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Abstract

Rice husk ash is a valuable material produced from the thermal processing of rice husks, which
generate over 100 million tonnes of waste annually worldwide. This review examines the production
methods, chemical and physical properties, applications, and challenges associated with rice husk
ash utilization across various industries. The production methods analyzed include uncontrolled
burning, controlled combustion, fluidized bed combustion, gasification, and pyrolysis. Processing
conditions, particularly combustion temperature, significantly influence the final properties of rice
husk ash. The optimal temperature range of 500-700 °C produces ash with predominantly amorphous
silica content ranging from 80 to 95 percent, which provides excellent pozzolanic reactivity. The study
evaluates key applications in construction, where rice husk ash serves as a supplementary
cementitious material that enhances concrete strength and durability at replacement levels of 10-20
percent. Additional applications include high-purity silica extraction, ceramic manufacturing,
environmental remediation through wastewater treatment and heavy metal adsorption, and soil
amendment for agricultural improvement. Emerging applications in nanotechnology and advanced
materials demonstrate the expanding scope of rice husk ash utilization. The environmental benefits
are substantial, including agricultural waste reduction, lower carbon dioxide emissions compared to
conventional cement production, and contribution to circular economy principles. However, several
barriers limit widespread adoption. These include high variability in ash quality depending on rice
variety and processing conditions, absence of standardized production protocols, limited
infrastructure in rice-producing regions, and insufficient regulatory frameworks. Current research
trends show increasing focus on geopolymer concrete, digital fabrication applications, and high-
value silica products. Successful implementation requires coordinated efforts to develop quality
standards, optimize processing technologies, establish efficient supply chains, and create supportive
policies. Future research should prioritize process optimization for consistent quality, development
of application-specific standards, exploration of high-value nanotechnology applications, and
comprehensive techno-economic assessments to guide industrial adoption.

Keywords: agricultural waste valorization; amorphous silica; circular economy; pozzolanic activity;
rice husk ash; supplementary cementitious material; sustainable construction

1. Introduction

1.1. Global Significance of Rice Production

Rice (Oryza sativa and Oryza glaberrima) serves as a primary food source for more than half of
the world’s population [1]. The cultivation of rice has a documented history spanning approximately
10,000 years in Asia, and the crop has subsequently become integral to agricultural systems across
diverse geographic regions worldwide [2]. Beyond its nutritional importance, rice production forms
the economic foundation of many Asian nations, with growing significance in Africa and Latin
America driven by urbanization and evolving dietary patterns [1]. The cultural and religious
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importance of rice extends across multiple societies, where it symbolizes prosperity, fertility, and
community cohesion [3].

Global rice production currently exceeds 500 million tonnes annually, with approximately 90
percent of this output concentrated in Asian countries [1,4]. Asillustrated in Figure 1, India and China
account for more than half of worldwide rice production, while Bangladesh, Indonesia, Vietnam, and
Thailand represent other major producing nations. Recent data indicates that global rice production
reached a record 535.8 million tonnes on a milled basis, representing almost 3 percent increase from
the previous year [6]. India contributed the largest portion of this growth, followed by Indonesia,
Cambodia, Brazil, Taiwan, and Venezuela [6]. China maintained its position as the leading producer
with over 200 million tonnes in 2021, as shown in Figure 1. This steady growth pattern reflects the
increasing demands of a growing global population [1]. Rice consumption rates remain particularly
high in Asia, where it constitutes a major dietary staple, and projections indicate continued increases
driven by population growth in both Asia and Africa [7,8].
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Figure 1. Top rice-producing nations showing global amount and percentage of rice production by country [5].

1.2. Rice Husk as a Major Agricultural Byproduct

The milling process required to convert paddy rice into edible rice generates substantial volumes
of agricultural byproducts. Rice husk, which is removed during the initial husking step to obtain
brown rice, constitutes approximately one-fifth of paddy weight [5]. This proportion results in the
annual production of over 100 million tonnes of rice husk worldwide [1,5,9]. This considerable
volume presents both significant waste management challenges and opportunities for resource
utilization within circular economy frameworks. Traditional disposal methods for rice husks have
raised substantial environmental concerns. Open burning, a common practice, releases significant air
pollutants including particulate matter, carbon monoxide, and greenhouse gases, thereby degrading
air quality and contributing to climate change [10]. Landfill disposal consumes extensive land area,
and the slow natural degradation rate of rice husk can result in the leaching of organic matter and
nutrients, potentially contaminating soil and water resources [11]. The geographic concentration of
rice production in Asia directly correlates with high volumes of rice husk generation in these regions,
making sustainable management practices particularly critical.

Rice husk ash represents a product of controlled thermochemical transformation of rice husk
and constitutes a valuable resource with diverse industrial applications. The conversion of rice husk
to ash significantly reduces waste volume while producing a silica-rich material with distinctive
properties. With annual global paddy rice production estimated at approximately 750 million tons,
the potential production and utilization of rice husk ash approaches 150 million tons annually [1],
demonstrating substantial scope for value-added applications.

1.3. Challenges and Research Trends
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Despite numerous advantages and potential applications, several obstacles limit the widespread
industrial adoption of rice husk ash. The material exhibits considerable variability in properties due
to differences in rice varieties, agricultural practices, and production methods [12]. This inherent
variability complicates efforts to ensure consistent quality and performance in products
incorporating rice husk ash. The absence of standardized processing procedures and quality
assurance systems further impedes commercial adoption [13]. Practical difficulties arise from the
processing and handling of fine rice husk ash particles, which exhibit dusty characteristics and low
bulk density [14]. The high water absorption capacity of rice husk ash can adversely affect workability
in applications such as concrete, necessitating the use of water-reducing admixtures [15].
Additionally, impurities including unburnt carbon and alkali metals can influence reactivity and
overall performance [16].

Ongoing technological developments aim to enhance the processing and utilization of rice husk
ash. Researchers are advancing controlled combustion techniques that enable precise adjustment of
rice husk ash properties, including silica phase composition and reactivity [16]. Innovations in
grinding and processing methods are increasing fineness and surface area, thereby improving
pozzolanic reactivity [17]. Chemical and physical pre-treatment processes, such as acid and alkali
leaching, have demonstrated success in removing impurities and enhancing the purity and surface
area of extracted silica [16]. Market projections indicate continued expansion of the rice husk ash
market in coming years as additional industries adopt the material in construction, steel production,
silica extraction, and other sectors [18]. This optimistic outlook is supported by growing global rice
production driven by population increases [8], continued reliance on rice as a staple food, and rising
awareness of environmental sustainability and circular economy principles [16].

2. Origin and Production Methods of Rice Husk Ash

2.1. Thermal Transformation Process

Rice husk ash is obtained through thermal treatment of rice husks, which constitute a large-scale
agricultural byproduct of rice processing. The thermal conversion of rice husk to ash involves
complex physicochemical changes that modify both organic and inorganic components, resulting in
a material enriched in silica with desirable pozzolanic properties [19]. The transformation process
typically proceeds through several distinct stages [20]. During the initial dehydration phase at
temperatures below 200 °C, moisture is expelled from the husks. As temperatures increase to the
range of 200-500 °C, devolatilization occurs, releasing organic volatile components from cellulose,
hemicellulose, and lignin structures. At elevated temperatures between 500-800 °C, combustion of
remaining carbon produces ash composed primarily of silica. The thermal degradation characteristics
depend significantly on several key factors including heating rate, temperature, residence time, and
atmospheric conditions, which collectively influence the physicochemical properties of the resulting
ash [20].

2.2. Overview of Production Methods

Rice husk ash can be produced through various methods, which may be categorized as direct
methods where rice husk ash forms the primary product, or indirect methods where it emerges as a
byproduct. Figure 2 illustrates the various production methods for converting rice husks to rice husk
ash through different processing routes.
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Figure 2. Flow diagram illustrating the process of converting rice husks to rice husk ash through different

production methods.

Uncontrolled burning, commonly practiced in developing regions, involves open-field burning
without control of critical parameters [19]. This method typically operates at temperatures between
400-600 °C and produces ash of variable quality with high levels of unburnt carbon. Localized
overheating can induce crystalline silica formation, reducing the material’s suitability for high-
performance applications [19,21]. The lack of parameter control results in inconsistent ash quality
[22], rendering the product less valuable for processes requiring uniform material properties such as
high-performance concrete production. Moreover, uncontrolled burning represents the most
environmentally problematic method, generating substantial air pollution through the release of
particulate matter, smoke, and greenhouse gases [23,24].

Laboratory-scale combustion provides precise control of conditions using muffle furnaces [20].
Ash produced at optimal temperatures ranging from 500-800 °C, particularly at 650 °C, consists
predominantly of amorphous silica with minimal residual carbon content as low as 0.59 percent [20].
Regulated combustion approaches, especially those employed in contemporary industrial settings
with proper emission management facilities, demonstrate significantly reduced environmental
impacts compared to unregulated burning [23,25].

Industrial-scale production utilizes furnaces such as stoker and suspension-fired units, which
operate at temperatures between 800-850 °C and provide more uniform combustion than
uncontrolled processes [23,26,27]. The quality of ash produced through these methods is typically
more predictable and consistent, with color serving as a quality indicator. Many industrial systems
incorporate energy recovery mechanisms to enhance efficiency and cost effectiveness [26]. Fluidized
bed combustion promotes efficient combustion through turbulent mixing in a sand fluidized bed,
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providing consistent heat distribution and enhanced carbon conversion [26,28]. This process
produces amorphous, low-carbon ash with approximately 1.9 percent residual carbon at operating
temperatures around 670 °C [28,29]. The resulting ash exhibits high reactivity suitable for pozzolanic
applications [28-31].

Rice husk ash formed through fluidized bed gasification demonstrates a high level of reactivity
and is appropriate for use in cementitious applications [37,38]. Gasification converts rice husks into
synthesis gas while producing rice husk ash as a byproduct [32]. Operating at temperatures between
600-800 °C with limited oxygen supply, this method facilitates the formation of amorphous silica with
reduced emissions [23,32-36]. When combined with carbon capture technologies, gasification can
potentially achieve carbon neutrality, particularly in integrated systems [23,32-36]. Despite high
capital costs, gasification may prove cost-effective when considering the value of fuels produced and
environmental benefits [36,37]. Pyrolysis involves the thermal decomposition of rice husks in the
absence of oxygen, producing bio-oils, gases, and biochar, with ash as a secondary product [33,38].
Pyrolysis followed by calcination at temperatures between 650-850 °C yields ash containing 85-90
percent amorphous silica with high porosity, depending on calcination conditions [39,40]. The
biochar produced during pyrolysis offers additional benefits including carbon sequestration and soil
enhancement opportunities, providing environmental advantages beyond energy recovery [41]. The
TORBED reactor system provides controlled combustion between 700-950 °C, achieving complete
carbon conversion while maintaining amorphous silica [42]. This technology offers uniform ash
quality, increased energy output, and reduced health risks from crystalline silica formation [42].

2.3. Influence of Production Methods on Rice Husk Ash Properties

Production methods significantly determine the principal characteristics of rice husk ash,
particularly silica structure, carbon content, and pozzolanic activity [19,20,22]. These properties
directly influence the suitability of ash for various applications in construction, materials science, and
environmental management [20]. The silica structure in rice husk ash, whether amorphous or
crystalline, depends largely on combustion temperature and duration [20]. Amorphous silica,
characterized by disordered atomic arrangement, exhibits high pozzolanic activity and performs
better in cementitious applications [20]. Controlled combustion techniques operating within the
temperature range of 500-800 °C typically yield ash composed predominantly of amorphous silica
[20]. Conversely, elevated temperatures or prolonged burning periods, as occur in uncontrolled
burning or some industrial operations, may cause silica crystallization into less reactive forms such
as cristobalite or tridymite [20,29].

Carbon content in rice husk ash serves as a key indicator of combustion efficiency and directly
affects ash quality [22]. Incomplete combustion, commonly characterized by black or gray residual
color, can disrupt pozzolanic reactions in concrete [21,22]. Methods providing effective control of
oxygen supply and temperature, such as controlled laboratory combustion and fluidized bed
systems, typically produce ash with lower carbon content [20,28]. Fluidized bed combustion has
achieved ash with carbon content as low as 1.9 percent at an operating temperature of 670 °C, while
suspension combustion has reached 0.8 percent at 700 °C [28,31]. Specific surface area and particle
size distribution represent additional properties influenced by production methods [20]. These
characteristics affect the reactivity and performance of the material in different applications. The
cellular nature of rice husk ash formed through fluidized bed combustion leads to increased surface
area, which proves beneficial in applications requiring high reactivity [23].

2.4. Comparative Analysis of Production Methods and Selection Criteria

A comprehensive analysis of rice husk ash production techniques reveals distinct advantages
and disadvantages across key parameters including temperature regulation, silica structure, carbon
content, energy recovery, environmental effects, and manufacturing cost [19,20,23,29]. These
parameters influence the appropriateness of each technique for specific applications and contexts.
Table 1 provides a comparative summary of the various production methods.
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Table 1. Summary Table of Comparative Analysis of Rice Husk Ash Production Methods.

Production Temperature  Silica Carbon Energy Environmental Production
Method Control Structure  Content Recovery Impact Cost
High
Wide range, Variable, can . 18t
Uncontrolled . incomplete  Not a focus, Severe
. poor control be crystalline s . Low [32]
Burning combustion inefficient [29] pollution [23]
[19] [21]
[22]
Controlled Precise Favors Low with Not the PIMALY 1 ower than Higher due

. control (500- good goal, potential .

Combustion amorphous uncontrolled to equipment
(Laboratory) 20 C  Gilicapzop  OY8eR for heat 23] [20]
y optimal) [20] supply [20] recovery [20]

. Better than I__hgh_ Low with Often integrated Potential Costs offset
Industrial uncontrolled quality, often complete for disposal isstues by ener
Furnaces  (800-850 °C) amorphous burnoit 2 3]s‘ceam/elec’cricity P 23] rec}(;ver 5{;;’ 6]

[26] [23] [23] Y
Good control, Requires
.1 reactor
Fluidized  below 1000 Amorphous, Low Used for ener Lower than investment
Bed °C (670 °C highly (around eneration [2%, open burning economicall’
Combustion optimal for cellular [23] 1.9%) [28] & [23] . . y
low C) [29] viable with
benefits [29]
Cleaner than High capital
High Canyield Low, carbon Primary goal is dlrect' COStf .
e temperature combustion, competitive
Gasification amorphous converted to syngas . .
(600-800 °C) silica [33] s [33] roduction [32] potential for with
[31] &4 procu low GHG with alternatives
CCS[23] [36]

Carbon-rich

Can yield biochar is

450-600 °C high
tested, 650- porosity ash
Pyrolysis 850 °C for  [39], 85-90%

1
the main  Promising for Can be nearly

L p ..
product; ash bio-oil, biochar, CO2 neutral, romising,

biochar for soil low cost for

carbon and gas . .

am?rphous amorphous depends on production [38] improvement biochar [41]

silica [38] at higher .. [35]

temp [40] conditions
P [38]

Avoids . .

TORBED harmful L,O W Sustainable and AVOld,S Not detailed
700-950 °C ) residual renewable crystalline . .
Reactor crystalline o in snippets
silica carbon  energy source  silica waste

As illustrated in Figure 3, the selection of an appropriate rice husk ash production method
depends on several interrelated factors including the intended end-use of the ash, operational scale,
economic considerations, environmental goals, and regulatory constraints [20,29,43,44].
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Figure 3. Selection Criteria for RHA Production MethodsHigh-performance applications requiring high-purity
amorphous silica and low carbon levels, such as concrete or advanced materials, benefit from controlled
combustion and fluidized bed combustion methods capable of maintaining the optimal temperature range of
500-800 °C [20,29]. Laboratory-controlled combustion, while not feasible at large scale, provides fundamental
information for industrial standards [20]. Operational scale influences method selection, with smaller facilities
potentially employing controlled combustion while larger facilities utilize industrial furnaces, fluidized bed
systems, or gasification [26,29]. The TORBED reactor proves optimal for medium-to-large-scale processes

requiring consistent ash quality and power recovery [42].

Methods incorporating energy co-generation, including industrial furnaces, fluidized bed
combustion, gasification, and pyrolysis, demonstrate economic feasibility particularly in regions with
abundant rice husk feedstock [26,29,32,42,44]. Environmental objectives motivate method selection,
with preference given to approaches that minimize emissions and contribute to circular economy
principles [23,35,36]. Modern combustion systems and fluidized bed combustion provide superior
emission control compared to uncontrolled burning, whereas gasification and pyrolysis offer
possibilities for carbon neutrality and valuable biochar byproducts [35,36,41]. Technology adoption
is influenced by infrastructure availability and regulatory frameworks, with strict emission standards
necessitating advanced combustion systems, while resource-limited areas may focus on lower-
technology but improved solutions [20,23]. The choice of methodology remains context-dependent,
considering technical, economic, and environmental requirements. Growing interest in hybrid
approaches and continuing innovations expand the potential of rice husk ash production
technologies [20,29].

3. Chemical and Physical Properties of Rice Husk Ash

3.1. Chemical Composition of Rice Husk Ash

The chemical composition of rice husk ash is dominated by a high percentage of silicon dioxide
(5i0z), which serves as the primary source of its pozzolanic strength [45]. Silica content in rice husk
ash exhibits considerable variability, with reported values ranging from approximately 80 percent to
over 95 percent. Research has documented silica content varying significantly among different
sources, with the lowest reported amount at 75.36 percent and the highest at 97.39 percent [46]. This
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variability underscores the important influence of factors such as rice variety, geographical
cultivation location, and burning process conditions including temperature and duration on the final
ash composition [47]. Additional chemical constituents present in lower concentrations include
alumina (AL20s), ferric oxide (Fe20s), calcium oxide (CaO), magnesium oxide (MgO), potassium oxide
(K20), sodium oxide (Na20), sulfur trioxide (SOs), and phosphorus pentoxide (P20s) [45]. The typical
chemical composition ranges of these constituents are presented in Table 2.

Table 2. Typical Chemical Composition Ranges of Rice Husk Ash (Mass Fractions %).

Component Range (%) Reference
Silicon Dioxide (SiO2) 80.00 - 95.00+ [45]
Aluminum Oxide (Al203) 0.04 - 2.00+ [45]
Ferric Oxide (Fe20s) 0.05 - 1.50+ [45]
Calcium Oxide (CaO) 0.07 - 3.00+ [45]
Magnesium Oxide (MgO) 0.03 - 2.00+ [45]
Potassium Oxide (K20) 0.72 - 4.00+ [22]
Sodium Oxide (Na20) Trace - 0.50+ [45]
Sulfur Trioxide (SOs) 0.08 - 1.00+ [45]
Phosphorus Pentoxide (P20s) Trace - 6.50+ [48]
Loss on Ignition (LOI) 0.76 - 12.00+ [49]

Amorphous silica, representing non-crystallized silicon dioxide, constitutes one of the main
components of rice husk ash. This form exhibits high reactivity, which explains the desirable
pozzolanic attributes of rice husk ash. In contrast to crystalline forms such as quartz, cristobalite, and
tridymite, amorphous silica possesses an unorganized atomic structure that provides a higher surface
area available for chemical reactions. The development of crystalline silica in rice husk ash is
undesirable for pozzolanic applications and can be associated with health risks. Consequently,
controlling the production process, particularly combustion temperature, is essential to maximize
amorphous silica content.

Figure 4 presents X-ray diffraction patterns that differentiate amorphous and crystalline silica in
rice husk ash samples produced at different temperatures [50]. The broad peak indicates amorphous
structure with optimal reactivity, whereas sharp peaks signify crystalline forms that develop at
elevated combustion temperatures.
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Figure 4. XRD patterns showing the difference between crystalline and amorphous silica in RHA samples

produced at different temperatures [50].

Although minor oxides occur in much lower percentages than silica, they can affect the reactivity
and other characteristics of rice husk ash. For example, the presence of alkali oxides such as potassium

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1734.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026

9 of 28

oxide (K20) may influence pozzolanic reactions and can, under certain circumstances, contribute to
alkali-silica reaction. The suitability of a material for use as a pozzolan in concrete is commonly
evaluated by its chemical composition, particularly the combined amount of silicon dioxide (5iOz),
aluminum oxide (Al20s), and ferric oxide (Fe20s). ASTM C 618 standards specify that the total of
these three oxides must be at least 70 percent [51]. Numerous studies have demonstrated that the
amount of these oxides in rice husk ash often exceeds this threshold, supporting its potential as an
effective supplementary cementitious material [51].

Loss on ignition represents another important chemical property of rice husk ash, indicating
unburnt carbon and other volatile substances remaining in the ash after burning [49]. The efficiency
of the combustion process significantly affects loss on ignition values. Excessive loss on ignition in
rice husk ash may adversely affect concrete performance, potentially reducing pozzolanic activity
and compromising the strength and durability of the resulting concrete [49]. Therefore, efficient
burning is essential to minimize unburned carbon content and optimize rice husk ash characteristics.
Rice husk ash is primarily characterized by its high silica content, with other metallic oxides present
in lesser amounts. These constituents vary considerably in their proportions, depending on the source
of rice and the conditions of the combustion process. To maximize the pozzolanic potential of rice
husk ash in cement-based materials, it is important to ensure efficient combustion to reduce the
amount of unburned carbon.

3.2. Physical Properties of Rice Husk Ash

The physical characteristics of rice husk ash play an important role in determining its suitability
and performance in diverse applications, particularly in the construction industry. Properties such as
morphology, density, particle characteristics, and water absorption are inherently connected with
chemical composition and production technology. Table 3 demonstrates the various physical
characteristics of rice husk ash.

Table 3. Typical Chemical Composition Ranges of Rice Husk Ash (Mass Fractions %) [45].

Property Range
Density (g/cm?) 2.05-2.24
Bulk Density (kg/m?) 180 - 429.1
Specific Surface Area (m%/kg) 240 — 2765
Average Particle Size (um) 3.8-7.41
Porosity (%) 35.08 - 67.04
Water Absorption (%) Varies significantly

Scanning electron microscopy analyses of rice husk ash morphology and microstructure reveal
that particles are generally irregular in shape with porous and cellular microstructure, as illustrated
in Figure 5. These particles frequently exhibit small pits, open pores, and microscopic channels on
their surface [50]. This structure results in a very high specific surface area, which is vital for
enhancing pozzolanic reactivity by creating more contact interface with calcium hydroxide and
increasing the capacity of the ash to absorb water [45].
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Figure 5. SEM images showing the microstructure of RHA particles at different magnifications, revealing their
porous nature and irregular morphology [50].Rice husk ash demonstrates considerably lower density than
typical Portland cement, with reported values of approximately 2.21 g/cm? for rice husk ash compared to about
3.15 g/cm? for cement [45]. Furthermore, the bulk density of rice husk ash, representing the combined mass of
particles and pore volume, typically ranges between 180 and 429.1 kg/m3 [23]. The porosity of rice husk ash is
notably high at 67.04 percent, a direct consequence of its cellular structure [45]. This high porosity and low
density make rice husk ash a beneficial constituent for lightweight concrete, reducing structural mass and
influencing water requirements and internal microstructure of concrete mixtures. Regarding particle
characteristics, rice husk ash typically possesses a significantly smaller particle size distribution than cement,
with average sizes ranging from 5.0 to 7.41 pm [45]. Its specific surface area substantially exceeds that of cement,
with one study using BET-N2 adsorption recording a value as high as 207.8 x 10° m?/kg [45]. This extensive
surface area enhances the reactivity of rice husk ash, improving the strength, durability, and performance of

concrete.

Rice husk ash exhibits considerable water absorption capacity due to its porous structure and
high specific surface area, which may result in reduced slump in fresh concrete mixtures and
increased water demand [45]. To address this issue, superplasticizers are typically required to
maintain desired workability in mixtures containing rice husk ash [19]. Additionally, the color of rice
husk ash may vary from black to grey to white, depending on burning conditions and the quantity
of unburnt carbon remaining in the ash. Whiter ash generally indicates better combustion and higher
silica content, which correlates with improved pozzolanic reactivity and overall material quality [45].
The physical characteristics of rice husk ash, including its porous cellular structure, low density
relative to cement, fine particles with high specific surface area, substantial water absorption capacity,
and variable color related to combustion conditions, all represent important factors that affect its
performance and efficiency in various applications, particularly as a supplementary cementitious
material in concrete.

3.3. Factors Affecting the Chemical and Physical Properties

The chemical and physical properties of rice husk ash exhibit considerable variability influenced
by numerous factors throughout its lifecycle, from the initial properties of rice husk through
processing conditions. Understanding and controlling these influencing factors is essential for
ensuring rice husk ash quality in specific applications. Table 4 presents the key factors affecting rice
husk ash properties along with their impacts and supporting references.

Table 4. Key factors affecting RHA properties.

Factors Details Impact on Properties References
-Optimal range: 500 °C-700 °C.
Combustion -Above 800 °C: Crystalline silica -Enhances pozzolanic

Temperature forms. reactivity [13,45]
and Duration  -600 °C for a longer duration -Reduces carbon content
improves silica purity
- 11 h
-Controlled (industrial/lab 'Contro‘ ed met Oqs
yield uniform ash with
Method of furnaces) . .
. . higher amorphous silica [48,52]
Combustion  -Uncontrolled (open-air, self-
-Uncontrolled causes
made furnaces) .
variability
-Acid leaching (e.g., HCl) -Increases silica purity
Pre-treatment removes metallics and surface area [45,49]
-Alkaline for silica extraction - Enhances reactivity
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Post -Improves reaction rate
. - Grinding increases fineness and with Ca(OH)2
combustion . o [45,51,53]
. surface area -Excessive grinding may
Processing

reduce benefits

Combustion temperature and duration represent among the most critical factors affecting the
chemical and physical characteristics of rice husk ash. The optimal temperature range for pozzolanic
activity typically falls between 500 °C and 700 °C, as this range maintains amorphous silica formation
and enhances pozzolanic reactivity while reducing carbon content [13,45]. Higher temperatures
exceeding 800 °C result in the formation of less active crystalline silica forms such as quartz and
tridymite [45]. Extended firing at steady conditions such as 600 °C for longer duration may also
decrease carbon content and increase silica purity [13].

The combustion method exerts considerable influence on ash quality [48,52]. Controlled
combustion using industrial furnaces or laboratory equipment ensures uniform results and increased
amorphous silica content, while uncontrolled methods such as open-air burning or self-made
furnaces yield unpredictable outcomes and cause variability in the final product [48,52]. Pre-
treatment methods including acid leaching with hydrochloric acid can remove metallic impurities
and increase silica purity and surface area, thereby enhancing reactivity [45,49]. Alkaline treatments
are also employed, particularly for silica extraction applications [45,49]. Physical processing,
especially grinding, affects properties such as particle size and surface area following combustion
[45,51,53]. Although finer grinding enhances reactivity and pozzolanic activity by improving the
reaction rate with calcium hydroxide [45,51,53], excessively fine grinding may not necessarily
provide proportional benefits due to diminishing returns in the contribution of internal surface area
to rice husk ash performance [53].

3.4. Pozzolanic Activity of Rice Husk Ash

Rice husk ash demonstrates significant potential in construction applications due to its
substantial pozzolanic activity [45]. The primary basis for this activity is its high content of
amorphous silica (5iOz), which chemically reacts with calcium hydroxide (Ca(OH)2) in the presence
of water to form calcium silicate hydrate (C-S-H) gel [45]. Calcium hydroxide is a byproduct
generated during Portland cement hydration, and the pozzolanic reaction of rice husk ash effectively
utilizes this byproduct, resulting in the formation of additional cementitious material. This secondary
hydration process plays a vital role in improving concrete strength and durability in cement-based
composites [45].

The pozzolanic activity of rice husk ash depends not only on amorphous silica presence but also
on the quantity and availability of reactive silanol sites (Si-OH) on silica particle surfaces [54].
Research has demonstrated that silanol concentration is crucial for the reactivity of rice husk ash with
calcium hydroxide. Studies have found that rice husk ash formed by incineration at 500 °C for 12
hours followed by rapid cooling exhibited the highest concentration of silanol groups and produced
the most significant reduction in conductivity when added to saturated calcium hydroxide solution
[54]. This conductivity reduction serves as a major indicator of pozzolanic action, as it signifies the
consumption of calcium hydroxide in the reaction with silica in rice husk ash. The interaction
between amorphous silica in rice husk ash and calcium hydroxide formed during cement hydration
produces additional C-S-H gel, contributing to a denser microstructure and enhanced strength,
particularly at later curing ages. Research studies have frequently indicated that optimal strength
development occurs when rice husk ash replaces cement content between 5 and 20 percent by mass
[55]. The improved mechanical performance resulting from this pozzolanic activity makes rice husk
ash a valuable addition to concrete.

4. Applications and Uses of Rice Husk Ash
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Rice husk ash represents a sustainable and versatile material produced through controlled
burning of rice husks [56-58]. This section discusses the various applications of rice husk ash, as
demonstrated in Figure 6, including uses in construction materials, silica recovery processes, ceramic
applications, environmental remediation, and emerging applications in nanotechnology and
materials science.

Brick Lightweight h;:;:::is
Production Ceramics Dye Removal
Enhances polymer
Reduces energy Creates building Removes dyes from composites and
requirements in blocks and thermal industrial advanced
Basic brick manufacturing. insulation. wastewater. ceramics. Advanced

)

Concrete Refractory Heavy Metal Nanotechnology
Applications Materials Adsorption Synthesizes
Improves concrete Insulates molten Rermoves heavy nanosilica for drug
strength and metal in high- rmetals from delivery.
durability. temperature contaminated
applications. water.

Figure 6. Applications and uses of rice husk ash showing the diverse sectors including construction, silica

extraction, ceramics, environmental applications, and emerging technologies.
4.1. Construction Materials

4.1.1. Concrete Applications

Rice husk ash serves as an extremely effective supplementary cementitious material due to its
amorphous silica content and high pozzolanic properties [47,56,59]. In concrete, rice husk ash reacts
with calcium hydroxide to produce additional calcium silicate hydrate (C-5-H) that strengthens and
improves concrete durability [56]. Performance typically exceeds other supplementary cementitious
materials such as fly ash and silica fume [56,60]. Rice husk ash can be blended or substituted by
weight at 5-30 percent of Portland cement to achieve desired performance depending on rice husk
ash properties [56,61]. While it enhances cohesiveness in applications such as self-compacting
concrete [30], its high surface area necessitates the use of superplasticizers to maintain workability
[56,62]. Concrete incorporating rice husk ash exhibits improved compressive, tensile, and flexural
strength, particularly when the substitution rate approximates 10-15 percent [56,60]. The material
demonstrates enhanced resistance with reduced permeability to water and aggressive substances
including chlorides, sulfates, and carbon dioxide, making it suitable for marine and infrastructure
applications [56,61]. Rice husk ash proves applicable in high-performance concrete and self-
compacting concrete for structures such as bridges, marine facilities, and nuclear plants where high
strength and durability are essential [23,60,61].

Table 5 contrasts the major characteristics of concrete with and without rice husk ash, illustrating
how the material affects various concrete properties.

Table 5. Comparison of Concrete Properties with and without RHA.

Property Concrete without RHA  Concrete with RHA (Typical)
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Compressive Strength Baseline Increased

Workability Baseline May be reduced
Durability Baseline Increased
Resistance to Sulfate Attack Baseline Increased
Resistance to Chloride Ingress Baseline Increased
Permeability Baseline Reduced

Cost Baseline Potentially reduced

Rice husk ash performs well when utilized as a partial substitute for cement in concrete. The
pozzolanic reaction of rice husk ash improves compressive strength and durability while
contributing to a denser microstructure. Resistance to sulfate attack and chloride ingress is enhanced,
indicating superior performance in aggressive environmental conditions. Permeability of the
concrete is reduced, thereby limiting moisture and chemical infiltration. However, the finer particle
size and high water demand of rice husk ash can slightly reduce concrete workability. Despite this
limitation, the overall cost of concrete can generally be reduced because rice husk ash is an
inexpensive, readily available byproduct. These improvements make rice husk ash an effective,
sustainable material for enhancing concrete quality while decreasing environmental impact.

4.1.2. Brick Production

Brick production can incorporate rice husk ash, providing a more affordable and
environmentally friendly alternative to conventional clay bricks [63]. Rice husk ash is applied in clay
bricks as a clay substitute and in concrete bricks as a cement substitute [60,64,65]. Research has
demonstrated that a 5 percent rice husk ash replacement can balance strength and water absorption
properties [64]. The advantages include reduced environmental impact, improved thermal
insulation, and lower costs, particularly in regions with abundant rice husk availability [64,66,67].
Rice husk ash bricks also exhibit lower density and may provide enhanced energy efficiency,
especially when manufactured through low-fired or unfired production processes [68,69]. However,
compressive strength can decrease with increased rice husk ash content, necessitating careful mix
optimization [61,64].

Figure 7 illustrates the relationship between compressive strength and the percentage of rice
husk ash in brick manufacturing [70]. The graph demonstrates that larger percentages of rice husk
ash mixed with clay result in lower compressive strength, indicating that increased rice husk ash

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1734.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026 d0i:10.20944/preprints202601.1734.v1

14 of 28

utilization in brick manufacturing requires careful optimization [70]. Interestingly, raw rice husk
performs better than heap-burned rice husk ash for stabilizing adobe, a traditional building material
[71].

10 4

I compressive Strength (MPa)

6.80851

5.56391

Compressive Strength (MPa)

4] 5 10 15 20
Percentage of RHA Mixed with Clay by Weight

Figure 7. Bar chart showing the relationship between compressive strength and percentage of rice husk ash in

brick manufacturing, demonstrating the inverse relationship [70].

Similarly, Figure 8 displays the correlation between water absorption and rice husk ash content
in bricks [72]. The graph shows that water absorption increases with rice husk ash content. At 5
percent rice husk ash, water absorption measures 17.8 percent, increasing to 18.08 percent at 10
percent, 19.13 percent at 15 percent, and 21.33 percent at 20 percent rice husk ash [72]. This indicates
that higher rice husk ash percentages create more porous bricks that absorb more water. This effect
can be attributed to the porosity and light weight of rice husk ash, which creates more voids in the
brick matrix. Although rice husk ash may enhance properties such as insulation or sustainability,
excessive amounts may reduce durability and water resistance. Therefore, optimal rice husk ash
content must be selected based on intended applications [72].

B Water absorption| 21.33

20 o 19.13
17.8 18.08

G

Water Absorption (%)

5 10 15 20
RHA Content in Brick (%6)

Figure 8. Relationship between rice husk ash content in bricks and their water absorption percentage, showing
increasing water absorption with higher rice husk ash content [72].

4.2. Silica Extraction

Rice husk ash serves as an environmentally friendly source of amorphous silica, with extraction
methods including alkaline treatment using sodium hydroxide, acid leaching, and thermal treatment
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[23,47,73]. Rice husk ash is converted into silica to produce sodium silicate, which is separated to
form silica gel, geopolymer cement, and other products [74]. Amorphous silica is preferred due to its
reactivity and high surface area [47,73]. Rice husk ash is utilized industrially where its high silica
content can be extracted through various chemical and thermal processes [75]. Properly controlled
burning below 700 °C combined with pre-treatment can produce silica exceeding 99 percent purity
with high specific surface area, which can be effectively used as adsorbents, catalyst supports, and
fillers in paints, plastics, and food filtration systems [47,73,76,77]. Silica produced from rice husk ash
is also critical in electronics, particularly in semiconductor and microchip production [47,77].

Figure 9 illustrates the various processes for obtaining green silica from rice husk ash, based on
the timing of acid leaching [78]. Rice husk ash is processed to produce silica solution containing
suspended silica particles and impurities (depicted with red dots). The silica solution is then gelled
to create a gel with impurities still suspended in solvent. The gel solidifies as aged gel, though
impurities remain present. When dried and then leached with acid, the resulting silica is designated
as T3. When acid washing occurs first followed by drying, the silica produced is designated as T2
[78]. In the alternative route, rice husk ash is first subjected to acid leaching to eliminate many
impurities, then extracted. The silica is then removed from the leached rice husk ash, producing purer
silica solution. In gelation, a translucent material is created with fewer impurities. This is followed
by aging and drying to produce silica designated as T1 [78].
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Green Silical
(T3)

Acid
Leaching
Gel-like

Substances

' E:f;"“ Impurities . .
HUSK ASH ) r T (T2)
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Figure 9. Different pathways for producing green silica from rice husk ash showing three routes (T1, T2, T3)

based on different sequences of acid leaching, drying, and aging processes [78].

4.3. Ceramic Applications

Rice husk ash proves useful in ceramic tile production to enhance bending strength and water
absorption, aligning with trends in sustainable manufacturing [56,79-81]. It is applied in refractory
materials for steel foundries, ladles, and tundishes due to its high insulation capacity and thermal
resistance [47]. Ceramic glazes represent another major application where rice husk ash serves as a
renewable silica source that influences aesthetic and functional characteristics [56]. Its lightweight
nature makes it suitable for lightweight ceramics, which benefit from thermal insulation and building
material applications due to its porosity and low weight [60,66].

4.4. Environmental Applications

Rice husk ash serves as an effective and inexpensive adsorbent for removing heavy metals
during wastewater treatment due to its high surface area and active silanol groups (Si-OH) capable
of adsorbing lead (Pb), cadmium (Cd), copper (Cu), zinc (Zn), arsenic (As), and mercury (Hg) [58,82].
Figure 10 demonstrates the adsorption characteristics of rice husk ash against zinc (Zn(Il)), cadmium
(Cd(II)), and mercury (Hg(Il)) ions, along with competing metal ions under various conditions [83].
The graphs illustrate adsorption performance for different pollutants under varying conditions. Rice
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husk ash exhibits the greatest adsorption capacity for Zn(Il), followed by Cd(II) and Hg(II) under
single component systems, as indicated by higher equilibrium adsorption values in Figure 10(a). This
implies that rice husk ash possesses greater affinity for Zn(Il) ions. However, adsorption capacity for
each metal decreases significantly in the presence of competing ions in multi-component systems, as
shown in Figures 10(b)-(d). Particularly, Zn(II) adsorption is greatly reduced in the presence of Cd(II)
and Hg(Il) as illustrated in Figure 10(b), revealing competition effects. Similarly, Cd(Il) adsorption
decreases in the presence of Zn(Il) and Hg(Il) as shown in Figure 10(c), and Hg(II) adsorption, while
less affected, decreases when other metals are present as demonstrated in Figure 10(d). Overall,
findings reveal competitive adsorption behavior, wherein Zn(Il) typically prevails in single systems
but faces significant competition in mixed-metal systems, indicating the complexity of adsorption
processes in multi-contaminant environments [83].
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Figure 10. Graphs (a), (b), (c), and (d) showing adsorption performance of rice husk ash for different pollutants
(Zn(II), Cd(II), Hg(II)) under varying conditions including single-component and multi-component systems [83].

Adsorption capacity can be increased through surface modifications such as acid or alkali
activation [82]. Rice husk ash is also applied in removing textile dyes from industrial effluents,
providing a sustainable alternative to activated carbon [56,58]. Rice husk ash serves as a soil
amendment that enhances aeration, water retention, temperature regulation, and pH balance, while
also providing silica that improves plant stress resistance [22,61]. The material functions as an
effective soil amendment that enhances structure, aeration, and water retention properties [84]. Rice
husk ash demonstrates resistance to microbial decay, which assists in carbon sequestration by storing
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carbon in soils and reducing atmospheric carbon dioxide emissions [58,60]. Utilizing rice husk ash
also helps reduce the environmental effects of rice husk disposal [60].

4.5. Emerging Applications

4.5.1. Nanotechnology

Rice husk ash serves as an excellent precursor for nanosilica, which is generated through sol-gel,
precipitation, or hydrothermal processes [47]. Applications of this nanosilica in drug delivery
systems, sensors, and catalysis require high surface area and controlled release characteristics [47].
Carbon nanotubes and graphene can also be synthesized using rice husk ash, which finds
applications in energy storage, electronics, and composite materials [47].

4.5.2. Materials Science

Rice husk ash is added to polymer composites to enhance mechanical strength, thermal stability,
and hardness [47]. Surface treatments improve bonding with the polymer matrix. Other advanced
ceramics manufactured using rice husk ash include mullite, cordierite, forsterite, and wollastonite,
which possess properties of durability, insulation, and thermal resistance [47]. Rice husk ash also
serves as a precursor to non-oxide ceramics including silicon carbide and silicon nitride, which are
useful in high-performance, corrosion-resistant applications. The material is being explored for
applications in lithium-ion batteries, coatings, adhesives, and photo-luminescent materials, marking
its potential in future innovations in materials science [47,85].

5. Discussion on Rice Husk Ash Utilization

5.1. Critical Analysis of Current Research

Recent studies indicate substantial global interest in rice husk ash across various fields, with
particular focus on construction materials. Multiple studies demonstrate the potential of rice husk
ash as a sustainable alternative to traditional cement [76]. Research has diversified with the
introduction of new applications such as digital fabrication [86], suggesting that the scope of rice husk
ash usage continues to expand [33]. Recent investigations have observed increased interest in
applying rice husk ash in alkali-activated materials, especially in geopolymer concrete, as an
environmentally friendly substitute for conventional cement-based systems [87]. Studies have
indicated that rice husk ash can serve effectively as a binding agent in geopolymer concrete with
replacement levels of 10-20 percent without compromising material performance [87]. Research has
also examined how rice husk ash influences other characteristics of alkali-activated materials,
including its effects on alkali-activated slag efflorescence and alkali leaching [88].

Another developing research area involves the use of rice husk ash in specialized construction
materials by capitalizing on its unique properties. Specifically, the high silica content of rice husk ash
is being investigated as a source of flame resistance in geopolymer coatings, with research suggesting
that increasing silica content from rice husk ash results in improved flame resistance [89]. Market
forecasts indicate substantial expansion due to the versatility of rice husk ash in construction,
manufacturing, agriculture, and water treatment industries [90]. Additionally, considerable research
is devoted to investigating the potential of rice husk ash to improve soil properties, understanding
its ability to enhance soil characteristics and promote sustainable agriculture [91]. The material
properties primarily define the effectiveness of rice husk ash in different applications. Its high silica
content, ranging between 70 and 98 percent, is consistently identified as the main factor motivating
its use as a cement replacement and in other industrial applications [76]. The fineness and particle
size distribution play a major role in the reactivity and performance of rice husk ash, especially in
concrete applications, where smaller particles tend to exhibit higher pozzolanic activity and
contribute to increased strength development [60]. The pozzolanic activity of rice husk ash,
representing its reaction capacity with calcium hydroxide generated during cement hydration to
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create supplementary strength-enhancing substances, has been extensively researched and identified
as a decisive factor in its functionality [92].

The research approaches within the field are quite varied, with experimental validation being
quite robust. Concrete and mortar mixtures incorporating different percentages of rice husk ash as a
cement substitute are frequently studied in laboratory settings to evaluate mechanical properties such
as compressive strength, flexural strength, and tensile strength, along with durability properties
including water absorption and resistance to chemical attacks [52]. In agricultural applications,
researchers employ pot experiments and field trials to test the effectiveness of rice husk ash as a soil
amendment, examining its effects on soil characteristics, nutrient availability, and crop yield [91]. The
chemical composition, crystalline structure, and purity of rice husk ash produced under various
processing conditions are regularly analyzed using chemical characterization methods such as X-ray
diffraction (XRD) and X-ray fluorescence (XRF) [60]. Emerging trends in research demonstrate
increasing interest in more complex and advanced applications. There is growing attention to the use
of rice husk ash in high-performance concrete with enhanced strength and durability properties [93],
and in geopolymer concrete, which represents a more sustainable material than traditional Portland
cement through alkaline activation of pozzolanic materials [94]. The potential future use of rice husk-
based materials in digital fabrication, including both 3D printing and CNC machining, is currently
being explored [33]. Additionally, substantial effort is directed toward investigating rice husk ash as
a low-cost and environmentally friendly source of high-purity silica, which is useful in many fields
such as catalysts, zeolites, and lithium-ion battery components [95].

Although developments are promising, the quality and reliability of current studies on rice husk
ash utilization vary significantly. While most research includes elaborate experimental procedures
and statistical data, some studies do not fully report vital parameters such as specific rice husk ash
characteristics including silica content, particle size distribution, and carbon content, along with
precise processing conditions [52]. This inconsistency in reporting makes direct comparison of
outcomes from various studies and clear conclusions about optimal rice husk ash usage in particular
applications rather difficult [76]. Furthermore, the natural variation in rice husk ash properties, which
depend on rice variety, cultivation practices, and combustion conditions including temperature,
duration, and atmosphere, contributes to inconsistencies in research findings [90]. Future studies
would benefit from increased standardization of rice husk ash production, characterization, and
performance evaluation procedures to improve reliability and comparability [96].

5.2. Comparative Advantages and Limitations

5.2.1. Environmental Advantages

The utilization of rice husk ash offers significant environmental advantages as it converts
agricultural waste into useful products while addressing the disposal problem of approximately 151
million tonnes of rice husks produced worldwide annually [52]. Rice husk ash has been identified as
an environmentally friendly alternative that provides a feasible solution for managing rice waste [97].
Industries can reduce their ecological footprint by utilizing rice waste and contribute to achieving
more sustainable resource management practices [98]. When compared to traditional Portland
cement production, partial replacement with rice husk ash results in a smaller carbon footprint [76].
Compared to cement manufacturing, rice husk ash production emits considerably less carbon dioxide
and can be viewed as a carbon-neutral material requiring less energy input [60]. By incorporating
agricultural-based supplementary cementitious materials such as rice husk ash in cement
manufacturing, cement requirements can be significantly reduced, potentially lowering carbon
dioxide emissions by up to 40 percent [99]. Rice husk possesses potential for carbon sequestration
when processed into biochar and applied as a soil amendment [33]. Converting rice husk biomass
into value-added products such as biochar helps conserve the environment, utilize sustainable
energy sources, enhance soil health, and capture carbon [100]. Research demonstrates that rice husk
biochar has the potential to enhance carbon storage in greenhouse soils [101].
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5.2.2. Material Performance Advantages

When used in concrete at optimal replacement rates, typically 10-20 percent of cement,
incorporation of rice husk ash results in enhanced compressive, tensile, and flexural strength due to
its pozzolanic reaction [76]. The addition of rice husk ash has been established to improve the overall
strength of concrete [92]. Rice husk ash concrete mixtures with 5-15 percent replacement demonstrate
equivalent or superior performance in compressive, flexural, and tensile strength compared to
regular concrete [102]. Specifically, compressive and tensile strength gains of 11.8 percent and 7.31
percent, respectively, have been demonstrated with 10 percent rice husk ash incorporation [103]. Rice
husk ash incorporation also enhances concrete durability, including reduced water uptake, improved
resistance to chloride intrusion, sulfate attack, and corrosion of steel reinforcement [97]. Research has
demonstrated that cement concrete with blended rice husk ash exhibits superior fresh properties and
higher durability [60]. Additionally, rice husk ash additives improve concrete impermeability, which
helps increase resistance to various environmental factors [92].

The finer particle size and porosity of rice husk ash may, in certain cases, result in improved
workability of fresh concrete, potentially reducing water requirements to achieve the same slump
[92]. Rice husk ash is recognized as a highly reactive pozzolanic material capable of enhancing
concrete workability when applied as a Portland cement alternative [62]. It is more likely to render
fresh concrete more plastic and cohesive, thereby enhancing placeability and finishability [92].

5.2.3. Economic Advantages

Rice husk ash represents an economical alternative to cement, being cost-effective in terms of
total concrete costs [76]. The use of rice husk ash as a partial cement substitute in concrete has been
demonstrated to reduce construction costs [103]. Low prices of raw material also favor the rice husk
ash market because rice husk ash is a byproduct of rice milling, resulting in production costs
approximately 30 percent lower compared to conventional silica sources [18]. The utilization of rice
husk and ash generates additional revenue sources for farmers and rice millers as raw materials in
rice husk ash manufacture [97]. This potential aids in the economic development of small-scale
farmers through incorporation of rice waste into new value chains [98]. By selling rice husk waste for
reprocessing into useful products, farmers can earn additional income [99]. There exists potential
monetary gain for agricultural communities that typically generate or burn such residues [97].

5.2.4. Limitations

High replacement ratios of rice husk ash in concrete, typically exceeding 15-20 percent of cement,
may limit performance through reduced strength and durability [97]. Replacement of over 15 percent
of cement with rice husk ash may lead to reductions in concrete strength and durability [92]. Concrete
incorporating rice husk ash can experience reduced strength, especially at high replacement rates,
except at low water-cement ratios [62]. The quality of rice husk ash is greatly influenced by rice
variety, cultivation methods, and processing conditions including combustion intensity, duration,
and grinding method [52]. Variation in quality depending on the calcination environment produces
unpredictable impacts on properties [96]. Chemical composition may vary with the origin of rice
husks, the nature of pretreatment, and the heating process during combustion [90].

Rice husk ash typically contributes to workability problems in fresh concrete mixtures due to its
porous characteristics causing high water uptake, which reduces slump and concrete workability
[92]. Concrete workability is likely to decrease with increasing rice husk ash proportion, mainly due
to the porous nature of rice husk ash and its large specific surface area, which absorbs substantial
mixing water [60]. Rice husk ash concrete requires more water and may influence the hydration
process when water is insufficient [19]. Managing fine rice husk ash particles can be potentially
hazardous to health [49]. Landfill or open disposal has been mentioned as a possible cause of
environmental and human health issues due to low bulk density [95]. This concern arises from the
fine nature of rice husk ash particles, which makes them difficult to handle and process [104].
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5.3. Implementation Barriers

5.3.1. Technical Challenges

One of the main technical issues is that rice husk ash quality exhibits high variability, depending
greatly on rice variety, cultivation practices, and processing conditions, especially combustion
temperature, duration, and grinding operations [52]. This variability in properties such as silica
content, carbon content, and particle size makes it difficult to guarantee consistent performance in
industrial applications that demand specific material properties [90]. Lack of standardized processing
and quality control measures for industrial rice husk ash production represents a major technical
challenge [52]. Absence of established standards for combustion, cooling, and grinding makes it
difficult to consistently achieve desired rice husk ash properties, thus limiting uniform application
across industries [96]. Further technical challenges exist in ensuring optimal performance in selected
applications. In concrete, high rice husk ash replacement ratios can cause adverse effects on
workability due to excessive water absorption, and strength can be compromised at extremely high
replacement ratios [76]. Similarly, the effectiveness of rice husk ash as a soil amendment can vary
depending on soil type and intended outcomes [91].

5.3.2. Economic Barriers

The initial costs of establishing rice husk ash processing facilities and required infrastructure are
substantial, posing a barrier particularly for small-scale farmers or industries seeking to explore rice
husk ash utilization [52]. Equipment for controlled combustion and fine grinding of rice husk can be
expensive [52]. Rice husk ash competes with established and readily accessible traditional materials
such as conventional Portland cement and silica fume in many applications [52]. Breaking into an
already competitive market requires demonstrating clear performance and economic benefits of rice
husk ash usage [93]. The cost of transporting bulky rice husk or rice husk ash from rural regions
where rice is grown to industrial centers poses a substantial economic hurdle [52]. Rice husk
possesses low bulk density, making it less economical to transport over long distances [95].

5.3.3. Regulatory and Policy Barriers

Certain industries, especially construction and environmental sectors, lack definite guidelines,
standards, and regulations for rice husk ash utilization [52]. This absence of well-defined regulatory
frameworks introduces uncertainty among prospective users and obstructs widespread adoption of
rice husk ash [52]. Poor awareness among end-users and industry regarding rice husk ash benefits
and varied applications is also problematic [52]. Rice husk ash may be unfamiliar to many potential
users, who might harbor doubts regarding its performance and reliability compared to traditional
materials.

5.3.4. Logistical and Infrastructural Barriers

Establishing efficient and reliable supply chains for rice husk and rice husk ash presents a
challenge, especially in regions where rice milling is decentralized among rural areas [52]. This
necessitates efficient logistical networks to collect and transport rice husk to centralized processing
plants, considering the presence of many small mills [52]. Rice husk ash possesses low bulk density
and dusty characteristics, which makes it challenging to provide sufficient storage and handling
facilities at both production sites and end-user locations [91]. Efficient and safe rice husk ash handling
and storage may require specific equipment and measures [105].

6. Conclusion and Future Research

6.1. Conclusion
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This comprehensive review demonstrates that rice husk ash represents a promising resource
with substantial potential for sustainable utilization across various industries. The conversion of rice
husk, a major agricultural byproduct, into valuable rice husk ash exemplifies circular economy
principles at their finest, transforming waste resources into useful materials. Rice husk ash proves
especially useful as a supplementary cementitious material in construction applications when
properly processed. Its high amorphous silica content ranging from 80-95 percent, combined with its
unique physical properties, can be utilized to increase concrete strength and durability while
decreasing the carbon footprint compared to standard cement production.

The study has clearly demonstrated that production method plays a crucial role in determining
rice husk ash properties, with controlled combustion between 500-700 °C exhibiting the best
pozzolanic activity. This underscores the importance of standardizing production processes to
maintain consistent quality in industrial applications. Although substantial progress has been
achieved in understanding how rice husk ash behaves in diverse applications, several barriers to
implementation remain, including technical barriers related to quality variability, economic barriers
concerning processing infrastructure, and regulatory barriers affecting widespread adoption.
Successful incorporation of rice husk ash into industrial processes requires joint effort between
researchers, industry stakeholders, policymakers, and agricultural communities. Enabling policy
systems, technology transfer programs, and market development strategies are needed to overcome
current implementation barriers. By addressing these challenges, the full potential of rice husk ash
will be realized, playing a significant role in resource efficiency, waste reduction, and sustainable
development across various sectors of the global economy.

6.2. Future Research Directions

Future research on rice husk ash utilization can be conducted in various directions to maximize
its value in terms of technology, environment, and economy. Due to its rich silica content and
structural characteristics, rice husk ash demonstrates bright prospects for application in
nanotechnology. Additional studies should focus on nano-silica extraction and refinement from rice
husk ash for introduction into higher value industries such as electronics, catalysis, drug delivery
systems, and advanced materials [60,86,106]. The potential of rice husk ash as a precursor for silica
nanoparticles, mesoporous silica, and silica aerogels needs detailed exploration, as these materials
possess considerable commercial importance and improve the financial feasibility of silica usage
[86,106]. Additionally, functionalizing rice husk ash-derived silica nanoparticles with various organic
and inorganic substances could expand their application scope in sensors, pollutant adsorbents, and
high-performance composite materials in the future [60,86,106], potentially transforming rice husk
ash into a high-value feedstock for high-tech devices [86,105].

Process optimization represents a very important research area. The development of energy-
efficient and precisely controlled combustion technologies, including fluidized bed combustion,
gasification, and microwave-assisted combustion, holds promise for generating quality ash while
simultaneously extracting energy from rice husks [60,86]. Furthermore, pre-treatment methods such
as acid and alkali leaching have proven effective in purifying impurities and improving silica content
and surface area of rice husk ash [106]. Therefore, alternative research should focus on more cost-
effective and environmentally friendly methods that may involve bio-based acids or principles of a
sustainable circular economy [106]. Mechanical activation methods can also be used as alternatives
or complements to chemical methods [60]. The optimization of grinding methods and particle size
reduction to minimize energy use while obtaining application-specific fineness is also crucial, and
may benefit from new grinding aids and mechanochemical methods [60] to improve efficiency.

Standardization programs are also important for mainstreaming rice husk ash utilization. The
creation of correlations between rice husk ash properties and performance in end-use applications
will be part of establishing application-specific quality criteria [86]. This should be accomplished
through coordinated efforts by academia, industry, and regulatory bodies to develop consensus-
driven standards and test procedures. Development of rapid and efficient characterization methods,
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such as non-destructive testing, in-process monitoring, and simplified analytical processes, will
further ensure uniform quality control throughout production settings [18].

Beyond current applications, numerous market and environmental opportunities exist in
investigating new applications of rice husk ash. For example, its application in energy storage,
particularly in electrode materials for batteries and supercapacitors, could be considered given the
material’s large surface area and silica richness [60,86]. A second promising field is environmental
remediation, using rice husk ash in advanced filtration systems, membranes, and composite
adsorbents to address emerging contaminants [86]. Rice husk ash could contribute to the
development of new cementitious systems such as geopolymers, ultra-high-performance concrete,
and self-healing concrete in construction applications [9,86]. In agriculture, applications could
include controlled-release fertilizers, hydroponic growth mediums, and biochar-rice husk ash
composites [9,86], which represent sustainable solutions with added value.

Finally, thorough techno-economic studies are necessary to identify cost-efficient pathways for
implementing rice husk ash in different sectors [105]. These studies need to include collection,
transportation, processing, and end-use economics along with possible revenue models [105].
Accurate definition of rice husk ash competitiveness compared to other materials will guide
investment opportunities and policy models [105]. The development of decentralized processing
models, integration with bioenergy systems, and establishment of producer cooperatives can give
rise to scalable and economically feasible value chains [105]. Such configurations would be further
cemented by policy interventions and incentives aimed at supporting these arrangements to establish
a sustainable rice husk ash economy [18,105].
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