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A B S T R A C T

The abundant rice husk agrowaste possesses a silicon-rich composition in the form of natural biogenic silicon/ 
carbon blend. This unique property of rice husk (RH) enables the preparation of nanohybrid materials with 
particular properties which are otherwise difficult to achieve via synthetic means. RH-derived nanostructured 
materials show promising applications in low-carbon economies such as heterogeneous catalysts for hydrogen 
generation and decarbonisation, battery anodes, supercapacitors, drug carriers, quantum dots, solar grade sili
con, and adsorbents. Here, we discuss the latest advances in converting RH into such value-added materials and 
highlight the drawbacks of the current methods which are unsustainable due to high consumptions of energy and 
harsh chemicals. We elaborate a distinctive forward-looking perspective on the transition toward more sus
tainable practices via enzymatic processing, microwave- or ultrasound-assisted conversion, and the use of eco- 
friendly chemicals, for more energy- and cost-efficient productions of RH-derived products. Insights provided 
by this paper promote the progress in agrowaste recycling toward a circular decarbonised world.

1. Introduction

Repurposing biomass towards value-added commodities plays an 
integral role in the circular low-carbon economy [1,2]. It allows us to 
achieve the dual purpose considering the environmental and economic 
benefits [2]. Among agrowastes, rice husk (RH) has attracted a signifi
cant research interest due to its abundance and its high silicon content, 
presenting unique opportunity for the development of nanostructured 
silica materials [3].

The global capacity of rice production currently reaches 500 million 
metric tons per year and continues to increase steadily in the future 
following the growth of the world population [4]. Every kilogram of 
milled rice entails ∼ 0.28 kg of RH as a by-product of the rice milling 
process, i.e., rice husk accounts for about 25 % of the weight of the rice 
paddy grain [5,6]. This leads to the annual generation of 140 million 
metric tonnes of RH as agrowaste. The composition of RH shows 
somewhat dependence on geographical regions, yet it typically contains 
cellulose (∼50 wt%), lignin (25–30 wt%), ash (15–20 wt%) and mois
ture (10–15 wt%) [7]. Importantly, the main component of rice husk ash 
(RHA) is SiO2, accounting for 80–90 wt% of the ash [8]. The balance is 
constituted by other metal oxides such as K2O, Na2O, CaO, MgO, Al2O3, 

etc. [8].
Hence, RH is rich in both carbon and silicon - two pivotal elements in 

advanced material engineering [3]. Although both carbon and silicon 
are abundant on Earth, the fossil-derived carbon (e.g., coal) and silicon 
(e.g., quartz) are less reactive and require harsh conditions for pro
cessing, entailing significant costs and environmental footprints [2]. In 
contrast, the biogenic carbon and silicon in RH are highly reactive and 
naturally blended at molecular levels (organometallic complexes), and 
present a starting point for the synthesis of nanostructured functional 
materials with minimal economic and environmental costs. It is highly 
feasible to separate the carbonaceous components from the silicon 
counterpart to derive both functional carbon materials and amorphous 
ultrapure silica [9,10]. Alternatively, one can take the advantage of the 
naturally blended biogenic carbon/silicon to derive nano-composite 
materials with tailored properties which are otherwise not possible to 
achieve via synthetic means [11–15]. These nanohybrid materials show 
potential for applications in cutting-edge areas such as heterogeneous 
catalysts [16], hydrogen generation [17], environmental remediation 
[16, 18–20], energy materials, battery anodes [11–15], drug carriers 
[21], supercapacitors [22], ultrapure silicon (solar grade silicon) [23], 
quantum dots [24], etc. Complementary to these emerging directions 
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are enduring interests in turning RH into conventional materials such as 
amorphous silica, adsorbents, fillers, binders and additives for cement 
and polymers. Owing to these exceptional advantages with respect to 
the abundant quantity and excellent quality, RH presents a precious 
resource for the synthesis of advanced functional materials (Fig. 1). 
Consequently, the research into repurposing RH has thrived over the 
past decades, with an exponential growth in the number of publications 
(Fig. 2). Given the significance of this field, there have been a number of 
well-received topical reviews published in the literature, for example, 
the references [25–29]. However, those reviews either focused on one 
type of RH-derived materials (e.g., silica, adsorbents or fillers) or dedi
cated to specific applications of these materials, whilst the latest ad
vances and emerging directions have not been discussed systematically 
in the literature, in particular, the potential applications of RH-derived 
materials in the energy transition and decarbonisation sectors. Our 
present review offers a comprehensive overview with in-depth discus
sions about the unique potential of RH-derived materials in emerging 
sectors of energy transition and decarbonisation. This paper with the 
comprehensive and critical discussions based on the state-of-the-art 
literature offers a valuable contribution and provides a nice piece of 
reference for motivating and navigating the future research into the 
development of RH-derived nanostructured hybrid materials for the 
context of a circular economy.

2. Pushing the boundary of biogenic silica extraction

Around 500 million tons of functional silica is traded in 2024 and this 
figure will increase to 700 million tons in 2029 [30]. The surging de
mand for functional silica follows its huge consumption in various 
essential sectors such as building and construction materials, glass 
manufacturing, chemical synthesis, water treatments, food industry, 
cosmetics, and material engineering. RH presents an excellent precursor 
for the production of high-purity amorphous silica owing to the biogenic 
nature and high reactiveness of the organometallic complexes. Intensive 
research has been pushing the boundary of biogenic silica extraction 
from RH by aiming to improve the quality of the nano-structured 
RH-derived silica (denoted as RH-silica or RH-SiO2) with desired 
structures and morphological properties while enhancing the cost- and 
energy-efficacy of the silica extraction process. Undoubtedly, estab
lishing the capable methods for producing RH-SiO2 with desired struc
tures and properties is the prerequisite for the development of 
value-added functional materials based on RH-derivatives. Hence, this 
section will cover the latest advances in the extraction of RH-SiO2.

Given the biogenic nature of silicon in RH, it is expected that the 

production of RH-silica is relatively easier and less energy-intensive 
compared to metallurgical processes needed for Earth-sourced silica. 
Generally, the production of RH-silica requires a combination of thermal 
and chemical processes. The thermal process (decarbonation) is mainly 
based on open-air calcination for the removal of carbon and other 
combustible components. The chemical process, on the other hand, is 
used for the removal of other metal oxides to yield silica products. Ex
amples of the chemical process include selective dissolution of alkalines, 
leaching of alkalines, selective precipitation of silica from solutions, etc. 
The thermal and chemical processes can take place in either orders, but 
the sequence of them can affect the properties of the resulting silica.

The chemical and structural properties of RH-silica can be tailored by 
tuning the processing conditions. Researchers have demonstrated the 
ability to produce RH-silica with varying chemical purity, nanoscale 
structures, morphology, porosity, specific surface area as well as other 
material properties such as bandgap and pozzolanic reactivity [9]. The 
tunable properties of the RH-silica have entailed active research in 
customised nanostructured silica for various applications. Nguyen et al. 
investigated and compared two methods for the preparation of 
RH-silica, called the alkaline-extraction route and the SiO2-precipitation 
route (Fig. 3a) [10]. In the alkaline-extraction route, the alkalines in RH 
were leached in a boiling HCl solution. Then, the alkalines-depleted RH 
was calcinated at the desired temperature between 500 and 900 ◦C in an 
open-air environment for the decarbonation to yield amorphous silica. 

Fig. 1. Featured potential applications of RH-derived nanostructured materials in a circular economy owing to the inherent hybrid nature of naturally blended 
silicon/carbon in RH. The doughnut-style pie chart represents the composition of raw RH. See text for details.

Fig. 2. The exponential growth of literature in repurposing rice husk. Data was 
obtained from Web of Science by searching articles containing “rice husk” in 
the titles.
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In the SiO2-precipitation route, the RH was first decarbonated through 
calcination at a desired temperature between 500 and 900 ◦C to yield a 
rice husk ash (RHA) which was then dissolved in a boiling NaOH solu
tion, followed by a selective precipitation process to form H2SiO3. Af
terward, the H2SiO3 precipitate was filtered and dried at 110 ◦C for 
3 hours to produce SiO2 as a silica powder [10]. Nguyen et al. indicated 
that both methods could produce silica powder with amorphous nature 
as evidenced by the absence of diffraction peaks in the XRD patterns 
(Fig. 3). The silica produced via alkaline-extraction was ultrapure as no 
impurity other than Si and O elements representing SiO2 was detected 
from energy-dispersive X-ray spectroscopy - EDX (Fig. 3d). In contrast, 
the silica produced via SiO2-precipitation contained significant amounts 
of crystalline NaCl and other impurities as evidenced by both XRD 
diffraction pattern and EDX spectrum (Fig. 3f-g)

A large body of research has centered around tuning the synthesis 
conditions to tailor the properties of RH-silica. Lee et al. used different 
chemicals (i.e., sulfuric acid, hydrogen chloride, oxalic acid, and 1- 
butyl-3-methylimidazolium hydrogen sulfate) for removing the 
metallic compounds from RH to yield silica products [31]. They found 
that sulfuric acid and 1-butyl-3-methylimidazolium hydrogen sulfate 
were very efficient chemicals for leaching metallic components and 
producing silica with high purity, namely 99.6 % and 99.5 %, respec
tively. In addition, the silica produced using 1-butyl-3-methylimidazo
lium hydrogen sulfate also showed improved surface area by a factor 
of 1.9 and pore volume by a factor 2.4 compared to the baseline. Sankar 
et al. applied a sonochemical method for the production of amorphous 
spherical silica powder from RH for potential applications as 
nano-biosensors and energy storage nano-devices [32]. They found that 

tuning the sonication time provided a feasible way to tailoring proper
ties of the resultant silica such as particle size, porosity and bandgap. 
Specifically, by increasing the sonication time from 0 to 50 min, the 
mean particle size augmented from 5 to 40 nm while the bandgap was 
reduced from 5.77 to 5.68 eV [32]. Dhaneswara et al. successfully ob
tained high-purity silica from RHA through alkaline extraction (using 
NaOH solutions at concentrations between 5 % and 10 %) in a reflux 
process followed by acid treatments with either 1 M hydrochloric acid 
(HCl) or 1 M acetic acid to yield a silica gel [33]. They showed the su
perior effect of HCl over acetic acid with respect to the silica properties. 
The HCl-based process produced silica with a specific surface area of 236 
m2/g and a porosity of 0.54 cc/g, which are higher than the respective 
values of 204 m2/g and 0.43 cc/g in the acetic acid-based process [33]. 
Considering the biocompatibility, Park et al. indicated that RH-derived 
silica produced via alkali extraction was much more biocompatible than 
those produced via combustion or acid-leaching processes [34]. Their 
toxicity tests using human and mouse cells revealed that the dosage 
causing 50 % loss in viability (LC50) increased in the sequence of 
combustion-produced silica (LC50 = 500 mg/L), acid-leached silica 
(LC50 = 500–2000 mg/L) and alkali-extracted silica (LC50 >2000 
mg/L) [34].

It is vital to derive silica with desired structures to suit specific ap
plications. This requirement has driven interest in controlling structural 
properties of RH-silica. Chun et al. reported their success in the synthesis 
of RH-derived ordered mesoporous silica (OMS) with various topologi
cal shapes [35]. The tuning of silica structures was enabled by 
employing different synthesis routes based on acid leaching, dissolution, 
and precipitation with the aid of surfactants. The obtained silica showed 

Fig. 3. Ultrapure amorphous RH-derived silica produced using the two methods as indicated (a). The alkaline-extraction yielded an ultrapure amorphous and porous 
silica as evidenced by the SEM image (b), XRD pattern (c) and EDX spectrum (d). In contrast, the silica obtained from SiO2-precipitation showed less porosity and 
evidence of impurities as observed in SEM image (e), XRD pattern (f) and EDX spectrum (g). Figures reproduced with permission from reference [10]. Copyright 
2018 Wiley.
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various structural conformations ranging from mesocellular forms, to 
hexagonal nanochannels and irregular spherical or cylindrical aggre
gates, with a great diversity in the pore size, pore volume and specific 
surface area (Fig. 4) [35]. Kim et al. reported a method for controlling 
the size and shape of RH-silica using polyethylene glycol and tempera
ture adjustment during the precipitation step to achieve spherical silica 
particles with sizes between ~250 nm and ~1.4 μm and a specific sur
face area over 200 m2/g [36]. Kordatos et al. reported the synthesis of 
ZSM-5 zeolite using crystalline RHA as the precursor [37]. RHA was 
reacted with the organic template TPABr at low temperature and under 
ambient pressure to produce ZSM-5 with microporous structure and a 
high surface area of 397 m2/g [37].

Apart from silica, RH also contains other valuable components such 
as cellulose and lignin which are precious precursors for producing 
structured carbon materials. Hence, the simultaneous recovery of mul
tiple components will maximise the value of RH. For example, Jung et al. 
reported an attempt to recover both the silica and carbon of RH in the 
forms of nano-structured silica and cellulose nano-fibrils, respectively 
[38]. Starting from 1000 g of RH, they obtained 119 g of fermentable 
sugar, 143 g of silica powder (grade >98 %, specific surface area of 328 
m2/g and 273.1 g of functional cellulose nano-fibrils (cellulose >
80.1 %) [38]. Likewise, Nguyen et al. reported a simple biorefining 
process based on alkaline peroxide leaching coupled with acid precipi
tation and ethanol extraction to produce different RH-derived products 
[39]. They achieved bundles of micron-sized fiber-like cellulose and 
irregular-shaped lignocelluloses products made of > 90 wt% carbon 
with 52.28 % crystalline fraction [39]. Wei et al. concurrently derived 

lignocellulose aerogel and amorphous silica nanoparticles from RH [40]. 
First, RH was dissolved in 1-butyl-3-methylimidazolium chloride, fol
lowed by a cyclic liquid nitrogen freeze-thaw process to produce a 
lignocellulose freeze gel which was then dried by a CO2 supercritical 
drying process to produce multi-functional self-assembled lignocellulose 
aerogel [40]. In the meantime, the residue after the lignocellulose 
extraction was calcined to produce amorphous silica nanoparticles [40]. 
Featured achievements in RH-SiO2 production are tabulated in Table 1.

3. RH-derived sustainable battery anodes

Batteries play vital roles in the global roadmap toward sustainable 
world. Continuing efforts have put on the development of high- 
performing batteries to boost the energy transition into electrification 
for carbon-neutral economies. Porous silicon/carbon nanocomposite 
presents a promising material to overcome the limitation of graphite as 
an anode material [44]. The inherent silicon/carbon hybrid nature of 
RH in the form of organometallic compounds provides a unique op
portunity for the fabrication of efficient low-cost battery anodes based 
on silicon carbide hybrids [11–15]. The intrinsic synergy between the 
RH-derived carbon matrix and silica nanocrystals has been increasingly 
recognised. Silicon nanocrystals possess low discharge potential and 
high specific capacity while the carbon matrix has high porosity and 
good electrical conductivity (Sekar et al. [45]). In addition, the flexi
bility of RH-derived carbon matrix creates a protective layer to 
compensate the volumetric variation of Si anode during the repeated 
lithiation/delithiation process (Ma et al. [46]).

Fig. 4. Different topological shapes of ordered mesoporous silica (OMS) derived from RH. The diversity in structural properties was enabled by tuning the synthesis 
conditions with the aid of surfactants. Figure reproduced with permission from reference [35], Copyright 2020 Elsevier.
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This exceptional potential has sparked enormous interest in devel
oping anode materials from RH. Gao et al. synthesized nanoporous sil
icon carbide from RH with a high specific surface area (186.45 m2/g) via 
magnesiothermic reduction at 950 ◦C. They recovered 88.46 % of silicon 
together with potassium (yield: 91.5 %) and phosphorus (65.5 %) from 
RH, attesting the substantial potential of producing porous SiC [47]. Li 
et al. synthesized lignin-SiO2 composites from RH via carbonisation, ball 
milling, magnesiothermic reduction and additive treatment [48]. The 
resulting RH-derived Si/C composite showed stable cycling performance 
with a high specific capacity retention of 572 mA × h/g at 1.0 A/g after 
1000 cycles, which present excellent properties for applications as bat
tery anodes [48]. Lin et al. prepared Si/C nanocomposite via baking the 
precursor at 400 ◦C in air followed by reduction in molten AlCl3, 
yielding to crystalline Si nanoparticles supported on the pyrolysed 
porous carbon matrix (Si@C) [49]. The resulting RH-derived Si@C hy
brids exhibited desired properties for anode materials such as long-term 
cyclability and specific capacity of 600 mA × h/g at 2.0 A/g after 3700 
cycles [49]. Afterward, Majeed et al. reported a similar process for the 
synthesis of Si/C nanocomposite from RH via calcination of RH to yield 
SiO2/C which was then reduced to Si/C by metallic Al in molten salts at 
moderate temperatures [50]. The obtained Si/C composites showed a 
high reversible capacity of 1309 mA × h/g and a long-lasting durability 
(300 cycles) [50]. Likewise, Zhao et al. reported a low-temperature 
process for fabricating RH-Si/C via AlCl3-assisted zincothermic 

reduction [51]. In this method, the biogenic SiO2 in the SiO2/C hybrid is 
converted into SiCl4 which is subsequently reduced by metallic zinc 
powder to yield Si nanoparticles incorporated in the carbon matrix in 
the form of Si/C nano-hybrid [51]. Taking the intrinsic advantage of the 
inherent Si/C hybrid nature, Zhao et al. showed that the resulting 
RH-derived Si/C hybrid exhibited exceptional electrochemical behav
iours with a capacity of 1033 mA × h/g achieved over 100 cycles under 
1.0 A/g with 6.6 % capacity loss [51]. Under the condition of 2.0 A/g, 
the RH-derived Si/C hybrid preserved a capacity of 745 mA × h/g over 
250 cycles, showing great potential for anode materials for Li-ion bat
tery [51].

Tailoring RH-derived Si/C nanocomposites for better electro
chemical behaviours is vital for the successful development of anode 
materials for Li-ion batteries. Zhang et al. fabricated hierarchically- 
shaped silicon/nitrogen-doped carbon nanotubes (CNTs) using a facile 
electrospray method (Fig. 5) [52]. The resulting hybrid material 
(Si/N@C) constituted silicon nanoparticles homogeneously supported 
on a highly conductive, porous N-doped carbon matrix, which enabled 
fast electronic transport and desirable durability during the lith
iation/delithiation process [52]. Notably, the Si/N@C exhibited a high 
reversible specific capacity of 1380 mA × h/g at 0.5 A/g after 100 cy
cles, showing great potential for the next-generation rechargeable Li-ion 
battery [52]. Likewise, Yu et al. reported the synthesis of 3-D structured 
Si/C material from RH via magnesiothermic reduction [53]. Taking the 

Fig. 5. RH-derived Si/C nanocomposites containing silicon embedded on nitrogen-doped carbon nanotube spheres (Si@N-doped/carbon) for anode materials in Li- 
ion batteries. SEM images of the precursor prepared via electrospray (a) and the Si@N-doped/carbon (b). A high-magnification SEM image (c) shows a closer look at 
the marked area in image (b). Typical TEM image (d), high-magnification TEM image (e), high-resolution TEM image (f) and element mapping images (g) of the 
Si@N-doped/carbon. Reproduced with permission from reference [52]. Copyright 2016 Elsevier.
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Table 1 
RH-derived biogenic silica with tailored properties and potential applications.

Silica extraction 
methods

Featured properties 
of silica 
(purity, structure, 
etc.)

Potential 
applications

Sources

Alkaline-leaching in 
a boiling 0.1 M HCl 
solution

Ultrapure 
(apparently 
“absolute purity”), 
white, amorphous 
silica. 
No impurity detected 
by XRD pattern and 
EDX analysis.

Fillers for 
composite 
materials or 
concretes. 
Silicon fertilisers.

Nguyen et al. 
[10]

Acid-leaching using 
2 M hydrochloric 
acid

RH-silica materials 
showed high silica 
content (> 85 % 
based on EDX or 
> 97 % based on 
XRF), good thermal 
stability. 
The obtained RH- 
silica showed great 
potential for 
applications in glass 
production, fillers 
for composite 
materials or 
adsorbents for metal 
ions removals.

Additives for 
glass 
productions. 
Fillers for 
composite 
materials. 
Adsorbents.

Aliyu et al. 
[41]

Comprehensive 
analysis of RH 
gasification

In-depth and 
comprehensive 
bibliometric analysis 
of the research 
landscape on rice 
husks gasification

Informative for 
decision-making 
processes.

Nyakuma 
et al. [42]

Leaching in a 
0.032 M HCl 
solution at 70◦C

Silica with 99.3 % 
purity as analysed 
using XRF. 
Iron oxide (α-Fe2O3) 
as impurity observed 
in XRD pattern

Catalyst supports 
for oxidation 
reactions.

Peralta et al. 
[43]

Alkaline-leaching 
using H2SO4, HCl, 
oxalic acid, and 1- 
butyl− 3- 
methylimidazolium 
hydrogen sulfate.

H2SO4-leached was 
most efficient in 
terms of silica purity 
(99.6 wt%), 
followed by leaching 
using 1-butyl− 3- 
methylimidazolium 
hydrogen sulfate 
(silica purity: 
99.5 wt%). 
Leaching using 1- 
butyl− 3- 
methylimidazolium 
hydrogen sulfate 
increased silica 
surface area and pore 
volume by a factor of 
1.9 and 2.4, 
respectively, 
compared to the 
baseline.

Fillers for 
construction 
materials. 
Adsorbents.

Lee et al. 
[31]

RH-SiO2 extraction 
via sonochemical 
method

Amorphous 
spherical RH-SiO2 

powder for potential 
applications as nano- 
biosensors and 
energy storage nano- 
devices. 
Tuning the 
sonication time 
enabled tailoring 
properties of the 
resultant silica such 
as particle size, 
porosity and 

Potential for 
applications such 
as nano- 
biosensors and 
energy storage 
nano-device.

Sankar et al. 
[32]

Table 1 (continued )

Silica extraction 
methods 

Featured properties 
of silica 
(purity, structure, 
etc.) 

Potential 
applications 

Sources

bandgap. 
Increasing the 
sonication time from 
0 to 50 min, the 
mean particle size 
augmented from 5 to 
40 nm while the 
band gap dropped 
from 5.77 to 5.68 eV.

Alkaline-leaching 
using NaOH 
solutions (5 and 
10 wt%) in a reflux 
process followed by 
acid treatments with 
either 1 M HCl or 
1 M acetic acid.

HCl showed superior 
effect compared to 
acetic acid with 
respect to the silica 
properties. 
HCl-based process 
produced silica with 
a surface area of 236 
m2/g and a porosity 
of 0.54 cc/g, much 
higher than the 
respective values of 
204 m2/g and 0.43 
cc/g in the acetic 
acid-based process.

Potential for 
catalyst supports 
and adsorbents.

Dhaneswara 
et al. [33]

Alkaline extraction, 
acid-leaching and 
combustion.

RH-SiO2 produced 
via alkali extraction 
was much more 
biocompatible than 
those produced via 
combustion or acid 
leaching processes.

Potential for 
biomedical 
applications.

Park et al. 
[34]

Different routes 
based on acid 
leaching, 
dissolution, and 
precipitation with 
the aid of 
surfactants.

Ordered mesoporous 
RH-silica with 
various topological 
shapes. 
Tuning silica 
structures by 
employing different 
synthesis routes 
based on acid 
leaching, 
dissolution, and 
precipitation with 
the aid of 
surfactants. 
Obtained RH-SiO2 

having various 
structural 
conformations 
(mesocellular forms, 
hexagonal 
nanochannels, 
irregular spherical, 
cylindrical 
aggregates), with a 
great diversity in the 
pore size, pore 
volume and specific 
surface area.

Potential for 
sustainable and 
environment- 
friendly 
industrial 
applications.

Chun et al. 
[35]

Controlling size and 
shape of RH-SiO2 

using polyethylene 
glycol and 
temperature 
adjustment during 
the precipitation 
step.

Achieved spherical 
silica particles with 
the sizes between 
~250 nm and ~1.4 
μm and the specific 
surface area over 
200 m2/g.

Potential 
applications in 
cosmetics, 
catalyst, 
biomaterial, and 
energy devices.

Kim et al. 
[36]

ZSM− 5 zeolite using 
crystalline RHA as 
the precursor and 
organic template 
TPABr.

Obtained ZSM− 5 
with microporous 
structure and a high 
surface area of 397 
m2/g.

Potential for 
separation 
processes as 
sorbents. 
Catalyst for 

Kordatos 
et al. [37]

(continued on next page)
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advantage of the naturally conductive RH-derived carbon matrix for 
excellent electrochemical properties, the obtained 3-D structured Si/C 
material displayed remarkable cyclability 537 mA × h/g at 0.1 A/g after 
200 cycles [53]. Chu et al. synthesized Si/C composite from RH using 
one-pot carbonization/magnesiothermic-reduction approach where 
they found that the higher carbonisation temperature led to better 
electrochemical properties of the resulting material [54]. Tao et al. re
ported a method for fabrication of RH-derived Si/C that minimises the 
need of costly metal reductants and stringent reaction environments 
[55]. Accordingly, the authors employed a reduction system based on 
CaH2 and AlCl3 for the in-situ low-temperature fabrication of a 
core-shell structured Si/C derived from RH [55]. The resulting core-shell 
Si/C hybrid showed exceptional cycling performance by maintaining 
90.63 % capacity retention at 5 A/g over 2000 cycles [55]. Liu et al. 
fabricated Si@SiO2/C anodes for Li-ion batteries using RH and waste 
coffee grounds (WCG) as feedstocks [56]. First, RH-SiO2 is partially 
reduced via magnesiothermic method to produce Si@SiOX nano
composite which was then blended with WCGs and carbonised to yield 
Si@SiOX/C as an anode material [56]. The obtained Si@SiOX/C with the 
mass ratio (Si@SiOX/C) = 1/2 showed a reversible capacity of 1125 
mA × h/g at 0.1 A/g. Also, the Li-ion diffusivity increased from 
2.7 × 10− 12 cm2/s in Si@SiOX to 4.5 × 10− 11 cm2/s in Si@SiOX/C, 
ascertaining the benefits of blending Si@SiOX with WCG-derived carbon 

[56]. Notably, applying the Si@SiOX/C (anode) and LiNi0.5Mn1.5O4 
(cathode) to a full cell yields to a high energy density of 396 W× h/kg, 
attesting the excellent performance of biowaster-derived Si@SiOX/C as 
a low-cost and sustainable anode material [56]. Gautam et al. fabricated 
silicon/silicon carbide supported on carbon matrix (Si/SiC@C) from RH 
[57]. They showed that a certain fraction of the “SiC” phase in Si/SiC@C 
plays an intergral part in the creation of a stable interface, passivation of 
the Si surface, and suppression of Si cracking, which ultimately enhances 
battery cycling performance [57]. The best-obtained Si/SiC@C exhibi
ted exceptional cycling stability up to 700 cycles with an areal capacity 
of ~2.3 mA × h/cm2 at 0.2 A/g. The test cell consisting of the Si/SiC@C 
(anode) and NMC811 (cathode) displayed excellent capacity retention 
(>85 %) over 200 cycles [57].

Different RH-derived nanocomposites based on Si/C or SiO2/C can 
be produced by tuning the synthesis conditions. Autthawong et al. found 
that these Si/C and SiO2/C nanocomposites displayed different specific 
properties, for example, the SiO2/C outperformed the Si/C in terms of 
cycling stability but was less effective than Si/C in terms of specific 
capacity [58]. Liao et al. reported a method for enhancing the coulombic 
efficiency of RH-Si/C materials by prelithiating with stabilised metallic 
Li powder [59]. They showed the Coulombic efficiency could be 
increased from 72.0 % in original RH-derived Si/C material to 95.1 % in 
prelithiated Si/C material. Moreover, the prelithiated Si/C electrode 
preserved its durability upon the Li intercalation/deintercalation cycles 
with a reversible capacity up to 1247.8 mA × h/g with 92.4 % capacity 
retention over 50 cycles [59]. Choi et al. indicated that RH-derived 
silicon nanowires could be produced via a molten salt process based 
on electrodeoxidation [60]. Adding NiO as an electric conductor 
enhanced the synthesis efficiency and generated pores in the silicon 
nanowires after washing [60]. The nanowires provided adequate free 
volume to accommodate the silicon electrode expansion and enabled the 
improvement in cycle life of the battery electrode [60]. Pereira et al. 
indicated that the formation of RH-SiC occurred when the carbonised 
RH was pyrolysed at the temperature of 1600 ◦C or higher [61]. At lower 
temperatures, the pyrolysis of carbonised RH led to the secondary for
mation of cristobalite, tridymite and quartz [61]. Featured achieve
ments of developing RH-derived anode materials are tabulated in 
Table 2.

4. RH-derived materials for environmental remediation

RH-derived materials show great potential as effective and low-cost 
catalyst supports and/or adsorbents the environmental treatment and 
remediation. The biogenic RH-silica and/or RH-silica/carbon hybrid 
nanomaterials show substantial potential as catalyst support materials 
and adsorbents for environmental applications in green chemistry 
[62–68]. In particular, the inherent hybrid nature of RH-derived mate
rials allows to produce catalysts or adsorbents with outstanding prop
erties that are otherwise not achievable through synthetic means. In 
addition, the RH-derived support materials exhibit excellent compati
bility with diverse catalysis-active components including transition 
metals, nobble metals, metal oxides, inorganic functional groups, 
organic functional groups and polymers. This excellent compatibility 
empowers the possibility to synthesize a wide range of catalysts with 
diverse catalytic functions.

4.1. Catalysts for decontamination of water and wastewater

Catalysts supported on RH-SiO2 or RH-SiO2/carbon hybrids present 
huge potential for the degradation of contaminants in water and 
wastewater. A wide variety of catalytically active components can be 
introduced to the surface of RH-SiO2 or RH-SiO2/carbon hybrids via 
chemical or physiochemical routes to produce various catalysts.

Metal catalysts supported on RH-SiO2 (metal@RH-SiO2) have 
gained the most interest. Typically, the conventional method for 

Table 1 (continued )

Silica extraction 
methods 

Featured properties 
of silica 
(purity, structure, 
etc.) 

Potential 
applications 

Sources

petrochemical 
processes.

Recover both the 
silica and carbon 
from RH.

1000 g of RH gave 
119 g of fermentable 
sugar, 143 g of silica 
powder (grade 
>98 %, specific 
surface area of 328 
m2/g and 273.1 g of 
functional cellulose 
nano-fibrils 
(cellulose > 80.1 %).

Additives for 
paper, 
composites, 
packaging, 
coatings, 
biomedicine, and 
automobiles.

Jung et al. 
[38]

Alkaline peroxide 
leaching coupled 
with acid 
precipitation and 
ethanol extraction

Achieved bundles of 
micron-sized fiber- 
like cellulose and 
irregular-shape 
lignocelluloses 
products made of 
> 90 wt% carbon 
with 52.28 % 
crystalline fraction.

Potential for 
applications in 
green agriculture, 
environment, and 
biomaterials.

Nguyen et al. 
[39]

Selective dissolution, 
cyclic liquid nitrogen 
free-thaw, CO2 

supercritical drying

Dissolved RH in 1- 
butyl− 3- 
methylimidazolium 
chloride, followed by 
a cyclic liquid 
nitrogen freeze-thaw 
process to produce a 
lignocellulose freeze 
gel which was then 
dried by a CO2 
supercritical drying 
process to produce 
multi-functional self- 
assembled 
lignocellulose 
aerogel. 
Residue after the 
lignocellulose 
extraction was 
calcined to produce 
amorphous silica 
nanoparticles.

Potential for 
applications as 
catalyst supports, 
artificial muscles, 
supercapacitors, 
and absorbents.

Wei et al. 
[40]
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metal@RH-SiO2 synthesis consists of two main steps. Firstly, RH is 
treated by different means to produce the biogenic silica backbone with 
desired properties and structures as discussed in Section 3. In the next 
stage, the obtained silica is impregnated with catalytically active com
ponents such as metal precursors before being subjected to thermal 
treatments to create metal oxides as active sites on the silica substrates 

Table 2 
RH-derived anode materials for potential applications in lithium batteries.

RH-derived 
nanocomposites

Descriptions of materials as battery 
anodes

Sources

Si/C hybrid Silicon nanocrystals possess low 
discharge potential and high specific 
capacity while the carbon matrix has 
high porosity and good electrical 
conductivity.

Sekar et al. 
[45]

Si/C hybrid Flexible RH-derived carbon matrix 
creates a protective layer to compensate 
the volumetric variation of Si anode 
during lithiation/delithiation cycles.

Ma et al. [46]

Porous Si/C RH-derived nanoporous silicon carbide 
with a high specific surface area 
(186.45 m2/g) fabricated via 
magnesiothermic reduction at 950 ◦C. 
Silicon recovery efficiency: 88.46 %. 
Other products including potassium 
(yield: 91.5 %) and phosphorus 
(65.5 %).

Gao et al. [47]

Si/C composite Si/C composite via carbonazation, ball 
milling, magnesiothermic reduction and 
additive treatment. 
Outstanding electrochemical 
behaviours: stable cycling with a high 
specific capacity retention of 572 mA ×

h/g at 1.0 A/g after 1000 cycles.

Li et al. [48]

Si@C hybrid 
nanocomposite

Si/C nanocomposite obtained via 
baking the precursor at 400 ◦C in air 
followed by reduction in molten AlCl3. 
Crystalline Si nanoparticles supported 
on the porous carbon matrix (Si@C). 
Potential for anode materials: long-term 
cyclability and specific capacity of 600 
mA × h/g at 2.0 A/g after 3700 cycles.

Lin et al. [49]

Si/C nanocomposite Si/C nanocomposite: Calcinating RH for 
SiO2/C and reducing SiO2/C for Si/C by 
metallic Al in molten salts at moderate 
temperatures. 
High capacity (1309 mA× h/g) and 
long-lasting durability (300 cycles).

Majeed et al. 
[50]

Si/C hybrid 
composites

Low-temperature fabrication of Si/C via 
AlCl3-assisted zincothermic reduction. 
Exceptional electrochemical 
behaviours: high capacity of 1033 mA ×

h/g over 100 cycles under 1.0 A/g with 
6.6 % capacity loss. 
At 2.0 A/g, the Si/C maintained a 
capacity of 745 mA × h/g over 250 
cycles.

Zhao et al. [51]

Si@N-doped/C Hierarchically-shaped silicon/nitrogen- 
doped carbon/carbon nanotube sphere 
via electrospray method. 
Si nanoparticles homogenously 
supported on a highly conductive, 
porous N-doped carbon matrix. 
Fast electronic transport and good 
durability during lithiation/delithiation 
cycles. 
Reversible specific capacity of 1380 
mA × h/g at 0.5 A/g after 100 cycles.

Zhang et al. 
[52]

3-D structured Si/C 
material

3-D structured Si/C material via 
magnesiothermic reduction. 
Remarkable cyclability 537 mA × h/g at 
0.1 A/g after 200 cycles.

Yu et al. [53]

Si/C composite Si/C composite using one-pot 
carbonization/magnesiothermic- 
reduction. 
Higher carbonisation temperature led to 
better electrochemical properties.

Chu et al. [54]

Core-shell structured 
Si/C hybrid

A core-shell structured Si/C hybrid via 
reduction of RH using CaH2 and AlCl3. 
Exceptional cycling performance by 
maintaining 90.63 % capacity retention 
at 5 A/g over 2000 cycles.

Tao et al. [55]

Table 2 (continued )

RH-derived 
nanocomposites 

Descriptions of materials as battery 
anodes 

Sources

Si@SiO2/C hybrid RH-SiO2 is partially reduced via 
magnesiothermic method to produce 
Si@SiOX. 
Si@SiOX was blended with waste coffee 
grounds (WCG) and carbonised to yield 
Si@SiOX/C. 
Reversible capacity of 1125 mA × h/g at 
0.1 A/g Li-ion diffusivity increased 
from 2.7 × 10− 12 cm2/s in Si@SiOX to 
4.5 × 10− 11 cm2/s in Si@SiOX/C. 
Applying the Si@SiOX/C (anode) and 
LiNi0.5Mn1.5O4 (cathode) to a full cell 
yields a high energy density of 396 W×

h/kg, attesting the excellent 
performance of biowaste-derived 
Si@SiOX/C as a low-cost and 
sustainable anode material

Liu et al. [56]

Si/SiC@C hybrid Silicon/silicon carbide supported on 
carbon matrix (Si/SiC@C). 
A certain fraction of the “SiC” phase in 
Si/SiC@C is crucial for the creation of a 
stable interface, passivation of the Si 
surface, and suppression of Si cracking, 
which ultimately enhances battery 
cycling performance 
Exceptional cycling stability up to 700 
cycles with an areal capacity of ~2.3 
mA × h/cm2 at 0.2 A/g. 
Test cell consisting of Si/SiC@C (anode) 
and NMC811 (cathode) displayed 
excellent capacity retention (>85 %) 
over 200 cycles.

Gautam et al. 
[57]

Si/C and SiO2/C 
nanocomposites

SiO2/C outperformed Si/C in terms of 
cycling stability but was less effective 
than Si/C in terms of specific capacity.

Autthawong 
et al. [58]

Si/C composite Enhancing the coulombic efficiency of 
Si/C materials by prelithiating with 
stabilised metallic Li powder. 
Coulombic efficiency increased from 
72.0 % in original Si/C to 95.1 % in 
prelithiated Si/C. 
Prelithiated Si/C electrode preserved its 
durability upon the Li intercalation/ 
deintercalation cycles with a reversible 
capacity up to 1247.8 mA × h/g with 
92.4 % capacity retention over 50 
cycles.

Liao et al. [59]

Silicon nanowires RH-derived silicon nanowires produced 
via a molten salt process based on 
electrodeoxidation. 
Adding NiO as an electric conductor 
enhanced the synthesis efficiency and 
generated pores in the silicon nanowires 
after washing. 
The nanowires provided adequate free 
volume to accommodate the silicon 
electrode expansion and enabled the 
improvement in cycle life of the battery 
electrode.

Choi et al. [60]

Silicon carbide (SiC) Formation of RH-SiC occurred when the 
carbonised RH was pyrolysed at the 
temperature of 1600 ◦C or higher. 
The pyrolysis of carbonised RH at lower 
temperatures led to the secondary 
formation of cristobalite, tridymite and 
quartz.

Pereira et al. 
[61]
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[16]. Efforts were put on optimising experimental steps to simplify the 
catalyst synthesis procedure. Amongst those, the pioneering work can 
probably be accredited to Shen et al. who directly impregnated RH with 
metal salt solutions to produce metal-loaded biogenic silica for catalysis 
purposes [18]. Accordingly, RH was directly impregnated with NiNO3 
solution followed by the carbothermal reduction in an N2 atmosphere to 
generate Ni@RH-SiO2 catalyst [18]. The RHC nickel catalysts showed 
impressive catalytic performances, achieving up to 96.5 % tar conver
sion during copyrolysis with biomass. This is particularly important in 
biomass gasification, as tar formation is a major challenge due to its 
tendency to form complex hydrocarbons and hinder system perfor
mance. By converting tar in situ, the proposed method prevents 
macromolecular tar polymerization, which is a common issue in tradi
tional biomass gasification [18]. Subsequently, Grimm et al. used a 
similar procedure to produce Mn@RH-SiO2 catalyst [69]. This direct 
impregnation simplifies the catalyst synthesis procedure by incorpo
rating the decarbonation and the metal incorporation in one single step. 
Hence, this direct impregnation method could be energy-efficient and 
cost-effective compared to the conventional two-stage approach dis
cussed above.

A variety of metal@RH-SiO2 catalysts with differences in catalytic 
activity has been produced by tuning the compositions and structures, 
which showed excellent performance in the decomposition of contami
nants in wastewater and other applications in green chemistry. Fig. 6
provides an example of an Au@RH-SiO2 catalyst [16]. The TEM image 
(a) shows the existence of Au clusters on RH-SiO2 nanoparticles. The 
HRTEM image (b) provides a closer look at the sub-nanoscale structure 
of the Au clusters. This Au@RH-SiO2 catalyst was found effective in 
catalysing the reduction of nitro compounds in water [16].

Catalytic reduction of contaminants in water based on met
al@RH-SiO2 has gained tremendous research interests. These reactions 
are relevant to various environmental and chemical synthesis processes. 
In addition, researchers also used these reactions as a case study to 
evaluate the catalytic activity of metal@RH-SiO2 catalysts. Wang et al. 
reported the synthesis of Co-bearing catalysts in the form of nano 
metallic Co clusters on the RH-SiO2 surface (Co@RH-SiO2) [70]. They 
showed that the catalysts based on RH-derived SiO2 displayed unique 
advantages compared to the ones based on commercial silica, for 
example, the RH-SiO2-supported catalyst displayed more uniform pore 
sizes in between 2 and 4 nm, whereas the commercial SiO2-supported 
catalyst showed irregular pore sizes [70]. Li et al. modified the surface of 
RH-SiO2 with (3-aminopropyl)triethoxysilane to anchor the amino
propyl groups on RH-SiO2 surface (i.e. amino@RH-SiO2), which was 
then treated with Au precursor (AuCl4) [16]. The adsorbed AuCl4 was 
subjected to reduction process using NaBH4 to produce metallic Au on 
the modified silica surface (Au/amino@RH-SiO2), which exhibited an 
excellent catalytic activity in the reduction of 4-nitrophenol [16]. 
Similarly, Sinniah et al. reported the synthesis of Pt/amino@RH-SiO2 

using similar procedure, i.e. functionalising the RH-SiO2 using amino
alkyl groups followed by introducing the Pt nanoparticles to the ami
no@RH-SiO2 surface. The resulting Pt/amino@RH-SiO2 catalyst 
showed potential for applications in the electrochemical reactions [67]. 
Fe/Ni@RH-SiO2 was also found effective in catalysing the reduction of 
various nitro compounds with quite stable catalytic activity upon mul
tiple reaction cycles, as per a study by Ghadermazi et al. [71]. Likewise, 
Ramya et al. synthesized CuO@RH-SiO2 catalyst and tested it for the 
catalytic activity in reduction of 4-nitrophenol by NaBH4 and antimi
crobial ability against pathogenic microorganisms [72]. Lai et al. pre
pared Au/polyamide@RH-SiO2 catalyst for the reduction of 
nitrophenol. The electroactive polyamide helped anchor Au nano
particles to create an Au/polyamide hybrid material. The obtained 
catalyst enabled a conversion of > 95 % of nitrophenol to aminophenol 
[73]. Bogireddy et al. reported the synthesis of Pt/RH-SiO2 and the 
effectiveness of this catalyst in catalysing degradation of 4-nitrophenol. 
In addition, the catalyst showed a good reusability with only 3 % loss of 
catalytic activity after eight cycles [74]. Vu et al. synthesized meso
porous Fe2O3@RH-SiO2 composites for potential applications in the 
heterogeneous Fenton-like process [75]. They indicated that the resul
tant composite comprised 5 nm iron oxide particles (accounting for 
8.1 wt% of composite mass) dispersed on the surface of RH-SiO2 parti
cles with a high specific surface area (109.5 m2/g) [75]. This composite 
exhibited excellent capability of catalysing the degradation of tartrazine 
[75].

Wang et al. reported the synthesis of mesoporous TiO2@RH-SiO2 
photocatalysts [76]. At the optimized calcination temperature of 700 ◦C, 
the obtained TiO2@RH-SiO2 photocatalyst displayed a mesoporous 
structure with a mean particle size of 22.75 nm and a specific surface 
area of 41.13 m2/g [76]. The TiO2 existed in the anatase phase and 
showed high catalytic activity for the removal of Rhodamine B in 
aqueous solutions under either the xenon lamp and sunlight irradiation. 
Moreover, TiO2@RH-SiO2 showed excellent ability for large-scale 
preparation, stable operation and recyclability [76].

RH-SiO2/carbon hybrids supported catalysts: These catalysts are 
supported by RH-SiO2/carbon hybrid materials derived from RH. As 
discussed above, apart from silica, RH also contains large fractions of 
cellulose and lignin which are also excellent catalyst support materials 
[62,77]. Unglaube et al. exploited the natural co-existence of carbon and 
silica in RH to derive nanostructured RH-SiO2/carbon hybrid catalyst 
supports [62]. The intrinsic hybrid nature of RH-SiO2/carbon nano
composites results in functional catalysts which are otherwise difficult 
to make via synthetic means. Unglaube et al. successfully synthesized 
various catalysts based on RH-SiO2/carbon hybrids using different 
metals such as silver, cobalt, nickel, and copper as the catalysis-active 
components [62]. When applied to the degradation reactions of aro
matic and aliphatic nitro compounds, the Ag@RH-SiO2/carbon by far 
outperformed the other studied catalysts based on cobalt, nickel, and 
copper. Fig. 7 illustrates a proposed mechanism for the degradation of 
nitro compounds on Ag@RH-SiO2/carbon hybrids where clusters of Ag 
atoms as the catalytically active sites were deposited on the hybrid 
RH-SiO2/carbon substrates [62]. Nitro compounds adsorbed on the 
catalyst surface, interacted with the active sites (Ag clusters) and 
decomposed through different stages as indicated in Fig. 7. Interestingly, 
Unglaube et al. found that Ag@SiO2 catalysts (based on commercial 
silica) did not have any catalytic effects, ascertaining the crucial role of 
the hybrid nature of RH-SiO2/carbon support materials in the catalytic 
activity of the catalysts [62]. In another study, Unglaube et al. found that 
Ni@RH-SiO2 displayed excellent activity and selectivity for the con
version of olefin oxides to primary alcohols, showing great potential 
applications in the wastewater treatments and production of biofuels 
[64]. The benefits of RH-SiO2/carbon nanocomposites as catalyst sup
ports were consistently demonstrated by independent studies. For 
example, Madduluri et al. reported the superior performance of 
Ni@RH-SiO2/carbon with Ni loading of 5 – 30 wt% for the 

Fig. 6. Au catalysts supported on RH-SiO2. TEM image (a) shows the existence 
of Au clusters on silica nanoparticles and HRTEM (b) reveals the structure of the 
Au clusters. Reproduced with permission from reference [16]. Copyright 2015 
American Chemical Society.

N.N. Nguyen et al.                                                                                                                                                                                                                              



Journal of Environmental Chemical Engineering 13 (2025) 115499

10

hydrogenation of biomass-derived molecules (e.g., levulunic acid and 
furfural) [78]. According to the authors, the Ni@RH-SiO2/carbon with 
an optimal Ni loading of 15 wt% outperformed similar catalysts re
ported in the literature in the hydrogenation of both furfural and levu
lunic acid [78].

4.2. Catalysts for green transformation of gases

In addition to the above-discussed applications, metal@RH-SiO2 
catalysts also exhibited high catalytic activity in the reduction of gases 
related to green energy and environmental applications. For example, 
Balbuena et al. synthesized αFe2O3@RH-SiO2 by calcination of 
FeCl3-impregnated RH at 900 ◦C for a duration from 1 to 4 hours and 
achieved αFe2O3@RH-SiO2 catalyst with only pure hematite (αFe2O3). 
The best obtained catalyst showed high catalytic activity in the photo
catalytic oxidation of NO gas [79]. Likewise, Grimm et al. reported a 
high catalytic activity of Mn@RH-SiO2 catalyst for the oxidation of CO 
gas [69].

Pastor et al. prepared ZnO@RH-SiO2 by calcination of the zinc 
acetate-impregnated RH at 600 ◦C, yielding ZnO nanoparticles 
(70–180 nm) on RH-SiO2 surface [80]. The resulting ZnO@RH-SiO2 
catalyst had a specific surface area up to 53 m2/g and a band gap of 
∼3.1 eV. The authors used this material as a cost-effective and sustain
able photocatalyst for decomposition of NOX gases [80]. Under the 
sunlight irradiation, the ZnO@RH-SiO2 was found to catalyse the 
decomposition of NO gas through the following pathway NO → HNO2 → 
NO2 → NO−

3 with a high NOX removal rate (70 %) and excellent selec
tivity (>90 %). The authors indicated that the ZnO@RH-SiO2 out
performed the unsupported ZnO and the standard TiO2/P25 catalysts 
due to the beneficial effect of RHA as a template, which allowed smaller 
and well dispersed ZnO particles. Also, ZnO@RH-SiO2 showed good 
recyclability and reusability after four consecutive runs [80].

4.3. Catalysts for green chemistry synthesis

Non-metal catalysts: Apart from metal-based catalysts, the RH-SiO2 
showed an excellent compatibility with various non-metal catalytic 
functional groups. The resulting non-metal@RH-SiO2 displayed a high 
catalytic activity in a wide range of reactions. For example, Janaun et al. 
reported the synthesis of sulfonic acid-functionalized RH-SiO2 
(− SO3H@RH-SiO2) and showed that this catalyst performed effectively 
in the esterification reaction between oleic acid and methanol [68]. 
Likewise, Lolage et al. showed that the − SO3H@SiO2 catalysts used in 
the acetylation of benzyl alcohol, exhibited over 99 % selectivity to
wards benzyl acetate as a desired product [81].

Moreover, a huge volume of research has focused on the synthesis 

and test of organic-functionalised RH-SiO2 for catalysts. For example, 
Zare et al. modified the RH-SiO2 by grafting 4,4′-bipyridine scaffold on 
its surface and applied the obtained catalytic nanomaterial for the 
synthesis of pyrano[2,3-d]pyrimidine-2,4-diones and pyrano(2,3-d) 
pyrimidine-4-one-2-thiones from aromatic aldehyde, malononitrile 
and barbituric acid [82]. They reported a high catalytic activity of the 
surface-modified RH-SiO2 for these reactions. Elimbinzi et al. synthe
sized mesoporous micelle templated rice husk silica (MT-RHS) using 
sodium silicate derived from rice husk ash, with castor oil serving as a 
renewable surfactant template.[83]. Functionalizing the synthesized 
MT-RHS with organo-amines (primary amine APTS and tertiary amine 
DEPA) produced effective solid base catalysts. These catalysts demon
strated high activity for the low-temperature transesterification of 
C4–C12 triglycerides (TAGs) into fatty acid methyl esters (FAMEs), a key 
step in biodiesel production. Notably, the DEPA-MT-RHS catalyst 
showed significantly higher activity than the primary 
amine-functionalized materials, providing a five-fold rate enhancement 
for certain reactions.[83]. The DEPA-MT-RHS catalyst exhibited mod
erate recyclability, with only a 10 % decrease in activity after the first 
reuse and a 50 % decrease after five cycles. The versatility of the catalyst 
was also demonstrated by its ability to effectively transesterify 
longer-chain triglycerides (C8 and C12), with high FAME selectivity.
[83]. Hakkim et al. prepared nitrone-functionalised RH-SiO2 for poly
mer grafting through spin capturing and 1,3-dipolar cycloaddition 
mechanisms, and demonstrated the advantages of using nitro
ne@RH-SiO2 catalysts for the polymer grafting practices [84]. In a 
comparative study, Pandey et al. studied two different functional moi
eties, namely a base (3-aminopropyl)triethoxysilane (APTES) and an 
acid (3-mercaptopropyl)triethoxysilane (MPTES), for functionalising 
RH-SiO2 supports [85]. They found that the base APTES@RH-SiO2 
outperformed the acid MPTES@RH-SiO2 in the ring-opening reactions 
of various oxiranes [85]. Specifically, when the base APTES@RH-SiO2 
was applied to ring-opening reactions of morpholine and piperidine, the 
corresponding conversion reached 93 and 91 %, respectively, whereas 
the respective values for the acid MPTES@RH-SiO2 were only 52 and 
57 % [85]. Jamnongphol et al. fabricated RH-SiO2 as a support for zir
conocene/MMAO catalyst in ethylene polymerisation (zirconoce
ne/MMAO@ RH-SiO2) [86]. The obtained biogenic RH-SiO2 displayed a 
larger surface area and higher purity than commercial silica. Moreover, 
the RH-SiO2 showed compatibility with the catalysis-active MMAO 
component, leading to a good distribution of MMAO over the support 
surface [86]. As such, the zirconocene/MMAO@RH-SiO2 exhibited a 
higher catalytic activity the polymerization reactions than the com
mercial catalysts [86]. Jin et al. fabricated Fe/N@RH-carbon electro
catalyst via doping Fe-containing salt coupled with high-temperature 
NH3 etching and doping [87]. They obtained Fe/N@RH-carbon showed 

Fig. 7. Proposed mechanism of nitro compound reduction on a silver catalyst supported on a RH-carbon/SiO2 hybrid (Ag@RH-carbon/SiO2). Reproduced with 
permission from reference [62]. Copyright 2021 Wiley.
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an amorphous carbon structure uniformly embedded by nanometal 
particles, and displayed high catalytic activity in oxygen reductions 
[87]. When applied to zinc-air battery, the Fe/N@RH-carbon composite 
displayed a 1.4 V open-circuit voltage and high peak power density 
(156.1 mW/cm2), attesting potential for a low-cost and renewable 
electrocatalytic material for energy conversion and storage [87].

Biocatalysts: Owing to its biogenic nature, RH-SiO2 presents an 
ideal support material for biocatalysts. A large body of research has 
devoted to realising this unique potential of RH-SiO2. For example, 
Gama et al. prepared phenyl-grafted RH-SiO2 for the immobilisation of 
lipase [88]. Lipase is an essential enzyme that catalyses the degradation 
of triglycerides (a common type of fats) into free fatty acids and glycerol, 
and thus, plays a central role in various biological, natural, industrial 
and environmental systems [89–92]. Gama et al. indicated that the 
resulting lipase/phenyl@RH-SiO2 biocatalyst with an enzyme loading of 
∼27.7 mg/g displayed high catalytic activity in the hydrolysis of olive 
oil emulsion or the synthesis of cetyl oleate related to cosmetic industry 
[88]. Machado et al. immobilised lipase on RH-SiO2 functionalised by 
triethoxy(octyl)silane [93]. The resulting lipase/octyl@RH-SiO2 bio
catalyst with an enzyme loading of 22 mg/g showed remarkable cata
lytic activity in the production of wax esters via esterification reactions 
in a heptane medium. Also, the lipase/octyl@RH-SiO2 biocatalyst 
experienced a slight loss of 10 – 15 % in activity after nine successive 
cycles [93]. In a comparative study, Sabi et al. showed that function
alising the RH-SiO2 with appropriate alkyl groups prior to enzyme 
loading led to a significant improvement of the durability of biocatalysts 
compared to the ones without the alkyl functionalising step [94]. Mori at 
al synthesized rose bengal-impregnated rice husk nanoparticles [95]. 
Rose bengal belongs to halogenated xanthenes that act as photo
sensitiser with superior photophysical properties. Modifying RH-SiO2 
surface with cationic polyethyleneimine was found to enhance the 
adsorption of the anionic rose Bengal [95]. The resulting rose-
bengal/amine@RH-SiO2 enabled the antimicrobial photodynamic 
inactivation of bacteria related to dental applications [95]. Featured 
achievements of developing RH-derived catalysts for environmental 
remediation and green chemistry are tabulated in Table 3.

4.4. Decontamination via RH-adsorbents

Apart from catalysts, RH-derived adsorbents (RH-adsorbents) open 
an efficient and low-cost pathway for water and wastewater treatments 
[19,20] as well as separation and purification of gas mixtures [113]. 
Similar to the case of catalyst applications, the hybrid nature of 
RH-SiO2/carbon hybrids presents an exceptional advantage as multi
functional adsorbents which showed effectiveness in adsorbing both 
inorganic and organic contaminants, including heavy metal cations, 
inorganic ions and organic compounds. This unique potential of 
RH-adsorbents has entailed enduring research interests in this field.

Removal of organic matter. RH-adsorbents displayed effective 
removal of various forms of organic matter in aqueous environments. 
For example, Villota-Enríquez et al. reported the synthesis of RH- 
adsorbents with amorphous and aggregated submicron particles 
(<200 nm) and specific surface area of ~202.31 m2/g, which showed a 
high capability of removal of methylene blue from wastewater [96]. 
They also indicated that combining the chemical treatment with 2 N HCl 
solution and UV irradiation resulted in RH-adsorbents with a remark
able enhancement in the methylene blue adsorption capacity [96]. Islam 
et al. reported the successful preparation of two RH-adsorbents by 
chemically modifying RHA for decontaminating crystal violet dye in 
wastewater [97]. The resulting RH-adsorbents, called carbon embedded 
silica and RHA-mediated zeolite, showed the specific surface area values 
of 110 and 122 m2/g, respectively, which are significantly higher than 
that of unmodified RHA (28 m2/g) [97]. Consequently, the two 
RH-adsorbents showed a much higher crystal violet dye adsorption ca
pacity of 18.75 mg/g and 19.28 mg/g respectively, compared to that of 

Table 3 
RH-derived materials for applications as catalysts and adsorbents for environ
mental remediation and green chemistry.

Catalysts/adsorbents(*) Reactions and notes Source

Co@RH-SiO2 (Catalyst) Co@RH-SiO2 catalyst displayed 
more uniform pore sizes in 
2–4 nm, whereas the 
commercial SiO2-supported 
catalyst showed irregular pore 
sizes.

Wang et al. 
[70]

Au/amino@RH- 
SiO2 (Catalyst)

Reduction of 4-nitrophenol. The 
Au/amino@RH-SiO2) exhibited 
an excellent catalytic activity in 
the reduction of 4-nitrophenol.

Li et al. [16]

Pt/amino@RH- 
SiO2 (Catalyst)

Electrochemical reaction in fuel 
cells: Functionalising RH-SiO2 

using aminoalkyl groups 
followed by introducing Pt 
nanoparticles to the resulting 
amino@RH-SiO2 surface. 
The Pt/amino@RH-SiO2 

showed potential for 
electrochemical reactions.

Sinniah et al. 
[67]

Fe/Ni@RH-SiO2 (Catalyst) Reduction of various nitro 
compounds with quite stable 
catalytic activity upon multiple 
reaction cycles.

Ghadermazi 
et al. [71]

CuO@RH-SiO2 (Catalyst) Reduction of 4-nitrophenol and 
antimicrobial activity against 
pathogenic microorganisms.

Ramya et al. 
[72]

Ni@RH-SiO2 (Catalyst) Gasification of biomass with a 
biomass conversion reached 
96.5 %. Catalyst synthesized via 
simplified one-step direct 
impregnation method.

Shen et al. [18]

αFe2O3@RH- 
SiO2 (Catalyst)

Photocatalytic oxidation of NO 
with the highest NO conversion 
of 24 %.

Balbuena et al. 
[79]

TiO2@RH-SiO2 (Catalyst) High catalytic activity for 
removal of Rhodamine B in 
aqueous solutions under either 
the xenon lamp and sunlight 
irradiation.

Wang et al. 
[76]

Mn@RH-SiO2 (Catalyst) CO oxidation reaction. The 
Mn@RH-SiO2 catalyst exhibited 
high catalytic activity in the 
reduction of CO gas.

Grimm et al. 
[69]

ZnO@RH-SiO2 (Catalyst) Decomposition of NO gas: NO → 
HNO2 → NO2 → NO−

3 with a 
high NOX removal rate (70 %) 
and excellent selectivity 
(>90 %). 
ZnO@RH-SiO2 outperformed 
the standard TiO2/P25 
catalysts.

Pastor et al. 
[80]

Au/polyamide@RH- 
SiO2 (Catalyst)

Reduction of nitrophenol with a 
conversion of > 95 % of 
nitrophenol to aminophenol.

Lai et al. [73]

Pt/RH-SiO2 (Catalyst) Degradation of 4-nitrophenol. 
Good catalytic activity and good 
reusability with only 3 % loss of 
catalytic activity after eight 
cycles.

Bogireddy et al. 

[74]

Metal@RH-carbon/SiO2 

(Metal = Ag, Cu, Co, Ni) 
(Catalyst)

Hydrogenation of both aromatic 
and aliphatic nitro compounds. 
Ag@RH-carbon/SiO2 by far 
outperformed the other 
catalysts. 
Similar catalysts based on 
commercial SiO2 didn’t work, 
ascertaining a crucial role of the 
hybrid nature of RH-derived 
supports.

Unglaube et al. 

[62]

Ni@RH-SiO2 (Catalyst) Ring-opening hydrogenation of 
epoxides. 
Ni@RH-SiO2 performed 
multimodes of catalytic activity 

Unglaube et al. 

[64]

(continued on next page)
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Table 3 (continued )

Catalysts/adsorbents(*) Reactions and notes Source

as Brønsted acid, Lewis acid and 
hydrogenation catalyst. 
The Ni@RH-SiO2 catalysed the 
selective anti-Markovnikov 
ring-opening hydrogenation of 
epoxides to primary alcohols.

− SO3H@RH- 
SiO2 (Catalyst)

Esterification: between oleic 
acid and methanol.

Janaun et al. 
[68]

Acetylation of benzyl alcohol, 
showing over 99 % selectivity 
towards benzyl acetate.

Lolage et al. 
[81]

Amino@RH-SiO2 vs. 
Mercapto@RH- 
SiO2 (Catalyst)

Ring-opening of oxiranes: The 
base amino@SiO2 catalyst 
outperformed the acid 
mercapto@SiO2 catalyst.

Pandey et al. 
[85]

Zirconocene/MMAO@ RH- 
SiO2 (Catalyst)

Ethylene polymerisation: 
Excellent compatibility between 
RH-SiO2 and MMAO ensures 
uniform distribution of MMAO 
over the support surface. 
Zirconocene/MMAO@RH-SiO2 

showed a higher catalytic 
activity than commercial 
catalysts

Jamnongphol 
et al. [86]

Fe/N@RH-carbon 
(Catalyst)

Oxygen reductions: Fe/N@RH- 
carbon electrocatalyst via 
doping Fe coupled with high- 
temperature NH3 etching and 
doping. 
Amorphous carbon structure 
uniformly embedded by 
nanometal particles with high 
catalytic activity in oxygen 
reductions. 
When applied to zinc-air 
battery, Fe/N@RH-carbon 
displayed a 1.4 V open-circuit 
voltage and high peak power 
density (156.1 mW/cm2), 
attesting potential for a low-cost 
and renewable electrocatalytic 
material.

Jin et al. [87]

Bipyridine@RH- 
SiO2 (Catalyst)

Synthesis of pyrano(2,3-d) 
pyrimidine− 2,4-diones and its 
variants from aromatic 
aldehyde, malononitrile and 
barbituric acid

Zare et al. [82]

Nitrone@RH- 
SiO2 (Catalyst)

Polymer grafting via spin 
capturing and 1,3-dipolar 
cycloaddition reactions

Hakkim et al. 
[84]

Amine@mesoporous 
templated RH- 
SiO2 (Catalyst)

Transesterification reactions of 
triglycerides to methyl laurate 
relevant to biodiesel synthesis. 
The templated silica showed a 
better function than the 
ordinary one.

Elimbinzi et al. 

[83]

Lipase immobilised on 
phenyl@RH-SiO2

Immobilisation of lipase and 
hydrolysis of olive oil emulsion; 
synthesis of cetyl oleate.

Gama et al. 
[88]

Lipase immobilised on 
octyl@RH-SiO2 (Catalyst)

Esterification for the production 
of wax esters in a heptane 
environment. 10–15 % loss of 
catalytic activity after nine 
cycles.

Machado et al. 
[93]

Lipase/alkyl@RH-SiO2 vs. 
Lipase@RH-SiO2 (Catalyst)

Functionalising the RH-SiO2 

with appropriate alkyl groups 
prior to enzyme loading 
improves the durability of 
biocatalysts, compared to the 
ones without the alkyl 
functionalising step.

Sabi et al. [94]

RH-SiO2 (Adsorbent) Removal of methylene blue 
from wastewater. 
Combining chemical treatment 
with 2 N HCl solution and UV 

Villota- 
Enríquez et al. 
[96]

Table 3 (continued )

Catalysts/adsorbents(*) Reactions and notes Source

irradiation yielded RH- 
adsorbents with enhanced 
adsorption capacity.

Carbon-embedded RHA 
versus 
RHA-mediated zeolite 
(Adsorbent)

Decontaminating crystal violet 
dye in wastewater. 
Carbon-embedded RHA and 
RHA-mediated zeolite had a 
surface area of 110 and 122 m2/ 
g, respectively, surpassing RHA 
(28 m2/g). 
Carbon-embedded RHA and 
RHA-mediated zeolite showed a 
crystal violet dye adsorption 
capacity of 18.75 mg/g and 
19.28 mg/g respectively, 
outperforming RHA (8.3 mg/g).

Islam et al. 
[97]

TiO2@RHA 
(Adsorbent/catalyst dual 
function)

Removal of bisphenol-A from 
aqueous environments. 
TiO2@RHA alone removed 
34.5 % of bisphenol-A. 
TiO2@RHA coupled with UV 
light irradiation removed 
97.6 % of bisphenol-A within 
1 hour.

Thuan et al. 
[98]

RHA versus Fe@RHA 
(Adsorbent)

Removal of dimethylated 
arsenicals. RHA and Fe@RHA 
adsorbed inorganic arsenate at 
1.28 and 6.32 mg/g, 
respectively. 
RHA didn’t adsorb organic 
arsenics but Fe@RHA adsorbed 
dimethylarsinic acid (at 
7.08 mg/g), 
dimethylmonothioarsinic acid 
(0.43 mg/g)and 
dimethyldithioarsinic acid 
(0.28 mg/g).

Yoon et al. 
[99]

RHA, RH-SiO2 and 
UV-assisted RH- 
SiO2 (Adsorbent)

Methylene blue (MB) removal: 
RHA without chemical pre- 
treatment of the initial RH 
precursor removed only 30 % of 
MB from the aqueous solution. 
Pre-treating the RH precursor 
with a 3 N HCl solution before 
calcination led to RH-SiO2 with 
an amorphous structure and a 
specific surface area of 202 
m2/g, which increased the MB 
removal efficiency to 50 %. 
Pre-irradiating RH-SiO2 with 
UV for 5 min boosted the MB 
removal efficiency to 73 %.

Villota- 
Enríquez et al. 
[100]

RH-mesoporous silicon 
(Adsorbent)

Methylene blue (MB) removal: 
An excellent maximum MB 
sorption capacity of 213.31 mg/ 
g based on Sips model. 
RH-mesoporous silicon showed 
a strong preference toward 
adsorbing MB from a binary 
system containing both MB and 
Rhodamine B.

Hou et al. 
[101]

RH-chitosan- 
SiO2/CaCO3 (Adsorbent)

Escherichia coli (E. coli) 
removal: RH-chitosan- 
SiO2/CaCO3 synthesized using 
RH (for chitosan-silica) and 
waste eggshells (for CaCO3). 
The hybrid removed 80 % of 
Escherichia coli after 35 min of 
incubation.

Bwatanglang 
et al. [102]

RH-SiO2 (Adsorbent) Fluoride removal from water 
and wastewater: RH-SiO2 

showed a exceptional efficiency 
in fluoride removal with 
adsorption capacity of 12 mg/g.

Pillai et al. 
[103]

(continued on next page)
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unmodified RHA (8.3 mg/g) [97]. Thuan et al. reported the synthesis of 
TiO2@RHA for the removal of bisphenol-A micropollutant in waste
water [98]. They showed that the TiO2@RHA could remove 34.5 % of 
bisphenol-A from the aqueous environments in dark media but the 
removal efficiency increased remarkably to 97.6 % within 1 hour under 
UV light-irrediated conditions, which provided a 2-fold increase in the 
removal efficiency compared to that of standard commercial TiO2, 
attesting the benefits of RH-derived supports [98]. Yoon et al. studied 
the adsorption of dimethylated arsenicals on RHA and Fe@RHA using 
isothermal adsorption procedures combined with X-ray absorption 
spectroscopy [99]. They derived the adsorption capacity of 1.28 and 
6.32 mg/g for inorganic arsenate adsorption on RHA and Fe@RHA, 
respectively. No adsorption of dimethylated arsenicals was found on 
RHA while Fe@RHA showed a good capability of adsorbing organic 
arsenics with the adsorption capacity of 7.08 mg/g for dimethylarsinic 
acid, 0.43 mg/g for dimethylmonothioarsinic acid and 0.28 mg/g for 
dimethyldithioarsinic acid [99]. The beneficial role of Fe@RHA was 
attributed to the formation of iron oxide in the form of two-line ferri
hydrite on RHA surface which acted as the adsorption sites [99]. Vil
lota-Enríquez et al. showed that RHA without chemical pre-treatment of 
the initial RH precursor showed a limited capacity of methylene blue 
adsorption (i.e., could only remove 30 % of methylene blue from the 
aqueous solution) [100]. Pre-treating the RH precursor with 3 N HCl 
solution before the calcination process led to RH-SiO2 with an amor
phous structure in the form of highly agglomerated submicron particles 
(<200 nm) and a specific surface area of 202 m2/g, which could in
crease the methylene blue removal efficiency to 50 % [100]. Further
more, pre-irradiating the RH-SiO2 with UV for 5 min could boost the 
methylene blue removal efficiency to 73 % [100]. Hou et al. reported 
the synthesis of RH-mesoporous silicon that showed an excellent 
maximum methylene blue sorption capacity of 213.31 mg/g based on 
Sips model [101]. In addition, the RH-mesoporous silicon showed a 
strong preference toward adsorbing methylene blue from a binary sys
tem containing both methylene blue and Rhodamine B [101]. Bwatan
glang et al. synthesized a hybrid adsorbent based on 
chitosan-silica/calcium carbonate using RH (for chitosan-silica) and 
waste eggshells (for calcium carbonate) [102]. The resulting 
RH-chitosan-SiO2/CaCO3 could remove 80 % of Escherichia coli (E. 
coli) after 35 min of incubation [102]. Pillai et al. derived RH-SiO2 as 
inexpensive and efficient adsorbent for fluoride removal from water and 
wastewater [103]. The resulting RH-SiO2 showed good efficiency in 
fluoride removal with adsorption capacity of 12 mg/g [103]. Tsamo 
et al. compared the adsorption performances of two RHA obtained by 
different decarbonation routes, i.e. combustion-derived RHA via 
burning raw RH in open air and calcination-derived RHA via calcining 
raw RH in a Muffle Furnace at 540 ◦C [104]. The burning-derived RHA 
showed a better capability of removing Rhodamine B from aqueous 
solutions (with a removal efficiency of 84 % after 24 hours) compared to 
that of the calcination-derived RHA (at 60 %) under similar adsorption 
conditions [104]. Likewise, El-Shafey et al. prepared SBA-16 meso
porous RH-SiO2 for Rhodamine B uptake from aqueous media [105]. 
They obtained SBA-16 RH-SiO2 displayed an amorphous ordered mes
oporous structure and a total surface area of 461 m2/g, and a maximum 
Rhodamine B adsorption capacity of 166.7 mg/g as based on Langmuir 
model [105].

Table 3 (continued )

Catalysts/adsorbents(*) Reactions and notes Source

Burning-derived RHA and 
calcination-derived RHA 
(Adsorbent)

Rhodamine B (RB) removal: 
Burning-derived RHA showed a 
better capability of removing 
RB from aqueous solutions (at 
removal efficiency of 84 % after 
24 hours) compared to that of 
the calcination-derived RHA (at 
60 %).

Tsamo et al. 
[104]

SBA− 16 mesoporous RH- 
SiO2 (Adsorbent)

Rhodamine B (RB) removal: 
SBA− 16 RH-SiO2 with an 
amorphous ordered mesoporous 
structure and a surface area of 
461 m2/g showed a maximum 
RB adsorption capacity of 
166.7 mg/g as based on 
Langmuir model.

El-Shafey et al. 
[105]

RHA/alumina composite Uranium removal from aqueous 
solutions: RHA/alumina 
composite showed a uranium 
removal efficiency of 96.35 %.

Youssef et al. 
[106]

RH-SiO2/chitosan 
nanocomposite 
(Adsorbent)

Removal of 152+ 154Eu+154 
radionuclide from aqueous 
environments: Coating RH-SiO2 

surface with chitosan to yield 
RH-SiO2/chitosan 
nanocomposite. 
The composite adsorbed 
152+ 154Eu+154 radionuclide 
from aqueous environments at a 
capacity of 160 mg/g at pH = 5 
and 298 K.

Dakroury et al. 
[107]

γFe2O3@RH- 
SiO2 (Adsorbent)

Removal of Ni(II) ions in water: 
γFe2O3@RH-SiO2 was 
fabricated using ferrate as an 
internal oxidation modifier. 
This adsorbent removed 96.1 % 
of Ni(II) ions within 24 h, 
yielding a maximum adsorption 
capacity is 42.69 mg/g at room 
temperatures and neutral pH.

Nie et al. [108]

Alginate@RHA 
(Adsorbent)

Removal of Pb(II) ions in 
wastewater: Alginate@RHA 
showed a BET surface area 
(120 m2/g) and the total pore 
volume (0.653 cm3/g). 
Alginate@RHA showed a Pb(II) 
adsorption capacity of 
112.3 mg/g and kinetics of Pb 
(II) removal of 0.0081 mg/g per 
min, far surpassing unmodified 
RHA at 41.2 mg/g and 
0.00025 mg/g per min, 
respectively. 
Alginate@RHA removed over 
99 % of Pb(II) from wastewater 
with a good recyclability.

Pham et al. 
[109]

Chlorinated RHA 
(Adsorbent)

Mercury removal: The surface 
area and pore volume of the 
chlorinated RHA increased with 
increasing chlorination 
temperature. 
Under chlorination at 1000 ◦C 
for 10 min, the chlorinated RHA 
had a surface area of 335 m2/g 
and a maximum mercury 
adsorption capacity of 620 mg/ 
g.

Mochizuki et al. 
[110]

Phenylamine@RH- 
SiO2 (Adsorbent)

Removal of Ni(II) ions in 
aqueous solutions: Hybrid 
adsorbent based on ortho- 
phenylenediamine embedded 
on RH-SiO2. 
The amine@RH-SiO2 showed 
good uptake of Ni(II) from 
aqueous solutions.

Abbas et al. 
[111]

Table 3 (continued )

Catalysts/adsorbents(*) Reactions and notes Source

Polyethyleneimine@RH- 
SiO2 (Adsorbent)

Phosphate removal from 
wastewater: Grafting branched 
polyethyleneimine onto RH- 
SiO2 yielded to 
polyethyleneimine@RH-SiO2 

which absorbed phosphate at 
123.46 mg/g, a two-fold greater 
than that of untreated RH-SiO2.

Suzaimi et al. 
[112]
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Removal of heavy metal ions. Owing to their hybrid nature, RH- 
SiO2/carbon nanocomposites are multifunctional adsorbents, which are 
effective for not only organic matter removal but also heavy metal ion 
adsorption. Youssef et al. synthesized a RHA-alumina composite for 
removal of uranium from aqueous solutions and reported a uranium 
adsorption efficiency of 96.35 % for this composite adsorbent [106]. 
Dakroury et al. synthesized RH-nanosilica via the thermal treatment 
coupled with acid leaching route followed by the coating of silica surface 
with chitosan gel to yield a RH-SiO2/chitosan nanocomposite [107]. The 
material was found capable of adsorbing 152+154Eu+154 radionuclide 
from aqueous environments at a capacity of 160 mg/g at pH = 5 and 
298 K [107]. Nie et al. prepared γFe2O3@RH-SiO2 using ferrate as an 
internal oxidation modifier [108]. They showed that the resulting 
γFe2O3@RH-SiO2 exhibited an excellent capacity for the adsorption of 
Ni(II) ions in water. At room temperatures and neutral pH, this adsor
bent could remove 96.1 % of Ni(II) ions within 24 h, corresponding to a 
maximum adsorption capacity is 42.69 mg/g [108]. Pham et al. syn
thesized alginate@RHA for removal of Pb(II) ions in wastewater [109]. 
The resulting alginate@RHA showed a remarkable enhancement in the 
high BET specific surface area (120 m2/g) and the total pore volume 
(0.653 m3/g) compared to the ordinary RHA [109]. This morphological 
improvement entailed an increase in the adsorption capacity 
(112.3 mg/g) and kinetics of Pb(II) removal (0.0081 mg/g per minute), 
compared to the corresponding values obtained of unmodified RHA at 
41.2 mg/g and 0.00025 mg/g per minute, respectively. The algina
te@RHA could remove over 99 % of Pb(II) from wastewater with a good 
recyclability [109]. Mochizuki et al. reported the synthesis of silicone 
tetrachloride (SiCl4) from RHA by chlorination for applications as 
mercury removal [110]. The surface area and pore volume of the 
chlorinated RHA showed increasing trends with increasing chlorination 
temperature [110]. At chlorination of 1000 ◦C for 10 minutes, the 
resulting chlorinated RHA exhibited a surface area of 335 m2/g and a 
maximum mercury adsorption capacity of 620 mg/g [110].

In parallel to tuning the synthesis process for desired compositions 
and structures, efforts have been put on surface engineering to improve 
the functionality of RH-adsorbents. For example, Abbas et al. reported 
the successful synthesis of a hybrid adsorbent based on RH-SiO2 and 
ortho-phenylenediamine, which showed a good uptake of Ni(II) ions in 
aqueous solutions [111]. Likewise, Suzaimi et al. indicated that grafting 
branched polyethyleneimine onto RH-SiO2 resulted in an improvement 
in the selective uptake of phosphate in wastewater [112]. Under similar 
experimental conditions, the polymer-grafted RH-SiO2 showed a phos
phate adsorption capacity of 123.46 mg/g which was twice times higher 
than that of the RH-SiO2 without surface treatments [112]. Featured 
achievements of developing RH-derived adsorbents for environmental 
remediation are tabulated in Table 3.

5. RH-derived materials for hydrogen production

Hydrogen plays an integral part in the roadmap of energy transition 
towards the low-carbon future [114–117]. To date, most hydrogen is 
produced via catatytic processes such as gas reforming, gasification of 
solid mass (coals, biomass), water-gas shift reaction, and decomposition 
of hydrocarbons. Conventional methods for hydrogen production 
generate CO2 as a co-product in addition to hydrogen. Hence, additional 
carbon capture and storage (CCS) is required to achieve the net-zero 
emissions target [118,119]. Notably, catalytic decomposition of hy
drocarbons is the only technology that can avoid CO2 emissions and, 
thus, enable the negative emission economy. In particular, 
methane-derived hydrogen presents a long-lasting clean energy owing 
to the plentiful sources of methane in the forms of natural gas in un
derground reservoirs as well as abundant methane-bearing gas hydrates 
in the seafloors and permafrost sediments [120–123]. The potential of 
RH-derived catalysts for applications in these crucial areas will be dis
cussed in this section.

Catalytic decomposition of hydrocarbons. As mentioned above, 
this catalytic decomposition of hydrocarbons presents a very desirable 
technology for hydrogen production as it entails no CO2-emission. 
However, a standing challenge for this method is the ongoing deacti
vation of the catalysts due to the continuing deposition of solid carbon 
resulting from the decomposition reactions [124]. Fig. 8 shows selected 
images recorded by Yun et al. to exemplify the deactivation of the cat
alysts in methane decomposition due to carbon deposition. The surface 
of the pristine catalysts was smooth (Fig. 8a), yet the used catalysts had a 
very rough surface due to solid carbon deposition (Fig. 8b) [124]. The 
TEM images provide a magnified view to confirm the even surface of 
pristine catalyst (8c) and the emergence of a wrinkled-graphene layer on 
the used catalyst (Fig. 8d) [124]. Interestingly, several studies indicated 
that RH-derived catalysts based on the inherent carbon/RH-SiO2 hy
brids displayed a remarkable tolerance to the carbon deposition issue 
and thus exhibited a better durability compared to other catalysts [17]. 
This is another piece of solid evidence attesting the extraordinary 
beneficial feature of RH-derived materials.

Active studies have focused on developing RH-catalysts for catalytic 
decomposition of hydrocarbons (e.g., methane and biomass). Gómez- 
Pozuelo et al. reported the synthesis of different RH-SiO2 materials 
sourced exclusively from RH (without incorporating any non-RH ma
terials) and used these materials as catalysts for the decomposition of 
methane for hydrogen generation (Fig. 9) [17]. They indicated that 
RH-SiO2 with larger BET surface area and amorphous structure dis
played the highest catalytic activity. Interestingly, Gómez-Pozuelo et al. 
indicated that RH-SiO2 obtained from acid-leaching process showed a 
remarkable resistance against deactivation, without no considerable loss 
in catalytic activity in a long-time operation [17]. Zhao et al. synthesized 
RH-SiO2 and Ni@RH-SiO2 using a sol–gel process and tested the 
resulting materials for catalytic performance on the methane decom
position reactions. The RH-SiO2 without loading nickel moderate cata
lytic activity in the methane decomposition with a methane conversion 
efficiency up to 38.83 %. After being incorporated with nickel particles 
as catalysis-active sites, the resulting Ni@RH-SiO2 catalyst showed an 
effective performance with a methane conversion efficiency up to 
74.33 % [125]. In a comparative study, Farooq et al. compared different 
methods for the preparation of Ni@RH-SiO2 for catalysing the steam 
gasification reactions [126]. They showed that the best obtained 
Ni@RH-SiO2 enabled a maximum hydrogen generation of 0.471 mol/(g 
feedstock × g catalyst). The Ni@RH-SiO2 exhibited a much better 

Fig. 8. SEM images show smooth surface of pristine catalyst (a) and surface 
roughening of used catalyst (b) due to carbon deposition. TEM images reveal 
the emergence of a wrinkled-graphene layer after 24 h of methane decompo
sition (d) compared to the pristine surface (c). Reproduced with permission 
from reference [124]. Copyright 2023 SpringerNature.
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catalytic activity compared to the Ni@α-Al2O3 catalyst synthesized 
under similar routes using commercial α-Al2O3 as a common support 
material [126]. Guo et al. applied the direct impregnation method to 
synthesize Cu@RH-SiO2 catalyst using ZnCl2 as an additional activation 
agent during the thermal treatment of RH [127]. They used the obtained 
Cu@RH-SiO2 catalyst for the cracking of biomass to produce 
hydrogen-carrying syngas and reported a high biomass conversion ef
ficiency of 94.5 %, attesting the remarkable catalytic activity of the 
catalyst [127]. Dong et al. reported the synthesis of Ni@RH-SiO2 with an 
Ni loading of 10.42 wt% and the subsequent use of this catalyst coupled 
with microwave in the biomass pyrolysis for syngas production [128]. 
They indicated that Ni@RH-SiO2 coupled with microwave exhibited a 
high catalytic effect and enabled the maximum biomass conversion ef
ficiency of 97.3 %, corresponding to the CO and H2 yields of 274.0 ml/g 
and 248.9 ml/g, respectively, at the reaction temperature of 700 ◦C 
[128]. These findings attested the benefits of combining catalysts and 
microwave in promoting the biomass decomposition.

Steam reforming reactions. Guo et al. synthesized a Ni@RH-SiO2 
catalyst and indicated that this catalyst worked well for the acetic acid 
steam reforming reactions, in which, the carbon conversion reached 
95.3 % and the H2 yield achieved at 2.38 mol/mol when the reforming 
was conducted at 700 ◦C [129]. Suriya et al. reported the synthesis of 
Ni@RH-SiC for steam reforming of fusel oil (i.e. mixed alcohols resulting 
from ethanol production) for the hydrogen generation. RH-SiC was 
derived from pyrolysis of RH at high temperatures (1300, 1500, and 
1700 ◦C). Ni nanoparticles were then embedded onto the RH-SiC surface 
to yield Ni@RH-SiC. The most effective Ni@RH-SiC was obtained when 
RH was pyrolysed at 1500 ◦C due to the formation of a rod structure and 
β-SiC phase with the highest surface area (64 m2/g), much higher than 
that of SiC pyrolysed at 1300 ◦C (19 m2/g) and 1700 ◦C (25 m2/g). The 
best obtained Ni@RH-SiC delivered the highest catalytic activity with a 
hydrogen yield of 29 % after 180 min and with no considerable loss in 
activity over 300 min [130].

RH as a feedstock for hydrogen generation. We have attested the 
great potential of RH for the synthesis of hydrocarbon decomposition 
catalysts where the RH-derived materials are used as catalysts for 
hydrogen generation. Certainly, RH itself is an abundant biomass so it 
can also serve as a direct feedstock for hydrogen generation where RH is 
decomposed to yield hydrogen. Zeng et al. reported the production of 
hydrogen-rich gas via steam gasification of RH followed by catalytic 
reforming of the resulting syngas using CeO2@Ni-CaO bifunctional 
catalysts [131]. Under the experiment conditions of 500 ◦C, steam/
carbon molar ratio of 5 and catalyst/RH mass ratio of 2.5, the authors 
obtained a RH-derived fuel gas mixture with hydrogen concentration of 
85.81 vol% and hydrogen yield of 35.82 mmol per g of RH [131]. Qi 
et al. employed one-step in-situ catalytic pyrolysis of RH at 500 ◦C to 
produce hydrogen-rich syngas, phenol-rich bio-oil and nanostructured 
porous carbons [132]. They indicated that molten potassium salts and 
water vapor aided the creation of porous carbon with high graphitisa
tion degrees and rich pore structures coupled with the generation of 
more hydrogen [132]. Representative studies of repurposing RH for 

hydrogen production are tabulated in Table 4.

6. Drug carriers

Owing to the intrinsic advantages such as having biogenic nature, 
high-purity and tunable structures, RH-silica possesses substantial po
tential for drug loading and carrier toward the controlled release in 
medical applications [21]. This novel prospect has sparked an emerging 
direction of developing biogenic RH-SiO2 for medical and biotech ap
plications. Dhinasekaran et al. fabricated nano-RH-SiO2 for applications 
as a chemotherapeutic agent (Fig. 10) [133]. They obtained two types of 
RH-SiO2 particles with mean sizes at ~20 nm and ~40 nm, respectively. 
These materials were loaded with 5-Fluorouracil by either direct 
conjugation or chitosan mediated conjugation. The smaller particles (i.e. 
~20 nm) showed a better drug loading capacity and the chitosan 
mediated conjugation of drug exhibited a sustained release in acidic pH 
[133]. Also, the toxicity studies indicated that the chitosan mediated 
drug conjugation on the RH-SiO2 displayed lesser toxic to fibroblast cell 
lines and higher toxicity towards cancer cell lines, in comparison with 
the direct conjugation. These results indicated the suitability of RH-SiO2 
for cancer cell-targeted delivery [133]. Chen et al. fabricated meso
porous RH-SiO2 nanoparticles as effective carriers for cancer drug de
livery [134]. They showed that the obtained RH-SiO2 exhibited high 
biocompatibility, large surface area and porous structure as mesoporous 
nanoparticles for excellent drug carriers. The usage of these mesoporous 
nanoparticles was tailored by incorporating lanthanides europium and 
gadolinium into the RH-SiO2 surface to make them fluorescent and 
magnetically active for the purpose of detection and tracking under 
confocal fluorescence microscopy and magnetic resonance imaging 
[134]. The conjugation of folic acid and aptamer AS1411 on the mes
oporous RH-SiO2 nanoparticles showed enhancement in targeting can
cer cells, attesting the promising capability of delivering clinical drugs to 
specific aberrant tissues with a dual function as targeting and imaging 
for enhanced cancer therapy [134]. Soundharraj et al. compared 
RH-SiO2 nanoparticles with the silica synthesized using organic pre
cursor (TEOS) via sol-gel precipitation (called TEOS-SiO2) [135]. Both 
silica samples were then functionalised with protoporphyrin (PpIX, an 
efficient photosensitiser) to assess the photodynamic therapy against 
target tumor cells [135]. The drug loading capacity, assessed based on 
5-Fluorouracil conjugation on each type of the silica, indicated that the 
functionalized silica was suitable for combined therapeutic and diag
nostic in biomedical practices, yet RH-SiO2 outperformed TEOS-SiO2 in 
terms of biocompatibility against blood cells. This study further attested 
the benefit of the biogenic nature of RH-SiO2 for medical applications 
[135]. Andrade et al. evaluated the capacity of mesoporous RH-SiO2 
nanoparticles for loading and release the doxorubicin (DOX) chemo
therapeutic drug [136]. They showed attractive textural characteristics 
and colloidal stability of the mesoporous RH-SiO2 nanoparticles, and 
attributed these properties to a high efficiency of DOX loading [136]. 
They also indicated that the DOX@RH-SiO2 were not cytotoxic for 
healthy fibroblast cells, but killed about 70 % of colorectal cancer cells 

Fig. 9. RH-SiO2 as a catalyst for the decomposition of methane for H2 production. TEM images of the pristine (a) and used (b,c) states of RH-SiO2 catalyst. The 
carbon structures grew towards the outer part of the silica nanoparticles so that the carbon deposition did not cause negative impacts on the catalytic activity of RH- 
SiO2. Reproduced with permission from reference [17]. Copyright 2021 Elsevier.
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after 72 h, demonstrating the promising applications as targeted cancer 
therapy [136].

7. Other applications

In addition to the emerging directions discussed in previous sections, 
RH-derived materials also show unique potential for applications in 
many other sectors, including the followings.

Pure silicon: Ultrapure silicon plays a pivotal role in the high-tech 
industry. High-tech applications require extremely pure silicon, with a 
purity grade over 99.99999 % (seven digits) for electronics applications 
and over 99.9999 % (six digits) for solar applications [137–139]. 
Although silicon is the second most abundant element on Earth, the 
extraction and purification of Earth-sourced silicon involve highly 
energy-intensive metallurgical processes, which leads to high economic 
and environmental costs. It is expected that RH-bound biogenic silicon 
with the inherent high reactivity presents a promising source of 
high-quality silicon for high-tech applications [140]. Barati et al. filed a 
worldwide patent for the production of solar grade silicon from RH-SiO2 
[23]. Marchal et al. reported a simplified, efficient and 
low-carbon-footprint method for producing solar grade silicon from RH 
[141]. First, the RHA was purified using acid milling coupled with 
boiling-water washing. Then, the purified RHA was pelletised for sub
sequent carbothermal reduction in a 50 kW electric arc furnace (EAF) at 
1700–2100 ◦C in batch mode [141]. They claimed the acquisition of 
silicon purity 99.9999 wt% (six digits) with B contents of ≈ 0.1 ppm by 
weight [141].

Supercapacitors: Supercapacitors open a new pathway for energy 
storage and are expected to play increasing roles in the era of energy 
transition. RH-derived nano-hybrids emerged as promising efficient 
low-cost materials for supercapacitors. Vijayan et al. synthesized tin 
oxide-decorated amorphous silica (SnO2@RH-SiO2) via microwave 
combustion route as a material for supercapacitors [22]. The 
SnO2@RH-SiO2 displayed a nano-hybrid containing SnO2 with rutile 
tetragonal crystalline structure embedded in the amorphous RH-SiO2 
[22]. The SnO2@RH-SiO2 showed a specific capacitance of 448, 330, 
275, 240, 225 and 200 F/g corresponding to the current density of 1, 2, 
4, 6, 8 and 10 A/g, respectively. The inclusion of SnO2 nanocrystals on 
RH-SiO2 created surface reactivity for charging and discharge, which 
ultimately enhanced the charge storage capacity [22]. Priyan et al. 
synthesized nickel oxide-decorated RH-SiO2 (NiO@RH-SiO2) via a 
microwave-assisted sol-gel process [142]. The undecorated RH-SiO2 
showed a limited specific capacitance of 102 F/g while the 
best-obtained NiO@RH-SiO2 showed a much higher value of 506 F/g 
under the same current density of 0.5 A/g [142]. The NiO@RH-SiO2 
electrode displayed an excellent energy density of 31.25 Wh kg− 1 at a 
power density of 745 W kg− 1 and long-term cyclic stability, showing 
only 3.6 % loss of capacitance over 10,000 cycles [142].

Quantum dots: Biogenic structure-tunable RH-SiO2 showed prom
ising precursor for fabrication of quantum dots (QDs). For example, 
Astuti et al. fabricated RH-derived silica quantum dots (Si-QDs) and 
obtained the material with particle sizes between 0.386 and 2.5 nm that 
adsorbed light with the peak wavelength of about 250–400 nm and 
emitted a purplish-blue colour [24]. The Si-QDs had a band gap of 
1.59–2.36 eV and HOMO-LUMO of 127 99.5 kcal/mol. The SiO2 content 
was of the Si-QDs was 97 % and the balance was impurity such as K, Fe, 
and Ca [24]. The obtained energy gap 1.59–2.36 eV and HOMO-LUMO 
127 99.5 kcal/mol. The smaller size of Si-QDs led to a higher band gap as 
a result of the quantum confinement effect [24]. Wang et al. synthesized 
graphene quantum dots (G-QDs) with a mean size of 3.9 nm using RH as 
the feedstock [143]. The obtained G-QDs emitted bright blue photo
luminescence under 365 nm ultraviolet irradiation and showed 
well-dispersed property in water (Fig. 11) [143]. The G-QDs showed 
high sensitivity and selectivity toward Fe3+ ions, attesting the potential 
applications as Fe3+ sensing [143]. In addition, it was found that the 

Table 4 
RH-derived materials for applications in hydrogen generation.

Catalysts(*) Reactions and notes Source

Metal@RH- 
SiO2 (Catalyst)

Methane decomposition: RH-SiO2 

with larger surface area and 
amorphous structure displayed the 
highest catalytic activity. 
Acid-leached RH-SiO2 showed a 
remarkable resistance against 
deactivation.

Gómez- 
Pozuelo et al. 

[17]

RH-SiO2 versus 
Ni@RH- 
SiO2 (Catalyst)

Methane decomposition: RH-SiO2 

without nickel showed moderate 
activity with the CH4 conversion up to 
38.83 %. 
Ni@RH-SiO2 showed high activity 
with a CH4 conversion of 74.33 %.

Zhao et al. 
[125]

Ni@RH-SiO2 versus 
Ni@α- 
Al2O3 (Catalysts)

Steam gasification: Ni@RH-SiO2 

enabled a maximum H2 generation of 
0.471 mol/(g feedstock × g catalyst). 
Ni@RH-SiO2 showed better activity 
than the standard Ni@α-Al2O3 

catalyst.

Farooq et al. 
[126]

Cu@RH- 
SiO2 (Catalyst)

Cracking biomass for H2: The catalyst 
showed a biomass conversion 
efficiency of 94.5 %, attesting its high 
catalytic activity.

Guo et al. 
[127]

Ni@RH-SiO2 coupled 
with microwave 
(Catalyst)

Biomass pyrolysis for syngas: Ni@RH- 
SiO2 coupled with microwave enabled 
a maximum biomass conversion of 
97.3 %, giving the CO and H2 yields of 
274.0 ml/g and 248.9 ml/g, 
respectively, at 700 ◦C. These findings 
attested the benefits of combining 
catalysts and microwave in promoting 
the biomass decomposition.

Dong et al. 
[128]

Ni@RH- 
SiO2 (Catalyst)

Steam reforming for H2: Carbon 
conversion reached 95.3 % and H2 

yield reached 2.38 mol/mol when 
reforming at 700 ◦C.

Guo et al. 
[129]

Ni@RH-SiC 
(Catalyst)

Steam reforming of fusel oil (i.e. 
mixed alcohols resulting from ethanol 
production) for the H2 generation. 
RH pyrolysis at 1300, 1500, and 1700 
◦C yielded SiC. Incorporating Ni 
nanoparticles onto the RH-SiC surface 
yielded Ni@RH-SiC. 
Pyrolysis at 1500 ◦C yielded the best 
Ni@RH-SiC with a rod structure and 
β-SiC phase and high surface area (64 
m2/g), which showed high catalytic 
activity with a H2 yield of 29 % after 
180 min and with no considerable loss 
in activity over 300 min.

Suriya et al. 
[130]

RH 
(Feedstock)

Production of H2-rich gas via steam 
gasification of RH followed by 
catalytic reforming of the resulting 
syngas using CeO2@Ni-CaO catalysts. 
After catalytic reforming, a fuel gas 
mixture with H2 concentration of 
85.81 vol%. The H2 yield was 
35.82 mmol per g of RH.

Zeng et al. 
[131]

RH 
(Feedstock)

One-step in-situ catalytic pyrolysis of 
RH at 500 ◦C to produce H2-rich 
syngas, phenol-rich bio-oil and 
nanostructured porous carbons. 
Molten potassium salts and water 
vapor aided the creation of porous 
carbon with high graphitisation and 
rich pore structures coupled with 
generation of more H2.

Qi et al. 
[132]
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G-QDs were very biocompatible and, thus, suitable for utilisation in cell 
imaging in biomedical applications [144,145]. Wei et al. used 
high-purity amorphous RH-SiO2 to prepare green phosphor (Mn-doped 
zinc silicate, Zn2SiO4 : Mn2+) [146]. They showed that the RH-derived 
Zn2SiO4 : Mn2+ outperformed the counterpart synthesized using com
mercial silica with respect to the photoluminescence intensity and 
quantum yield, demonstrating the great potential of RH-derived phos
phor as an cost-effective alternative to commercial products [146].

8. Outlooks

Vibrant research growth is envisaged for this particular field. Future 
advances shall deliver innovations to enable fabricating RH-derived 
functional materials with tailored properties while improving the cost- 
efficacy and mitigating the environmental footprints of the process. 
This goal can be achieved through focusing the research in four strategic 
pillars, namely (1) complete utilisation of RH, (2) shifting toward eco- 
friendly reagents, (3) exploiting the synergistic effect of microwave/ 
ultrasound and chemicals for enhancing the conversion and (4) devel
oping enzymatic processing of RH (Fig. 12).

Complete utilisation of RH for multiple products: In most pre
vious studies, a single product was obtained from the processing of RH. 
This single product was either amorphous silica, activated carbon, SiC 

Fig. 10. TEM images of as-prepared RH-SiO2 nanoparticles (a) and these RH-SiO2 particles after being coated with chitosan and loaded with 5-Fluorouracil (b). The 
image (c) shows an illustration of the binding between 5-Fluorouracil and chitosan supported on the RH-SiO2 nanoparticles. Reproduced with permission from 
reference [133]. Copyright 2020 Elsevier.

Fig. 11. (a) TEM and (b) high-resolution TEM image of graphene quantum dots (G-QDs). The size distribution (c) and the dispersion and glowing under 365 nm UV 
light irradiation (d) of the G-QDs. Reproduced with permission from reference [143]. Copyright 2018 American Chemical Society.

Fig. 12. Prospect for more sustainable approaches for processing of RH.
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hybrid materials, etc (as discussed in previous sections). In such con
ventional processes, RH was utilised in part as the other components 
were not recovered. For example, the extraction of silica from RH via 
calcination-based decarbonation entails two major issues considering 
the economic and environmental aspects. First, decarbonation of RH via 
calcination results in significant emission of carbon dioxide and does not 
align with the global roadmap toward net-zero emissions. Furthermore, 
valuable carbonaceous components such as cellulose and lignin are not 
recovered. Hence, complete utilisation of RH is necessary to recover 
both the silicon (or silica) and carbonaceous materials from RH for 
maximising the economic values and mitigating the environmental 
footprints of the process. In particular, the by-products of the pyrolysis 
of RH (e.g., bio-gas and bio-oil) should be also recovered to enhance the 
profitability and reduce the environmental impacts of the process. This 
new direction toward the complete utilisation of RH to obtain both silica 
and carbonaceous materials has been considered by several recent 
studies with promising results [38–40, 144, 145] and, therefore, should 
be focused in the future studies.

Shifting toward eco-friendly reagents: The majority of previous 
works used harmful and expensive inorganic reagents (e.g., hydrochlo
ric acid, nitric acid, sodium hydroxide, zinc chloride, etc.) for the 
treatment of RH. Inorganic reagents generally show superior perfor
mances in RH processing compared to organic reagents [33]. However, 
the use of inorganic reagents leads to significant environmental foot
prints considering the way they are produced and the treatment of spent 
solutions. First, inorganic reagents are often produced through 
energy-intensive and chemicals-intensive processes that create harmful 
impacts on the environments. Secondly, the spent inorganic reagents are 
usually hazardous liquid wastes that are harmful and expensive for the 
subsequent treatments. These pronounced drawbacks of inorganic re
agents have driven efforts to find alternative solutions.

It is noted that there has been an interest in using physical activation 
agents such as CO2 and steam in the RH treatments. These physical 
activation agents can be more environmentally benign than the chemi
cal counterparts such as KOH and SnCl2 in some particular applications, 
for example, in the production of activated carbon from RH [147–150]. 
Even so, in many cases, chemical reagents are required for the extraction 
and separation of components in the RH. For example, physical pro
cesses based on steam or CO2 activation are unable to remove alkaline 
elements and other impurities from the RH biochar for producing 
high-purity RH-derived silica or carbon-based products [147,150]. 
Hence, chemical processes are still required for repurposing RH for 
achieving more controllable product quality [150]. Future studies shall 
look for more sustainable chemicals to replace the harsh ones that are 
currently used as well as developing more efficient processes that enable 
better recycling of the used reagents.

A number of researchers have attempted to switch to more envi
ronmentally friendly organic reagents such as acetic acid, humic acid, 
fulvic acid, gluconic acid, etc. The challenge for using eco-friendly re
agents is that they are not as effective as the inorganic counterparts [33]. 
Even though, there have been a few studies claimed the success in 
replacing inorganic reagents by eco-friendly alternatives [36,151,152]. 
Hence, finding and switching to eco-friendly reagents for the RH treat
ment would be an integral part of the future research.

Microwave or ultrasound-assisted conversion: Incorporating 
external energy in the form of microwave or ultrasound presents a 
strategy for sustainable processing of RH by exploiting the synergy be
tween the applied energy and chemicals to facilitate the bond breakage 
and accelerate the extraction of target components from RH. In partic
ular, microwave-assisted extraction and ultrasound-assisted extraction 
are two most popular and effective techniques in biorefinery [153–157]. 
The aid of external energy supply can foster the biomass conversion so 
that the usage of expensive can be minimised, which ultimately miti
gates the overall environmental footprints of the process. In addition, 
external energy like microwave might exhibit selective effects towards 
certain components and bonds, thereby, improving the purity of the 

extracted products. Hence, incorporating external energy to aid the 
chemical process would present a strategic development in this field.

Enzymatic processing: Works reported in the literature are based 
primarily on chemical and thermal processes for the treatment of RH 
which are both energy-intensive and chemicals-intensive. Meanwhile, 
there is emerging direction in developing enzymatic hydrolysis of 
biomass [158,159]. Enzymatic hydrolysis of biomass in general and RH 
in particular presents a big scope of research lying ahead considering the 
development and selection of appropriate types of enzymes as well as 
optimisation of the working conditions to achieve the best outcomes in 
terms of economic and environmental benefits [160].

Challenges for upscaling and commercialisation: While the po
tential applications of RH-derived materials are vast, the transition from 
laboratory-scale processes to large-scale production requires over
coming significant hurdles. The silica content in RH varies significantly 
depending on the rice variety and cultivation conditions, typically 
ranging from 13 % to 29 % by weight [161], which can lead to incon
sistent quality of final products, making it difficult to meet the stringent 
specifications required for commercial applications. The optimisation of 
the processing conditions for the conversion of RH into silica and carbon 
needs more attention. The combustion temperature, for instance, plays a 
crucial role in determining the structural properties of the resulting 
silica. Higher temperatures can lead to the formation of crystalline silica, 
which has a lower surface area and porosity compared to amorphous 
silica [162]. Novel reactor designs will play an integral role in the 
upscaled experiments for improving the conversion rate and efficiency 
as well as energy-savings [163]. This necessitates careful control of the 
combustion process to ensure that the desired properties of the silica are 
achieved. Economic factors also pose significant barriers to the com
mercialisation of RH-derived products. The initial investment required 
for setting up processing facilities can be substantial, particularly for 
smallholder farmers or small enterprises. The costs associated with the 
transportation, storage, and processing of rice husk can further reduce 
the economic viability of these ventures [164]. In addition, the market 
for silica and carbon products derived from RH is still developing, and 
establishing a reliable customer base may take time and effort. The 
competition from established silica and carbon suppliers can also hinder 
the entry of new players into the market. The regulatory landscape 
surrounding the use of agricultural waste for industrial applications can 
be complex. Compliance with environmental regulations regarding 
emissions from burning rice husk and the disposal of by-products such as 
rice husk ash (RHA) can impose additional costs and operational con
straints. The potential for environmental pollution from improper 
handling of these materials must be addressed to gain public acceptance 
and regulatory approval for large-scale operations.

9. Conclusion

With the intrinsic advantages considering the abundant quantity and 
exceptional quality, RH is a precious resource for the synthesis of 
advanced functional materials in the context of low-carbon circular 
economies. The most unique value of RH is the inherent hybrid nature of 
the naturally-blended carbon/silicon complexes, which enables the 
production of nanostructured hybrid materials with tailored properties, 
those are otherwise not possible to obtain via synthetic means. Repur
posing RH toward value-added materials presents a vibrant research 
field with a clear prospect of further success in the future. This paper 
presents an inspiring contribution to promote the ongoing studies in 
agrowaste recycling toward a circular decarbonised world.
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