline treatment with 

NaOH can induce the simultaneous dissolution of 

silicon and aluminum. Previous studies on coal fly ash 

have shown that NaOH not only dissolves free SiO₂ but 

also cleaves Al-O-Si and Al-O-Al bonds within 

aluminosilicate frameworks, generating soluble silicate 

and aluminate species [45]. 

These dissolution mechanisms are consistent with 

the fundamental reactions observed during alkali fusion 

of fly ash, in which quartz (SiO₂) and mullite 

(3Al₂O₃.2SiO₂) are the dominant refractory phases. 

Under strong alkaline conditions, NaOH promotes the 

breakdown of mullite and quartz through the formation 

of sodium aluminosilicate and sodium silicate 

intermediates, as expressed by Reactions (6) - (8). 

Although alkali fusion involves elevated temperatures 

and solid-state reactions, the same chemical principles, 

namely the disruption of Si-O-Si and Al-O-Si linkages, 

also govern silica release during lower-temperature 

alkaline extraction [45]. 

 

6NaOH + 3Al2O3·2SiO2 + 10SiO2               6NaAlSi2O6 

+ 3H2O           (6) 

 

2NaOH + CO3
2-               Na2CO3 + H2O          (7) 

 

Further decomposition of NaAlSi2O6:  

 

8NaOH+Na2CO3 + 4NaAlSi2O6               

2NaAlSi2O4+Al2O3+Na2SiO3+4H2O+CO2         (8) 

 

During alkali fusion, increasing NaOH availability 

and thermal energy enhances the reactivity of quartz and 

partially decomposes mullite, leading to the formation 

of nepheline (NaAlSiO₄) and sodium silicate (Na₂SiO₃), 

as confirmed by XRD analysis. In contrast, during 

alkaline extraction without fusion, silica dissolution is 

limited primarily to the amorphous and weakly bound 

aluminosilicate fractions, which explains the partial 

silica recovery observed in the present study. 

Consequently, the co-extraction of aluminum detected 

by ICP-OES can be attributed to the concurrent 

dissolution of aluminosilicate species, analogous to the 

mechanisms reported for alkali-fused fly ash systems. 

These findings indicate that alkaline extraction and 

alkali fusion share common reaction pathways, differing 

mainly in reaction extent and phase transformation due 

to temperature and physical state. The ICP-OES results, 

therefore, reflect a solution-phase manifestation of the 

same NaOH-driven depolymerization reactions that 

dominate alkali fusion processes.  

The extraction process was carried out using 

hydrothermal method at temperature of 110 and 125 °C. 

These two temperatures were selected to represent mild 

hydrothermal conditions commonly employed in the 

alkaline extraction process. This temperature range is 

sufficient to facilitate silica dissolution while 

maintaining relatively low energy consumption and 

minimizing other phase transformation. In addition, this 

temperature range (100 - 150 °C) reported for the 

mesoporous silica synthesis from fly ash [58]. 

 
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Figure 3 presents the ICP-OES results of sodium 

silicate extracts obtained at extraction temperatures of 

110 and 125 °C with heating durations ranging from 1 

to 4 h. At 110 °C, substantial co-extraction of aluminum 

accompanied silica dissolution. For instance, the 

MFA110-2t sample contained 4,722.18 mg L⁻¹ Si and 

1,457.37 mg L⁻¹ Al, along with elevated Zn 

concentrations (288.73 mg L⁻¹), indicating extensive 

dissolution of aluminosilicate and metal-bearing glassy 

phases. With prolonged extraction beyond 2 h, silica 

concentration gradually decreased while aluminum 

remained present, suggesting possible silicate re-

polymerization or secondary precipitation, a 

phenomenon also reported for prolonged alkali 

extraction of coal fly ash [59]. 

In contrast, extraction at 125 °C resulted in a 

pronounced shift toward silica-selective dissolution. 

Elemental analysis by ICP-OES showed that, for the 

MFA125-2t sample, aluminum remained below 10 mg 

L⁻¹ while other metals such as Zn, Fe, Ca, and Mg were 

present only as trace components (<30 mg L⁻¹), 

indicating effective suppression of non-siliceous phase 

dissolution. under these conditions. This behavior 

suggests that elevated temperature limits aluminum 

release from thermodynamically stable aluminosilicate 

phases, such as mullite, while favoring silicon 

dissolution from amorphous SiO₂ [60]. Table 3 

summarizes the dissolved silicon and aluminum 

concentrations obtained from ICP-OES analysis and 

their conversion into SiO₂ equivalent content, calculated 

relative to the total SiO₂ content of MSWI FA (13.40 

wt% determined by XRF, Table 2). As shown in Table 

3, the dissolved silicon concentration in the sodium 

silicate solution strongly depends on extraction 

temperature and heating duration [46]. At 110 °C, the 

calculated SiO₂ equivalent ranged from 0.68% to 1.01%. 

The highest value was observed for MFA110-2t, 

suggesting that silica dissolution is governed by kinetic 

limitations within this temperature range. Prolonged 

heating resulted in decreased dissolved silicon content, 

which can be attributed to silicate re-polymerization or 

the formation of secondary aluminosilicate phases. At 

125 °C, a marked increase in dissolved silica 

concentration was observed, with MFA125-2t reaching 

12,528.60 mg L⁻¹ (equivalent to 2.68% SiO₂), which is 

approximately 2.6 times higher than the maximum value 

obtained at 110 °C. 

 This enhancement is attributed to more effective 

dissolution of silicate phases under elevated 

hydrothermal conditions. However, further extension of 

the heating duration led to a significant decrease in 

dissolved silica concentration (MFA125-3t and 

MFA125-4t), likely due to silica reprecipitation or 

interactions with co-extracted metal species such as Al 

and Ca.
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Figure 3 The concentration of metal elements (mg L−1) in sodium silicate obtained from the extraction of MSWI-FA in 

various temperature and heating duration based on ICP–OES analysis result. 

 

Table 3 Silicon and aluminum concentrations in sodium silicate solutions extracted from MSWI FA at different 

temperatures (110 and 125 °C) and extraction times (1 - 4 h), as determined by ICP-OES. 

Sample Si (mg L−1) Al (mg L−1) 

MFA 110, 1t 4,269.98 657.92 

MFA 110, 2t 4,722.18 1,457.37 

MFA 110, 3t 3,798.08 605.59 

MFA 110, 4t 3,164.20 567.50 

MFA125, 1t 4,854.56 5.00 

MFA 125, 2t 12,528.60 8.60 

MFA 125, 3t 5,860.22 3.71 

MFA125, 4t 3,541.74 4.40 

 

To further evaluate the effectiveness of silicon 

extraction, a mass balance analysis was performed, and 

the extraction efficiency was calculated based on the 

dissolved silicon content, as presented in Table 4. 

By mass balance perspective, this approach allows 

a direct evaluation of process efficiency by correlating 

the dissolved silicon with the total available silicon in 

the raw material. The data showed that only a fraction 

of the total silicon present in MSWI FA (1.395 g per 

22.5 g sample) was transferred into the liquid phase, 

with a maximum dissolved silicon of 0.282 g under 

optimal conditions, corresponding to an extraction 

efficiency of 20.21%. The remaining silicon is likely 

retained in the solid residue or redistributed through 

secondary reactions during prolonged extraction. 

Extraction efficiency increased with time up to 2 

h, reaching a maximum of 20.21% at 125 °C, followed 

by significant decline at longer times (Figure 4). At 110 

°C, efficiencies remained consistently lower with only 

slight increase at 2 h. Higher temperatures clearly 

enhance silicate dissolution, while prolonged extraction 

promotes silica reprecipitation or competing metal co-

dissolution processes, resulting in minimal heavy metals 

co-extraction, particularly under optimal conditions.
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Table 4 Silicon extraction efficiency and mass balance analysis under different hydrothermal conditions. 

Sample Temp 

(C)  

Time 

 (h) 

Si dissolved 

(g) 

FA mass 

(g) 

Si basis  

(%) 

Extraction 

efficiency (%) 

MFA 110, 1t 110 1 0.096 22.5 1.395 6.89 

MFA 110, 2t 110 2 0.106 22.5 1.395 7.62 

MFA 110, 3t 110 3 0.085 22.5 1.395 6.13 

MFA 110, 4t 110 4 0.071 22.5 1.395 5.10 

MFA 125, 1t 125 1 0.109 22.5 1.395 7.83 

MFA 125, 2t 125 2 0.282 22.5 1.395 20.21 

MFA 125, 3t 125 3 0.132 22.5 1.395 9.45 

MFA125, 4t 125 4 0.080 22.5 1.395 5.71 

Note: Si dissolved (g) = total silicon extracted from three combined bottles (22.5 g total MSWI-FA, 225 mL total filtrate). 

Si basis (%) calculated using 6.2 wt% Si content in raw MSWI-FA. Extraction efficiency (%) = extracted Si relative to 

total available Si.  
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Figure 4 Effect of extraction temperature (110 and 125 °C) and time (1 - 4 h) on silicon extraction efficiency from MSWI 

FA using direct alkaline leaching (4M NaOH). 

 

The reduced aluminum concentration at 125 °C is 

attributed to true selective dissolution rather than re-

precipitation or analytical limitations. As summarized in 

Table 3, the ICP-OES detection limit for Al (<0.01 mg 

L⁻¹) is significantly lower than the measured 

concentrations (3.71 - 8.60 mg L⁻¹), confirming that the 

observed decrease is not due to insufficient sensitivity. 

Furthermore, SEM-EDS analysis of the leaching 

residues (Table 4) reveals a decrease in Al content (from 

18.9 to 14.1 wt%) and a reduction in the Al/Si ratio 

(from 2.0 to 0.9), with no evidence of Al enrichment on 

particle surfaces, thereby excluding re-precipitation. In 

addition, the high Si concentration at 125 °C (Table 3), 

accompanied by suppressed Al dissolution, indicates 

preferential dissolution of amorphous silica over more 

stable aluminosilicate phases. Collectively, these 

findings confirm that the observed behavior arises from 

intrinsic selective dissolution.  

This study demonstrates the feasibility of MSWI 

FA as a precursor for silica production, achieving a 

maximum recovery of approximately 20%. However, as 

detailed characterization of the final silica product has 

not yet been conducted, further investigations—such as 

standardized leaching tests (e.g., TCLP) and residual 

metal analysis—are required to evaluate environmental 

safety and support its potential for commercial 

application [61]. 
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Table 4 Elemental composition (wt%) and Al/Si of post-leaching residues obtained at different extraction temperatures, 

as determined by SEM-EDS analysis. 

Sample Al (%) Si (%) Al/Si 

MFA 110, 1t 18.64 8.8 2.1 

MFA 110, 2t 17.53 10.14 1.7 

MFA 110, 3t 17.69 8.98 2.0 

MFA 110, 4t 21.89 11.03 2.0 

MFA125, 1t 20.87 10.18 2.1 

MFA 125, 2t 11.69 6.15 1.9 

MFA 125, 3t 13.54 17.78 0.8 

MFA125, 4t 11.24 12.53 0.9 

 

SEM-EDS compositional analysis (n = 4) of alkali 

leach residues showing 25% Al depletion (18.9→14.1 

wt%) and Al/Si ratio drop (2.0→0.9) at 125 °C, 

confirming selective silica dissolution over mullite. 

In addition, a comprehensive techno-economic 

assessment is necessary to fully establish its industrial 

viability. Nevertheless, the elimination of the acid 

leaching step, reduced chemical usage, and operation at 

moderate temperatures (110 - 125 °C) suggest that the 

proposed method may offer advantages in terms of cost, 

energy consumption, and process simplicity compared 

to conventional silica extraction routes. 

 

Characterization of silica nanoparticles 

Silica primarily consists of silicon dioxide (SiO₂), 

occurring in amorphous (glassy) phases or crystalline 

polymorphs such as quartz, cristobalite, tridymite, 

coesite, stishovite, and chalcedony, each characterized 

by distinct physical properties such as density, hardness, 

refractive index, and thermal stability. The formation of 

a specific crystalline phase is strongly governed by 

synthesis conditions, particularly temperature, residence 

time, oxygen availability, cooling rate, and pressure, 

which collectively influence nucleation behavior, phase 

stability, and transformation kinetics [27]. In contrast to 

crystalline phases, amorphous silica nanoparticles lack 

long-range atomic order and therefore offer tunable 

morphology, high surface area, and good 

biocompatibility, making them attractive for a wide 

range of applications [37,57,62,63]. 

In this study, sodium silicate extracted from 

MSWI FA was employed as the silica precursor for the 

synthesis of nano-silica. Fourier-transform infrared 

(FTIR) spectroscopy was used as one of the primary 

characterization techniques to elucidate the chemical 

structure and identify the functional groups formed 

during synthesis. The FTIR spectra of nano-silica 

samples prepared under different heating temperatures 

and durations are presented in Figure 5. Broad 

absorption bands appearing at approximately 3,450 and 

1,640 cm⁻¹ are associated with the stretching and 

bending vibrations of O–H groups originating from 

surface silanol groups and adsorbed water molecules 

[62]. The presence of these hydroxyl-related bands 

reflects the hydrophilic nature of the silica surface and 

suggests a high density of surface-active sites. 

Importantly, the broad and smooth nature of these peaks, 

together with the absence of sharp and well-defined 

crystalline signatures, confirms the amorphous character 

of the synthesized nano-silica [44,65]. 

In contrast to nanocrystalline silica, which 

typically exhibits sharp and well–resolved FTIR peaks 

due to its ordered lattice structure—particularly distinct 

Si–O–Si vibrations at approximately 460, 800, and 

1,100 cm⁻¹ [32,66]. The synthesized samples display 

broadened absorption bands. This spectral behavior is 

indicative of a disordered siloxane network and a 

significant population of silanol groups, consistent with 

amorphous nano-silica formation.
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Figure 5 FTIR spectra of amorphous silica nanoparticles synthesized from MSWI FA using sodium silicate precursors 

obtained at different extraction temperatures. (a) Sample prepared from sodium silicate extracted at 110 °C. (b) Sample 

prepared from sodium silicate extracted at 125 °C. 

 

Table 5 FTIR peak assignments of template-free 

mesoporous silica samples (MFA110-2t and MFA125-

2t). The MFA125-2t sample exhibits a more pronounced 

Si-O-Si asymmetric stretching band at approximately 

1,085 cm⁻¹, indicating a higher degree of siloxane 

network condensation. This enhanced structural 

condensation correlates well with the significantly 

increased specific surface area (SBET = 802.51 m² g⁻¹) 

compared to MFA110-2t (SBET = 156 m² g⁻¹). The 

presence of a characteristic Si-OH band at ~965 cm⁻¹ in 

both samples confirms the template-free nature of the 

synthesized silica and the availability of surface silanol 

groups, which are typical of amorphous mesoporous 

silica materials [37,39]. 

Additional bands at ~3,450 and 1,640 cm⁻¹ 

correspond to O-H stretching and bending from 

adsorbed silanol groups or surface-bound water 

molecules. The broad, smooth peak profiles and 

characteristic absorption bands verify the amorphous 

silica structure [44,65], as will be further corroborated 

by XRD analysis.

 

Table 5 FTIR peak assignments for template-free mesoporous silica (MFA110-2t, MFA125-2t) from MSWI FA. 

Peak 

(cm−1) 

MFA 

110-2t 

MFA 

125-2t 
Assignment Structural implication Reference 

~1,085 – 1,090 Strong Stronger 
Asymmetric stretching vibration 

of ≡Si on ≡Si-O-Si≡ 

Formation of amorphous 

silica network 
[44,64] 

~965 - 970 Medium Medium 
Stretching vibration of Si-OH 

from Si-OH (silanol) 

Presence of surface silanol 

groups (template-free) 
[44,67] 

~800 
Weak-

Med 

Weak-

Med 

Symmetrical stretching vibration 

of ≡Si on ≡Si-O-Si≡ 
Typical siloxane framework [44,64] 

~470 Present Present Bending vibration of Si-O-Si Fingerprint band of silica [44,64] 

~3,400 - 3,600 Broad Broad 
Stretching vibration of -OH from 

Si-OH (silanol) 

Surface hydroxyls and 

adsorbed moisture 
[44,64,67] 

~1,630 Present Present 
Bending vibration of -OH from 

adsorbed water 
Physically adsorbed water [44,64] 

 

 To further evaluate the structural nature of the 

synthesized silica, XRD analysis was performed. The 

XRD patterns exhibit a broad and diffuse diffraction 

halo in the 2θ range of 17.70° to 38.31°, with a 
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maximum intensity at approximately 28° - 29°, 

indicating the predominance of amorphous silica. 

 This broad halo reflects the absence of long-range 

order, which is characteristic of amorphous materials, in 

contrast to the sharp diffraction peaks observed in 

crystalline structures [68]. The consistent absence of 

distinct crystalline peaks across all samples further 

confirms that the silica nanoparticles synthesized at 110 

and 125 °C (1 - 4 h) are predominantly amorphous. 

Figure 6 illustrates the XRD patterns of silica 

nanoparticles obtained from MSWI-FA. The absence of 

specific h, k, and l values, which are Miller indices 

representing the orientation of planes in a crystal lattice, 

further confirms the amorphous state of all treatments, 

both at temperatures of 110 and 125 °C. 

The amorphous nature of the synthesized silica is 

supported by both FTIR and XRD analyses, which are 

widely accepted for such systems. More advanced 

spectroscopic techniques (e.g., Raman or solid-state 

NMR) may be considered in future work for further 

structural validation. 
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Figure 6 XRD pattern of silica nanoparticles prepared from sodium silicate extracted from MSWI-FA at varying 

hydrothermal temperature and duration. 

 

TEM analysis was carried out to study the 

morphology, including shape, size, and size distribution 

of nanoparticles. Based on TEM images, silica 

nanoparticles produced from MSWI FA at 110 °C 

(Figures 7(a) and 7(b)) and 125 °C (Figures 7(d) and 

7(e)) with heating durations of 2 h. each, revealed 

aggregated, spherical-shaped particles. They exhibited 

agglomerated shapes that tend to form clusters and are 

relatively homogeneously distributed.  

Based on these TEM images, the particle size 

distribution histograms were constructed by measuring 

approximately 100 - 150 particles from TEM images 

using ImageJ software, ensuring statistically 

representative results (Figures 7(c) and 7(f)). This 

analysis revealed that average size of nano-silica 

synthesized from MFA110-2t and MFA125-2t were 

19.85 ± 0.09 nm and 17.72 ± 0.29 nm, respectively. The 

particle size distribution analysis indicated that nano-

silica synthesized from sodium silicate precursors 

extracted at the higher hydrothermal temperature of 

125 °C exhibited a narrower, and a more uniform 

particle size compared to that synthesized from 

precursors extracted at 110 °C. Results from ICP, XRF, 

and TEM analyses further confirmed that the 

hydrothermal extraction temperature significantly 

influences the silica content, purity, and particle size of 

the resulting nano-silica.
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Figure 7 TEM micrographs of nano-silica from MFA110-2t (a), (b) and MFA125-2t (d), (e) at different magnifications, 

and the corresponding particle size distribution histograms for MFA110-2t (c) and MFA125-2t (f). 

 

The textural properties of the synthesized silica 

samples were evaluated using nitrogen adsorption-

desorption analysis. The specific surface area was 

determined by the Brunauer-Emmett-Teller (BET) 

method, while pore size distribution and pore volume 

were analyzed using the Barrett-Joyner-Halenda (BJH) 

method. The corresponding parameters, including BET 

surface area, total pore volume, BJH pore volume, and 

average pore diameter, are summarized in Table 6. As 

shown in Table 6, MFA125-2t exhibits significantly 

higher BET surface area and pore volume than 

MFA110-2t, indicating that the synthesis conditions 

play a critical role in controlling silica dissolution, 

condensation, and pore development during the 

hydrothermal alkali extraction and sol-gel precipitation 

process.  

For MFA110-2t, BET analysis yielded a specific 

surface area of 156.36 m² g⁻¹ with excellent linearity (r 

= 0.999974), confirming the reliability of the BET 

fitting within the relative pressure range of 0.05 - 0.30. 

The relatively high BET C constant (77.28) suggests 

strong nitrogen-silica interactions, which are commonly 

associated with energetically heterogeneous surfaces 

and the presence of high-energy adsorption sites. The 

total pore volume reached 0.746 cm³ g⁻¹. At the same 

time, BJH analysis indicated a pore volume of 0.764 cm³ 

g⁻¹ and an average pore diameter of approximately 12.71 

nm, confirming that mesopores dominate the pore 

structure of MFA110-2t. The BJH pore size distribution 

further reveals two mesopore populations within the 

mesoporous range, indicating a bimodal mesoporous 

structure. This behavior is commonly attributed to 

interparticle voids formed during the aggregation of 

silica nanoparticles in surfactant-free systems. 

In contrast, MFA125-2t displays markedly 

enhanced textural properties, with a substantially higher 

BET surface area of 802.51 m² g⁻¹ (r = 0.999284), 

demonstrating a highly developed porous structure. The 

much lower C constant (5.07) indicates weaker 

nitrogen-surface interactions, consistent with a more 

energetically homogeneous silica surface. The total pore 

volume increased to 1.853 cm³ g⁻¹, while BJH analysis 

yielded a pore volume of 1.746 cm³ g⁻¹ and an average 

pore diameter of approximately 9.95 nm, confirming 

that mesopores dominate the pore structure of MFA125-

2t. The BJH pore size distribution of MFA125-2t 

exhibits a single dominant mesopore population, 

indicating a unimodal mesoporous structure. This 

structural evolution reflects improved control over silica 

condensation and pore formation during the template-

free sol-gel process, resulting in a more compact and 

accessible porous network compared to MFA110-2t. 

a b 

d e 
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The higher temperature (125 °C) enhances silica 

dissolution and promotes more extensive condensation 

of silanol species, leading to the formation of a highly 

interconnected porous network. During drying, this 

network generates a larger pore volume and more 

accessible internal surface area, which directly 

contributes to the significant increase in SBET. In 

addition, reduced co-extraction of metal impurities at 

higher temperatures may further prevent pore blockage 

and support the development of a more uniform porous 

structure. 

Based on the combined BET and BJH analyses 

(Figures 8(a) and 8(b)), these results clearly 

demonstrate that increasing the severity of the 

hydrothermal alkali extraction conditions leads to a 

substantial enhancement of surface area and pore 

volume, accompanied by a transition from a bimodal to 

a unimodal mesoporous structure. While MFA110-2t is 

characterized by moderate surface area and bimodal 

mesopores dominated by interparticle voids, MFA125-

2t exhibits a highly developed mesoporous network with 

superior textural properties, which is expected to be 

advantageous for adsorption-related applications.
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Figure 8 (a) N₂ adsorption-desorption isotherms displaying Type IV curves with H3 hysteresis loops (P/P₀ = 0.4 - 0.9) 

characteristic of mesoporous materials with slit-shaped pores; MFA125-2t shows significantly higher N₂ uptake, 

indicating enhanced mesoporosity vs MFA110-2t. (b) BJH pore size distributions confirming DBJH = 9.95 nm and 12.71 

nm for MFA125-2t and DBJH for MFA110-2t, demonstrating temperature-controlled pore evolution through template-free 

Ostwald ripening and nanoparticle aggregation during hydrothermal processing. 

 

Table 6 Textural properties of nano-silica synthesized from MFA 110-2t and MFA 125-2t. 

Sample SBET (m2/g) VT (cm3/g) VBJH (cm3/g) DBJH (nm) 

MFA110-2t 156.36 0.746 0.764 12.71 

MFA125-2t 802.51 1.853 1.746 9.95 

SBET = (m2/g) = BET surface area, VT = total pore volume, VBJH = BJH pore volume, DBJH = BJH pore diameter. 

 

The formation of the mesoporous structure in the 

template-free system proceeds via the aggregation of 

primary silica nanoparticles (5 - 10 nm) formed by acid-

base hydrolysis of extracted silicates, followed by 

Ostwald ripening during hydrothermal aging at 125 °C. 

The disordered mesopores (2 - 50 nm) arise from the 

interstitial voids between aggregated nanoparticles and 

curvature-driven restructuring, which are stabilized by 

residual Al/Ca impurities originating from MSWI fly 

ash that prevent framework collapse. This mechanism is 

consistent with established template-free silica synthesis 

pathways, where high pH (>10) and thermal aging 

promote spontaneous mesopore formation through 

self-assembly of silica nanoparticles [69]. 

Previous studies have widely reported the 

successful synthesis of mesoporous amorphous silica 

from various silica-rich sources, including coal fly ash, 

biomass-derived ashes (such as rice husk, rice straw, and 
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sugarcane bagasse), predominantly through sol-gel-

based routes, as summarized in Table 7. Despite 

substantial differences in origin and chemical 

composition, these materials can generally be converted 

into amorphous silica via alkaline dissolution followed 

by acid-induced gelation. 

 Although similar sol-gel synthesis routes are often 

employed, the reported textural properties of the 

resulting silica-particularly BET surface area, pore size 

distribution, and particle size-vary over a broad range, 

with SBET values commonly reported between ~100 and 

~800 m² g⁻¹ depending on the extraction and sol–gel 

conditions [29,44]. This wide variability suggests that 

processing conditions play a more decisive role than the 

precursor itself in governing the formation and textural 

evolution of mesoporous amorphous silica. 

 To improve silica purity and textural properties, 

many studies employ acid leaching pretreatment prior to 

alkaline extraction. Acid leaching using mineral acids 

(e.g., HCl) or organic acids (e.g., citric acid, L-cystine) 

is effective in removing metal oxides such as CaO, 

Fe₂O₃, and Al₂O₃, thereby enhancing the dissolution of 

SiO₂ during alkaline extraction and promoting the 

formation of a more homogeneous silicate network 

during sol-gel processing [42,44]. Consequently, 

biomass-derived ashes subjected to acid leaching 

typically yield amorphous silica with moderate to high 

SBET values, ranging from approximately 115 to 

523.89 m² g⁻¹, depending on the leaching agent and 

extraction conditions. 

 In addition to pretreatment, the concentration of 

the alkaline extractor strongly influences silica 

dissolution kinetics and gel formation. Higher alkali 

concentrations generally enhance SiO₂ solubilization, 

producing more reactive silicate species and 

accelerating gelation. This behavior is exemplified by 

waste glass-derived silica synthesized via reflux-

assisted alkaline extraction + sol-gel routes, where 

increasing NaOH concentration from 3 to 5 M resulted 

in larger particle sizes, reflecting faster condensation 

and growth under highly alkaline conditions [4]. 

However, excessively high alkali strength may also 

promote particle agglomeration, which can limit the 

development of accessible surface area. 

 In this context, the present study demonstrates that 

hydrothermal alkali extraction combined with sol-gel 

precipitation enables the synthesis of high-performance 

template-free mesoporous amorphous silica from 

MSWI FA. The MFA110-2t sample, prepared under 

milder hydrothermal conditions, exhibits a moderate 

SBET of 156.36 m² g⁻¹, with mesoporosity primarily 

originating from interparticle voids. In contrast, 

increasing the hydrothermal extraction temperature 

yields MFA125-2t, which shows a pronounced 

enhancement in SBET to 802.51 m² g⁻¹, accompanied 

by increased pore volume and a reduced average pore 

diameter.

 

Table 7 Comparison of sol-gel silica nanoparticles from different sources: BET surface area, pore characteristics, and 

particle size. 

Source/Material Synthesis method SBET (m2 g-1) Pore sizes (nm) Particle size (nm) Reference 

Rice husk ash Combustion + reflux 0.1M NaOH + sol-gel 196 14 - 26 - [28] 

Sugarcane 

bagasse ash 

HCl leaching–alkaline extraction + sol-gel 

 
469 5.47 - [42] 

Sugarcane 

bagasse ash 
Citric acid leaching–alkaline extraction + sol-gel 524 5.43 - [42] 

Sugarcane 

bagasse ash 
L-cystine leaching–alkaline extraction + sol-gel 199 15.51 - [42] 

Sugarcane 

bagasse ash 
HCl leaching, alkaline extraction + sol-gel 407 0.38 - [42] 

Biomass power 

plant fly ash 

Hydrochloric acid leaching, alkaline extraction + 

sol-gel 
115 3 20 - 40 [44] 
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Source/Material Synthesis method SBET (m2 g-1) Pore sizes (nm) Particle size (nm) Reference 

Coal fly ash Alkali fusion + sol-gel (APD) 385 3.28 - [45] 

Coal fly ash Acid leaching–alkaline extraction + sol-el 290 23.3 - [46] 

Rice husk ash Alkaline extraction + sol-gel precipitation - - 10 - 50 [64] 

MFA110-2t Hydrothermal alkali extraction + sol-gel 156 9.68 and 21.11 19.85 This study 

MFA125-2t Hydrothermal alkali extraction + sol-gel 802 3.64 17.40 This study 

  

These findings show that hydrothermal extraction 

severity critically governs silica dissolution, nucleation, 

and pore evolution in template‑free systems. The BET 

surface area (S1 1nd 2) of MFA125‑2t surpasses most 

reported template‑free silica materials and rivals values 

obtained from more complex, multistep pretreatment 

methods. 

 This study demonstrates a simplified synthesis of 

mesoporous silica directly from raw MSWI fly ash 

without acid pretreatment or structure‑directing agents, 

representing both a conceptual innovation—through 

direct valorization of hazardous waste—and a 

methodological advancement by integrating extraction 

and mesostructure formation in a single hydrothermal-

sol-gel step. 

 The resulting highly porous amorphous silica 

nanoparticles offer abundant active sites, high surface 

area, and large pore volume, which enhance the 

adsorption of dyes, heavy metals, and organic pollutants 

and support heterogeneous catalysis. Overall, MSWI-

FA can be transformed into a value‑added material with 

broad environmental and catalytic applications. 

 

Conclusions 

MSWI FA obtained from Bantargebang, Bekasi, 

containing 13.40 wt% SiO₂, was successfully utilized as 

a silica precursor via a steam-pressure-assisted sol-gel 

extraction route. The extraction temperature and 

duration markedly influenced silica recovery, with the 

optimal condition achieved at 125 °C for 2 h, resulting 

in the highest extraction efficiency of 20.21%. Structural 

characterization confirmed the amorphous nature of the 

extracted silica, while TEM observations revealed 

agglomerated yet relatively homogeneous 

nanoparticles. Nitrogen adsorption-desorption analysis 

demonstrated that the synthesized silica possesses a 

relatively high specific surface area with mesoporous 

characteristics, indicating enhanced textural properties 

compared to silica produced through conventional fly 

ash-based methods. Notably, the proposed synthesis 

strategy eliminates the need for acid leaching 

pretreatment commonly employed in previous 

approaches, thereby reducing chemical consumption, 

processing steps, and overall production costs. These 

findings highlight that the developed method provides a 

more efficient and economically favorable pathway for 

producing porous silica from MSWI FA. The high 

surface area and mesoporous characteristics of the 

synthesized silica make it a promising candidate for 

applications in adsorption, catalyst support, and other 

surface-dependent processes, especially for 

environmental remediation. Further studies are required 

to evaluate its performance in specific application 

systems and to assess long-term stability and 

environmentally safety.  
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