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Abstract

This study presents a systematic investigation of silica extraction from rice husk ash (RHA) using
Taguchi L27 orthogonal array optimization methodology. With global rice production generating 31-
39 million tonnes of RHA annually, valorization of this agricultural waste addresses both
environmental disposal challenges and sustainable silica production needs. The extraction process
involved controlled calcination, acid leaching with hydrochloric acid, alkali solubilization using
sodium hydroxide, and acid precipitation to produce high-purity amorphous silica. Three critical
process parameters—heating temperature (600-800°C), heating time (2-6 hours), and chemical
concentration (1-3 M)—were systematically optimized across 27 experimental runs. Statistical
analysis identified optimal conditions of 700°C calcination temperature, 4-hour processing time, and
3 M chemical concentration, achieving maximum silica yield of 7.02 g from 10 g RHA (70.2%
extraction efficiency). Main effects analysis revealed chemical concentration as the most influential
parameter, followed by temperature exhibiting volcano-shaped behavior with peak efficiency at
700°C, and heating time showing positive linear correlation with yield. Characterization confirmed
successful extraction of high-purity silica with white appearance, near-neutral pH, bulk density of
180-200 kg/m3, and 3.1% muoisture content. The NaOH/CuSOy confirmatory test validated silica
presence, while absence of HCIl reaction confirmed purity. Results demonstrated superior
performance compared to conventional methods, with yields exceeding reported alkali hydrothermal
extraction (52.8%) and approaching optimized acid leaching ranges (70-90%). The Taguchi
optimization approach reduced experimental requirements by 66% compared to full factorial design
while maintaining statistical rigor. This research establishes an efficient, scalable methodology for
converting agricultural waste into value-added industrial material suitable for construction,
ceramics, and environmental remediation applications, contributing to circular economy principles
and sustainable materials development.

Keywords: agricultural waste valorization; alkali extraction; process optimization; rice husk ash;
silica extraction; Taguchi method

1. Introduction

Background and Significance

Silica (SiO,) represents one of the most valuable industrial materials, with widespread
applications across construction, electronics, pharmaceuticals, ceramics, and renewable energy
systems [1]. The global silica market is projected to reach $14.6 billion by 2027, exhibiting a compound
annual growth rate of 6.8%, primarily driven by infrastructure development and increasing
sustainability requirements [1,2]. Current silica consumption is distributed across multiple sectors,
with construction accounting for 37%, electronics for 23%, healthcare for 18%, and renewable energy
for 12% [2,3,4], as illustrated in Figure 1.
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Figure 1. Global silica market projections (2023-2027) showing sectoral distribution [2-4].

Conventional silica extraction relies predominantly on quartz sand mining, which generates
significant environmental concerns including habitat destruction, water table disruption, and
substantial energy consumption during processing at temperatures ranging from 1500 to 2000°C [5,6].
Rice husk ash (RHA), an agricultural by-product generated during rice processing, has emerged as a
promising alternative silica source due to its high silica content (76-98% SiO,) present predominantly
in amorphous form, which exhibits superior reactivity compared to crystalline silica [7].

Global rice production reached 776 million tonnes in 2022, which generated approximately 155.2
million tonnes of rice husks and an estimated 31 to 39 million tonnes of RHA annually [8,7]. The
Asian region accounts for approximately 90% of global rice production, with major contributing
countries including China, India, Indonesia, Bangladesh, and Vietnam [9,10,11], as presented in

Figure 2.
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Figure 2. Global rice production distribution highlighting major producing countries [9-11].

In Nepal specifically, rice production for the 2023/24 season reached approximately 5.04 million
tonnes, potentially generating between 202,000 and 252,000 tonnes of RHA annually [12].

Current RHA disposal practices present serious environmental and public health challenges.
RHA exhibits low bulk density (approximately 100 kg/m?) and fine particulate characteristics, which
lead to airborne dispersion and associated respiratory health problems, including silicosis and
increased lung cancer risk from prolonged exposure [13]. However, RHA valorization offers
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substantial environmental and economic benefits. Studies have demonstrated that utilizing RHA as
a partial cement replacement can reduce the carbon footprint of concrete by up to 18%, preventing
approximately 0.82 tonnes of CO, emissions per tonne of cement replaced [14]. Market analysis
suggest that alternative silica sources derived from RHA could potentially capture 18 to 22% of the
global silica market by 2027, contingent upon achieving price competitiveness and quality
consistency [15]. Figure 3 illustrates the circular economy model for RHA utilization, demonstrating
the transformation pathway from agricultural waste to value-added industrial products.

Rice
Production

/2
Resource
Recovery / \ Rice Husk
Silica \ / Controlled
Extraction Combustion
T

RHA

Figure 3. Circular economy model for RHA utilization.

2. Literature Review

Comprehensive compositional analyses have identified typical RHA as containing 76.4 to 97.9%
amorphous silica (SiO;) as the primary component, with minor constituents including K-O (0.1-
2.54%), CaO (0.25-1.18%), MgO (0.23-1.13%), AlOs (0-2.14%), Fe,Os (0.05-0.513%), and P,Os (0.37-
2.94%) [16]. Carbon content varies from less than 1% in completely combusted white ash to more than
20% in partially combusted black or gray ash [16]. The exceptionally high silica content results from
the rice plant's natural silicon uptake mechanism through biosilicification [7]. Structural
characterization has demonstrated that silica in RHA typically exhibits nanostructured arrangement
with primary particles ranging from 5 to 100 nm that form larger agglomerates, contributing to high
surface reactivity [17]. Surface area measurements range from 50 to 100 m?/g in raw RHA and can
exceed 300 m?/g in carefully extracted silica [17]. The Detailed physical shown in Table 1 and chemical
properties of RHA in Table 2 which further explains the value of this extraction process due to high
silica content present in Rice Husk Ash.

Table 1. Physical property of Rice Husk Ash [18,19,20].

Physical Property Value
Specific Gravity 2.05-2.3
Colour Grey
Odour Odourless
Bulk density (kg/m?3) 96-160
Particle Size Distribution (%)
Clay 4-5
Slit 91-93
Fine Sand 4-2
Medium Sand -

Coarse Sand -
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Table 2. Chemical Property of RHA [21,22].

Chemical Constituent Range (%)
SiO; 82.5-97
Fe;Os 0.54
CaO 0.1-1.31
MgO 0.01-1.96
KO 0.1-2.54
Na,O 0.01-1.58
P,0s 0.1-2.69
Sis 0.1-1.23*
Carbon 2.71-6.42

Established silica extraction methods include acid leaching, alkali extraction, and thermal
treatment approaches. Acid leaching involves treating RHA with acids to remove metallic impurities
while leaving silica relatively intact, typically achieving moderate purity levels of 85 to 95% without
additional processing steps [16]. The effectiveness of acid leaching depends significantly on acid
concentration, reaction time, temperature, and solid-to-liquid ratio [23]. Studies investigating organic
acids as alternatives demonstrated that citric acid could achieve silica purities up to 90%, although
yields were lower than with mineral acids [24]. Alkali extraction, a widely employed approach,
involves dissolving silica in strong alkali solution to form soluble silicates, followed by acid
precipitation to form silica gel [25]. Research has identified 2.17 to 3.08 M NaOH as the optimal
concentration range that balances dissolution efficiency with reagent economy [23]. Pilot-scale
implementation achieved 86% yields with 99.1% purity through alkali hydrothermal treatment [25].
Kinetic analysis revealed that the dissolution reaction follows pseudo-second-order kinetics with
respect to accessible silica surface area, explaining why mechanical activation through grinding
dramatically improves efficiency [26]. Thermal methods focus on controlled combustion conditions
to optimize RHA properties. Studies have established that combustion temperature critically affects
silica crystallinity, with temperatures below 700°C maintaining amorphous structure while higher
temperatures progressively convert silica to less reactive crystalline forms [27,28]. Advanced X-ray
diffraction analysis with Rietveld refinement showed that amorphous content decreased from 97.8%
at 600°C to 42.3% at 900°C, with corresponding reductions in chemical reactivity [27].

Several parameters critically affect the quality of extracted silica. Temperature during
combustion affects both silica crystallinity and carbon content, with optimal combustion below 700°C
ensuring complete carbon removal while maintaining amorphous structure [27]. Acid concentrations
of 2 to 3 M typically optimize impurity removal efficiency without excessive reagent consumption
[23]. Higher NaOH concentrations increase silica dissolution rates but may introduce purification
challenges, with 2 to 3 M identified as the optimal range [27]. Precise pH control during precipitation
significantly impacts silica properties, with neutral pH ranging from 6.5 to 7.5 producing optimal
precipitation while minimizing re-dissolution risks [29].

RHA-derived silica has found diverse applications across multiple industries. In concrete
technology, RHA demonstrates pozzolanic properties by reacting with calcium hydroxide during
cement hydration to form additional strengthening compounds [30]. Comprehensive performance
assessments showed concrete strength increases of 5 to 15% at optimal RHA incorporation levels of
10 to 20% cement replacement [31]. Microstructural analysis revealed that pozzolanic reactions
between RHA silica and calcium hydroxide produced additional calcium-silicate-hydrate gels that
densified the cement matrix, resulting in 42% reduction in chloride ion penetration and 31% decrease
in water absorption [32]. In ceramics and refractories, RHA silica incorporation substantially lowers
vitrification temperatures by 50 to 100°C while enhancing mechanical properties, with strength
improvements up to 45.97% documented in optimized formulations [33]. For environmental
remediation, RHA-derived silica serves as an effective adsorbent with removal efficiencies of 80 to
95% for heavy metals including lead, cadmium, and arsenic from industrial wastewater [34]. Acid-
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activated RHA achieved adsorption capacities of 135 mg/g for lead and 97 mg/g for cadmium,
comparable to commercial adsorbents at significantly lower cost [34]. Recent research has explored
novel applications including nanosilica synthesis [17], electrochemical capacitive properties for
supercapacitors [35], and alumina-silica inks for 3D printing applications [36].

Research Gaps

Comprehensive meta-analysis of silica extraction research identified critical knowledge gaps
[37]. Remarkably few studies (less than 8%) implement systematic statistical optimization approaches
such as Taguchi methods to efficiently identify optimal combinations across multiple variables
simultaneously. Approximately 93% of studies were conducted at laboratory scale (<1 kg) with only
3% providing meaningful data on scale-up considerations, equipment requirements, or process
economics relevant to industrial implementation [14]. Only 22% of studies provided comprehensive
characterization combining physical, chemical, and application-specific performance testing [37].
Recent comprehensive reviews identified RHA as a promising feedstock for synthesis of silica and
silicon with potential for diverse applications [38].

3. Methods

The method for extracting silica from rice husk ash involved systematic steps beginning with
collection from Sujal Dairy Rice Husk Boiler and sieving of RHA to remove large impurities, followed
by heating to 800°C in a muffle furnace to obtain amorphous silica. Acid leaching eliminated metallic
impurities, while alkali solubilization involved treating RHA with base to form sodium silicate. Acid
precipitation added acid to the sodium silicate solution forming silica gel, followed by washing,
filtering, drying, and validation testing to confirm desired characteristics of high-purity silica. Figure
4 illustrates the complete working methodology of the silica extraction process, showing the
sequential steps from raw material preparation through final product validation.

Figure 4. Working Methodology of Silica Extraction Process.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A systematic four-step procedure was developed to extract high-purity silica from rice husk ash,
as illustrated in Figure 5. In Step 1 (calcination), samples of 10 g or 20 g of rice husk ash were weighed,
placed in porcelain crucibles, and heated in a muffle furnace at 800°C for 4 hours to remove organic
matter and carbon, producing whiter ash with higher reactive silica content [27]. In Step 2 (acid
leaching), the calcined ash was mixed with 100 ml of 2M HCI solution and heated to 80°C with
continuous stirring for 2 hours to remove metallic impurities [23]. The mixture was then filtered,
washed with distilled water, and dried at 105°C for 12 hours.

In Step 3 (alkali solubilization), the treated ash was mixed with 100 ml of 2M NaOH solution
and heated to 100°C with continuous stirring to dissolve the silica [25]. The mixture was filtered at
temperatures above 90°C to obtain sodium silicate solution. In Step 4 (acid precipitation), the sodium
silicate solution was titrated with 2M HCl at approximately 2 to 3 drops per second with continuous
stirring until reaching neutral pH. This controlled addition induced uniform silica gel precipitation
[29]. The solution was kept aside for 30 minutes with gentle stirring to allow complete gel formation.
The complete four-step extraction process is presented in Figure 5.

Step 2:
Step 1:
Calcination of RHA

Acid L.caching

_

Step 4: Step 3:
Acid Precipitation Alkali Solubalization

Figure 5. Steps for Silica Extraction.

The slow addition of acid and continuous stirring during precipitation were critical for
controlling particle formation and achieving uniform gel properties with optimized surface area and
pore structure. As the solution approached neutrality (pH 8-7), addition rate was further slowed to
ensure precise endpoint control. The aging period allowed completion of polymerization reactions:

=Si-O- + H* — =Si-OH and =Si-OH + HO-Si= — =Si-O-Si= + H,O.

Figure 6 presents the formed silica gel after complete precipitation and aging period.
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Figure 6. Silica Gel.

The silica gel was collected by filtration through Whatman No. 42 filter paper, washed
thoroughly with distilled water in three sequential portions to remove sodium chloride, and dried in
oven at 100°C for 12 hours. Thorough washing was essential to remove sodium chloride, which could
otherwise compromise silica purity and performance in subsequent applications. The final product
was white, fine powdered silica with high surface area and reactive silanol groups suitable for various
applications. Two batch sizes were tested in initial process development to evaluate scalability
factors: 20g and 10g RHA starting material. The products were weighed to determine yield and
subjected to basic characterization tests. The comparison provided preliminary insights into scale
effects and potential challenges for process scale-up, particularly regarding heat and mass transfer
limitations in larger batches.

3.1. Taguchi L27 Optimization Design

Based on process success and comprehensive literature review, three key parameters were
identified for optimization using Taguchi L27 orthogonal array design [39]. Three factors were
considered: heating temperature, heating time, and chemical concentration at three different levels,
with appropriate relationships developed using L27 tables among these variables. This statistical
approach allows systematic evaluation of multiple factors simultaneously while minimizing required
experiments. Each parameter was tested at three levels as shown in Table 3.

Table 3. Parameter Levels for Taguchi L27 Design.

Parameter Level 1 Level 2 Level 3
A: Heating Temperature (°C) 600 700 800
B: Heating Time (hours) 2 4 6
C: Chemical Concentration (M) 1 2 3

3.2. Characterization Methods

The extracted silica was characterized using several analytical techniques selected for
verification of quality and suitability for applications, emphasizing methods accessible in resource-
constrained laboratory settings. Visual inspection assessed color of extracted silica under
standardized lighting conditions where samples were spread on white filter paper as background.
Chemical tests included NaOH/CuSOj test where small sample was mixed with 2M NaOH solution
and heated with CuSO, solution added, HCI test treating sample with concentrated HCI and
observing for gas evolution, and pH test dispersing sample in distilled water and testing supernatant
with universal indicator. Physical properties were determined using the graduated cylinder method

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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for bulk density. Moisture content was measured by drying sample in oven at 105°C until constant
weight [17].

4. Results and Discussion

4.1. Initial Extraction Results

Initial extraction trials demonstrated promising results, with the 20g sample achieving 70%
yield, significantly higher than 50% yield from 10g sample, suggesting beneficial scale effects in
process efficiency. Table 4 summarizes results from initial silica extraction experiments.

Table 4. Results from Initial Silica Extraction Experiments.

Sample Size (g) Silica Extracted (g) Yield (%) Visual Appearance
20 14 70 White powder
10 5 50 White powder

These results presented in Table 4 compare favorably with previous studies, exceeding the 52.8%
yield reported for alkali hydrothermal extraction [40] and approaching the upper range (70-90%)
reported for optimized acid leaching methods [41].

4.2. Taguchi Optimization Results

Comprehensive Taguchi L27 orthogonal array design systematically optimized key process
parameters following initial validation. Statistical analysis of complete dataset identified optimal
conditions as 700°C calcination temperature, 4-hour processing time, and 3M chemical concentration
for both acid and base reagents. Table 5 presents complete results from Taguchi optimization
experiments.

Table 5. Results from Taguchi Optimization Experiments.

Exp Heating Temp (°C) Heating Time (hr) Chemical Concentration (M) Silica Yield (g)

1 600 2 1 4.13
2 600 2 2 4.05
3 600 2 3 4.72
4 600 4 1 4.18
5 600 4 2 4.94
6 600 4 3 5.69
7 600 6 1 4.06
8 600 6 2 5.21
9 600 6 3 5.56
10 700 2 1 5.02
11 700 2 2 5.33
12 700 2 3 6.02
13 700 4 1 5.29
14 700 4 2 6.17
15 700 4 3 7.02
16 700 6 1 522
17 700 6 2 6.38
18 700 6 3 6.55
19 800 2 1 4.64
20 800 2 2 4.79
21 800 2 3 541
22 800 4 1 4.85

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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23 800 4 2 5.63
24 800 4 3 6.52
25 800 6 1 4.71
26 800 6 2 5.88
27 800 6 3 6.15

Analysis of the results shown in Table 5 revealed that yield increased significantly from 600°C
to 700°C but decreased at 800°C, aligning with research indicating temperatures below 700°C
maintain amorphous silica structure [27], which exhibits higher reactivity for extraction [42]. At
higher temperatures, onset of crystallization reduces extraction efficiency despite more complete
carbon removal. Processing time of 4 hours provided optimal balance between complete reaction and
practical energy consumption considerations. Increased concentration from 1M to 3M consistently
improved yields, with 3M providing optimal reactivity for both leaching and dissolution processes
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Figure 7. Main effects plot for silica yield.

Figure 7 presents the main effects plot for silica yield, where each data point represents the
arithmetic mean of nine experimental runs performed at that particular level of one factor while the
other two factors were varied across all their levels in a full 33 factorial design. In this design with 27
total runs, the mean value for any single level of a factor is calculated from exactly nine independent
experiments. For example, the mean yield of 5.93 g at 700°C represents the average of nine runs
conducted at 700°C across all combinations of reaction time (2, 4, or 6 h) and chemical concentration
(1, 2, or 3 M). This orthogonal averaging ensures that the plotted effect is attributable to the factor
under consideration without confounding from other variables. The plot reveals distinct influences
of each parameter on silica extraction efficiency. Temperature displays a volcano-shaped response
with an optimum at 700°C (5.93 g), declining to 4.87 g at 600°C and 5.51 g at 800°C. Reaction time
shows a strong positive effect, increasing from 4.73 g at 2 h to 5.90 g at 6 h. Chemical concentration
exhibits the most pronounced influence, rising nearly linearly from 4.68 g at 1 M to 5.98 g at 3 M,
demonstrating that maximizing Chemical concentration is the most effective strategy for enhancing
silica yield.

4.3. Validation and Characterization

The extracted silica appeared as fine, uniform white powder with no visible discoloration,
indicating effective removal of carbon and metal impurities. Chemical characterization confirmed
high-purity silica through formation of blue-green silicate structures in the NaOH/CuSO; test, near-
neutral pH in aqueous slurry, and no reaction with concentrated HCl. Physical properties were
comparable to commercial silica, with bulk density of 180 to 200 kg/m?® and moisture content of 3.1%
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after standardized drying. Figure 8 shows the extracted silica powder (left) and the NaOH/CuSO,
confirmation test result (right), demonstrating the white appearance and positive silica identification.

Figure 8. Extracted Dry Silica (Left) and NaOH/CuSO, Confirmation Test (Right).

These characterization results collectively confirm successful extraction of high-purity silica
suitable for industrial applications, with potential applications in construction materials where
improved durability and reduced environmental impact are key considerations [14], ceramics
production with energy savings through reduced vitrification temperatures [33], and environmental
remediation applications with cost-effective heavy metal removal capabilities [34].
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