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ABSTRACT

In recent years, the amount of agricultural and industrial wastes being generated is increasing rapidly. This leads
to numerous disposals, governance, and environmental issues. Therefore, the re-utilisation of these wastes into
value-added products such as mesoporous silica nanoparticles (MSNs) has attracted great attention. MSNs have
garnered immense attention in various applications owing to their tuneable pore dimensions, high surface areas,
and tailorable structure, suitable for different post-functionalisation. In this review, recent progress on the
synthesis of MSNs from waste using a chemical synthesis route is presented. This route offers the possibility to
control silica structure, phase, morphology, and sizes by fine tuning the reaction parameters/conditions. The
characteristics and applications of the MSNs produced are also analysed to examine the potential of using
agricultural and industrial waste as the silica precursor. Although the use of inexpensive waste-derived materials
seems promising for both waste reduction and value-added products synthesis, further research is still needed to
boost the production of silica especially at a larger scale.

1. Introduction

Silica or silicon dioxide (SiO2) has many remarkable properties such
as controllable pore size, modifiable surface, strong mechanical prop-
erties, and a comparatively inert chemical composition, making it suit-
able for various applications [1]. It has been widely used in food and
medical industries due to its safe and non-toxic nature [2]. Silica is also
applied as additive in commercial epoxy resin and coating material
because of its hydrophobicity properties [3]. Mesoporous silica nano-
particles (MSNs) refer to SiO, nanoparticles that have mesopores [4].
Many types of MSNs such as MCM-41 and SBA-15 with a wide range of
pore geometries and particle morphologies have been synthesised. They
exhibit high specific surface area, large pore size, chemical inertness,
and a vast repertory of surface functional groups [5]. These unique
features allow MSNs to be flexibly tuned for various applications such as
adsorbents, catalyst supports, sensors materials, polymer reinforcement
and other advanced composites [6-8].

Although silica can be found in almost every mineral on the earth,
the synthesis of MSNs using a conventional method requires high
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temperature, which makes the process energy and cost consuming. The
conventional method starts with the extraction of silica from silica
source such as quartz sand to produce chemical precursors. These pre-
cursors are then used for the production of SiO;. This conventional
method contributes to global warming due to large amount of carbon
dioxide (CO2) emitted from the extraction process [9]. Stober method is
the most common method used to synthesise SiO5 where sodium car-
bonate (NayCO3) powder is heated with quartz sand at around 1300 °C
to form silicate sodium (NaySiO3) powder before reacting it with sulfuric
acid (H2SO4). Typically, 0.53 tonnes of sodium carbonate (Na3CO3) and
0.51 tonnes of HySO4 are used to produce 1 tonne of SiOs. This leads to
the production of 0.23 tonnes of carbon dioxide, 0.74 tonnes of sodium
sulphate (Na3SO4), and 20 tonnes of effluents, all of which contribute to
environmental issues [10]. Therefore, a more environmentally friendly
and cost-effective approach is needed to synthesise SiO5 nanoparticles.

Reutilisation of agricultural and industrial waste is an important
strategy for long-term manner to achieve sustainable cycles in the in-
dustry [11]. The synthesis of nanomaterial from waste is considered an
effective way to treat and recycle waste. This adheres to the concepts of
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minimum waste generation and waste-to-wealth mission. Some of the
possible industrial wastes that can be reutilised for SiOy synthesis
include powerplant fly ash [12], rice husk ash [6,13], sugarcane bagasse
ash [14], and palm kernel shell ash [11,15]. The agricultural and in-
dustrial wastes, particularly their ashes, are considered as potential raw
material for the production of SiO2 due to the continuous ash generation
and its high silica content.

Fly ash (FA) is a by-product of thermal power plant combustions
containing both amorphous components such as SiOj, Al;O3, FeqOs,
Fe304, TiO2, Ca0, and crystalline phases such as quartz and mullite [16].
It has been used as a filler and construction material [17]. Besides,
numerous studies have focused on FA as an aluminosilicates source due
to its high silica content [18]. In addition to the FA, the use of agricul-
tural wastes such as rice husk, sugarcane bagasse, and coconut shells for
the synthesis of nanomaterials particularly silica has been progressively
carried out as these wastes are low-cost renewable resource and contain
relatively high silica content. This review highlights the re-utilisation of
waste particularly agricultural and industrial for the production of silica
using the chemical routes. This review also emphasises the importance
of chemical treatment parameters towards the final properties of the
synthesised MSNs. In addition, the characteristics and applications of
the MSNs are also discussed.

2. Routes to synthesis mesoporous silica nanoparticles (MSNs)

Several techniques have been developed to synthesise and produce
MSNs with controlled shape, size, dimension, and structure from
different waste materials such as rice husk ash, coal fly ash, paddy husk
ash, and others. The techniques for extracting silica particles can be
classified into two [19], which are top-down or physical approach and
bottom-up or chemical approach as illustrated in Fig. 1. The top-down
approach is defined by applying special size reduction techniques to
reduce the dimension of the original size. Meanwhile, the popular
method for producing MSNs from the atomic or molecular scale is the
bottom-up approach [20]. Lithography [21] and milling [22] are some
examples of silica nanoparticles synthesis using the top-down approach.
Chemical vapour deposition (CVD), hydrothermal synthesis, micro-
emulsion technique [19], sonochemical technique [23], co-precipitation
[24], and sol-gel technique [25] are the examples of silica nanoparticles
synthesis using the bottom-up approach.

2.1. Top-down approach

Top-down or physical approach is defined by reducing the dimension
of the original size by using special size reduction techniques [26]. This
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Fig. 1. Top-down and bottom-up approaches.
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approach is generally more straightforward and relies either on bulk
material removal or division or on miniaturisation of the bulk fabrica-
tion processes to achieve the desired structure/surface properties [27].
The milling technique is an example of a top-down approach that breaks
down bulk materials to reach fine particles [28]. Ball milling is a
shear-force dominating technique in which the particle size is reduced
by impact and attrition. It uses metallic balls (usually Zirconia or steel
balls) as a grinding media and a rotating shell to produce centrifugal
force [29].

This technique offers a number of benefits including cost-
effectiveness, high product purity, low-temperature reaction, control-
lability, facility, and reproducibility [30]. Meanwhile, nanolithography
is a technique for creating nanoscale structures that involves pressing a
mould with three-dimension (3D) surface patterns against a superheated
cast [31]. To achieve high-resolution topography, lithography is
generally coupled with deposition and etching. Masked lithography and
maskless lithography are the two types of lithography. Masked lithog-
raphy includes photolithography [32]. Photolithography, the semi-
conductor industry’s reliable technique for high-volume production, has
been used directly to produce discrete monodisperse colloidal particles.
This technique offers several distinct benefits including exceptional
shape consistency up to the submicrometer level and excellent output
[33].

However, top-down synthesis method needs further improvement
due to the formation of flaws in the structure of the produced material.
This is a significant limitation since the surface chemistry and other
physical characteristics of the nanoparticles are strongly dependent on
the material structure. In addition, they might have a lot of contami-
nants in the produced material. Despite these main drawbacks, this
method is considered suited for large-scale manufacturing as it allows
for deposition over a large substrate and requires no chemical purifi-
cation [34].

2.2. Bottom-up approach

The bottom-up approach includes a chemical aggregation of MSNs
from atom to atom or molecule to molecule [19]. This technique is
considerably more prevalent for nanoparticle elaboration because it
allows for precise particle size control. Bottom-up approaches are more
versatile in which this method has resulted in a wide range of nano-
particle synthesis methods based on the self-assembly principle [34].
The significant advantage of this method is the high yield purity [35].

CVD is a process where vapour-phase substances are condensed to
form a solid-phase material [36]. It is a well-known chemical technique
utilised in a variety of industries for high-temperature protection,
erosion protection, and a combination of the two [37]. According to
Huang et al. [38], CVD is the most common method to produce
large-scale and high-purity fumed silica glass. This process involves
injecting a precursor into Hy/O» flame to synthesise SiO». The silica glass
is then formed by transporting SiO- to the substrate and depositing it on
the substrate; hence, SiO5 production inside a chamber is crucial to
control this process. In an industry, halide compounds such as silicon
tetrachloride (SiCly) are widely utilised as a precursor for CVD synthesis
of silica glass. However, this technique requires high temperatures and
its growth rate is rather slower. Furthermore, it utilises hazardous re-
agents such as SiCls4, Ni(CO)4 and BoHg. Some of these reagents are
highly explosive and corrosive [39].

In addition to CVD, hydrothermal synthesis is another method to
produce silica. In general, hydrothermal processes are carried out in a
high-pressure enclosed compartment under subcritical or supercritical
solvent conditions [40]. The utilisation of traditional hydrothermal
method exhibits some drawbacks including poor yield, extensive process
durations, and heterogeneous structure. This flaw may be remedied by
utilising a microwave as a heater [41]. This method allows the control of
the resulting nanoparticles morphology [42], able to produce material
that is unstable near the melting point, and large crystals of high quality
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[34]. However, it requires high temperature furnace and heating devices
[39]. Fernandes et al. [43] synthesised MSN KIT-6 via hydrothermal
synthesis whereby hydrochloric acid (HCI) was used to keep the medium
acidic, the triblock copolymer P123 as an organic structural template,
and tetraethylorthosilicate (TEOS) as a source of silica. Silmi et al. [40]
reported that hydrothermal is one of the most well-known and successful
synthesis techniques for generating MSN KCC-1 with tuneable pore and
particle size.

Furthermore, microemulsions are self-aggregated colloidal system
that gives a controllable system with potential use of nanoreactors. They
can function as pools within which nanoparticle characteristics may be
easily regulated [44]. According to Narayan et al. [4], this approach is
presented as a new MSNs synthesis technique. This method is able to
control the size, shape, and crystal structure of the metallic nano-
particles; thus, generating a series of seeds with various shapes and sizes
using the same reagents. Furthermore, controlling reaction duration,
temperature, and reaction conditions will create various geometries that
could be potentially used in many research fields [44]. However, this
method requires a large amount of surfactant and its stability is influ-
enced by the pH of the microemulsion [34].

Sonochemical synthesis was one of the first techniques developed to
produce engineered nanomaterials [45]. Ultrasound irradiation is a
simple way to make a range of nanomaterials from inorganic precursors,
mostly by primary, secondary or combined sonochemistry effects. When
the secondary sonochemical synthesis uses the post-produced chemical
consequences in the liquid phase, the primary sonochemical synthesis
refers to the extreme transitory circumstances such as high pressure and
temperature from the collapse of the cavitation bubbles [46]. Thus, this
high-intensity ultrasound offers a unique approach to nanoparticle
synthesis that avoids the need for bulk high temperatures, high pressures
or extended reaction periods [42]. However, this method produces low
materials yield [34].

Chemical precipitation is a prevalent method in synthesising silica
nanoparticles due to its energy efficiency and excellent processing time
[24]. Another effective soft chemical route to mix oxide materials is the
co-precipitation technique or known as the solid-state analogue or a
side-branch of the sol-gel process [47]. Co-precipitation reactions occur
when nucleation, growth, coarsening, and/or agglomeration processes
happen at the same time. This technique is simple, allows easy size and
deposition control, requires minimal temperature, and is energy effi-
cient [48]. It also has the benefit of producing homogenous nano-
materials with small size and size dispersion directly into the solution
through various chemical reactions [49]. However, Rane et al. [48]
stated that this approach is not applicable to uncharged species and the
product obtained may include precipitated trace impurities. Further-
more, it suffers from batch-to-batch reproducibility issues.

Lastly, because of its ability to produce a pure and homogenous
product under mild circumstances, the sol-gel method has been
frequently utilised to produce MSNs [19]. It is a simple, economical, and
efficient method in producing high quality coating [34]. However, this
synthesis technique necessitates the use of expensive raw materials and
a high-temperature furnace or heating apparatus [39]. In the presence of
acid or base, this process includes the hydrolysis and condensation of
metal alkoxides such as TEOS (Si(OEt)4) or inorganic salts such as
NapSiOs [4,19]. The dimensions and morphologies of the resultant
materials are influenced by temperature, water content, pH, surfactant
or copolymer properties, and the concentrations and sources of the silica
employed in the process [5].

2.3. Comparative assessment of silica production methods

Majority of commercial silica extraction methods are both costly and
time consuming [9]. The Stober method is used to synthesise mono-
dispersed silica particles in the sub-micrometer range [50]. In this pro-
cess, tertraethylothosilicate (TEOS)undergoes hydrolysis, followed by a
polycondensation reaction to produce non-porous silica particles.
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Besides TEOS, a number of low cost silica precursors such as NaySiO3
solution have been used [4,19]. Sometimes, surfactants are also added to
control the pore size of MSNs. Appropriate control of pore sizes is very
essential especially when the MSNs are used as a support material to
load different components.

The synthesis of MSNs is much more expensive than conventional
silica as it has higher specific surface area, pore volume and unique pore
size. As a result, extracting MSNs from waste can be both cost-effective
and environmentally friendly. Table 1 compares several aspects of silica
production using various methods in terms of process, cost, practicality
and safety aspects. When compared to industrially used methods, silica
recovered from waste treated with alkali gives high purity silica at a low
temperature. By dissolving waste in sodium hydroxide (NaOH) solution,
NaySiOs3 could be easily obtained, and silica can be quickly precipitated
from solution using sol-gel process [9]. A few ways for obtaining silica
from waste and other commercial sources have been reported. In com-
parison to conventional method, physical method is an easy straight-
forward, cost-effective and environmentally friendly method. However,
the silica produced by this method have flaws in their structure and they
tend to be contaminated during the process. In terms of practicality, this
method is reproducible and suited for a large scale-manufacturing. Be-
sides, chemical method is one of the most used methods in producing
MSNs due to its simplicity and ease of process. Although this method is
able to produce high purity MSNs, this method is not practical due to its
expensive cost, non-environmentally friendly and high temperature
requirement. The raw materials used such as TEOS, tetramethylortho-
silicate  (TMOS), methyltriethoxysilane = (MTES) and poly-
ethoxydisiloxane (PEDS) [51] are expensive and they are subjected to
high temperature synthesis process. In terms of environmental aspect,
this method uses inorganic acid which requires proper disposal due to its
non-environmental friendly nature. On the other hand, green chemical
method is considered simple although it requires pre-treatment step of
the waste. It is also cost-effective due to the usage of inexpensive
chemicals. In terms of practicality and safety, it can be produced at a
larger scale and does not require high temperature equipment.

3. Chemical treatment for silica production

Many works have investigated the use of industrial waste particu-
larly FA to produce SiO3 nanoparticles. Most of the approaches are based
on the chemical route due to the simplicity of the process. Fig. 2 shows
the general procedure for the chemical treatment process in producing
SiO, nanoparticles. In general, there are three main processes under
chemical treatments, which are acid leaching treatment, alkaline
treatment, and silica recovery. Acid leaching is an effective pre-
treatment process to remove organic matter and metallic impurities in
the waste [52]. By incorporating the acid leaching treatment method,
the yield and purity of the silica increase significantly [52] and a higher
surface area of a silica product could be obtained [53]. This is because
acid leaching treatment affects the chemical composition of the waste
[53]. According to Kwan and Wong [52], acid-treated waste exhibits a
low degree of silica crystallisation during combustion process. The
crystallisation catalyst has been removed, and the waste becomes less
sensitive to the combustion temperature. The combustion process under
controlled temperature produces acid-treated waste that contains rich
amorphous SiOy, low alkali oxides, low unburnt carbon, smaller particle
size, and large specific surface area compared to the non-acid treated
waste.

After the acid leaching treatment process, the pre-treated waste
undergoes alkaline treatment to form a NaySiOj3 solution. Alkaline
treatment is an essential step in disrupting the waste’s compact structure
and enhancing the silica yield. This is because the bonds between silica
and other components in the waste are broken down and dissolved into
an alkaline medium called NaySiO3 solution [54]. According to Anuar
et al. [55], silica does not react with water due to its weak acidic nature.
Silica only reacts with strong bases reagents such as KOH and NaOH. As



N.A. Abdul Razak

Table 1

Comparison of silica production method.

et al.
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Method Ease of process Economics Environmental Practicality Safety Final silica
properties produced
Chemical Simple [34] Requires expensive raw Not environmentally Not practical for Requires high High purity MSNs
method (sol- materials and high friendly due to the usage of  industrial scale temperature [39] can be produced
gel) temperature furnace [39] inorganic acid [4,19]

Green chemical
method

Simple but requires
pre-treatment step

Cost-effective due to the usage
of inexpensive chemicals

Environmentally friendly
due to the usage of organic
acids

Reproducible in a
large-scale
manufacturing

Doesn’t require
high temperature

The purity depends
on pre-treatment
and synthesis
conditions

shell

Physical Easy and Cost effective [30] Environmentally friendly [34] Reproducible in a Requires low Difficult to obtain

method straightforward large scale temperature [30] high purity and

[27] manufacturing [34] nanosized silica

Commercial Complicated and Expensive. Requires Large amount of CO, emission Longer time and Requires high High purity MSNs
method time-consuming [9] expensive pre-cursors and  during extraction process [9] higher temperature temperature of up can be produced
high-temperature process to 1300 °C [9]
equipment [9]
s =
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Fig. 2. Simple procedure of chemical treatment process for silica production.

a result, the only way to extract silica from waste is to dissolve it in a
strong alkaline solution.

The final stage of the process is the recovery of the silica through the
precipitation route. Under the recovery stage, several available methods
can be used such as hydrothermal synthesis [19], co-precipitation
technique [24], and sol-gel process [25]. In the precipitation route,
precipitants typically acid solutions are added into the alkaline silicate
solution to promote the formation of silica due to the Na™ exchange from
the alkaline silicate structure to the acidic solution [55]. The pH of the
alkaline silicate solution needs to be adjusted in order to obtain silica
particles [56]. This is because silica solubility increases as the pH of a
solution rises. Thus, the basic requirement is to use acidic reagents to
lower the pH of the alkaline silicate solution.

3.1. Acid leaching treatment

Chemical leaching is a process to extract metal from a solid phase to a
liquid solution using acids or bases, surfactants, chelating agents, salts or
redox agents [57]. This is because chemical leaching is an effective
pre-treatment process to remove or reduce the concentration of toxic
metals in the waste to obtain a higher yield and purity of desired
products such as silica [52]. The chemical leaching process is also used
to recover metal waste, which may be considered as a source of valuable
metals that would otherwise be disposed of in landfills; hence, causing

environmental issues [58]. Typically, acidic solutions are used to
recover metals by using suitable leachates, which cause the dissolution
of the metallic fractions of the waste. Finally, the metals from the waste
are leached out into the solution [59]. The ash reaction with an acid
solution such as HCI can be expressed as follows [60]:

3A1,05+2Sis ) + 18HCl ) —~6AICk o) +2Si0s () + 9H,0( ¢3)

Several acids can be used for acid leaching treatment such as HCl
[14], sulfuric acid (H3SO4) [52,61], citric acid (CgHgO7), acetic acid
(CH3COOH), oxalic acid (CoH204) [62], and nitric acid (HNO3) [52,63].
The selection of acid generally depends on the metal content in the
waste, and the presence of inert elements or poisonous compounds [64].
Azat et al. [53] found that treating rice husk ash with HCI could remove
trace elements such as K;O, CaO, MnO, and ZnO from the waste and
improve the purity of the final silica produced.

Gao et al. [62] compared the performances of four acidic solutions
HCl, CH3COOH, CyH204, and CgHgO; towards product distribution
(Fig. 3 (a)). It was observed that after the leaching treatment, trace el-
ements such as NayO, Al,O3, and Fe;O3 could still remain in the silica
product but at a very low concentration due to the phase transformation
from oxides to soluble ions (Fig. 3(a)). Higher SiO, purity was obtained
from all three organic acids compared to the inorganic acid, suggesting
organic acids have a more significant leaching effect. Xu et al. [65]
stated that an acid leaching treatment on rice husk waste affects the
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(a) Reprinted with permission from Elsevier. (b) Reproduced from IOP Publishing and c) Reproduced from TUBITAK academic journals.

trace element content in the waste. HCl was found to be more effective in
eliminating metallic impurities compared to other leaching agents. The
trace amounts of K20, Nay0, CaO, MgO, Al,O3, and Fe;Og3, were reduced
to relatively low levels, particularly potassium. HNO3 and HSO4 per-
formed well in removing alkali metals, increasing the surface areas and
lowering the carbon residue percentage of the waste.

Farirai et al. [14] treated sugarcane bagasse ash with CgHgO7 in
which metal impurities such as Aly03, Fe3O3, MnO, and CaO were
significantly reduced after the leaching treatment, yielding to 98.92%
amorphoussilica. Nassar et al. [6] investigated the use of HNOg followed
by H,SO4 for the acid leaching treatment of rice husk (RH). It was found
that the acid addition sequence for acid leaching and titration steps play
a vital role in determining the purity, yield, and crystallite size of the
synthesised silica product. The combination of both acids removed Ca
(Al»Si0,0g), resulting in a single-phase product of silica that is cristo-
balite beta. Azat et al. [66] found that even though HCI pre-treatment
could lead to greater purity products, C¢HgO; pre-treatment might be
considered as an alternative solvent due to its lower cost and environ-
mental impact. In order to enhance the leaching pre-treatment effi-
ciencies to eliminate organic and metallic impurities, the solution’s
concentration, reaction time, and temperature should be controlled
appropriately [56].

The recovery of metal can be significantly affected by acid concen-
tration due to the H' concentration [67]. Librea et al. [68] compared the
performance of different HCI concentrations (0.5 M, 1 M, and 2 M) for
RH. After being leached with 2 M HCI, the impurities of Mg, Al, K, Ca,
Rb, Ti, and Mn were undetectable. Cl, on the other hand, was found in
the acid-treated waste as a result of trapped acid in the rice husk fibres.
Due to the elimination of impurities, Si content was observed to rise due
to the leaching treatment (Fig. 3 (b)). With 0.5 M HCI, the removal of
Ca, Fe, K, Mn, and Zn was more effective. When compared to these
metals’ ionic forms, H" was more reactive. H' can displace these ions in
the waste matrix; thus, allowing for efficient metal impurity leaching.

However, it was discovered that when the acid leaching concentration
increased, the leaching efficiency declined accordingly. Therefore, it
was concluded that 0.5 M HCl is the best concentration to be utilised for
acid leaching of waste for silica synthesis.

It is worth noting that acid leaching treatment can significantly in-
crease the waste’s surface area, pore volume, and pore diameter. This is
because, following the leaching treatment, the hydrolysis of lignin and
cellulose into smaller compounds and the dissolution of alkali metals
promote the volatilization of fixed carbon in the waste. Furthermore,
eliminating organic carbohydrates cause the waste’s internal pores to
open, resulting in a looser and porous waste structure formed. Fig. 3 (¢)
shows the scanning electron microscopy (SEM) images of the RH with
and without HCI pre-treatment. A significant structure breakdown was
observed for the HCl-pre-treated RH due to acid delignification and
therefore, amorphous SiO, with 50 nm could be obtained [53]. There
was a difference of less than 3% in the total weight loss between
acid-treated and untreated waste, indicating that the leaching treatment
impacted the waste’s thermal stability. However, it must be pointed out
that inorganic acid is not environmentally favourable due to the need for
expensive corrosive resistant processing equipment and specific disposal
treatment of the used acid [61].

Chindaprasirt and Rattanasak [69] pre-treated bagasse FA with a
lower HCI concentration (1 M HCI) and discovered that the quantities of
metal oxides (Aly03, CaO, SO3, MgO, and K,0) were reduced due to the
interaction with the acid, particularly CaO. The metal elements, on the
other hand, interacted with HCl producing a chloride salt solution.
Furthermore, since the acidic solution did not react with carbon, the LOI
of the treated waste showed no changes. However, it was also deter-
mined that the acid leaching treatment had no substantial impact on the
waste’s morphology. Meanwhile, Steven et al. [70] compared the per-
formance of three different acid leaching sequences of rice husk waste
for silica extraction. It was discovered that acid leaching performed
before the additional treatments resulted in pulverised waste and
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lowered the void fraction. As a result, reduced bulk volume on the
sample was reported. Therefore, agitation was introduced to make the
extraction process easier. The leaching process removed the majority of
impurities and increased the silica purity.

Leaching efficiency is also affected by the operating temperature
[71]. Zhao et al. [72] discovered that the removal effect of Al, Ca, and Fe
at 85 °C was better from bauxite reaction residue compared to Ti. This is
because Ti is primarily existed in the form of rutile and anatase, making
it difficult to leach out at low temperature. The leaching procedure was
also discovered to efficiently break down the structure of
poly-aluminium chloride (PAC) and converted it to aluminium chloride
solution. Due to the lack of PAC, it also eliminates CI". As a result, prior
to the leaching procedure, the removal rate of Al, Ca, Fe, and Ti also
rises. Osman and Sapawe [73] conducted acid leaching treatment on oil
palm frond waste at a slightly lower temperature of 70 °C. The findings
showed that leaching treatment reduced the amount of inorganic oxide
in the waste. This removal was based on the principle that the acid’s
carboxyl groups serve as a chelating agent by donating H" and forming
stable complexes with metal ions. As a result, positively charged ions
such as K, Ca™, and Mg" were significantly reduced following leaching
treatment, whereas Fe content was eliminated. Usgodaarachchi et al.
[74] treated rice husk with HCI at 80 °C and discovered that metallic
impurities including Fe>*, Ca?*, Na™, K*, and Mg?" could be eliminated.
The treated waste was white compared to the untreated waste, which
was light brown. As a result, the purity and colour of the silica products
were affected.

Lastly, leaching time also affects the leaching efficiency of a waste.
According to Gao et al. [75], the leaching rate of Fe from coal FA
gradually increased between zero and 2 h and started to reach a plateau
after 2 h. It was concluded that the optimal leaching time was 3 h. Bain
et al. [76] treated bottom ash with CgHgO7 and HCI for 12, 20, 48, and
72 h to study the effect of time taken on heavy metal removal efficiency.
When the bottom ash was immersed for 20-72 h, the efficiency of
CeHgO7 increased, and the removal efficiency of As improved. However,
it was also noted that with CgHgOy7, the removal efficiency of Cu and Zn
declined with time. HCl was able to remove metal impurities in 12 h
leaching time due to its strong acid nature by dissolving metal ions that
were released into the acidic solution.
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Faris [77] also studied the effect of leaching time on removing im-
purities from mustard husk ash. After 25 min leaching, it was discovered
that the amount of SiO, increased, Al,O3 was eliminated, and other
impurities were reduced. Although, there was no optimal improvement
in SiO purity, Al,O3 and MgO were able to be removed together with
other impurities were reduced after more than 50 min leaching. FesS
levels were also found to increase when the leaching was carried out for
up to 90 min leaching. According to the findings, the optimal leaching
time for mustard husk ash was 50 min Table 2 summarises some of the
synthesis parameters used by previous studies for acid leaching
treatment.

3.2. Alkaline treatment

Alkaline treatment is a process producing NaSiO3 solution from raw
materials using NaOH solution. The reaction of the obtained product
from ash can be written as Eq. (2) [78]:

NaOH + SiO,— Na,SiO; + H,0 2)

There are many parameters such as concentration, temperature, and
operating time that need to be controlled in alkaline treatment. These
parameters affect the purity, crystallinity, and surface area of the silica
product. According to Fajaroh et al. [79], the concentration of the
alkaline solution affects the crystallinity and specific surface area of the
particles. To produce the intermediate monomer structure, the simplest
amorphous silica only has to separate two Si-O links based on the bond
energy alone. Quartz, on the other hand, requires the breaking of four
Si-O bonds and a single Si-O bond, which is generally produced using a
high-pressure hydrothermal process (Fig. 4) [72]. Zhao et al. [72] also
discovered that the alkaline treatment’s reaction temperature affected
the silica extraction rate. This is due to the amorphous silica’s strong
dissolving capabilities. Meanwhile, operational treatment time has an
impact on the silica solubility, which influenced the silica’s purity and
crystallinity.

One parameter that significantly affects the silica product obtained
from NaySiO3 solution is the alkaline concentration. According to
Fajaroh et al. [79], the higher the concentration of the silicate solution,
the smaller the crystallinity of the particles generated and the bigger the

Table 2
Previous studies on extraction of silica using different acid leaching parameters.
Raw material Investigation parameters Impurities removed/reduced Reference
Type of acid Concentration Temperature Duration (h)
(9]
Rice husk ash HCl, H,SO4, HNO3 IN,3N,3N ambient 1,25 Reduce impurities such as K0, Na,;0, CaO, MgO, [65]
Al,03, and Fe,03
Fly ash HCI, CH3COOH, C2H204, - 25 1 Remove impurities such as Na0, Al;O3, and Fe;O3 [62]
CeHgO7
Sugarcane bagasse CgHgO7 5% in 500 mL 90 3 Reduce impurities such as Al;03, Fe;O3, MnO, and [14]
ash CaO
Rice husk ash HNO3, HySO4 2M 80 3 Remove Ca(Al,Si0,0g) [6]
Rice husk HCl 2M - - Remove impurities such as K0, CaO, MnO, and ZnO [53]
Rice husk HCl 05M,1M, - 48 Remove impurities such as Mg, Al, K, Ca, Br, Mn, Rb, [68]
2M Zn, Ti, and Fe
Bagasse fly ash HCl 1 25 2 Reduce impurities such as Al,03, CaO, SO3, MgO, [69]
and K,0
Rice husk ash HCl 1 100 1 Reduce most impurities [70]
Rice husk HCI, CcHgO, 2 90 2 Reduce impurities [66]
Bauxite reaction HCl 8 85 3 Reduce impurities such as Al, Ca, Fe, and Ti [72]
residue
0Oil palm frond ash CeHgO7 - 70 1 Reduce impurities such as K, Ca, and Mg [73]
Remove Fe completely
Rice husk HCl - 80 5 Remove impurities such as Fe, Ca, Na, K, and Mg [74]
Coal fly ash HCI, H,SO4, HNO3 - 55, 65, 75, 85, 1,2,3,4 Remove Fe [75]
95
Powerplant bottom CgHgO7, HC1 - 70 12, 20, 48 72 Remove impurities such as Cu, Zn, and As [76]
ash
Mustard husk ash CeHgO7 1,2,3,4,5,6 25, 60, 80, 95 0.4,0.8,1.5,2, Remove impurities such as Al,O3 and MgO [77]
3 Reduce impurities such as KCl, Fe,S, and Ca
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specific surface area of the particles produced. Farirai et al. [14] con-
ducted an alkaline treatment process of sugarcane bagasse ash using 2 M
NaOH solution. High purity amorphous silica of 98.92% in nanosize
ranging from 6 to 24 nm and a high specific surface area of 240 m?/g
was successfully obtained. The alkaline treatment during the synthesis
stage developed particle agglomeration that resulted in clusters. The
surface area of the synthesised silica was also superior compared to the
commercial silica utilised in the study.

Furthermore, Zhao et al. [72] compared the silica extraction rate of
five different concentrations (1 M, 2 M, 3 M, 4 M, and 5 M) of NaOH
solution used during the alkaline treatment. When the concentration of
NaOH solution was increased from 0 to 5 M, the silica extraction rate
increased from zero to 85.66%. The concentration of NaOH had a
considerable impact on silica extraction. It was clear that the silica
collected were mainly in the form of amorphous silica. Meanwhile,
Sethy et al. [80] used 1 M NaOH solution to produce NaySiO3 from
bamboo leaf ash. A high percentage of amorphous silica nanoparticles
with an average particle size of 20 nm was obtained along with a few
large-sized agglomerated nanoparticles.

Fatimah et al. [81] conducted an alkaline treatment process of
bamboo leaf ash to extract silica in which 4 M NaOH solution was used.
Amorphous biogenic silica with a purity of 96.4% and 98 m2/g of sur-
face area was successfully obtained, and no impurities were detected.
Jumari et al. [82], on the other hand, used 2 M NaOH for the production
of NaySiO3 solution from coal FA. Amorphous silica was successfully
obtained with a diameter of ~7.5um consisting of clustering
sub-micron-sized primary particles, small adherents on the surface, and
NaCl impurities in the sample. This occurred as a result of an incomplete
cleaning process or salt that was trapped in the silica matrix.

The impact of reaction temperature on silica extraction is also
important to consider, particularly in terms of yield, purity, crystallinity,
and surface area of the silica product. Park et al. [83] evaluated the
performance of silica extraction at six different alkaline reaction tem-
peratures (25 °C, 60 °C, 70 °C, 80 °C, 90 °C, and 100 °C) and found that
only a small amount (1.4-14%) of silica leached from the rice husk into
the NaOH solution at 25 °C. The silica yield increased to 68.4% at 60 °C.
However, after reaching 70 °C, the silica yield did not improve. It can be
concluded that the best reaction temperature for the alkaline solution of
rice husk would be 70 °C. As a result, amorphous silica with a purity of
98.5% and surface area of 1.97 m?/g was successfully obtained. Zhao

et al. [72] also found that when the alkaline reaction temperature
increased from 25 °C to 90 °C, the silica extraction rate increased from
72.13% to 81.84%. As a result, due to the high dissolving amorphous
silica, the alkaline treatment was performed at a lower temperature.

Nguyen et al. [84] studied the effect of temperature on the extraction
of silica nanoparticles from rice husk ash. The study was performed
using a temperature ranging from 60 °C to 100 °C with an interval
temperature of 10 °C. The amount of silica obtained increased with the
temperature, and the maximum amount was observed around 90 °C.
The amount remained the same until 100 °C. The maximum extraction
mass and efficiency of silica was 1.66 g and 83%, respectively. Spherical
shaped silica with a purity of 98% and a specific surface area of 78 m?/g
was obtained. However, little remaining sodium was observed due to
imperfect washing. On the other hand, Dhaneswara et al. [85] treated
rice husk ash with alkaline solution at a temperature of 80 °C. The
extracted amorphous silica has a purity of 98-99%. However, potassium
was observed to be the only impurity detected in the synthesised silica.
The extracted silica has a surface area ranging from 76.75 to
236.2 m2/g. The elimination of organic matters and impurities during
the reflux process with NaOH resulted in a large surface area of the silica
produced from rice husk ash.

Nayak et al. [86] conducted alkali treatment of rice husk ash using
NaOH solution at 90 °C. After the alkaline treatment, a combination of
small grain-like and fine particles was seen due to the formation of
clusters and the highest silica product recovered from the NaOH treat-
ment was 99.13%. The amorphous silica obtained possessed an irregular
arrangement and porous network structure with a spherical form of less
than 200 nm with purity ranging from 74.89% to 91.35%. The presence
of mineral impurities in the silica was caused by the formation of instant
gel during the neutralisation process, which entrapped Na, K, and Cl
ions. Meanwhile, Alam et al. [87] conducted an extraction experiment
using treated bottom ash to understand the dissolution behaviour of
silica and the formation of secondary silicate species at various tem-
peratures. Approximately 20% of the available silica dissolved at 20 °C
and 75 °C, while more than 55% of silica was obtained. This is because
the dissolution of silica is enhanced under non-ambient alkaline tem-
peratures. No significant difference in the extraction efficiency was
noticed upon further increasing the reaction temperature to 90 °C.

Although the effect of operating time on silica extraction does not
appear to be significant, Zhao et al. [72] found that the dissolution of
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silica was relatively rapid with silica extraction reaching as high as
76.46% at 30 min followed by a minor increase of 5.82% when the re-
action was carried out for 5 h. Because most of the silica in the bauxite
reaction residue are not wrapped with other minerals, it can be
concluded that most of the silicate minerals generate silicic acid and
amorphous silica is precipitated. As a result, NaOH is able to recover
most of the silica. Haq et al. [88] studied the effect of operating tem-
perature on silica extraction from rice husk ash from 20 min to 2 h. It
was discovered that the yield percentage of extracted silica increased up
to 90 min and then remained constant.

Yadav and Fulekar [12] extracted silica from FA using NaOH treat-
ment for 90 min. The presence of Si and O validated the production of
silica nanoparticles from FA with particle purity ranging from 94% to
97%. The morphology of the synthesised silica was spherical and in the
range size of 10-60 nm. Osman and Sapawe [89] managed to extract
68.4% of silica from oil palm frond ash after an hour of treatment. The
purity of the amorphous silica obtained was 90%. Nazriati et al. [90]
extracted silica from sugarcane bagasse ash using NaOH treatment for an
hour. Hydrophobic silica aerogels with high surface area ranging from
450 to 1114 m?/g and the pore volume ranging from 0.75 to 2.16 cm®/g
were successfully synthesised. Nassar et al. [6] successfully synthesised
pure silica nanoparticles with controlled phase, purity and shape from
rice husk ash using NaOH treatment for 45 min. Silica was extracted by
dissolving it in NaOH solution and then converting it into sodium silicate
solution. The amorphous silica product consisted of aggregates of two
distinct morphologies (peanut and irregularly shaped particles) with an
average size of 14 nm, a surface area ranging from 4.09 to 59.28 m?/g,
and an average pore diameter of 11.42-14.88 nm. The fabricated silica
product was made up entirely of Si and O components, indicating that it
was extremely pure. Table 3 summarises some of the synthesis param-
eters used by previous studies for the alkaline treatment process.

3.3. Recovery of silica

There are many methods available for silica recovery. These include
CVD, hydrothermal synthesis, microemulsion technique, sonochemical
technique, co-precipitation technique, and sol-gel technique. Based on
the simplicity and efficiency of the process, hydrothermal, co-
precipitation, and sol-gel are the most widely used techniques for the
recovery of silica.

3.3.1. Hydrothermal synthesis

Hydrothermal synthesis refers to the synthesis of chemicals in a
sealed and heated solution above ambient temperature and pressure
[91]. During the hydrothermal process, the chemical reactions occur in a
sealed and heated aqueous solution at temperatures more than 25 °C
and pressure greater than 100 kPa to produce crystalline materials
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directly from the solution. Pressures as high as 500 MPa and tempera-
tures as high as 1000 °C can be used in this method to improve the
reactant dissolution which resulted in the nucleation and growth of
certain types of materials [92].

The term “hydrothermal” comes from earth science in the nineteenth
century, and it refers to a temperature and water pressure regime. The
crystal growth in the artificial hydrothermal synthesis process is typi-
cally carried out in an autoclave, which is a steel pressure vessel [91].
This technique has been successfully utilised to synthesise a wide
spectrum of nanomaterials. It also offers a number of advantages over
other techniques such as the ability to create nanomaterials that are
stable at high temperatures [93]. Different synthesis strategies for pre-
cise control of hydrothermal synthesis conditions have recently been
developed to tailor synthesised product properties in terms of size,
shape, and composition [92]. Internal factors related to the reaction
system such as the use of organic additives, templates, and substrates, as
well as external environmental effects of the use of microwaves, electric
fields or magnetic fields during hydrothermal synthesis to achieve
desired materials structure forms, are part of these strategies [94]. Fig. 5
shows some of the silica products synthesised using hydrothermal syn-
thesis. Wang et al. [95] synthesised cyanofunctionalized mesoporous
silica nanospheres from coal FA and the SEM image (Fig. 5 (a)) showed
uniform spherical microstructure. This is because synthetic method was
applied from homogeneous aqueous system to heterogeneous
alkanes-aqueous system, microstructure of the material changed from
irregular agglomerate to uniform spherical microstructure. Arumugam
et al. [96] synthesised MCM-41 from bamboo leaf ash and observed
agglomeration of primary particles into larger particles which physically
resembled irregular rods (Fig. 5 (b)). The large aggregates were due to
the insertion of irregular cylindrical rods in a continuous, and extensive
layering among each other. On the other hand, Wang et al. [63] syn-
thesised SBA-15 from coal gangue and the SEM image (Fig. 5 (c))
showed several spherical particles with average diameters of 2-3 ym
followed by some small irregular shape particles. Other than that, Bathla
et al. [97] hydrothermally synthesised silica nanowired from rice husk
ash. The obtained silica had smooth morphology with no visible irreg-
ularities on the surface and it showed wire-like and web-like structure.

Different processing factors such as the type of surfactant, hydro-
thermal temperature, and reaction time influence the porosity and
morphology of the synthesised silica. The employment of surfactants in
the synthesis of silica materials has long been known to impact impor-
tant material characteristics including pore diameter, structural order,
and phase behaviour [98]. Liou et al. [99] prepared SBA-15 through
hydrothermal treatment using a surfactant mixture of P123 and HCI. The
isotherm of the silica produced was type IV isotherms, which is related
to hysteresis type H1 that indicates the production of slit-like mesopores
in the material was based on the pore structure analysis. According to

Table 3

Previous studies on extraction of silica using different alkaline treatment parameters.
Raw material Investigation parameters Silica properties produced Reference

Concentration (M) Temperature (°C) Duration (h) Purity (%) Crystallinity Surface area (mz/g)

Sugarcane bagasse ash 2 Reflux 1 98.92 Amorphous 240 [14]
Bauxite reaction residue 1,2,3,4,5 45, 60, 75, 90 05,1,2,3,5 81.45 Amorphous - [72]
Bamboo leaf ash 1 80 2 - Amorphous - [801
Bamboo leaf ash 4 105 4 96.4 Amorphous 98 [81]
Coal fly ash 2 90 4 ~ 94 Amorphous - [82]
Rice husk 0.1, 0.15,0.2, 0.5, 1 25, 60, 70, 80, 90, 100 1,23,4,5 98.5 Amorphous 1.973 [83]
Rice husk ash 2,25,3.0,35,4 60, 70, 80, 90, 100 1,15,2,25,3 98 - 78 [84]
Rice husk ash - 80 1 98-99 Amorphous 76.75-236.2 [85]
Rice husk ash 1 90 2 74.89-91.35 Amorphous - [86]
MSWI bottom ash - 20, 75, 90 24, 48,72 98.5 Amorphous 870 [87]
Rice husk ash 0.4, 0.6, 0.8,1.0, 1.2 Reflux 0.5,1,1.5,2 - Amorphous - [88]
Fly ash 8 95 1.5 94 Amorphous - [12]
Oil palm frond ash 2 Ambient 1 ~90 Amorphous - [89]
Sugarcane bagasse ash 2 Boil 1 - Amorphous 450-1114 [90]
Rice husk ash 2 Reflux 0.75 - Amorphous 4.09-59.28 [6]
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the pore distribution, the silica obtained contained large mesopores with
a centre diameter of 6.34 nm. The silica had a pore volume of
0.876 cm>/g and a specific surface area of 472 m?/g. The silica particles
obtained had a mesopore fraction of 100%. The aggregated silica par-
ticles were 0.33 pm wide, which is normal for SBA-15. A large-scale
hexagonal mesostructure of silicate compounds and self-assembled
surfactant micelles was seen in the silica. The average mesoporous
diameter was 6.5 nm, which was close to the pore size analysis value.

Fatimah et al. [100] utilised cetyl trimethyl ammonium bromide
(CTAB) as the surfactant for the synthesis of silica. The silica produced
from the bamboo leaf ash had a broad peak XRD spectra at 20 = 22°,
which corresponded to the amorphous silica. The silica had a purity of
98.92% and was found to have a random rough surface with mostly
between 10 and 40 nm in size. The existence of cubic nanostructures and
irregular spherical particles is indicated by the irregular shapes, which
are consistent with the SEM profile. Meléndez-Ortiz et al. [98] studied
the effect of co-surfactant in the synthesis of mesoporous silica material
of MCM-41. The XRD analysis confirmed that the 2-propanol anhydrous
(i-PrOH) produced a well-ordered mesoporous MCM-41 silica. Aside
from that, the sample produced from butanol (BuOH) only had a wide
peak (plane 100) with low values of 26, while the peaks for the (110) and
(200) were absent due to a disordered silica structure. This behaviour
may be explained by the fact that the amount of condensation decreases
as the number of carbon atoms in the co-surfactant chain increases. As a
result, better ordered mesoporous silica was produced with greater
condensation rates. In addition, the MCM-41 sample from BuOH had the
greatest p-spacing value. When the length of the alcohol chain increases,
the thickness of the amphiphilic bilayer of the surfactant phase
increases.

Besides the type of surfactants, hydrothermal temperature also plays
an important role in the properties of the synthesised silica. Sun et al.
[101] used an autoclave to hydrothermally treat a CTAB:Ethanol:TEOS
combination at 140 °C or 180 °C for 24 h. Adjusting the parameters of
the synthesis mixture resulted in an excellent monodispersity MSNs with
particle sizes ranging from 90 to 400 nm, nanopores of 7.4-15.7 nm and
surface area over 500 m?/g. Arumugam et al. [96] produced MCM-41
using a hydrothermal route at 100 °C. The prepared MCM-41 have a
specific surface area of 1096 m?/g, an average pore diameter ranging
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Fig. 5. Scanning electron microscopy images of
silica products synthesised using hydrothermal
method: (a) mesoporous silica nanosphere from
coal fly ash [95]. (b) MCM-41 from bamboo leaf
ash [96]. (c) SBA-15 from coal gangue [63]. (d)
silica nanowires from rice husk [97].

(a) Reprinted with permission from Elsevier, (b)
Reprinted with permission from Springer Na-
ture. (c) Reprinted with permission from
Elsevier. (c) Reproduced from Hindawi. (d)
Reprinted withpermission from Springer
Nature.

from 2.91 to 3.65 nm, and particle sizes ranging from 300 to 500 nm.

Bai et al. [102] evaluated the effects of hydrothermal temperature on
the characteristics of the synthesised SBA-15 materials. As the hydro-
thermal temperature increased, the total specific surface area of the
SBA-15 initially increased from 726.91 at 100 °C to 755.07 m%/g at
120 °C, then progressively decreased from the maximum value of
755.07 m2/g at 120 °C to 307.03 m?/g at 180 °C with a total reduction
of 60%. It was also discovered that when the temperature was increased,
the average pore size increased steadily from 5.26 to 14.09 nm. This is in
line with the calculated pore size values.

Finally, the textural properties of the produced silica are also influ-
enced by the synthesis periods of the precipitation and the hydrothermal
treatment stages. The effect of hydrothermal treatment time on the
textural characteristics of SBA-15 produced was investigated by Juarez-
Serrano et al. [103]. The synthesised silica displayed thicker and less
well-formed sticks when no hydrothermal treatment was performed as
seen in the SEM pictures. As time was extended, well-formed sticks of
increasing size and length were detected resulting in larger particles as
shown in Fig. 6. The characteristics of silica obtained at intermediate
hydrothermal treatment periods of 6 and 15 h were similar, while the
silica prepared after 24h showed an increase in the
Brunauer-Emmet-Teller (BET) surface area, external surface area, spe-
cific pore volume, and average pore size. Furthermore, silica without the
hydrothermal treatment had the smallest pore size of 4.9 nm. The XRD
data revealed that when the hydrothermal treatment period increased,
all planes moved to lower values of 20, causing an increase in the in-
tensity and the definition of the (110) and (200) peaks. The findings
indicated that more ordered materials were produced.

Majchrzak-Kuceba and Nowak [104] produced MCM-41 using the
hydrothermal method at 100 °C for 48 h. The MCM-41 obtained had a
specific surface area ranging from 170 to 610 m%/g, average pore
diameter ranging from 3.9 to 6.2 nm, and particle sizes in the range of
3-200 ym. Meanwhile, Tolba et al. [105] obtained amorphous nano-
silica with particle size ranging from 10 to 50 nm via hydrothermal
synthesis at 160 °C for 2 h. Table 4 shows the previous studies done on
the production of silica via hydrothermal synthesis.
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Fig. 6. SEM images of the silica obtained at different hydrothermal treatment times and magnifications: (a,e) no treatment, (b,f) 6 h, (c,g) 15 h, and (d,h) 24 h [103].

Reproduced from MDPI.

3.3.2. Co-precipitation technique

Co-precipitation is a method to obtain a uniform composition in two
or more cations homogenous solution using precipitation reaction. It is
one of the most significant ways for the synthesis of composites
comprising two or more metal elements [49]. In the co-precipitation
reaction, nucleation, growth, coarsening and agglomeration processes
occur simultaneously [48]. This process, much like sol-gel begins with a
solution, involves dissolving the starting components in a common sol-
vent before adding a precipitating agent to create a homogenous and a
single-phase inorganic solid. Then, the precipitate can be dissolved at a
high temperature to get the desired mixed oxide material.

10

Co-precipitation also helps keep the necessary cations close together in
the reaction medium and decreases the decomposition temperature.
Simple metal salts that dissolve easily in water or other suitable solvents
can be used as starting materials. It is one of the most used techniques in
producing nanoparticles [47].

One crucial parameter that determines the characteristics of the final
product is the precipitant concentration. Hasanah et al. [113] extracted
silica particles from volcanic ash using this method. The sodium silicate
obtained from the volcanic ash was titrated with 2 M HCI. The precip-
itated gel was separated from the solution and dried in an oven at 70 °C
to 80 °C. The white silica compounds obtained had a composition of
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Table 4
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Previous studies on the production of silica using different hydrothermal synthesis parameters.

Reference Investigation parameters Silica properties obtained

Surfactant Temperature (°C) Duration (h) Particle size (nm) Surface area (m?/ 2) Pore diameter (nm)
[101] CTAB 140 24 90-400 502 7.4-15.7
[99] P123 100 24 330 472 6.5
[100] CTMA - Overnight 10-40 - -
[96] CTAB 100 24 300-500 1096 2.91 -3.65
[104] CTAB 100 48 1x10°-2 x 10° 170-610 3.9-6.2
[105] - 100-800 1-5 10-50 - -
[98] i-PrOH, BuOH 80 72 2-3 860 - 1028 2.38 - 2.50
[106] - 170 - 100-300 - -
[107] CTAB 100 48 250 1060 2.89
[108] PP 100 2 - 134 -
[102] P123 100, 120, 140, 160, 180 24 5.29-14.09 307.03 - 775.07 5.58 - 11.20
[109] Pluronic F-127 100-200 1,2,4 - 290.4 - 677.3 12.2-15.6
[110] P123, 1-butanol 60, 90, 120, 150 0,12, 18, 24, 48,72 - 665-858 4.2-9.1
[43] P123, butanol 100 24 - 432-636 6.0-7.2
[103] P123 80 0, 6, 15, 24 - 728-930 3.8-6.2
[111] - 300 1 - 703.2 -
[112] Pluronic F-127 Ambient 24 20-30 201-497 3.6-53
[971 Edamine solution 200 120 15-35 - -

48% and granules-like shape with a pore size that was large enough to
form uneven distribution of globules as shown in Fig. 8(a). The silica
extracted also had low stability possibly due to the high content of Cl
impurities, and it possessed amorphous characteristics. Indrasti et al.
[114], on the other hand, synthesised nanosilica from boiler ash using
the precipitation method. Sodium silicate from the boiler ash was added
with 5 N H2SO4 followed by 2.5 N NH4OH. The solution was dried at
105 °C for 12 h. The silica obtained was further hydrolysed using acid
and filtered followed by a washing step. The residue was dissolved again
in NaOH and titrated with HpSO4. It was finally dried at a temperature of
105 °C for 12 h. The nanosilica obtained had a particle size ranging from
214.04 to 698.24 nm and possessed a polygonal morphology.

Besides the precipitant concentration, the pH of the solution also
plays an important role in order to control the morphology, size, crys-
tallinity, and size distribution of the silica produced. Ngoc et al. [115]
prepared high-purity amorphous silica from rice husk using this method
in which HCI was added to the sodium silicate solution obtained from
rice husk until the solution’s pH reached 4 and white amorphous pre-
cipitate was formed in the solution. The precipitate was filtered and
washed with distilled water. It was then dried at 110 °C for 3 h. The
silica powder obtained formed aggregates of primary particles (about
25 nm) and a BET surface area of 68.22 m?/g. Research on the synthesis
of silica nanoparticles co-precipitation method has also been reported by
Silvia and Zainuri [116]. Sodium silicate solution obtained from silica
sand was titrated with 2 M of HCI until the pH reached 7 and gel for-
mation was observed. The silica gel obtained was filtered and washed
until the pH was neutral. Amorphous silica was obtained with a particle
diameter of 25 nm. Nurbaiti and Pratapa [117] also reported the syn-
thesis of cristobalite from silica sand. The sodium silicate obtained from
silica sand was titrated with 2 M HCI to form silicic acid. The gel was
then dried at 100 °C resulting in amorphous silica powder. Table 5 shows
the previous studies done on the production of silica via the
co-precipitation technique.

Table 5

3.3.3. Sol-gel technique

Sol-gel process involves the formation of mineral phases starting
from soluble molecular precursors following an inorganic polymerisa-
tion reaction [118]. The reaction is carried out at room temperature, in
water or organic solvents, and in a wide range of pH or ionic strength
conditions. The “sol-gel process” takes its title from the transition of a
liquid (solution or colloidal solution) to a solid (di- or multiphase gel).
The reaction has been frequently utilised to make porous nanomaterials
with well-defined structures, complex shapes, and a high specific surface
area [119]. It is a versatile means of obtaining inorganic and
organic-inorganic networks such as glasses, ceramics, films, and pow-
ders. The sol-gel method is simple and allows for precise control of
component distribution in molecules by pre-orienting the network
[120]. This method does not require expensive chemicals and high
synthesis temperature; hence, the cost of silica production using this
method is cheaper compared to other methods.

In general, this method is based on metal alkoxide or metal oxide
solution hydrolysis and condensation. The hydrolysis stage produces a
colloidal solution known as sol, which is then transformed into a semi-
solid phase by the condensation process known as scenariosgel. To
obtain the required nanoparticles, this gel is dried at a high temperature
[42]. The utilised solvent and the addition of the reaction process are the
primary distinctions between each synthesis method and the sol-gel
technique [119]. The silica nanoparticles are obtained using the
following reactions:

TEOS in a basic solution of water and alcohol [121].

Si(OEt), +4H,0-Si0, +2H,0 + 4EtOH 3)
Sodium silicate in an acidic solution of sulfuric acid [78].
ngSiO} +H2SO4—> SIOZ + NL12504 + H20 (4)

A number of acids can be used for sol-gel technique such as HCl
[122], HzSO4 [41], C6H807, C2H204 [123], HNO3 [124,125], and
CH3COOH [126]. The type of acid used significantly influences the

Previous studies on the production of silica using different co-precipitation parameters.

Reference Investigation parameters Silica properties produced
Precipitant Concentration (M) pH Purity (%) Particle size (nm) Crystallinity
[113] HCl 2 6-7 48 - Amorphous
[114] H,SO4 NH4,OH 2.50.5 7-10 44.26 214.04 - 698.24 Crystalline
[115] HCl 0.1 4 55 ~25 Amorphous
[116] HCl 2 7 - ~25 Crystalline with amorphous background
[117] HClL 2 - - - Amorphous
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hydrolysis and condensation rate, thus affecting the reaction mechanism
of the sol-gel synthesis [127]. It also affects the pore structure of the
silica product [128]. Liang et al. [122] produced biosilica nanoparticles
from biomass powerplant FA using acid leaching treatment, alkaline
treatment, and sol-gel method. HCI was used as the acid type for the
sol-gel synthesis. The purity of the silica produced reached a maximum
of 95.63%, and the ash was effectively transformed to an amorphous
state. The hydroxyl groups in the amorphous silica were abundant
indicating that the network might be converted into a linear structure
with hydrogen bonds. Sphere-like and mesoporous silica nanoparticles
with particle size ranging from 20 to 40 nm, BET surface area of
115 m?/g, pore volume of 0.13 cm®/g, and pore size of 3 nm were
successfully obtained.

Aphane et al. [129] prepared silica nanoparticles from coal FA using
the same method as Liang et al. [122]. However, H,SO4 was used as the
acid for the sol-gel synthesis and high-level purity of up to 99.3% of
amorphous silica nanoparticle was obtained. The particles were
observed to possess mesoporous spherical shape with particle size less
than 200 nm that was aggregated to form micron-size agglomeration,
while surface areas exceeding 500 m?/g, pore volume of 0.4 cm®/g, and
pore size of 2.5 nm were successfully obtained. When compared to HCI,
HS04 as the acid type resulted in larger particle size and smaller pore
volume of silica. With the growing concern on environmental and safety
issues, efforts have been made to replace dangerous strong acids with
organic acids. Terzioglu et al. [127] titrated a silicate solution obtained
from rice hull ash using HNO3 and C¢HgO7 separately and found that the
surface area of silica aerogels prepared in the presence of CcHgO; was
found to be greater than those formed in the presence of HNOs3 at the
same gelation pH. The extracted silica aerogels had a BET surface area
ranging from 238 to 726 m?/g. The mesopore fraction of CsHgO7 gelated
aerogels was greater than that of HNO3 gelated aerogels, having pore
sizes ranging from 3.24 to 10.22 nm.

Liou et al. [123] found that the yield of silica using C¢HgO7; and
oxalic acid (CaH204) was higher compared to HCI or HySO4. However,
the remaining Na concentration was higher when CyH204 or CgHgO7
was used in the precipitation procedure. Dhaneswara et al. [85] evalu-
ated the silica synthesis performance of HCI and acetic acid (CH3COOH).
Rice husk yielded amorphous silica with a purity of 98-99%, particle
sizes ranging from 9 to 12 nm, and average pore diameters ranging from
8.4 to 15 nm. The silica recovered from rice husk by HCI acidification
exhibited the highest purity and surface area (236.2 m?/g).

Besides acid type, the concentration of the acid also plays a vital role
in affecting the silica extraction efficiency. Higher efficiency can be
achieved by manipulating the acid concentration. Yadav and Fulekar
[12] precipitated the silica using HCl with a concentration of 1-2 M. It
was possible to extract amorphous silica nanoparticles with sizes
ranging from 20 to 70 nm from waste FA. The produced silica nano-
particles were spherical in shape and clumped together to form a cluster.
The FTIR results indicated that the major groups found in the silica were
siloxane and silanol. Peaks for Si, O, C, and Na were observed in the EDS
spectra of as-synthesised silica. The presence of Si and O indicates silica
formation. The presence of Na, on the other hand, is due to the impu-
rities associated with poor washing while C is related to fly ash carbon
and adhesive tape. The purified final silica only had peaks for Si, O, and
C; indicating that the silica purity was between 94% and 97%. After
calcination and purification of the silica particles, the Si content
increased dramatically while the carbon content plummeted.

In the acidification process, Manchanda et al. [130] titrated sodium
silicate solution with 1 M HCI solution. Precipitation of silica particles
was observed when mineral acid was used to acidify the sodium silicate
solution, silicon hydroxide species condensed together to form siloxane
bonds (Si-O-Si bonds) (Fig. 7 (a)). XRD analysis revealed that amorphous
silica was absence of any ordered form of cristobalite silica. The silica
particles were uniformly distributed, spherical, and globular in shape.
The lack of a regular geometry indicates the product’s amorphous na-
ture. The particles observed an average diameter ranging from 10 to

12

Journal of Environmental Chemical Engineering 10 (2022) 107322

Step 1

Sodum Hydes Silicic acid

Jie. ckloric prvrs
e scid ?1?3 -
Step 2
«\
x x) Condensation
+ | ———
H2O
Si(OH), Si(OH), 5i-0-5i bond

Fig. 7. Mechanism of silica particles formation from (a) coal fly ash [130].
Reprinted with permission from Springer Nature.

30 nm with minimal agglomeration. The ultra-purity of the silica
product was validated by EDX analysis with Si and O making up 99.9%
by weight. Yuan et al. [131] utilised 2 M HCI solution to titrate sodium
silicate produced from coal FA. A type IV isotherm was seen in the Ni
physisorption measurement, indicating the presence of a characteristic
mesoporous structure of silica. The obtained material had an irregular
form and a worm-like mesostructured. The pore distribution was found
to be broad with a pore diameter centring at 3.9 nm and an average pore
diameter of 4.9 nm.

It must be noted that the pH of the solution plays a huge role in the
sol-gel synthesis of silica. The structure and properties of the silica
product are greatly influenced by the gelation pH. This is because
condensation processes are favoured and hydrolysis reactions are
limited under alkali conditions in which the particles produced are less
in number but bigger and denser than those created under acidic con-
ditions [127]. Mermer and Piskin [132] studied the effect of gelation pH
on the structure of the synthesised silica. According to the findings, pH 9
had the lowest density, which also means higher porosity. The density of
the synthesised aerogel was between 0.276 and 0.285 g/cm®. The XRD
analysis revealed that the silica aerogel produced had an amorphous
structure. The isotherms demonstrated that the aerogels were of type IV,
indicating that they were mesoporous. The surface areas were measured
between 338 and 943 m?/g.

On the other hand, De Oliveira et al. [133] found that at pH 7, a more
ordered structure and a higher surface area and pore volume were found
to lead an adsorbent with good efficiency. At pH 13, the formation of
microporous crystalline structures was favoured. Simatupang et al.
[134] used 3 M HCI solution to titrate sodium silicate solution until the
solution was neutral. At pH 14, the formation of silica precipitates was
observed. However, at pH 8-10, the gel began to form precipitates. At
pH 7, the addition of HCI acid wass topped. The silicic acid produced
during the synthesis of the silica gel exhibited polycondensation to form
dimers, trimers, and polymers of silicic acid by releasing water mole-
cules in the process. The amorphous nature of the silica was confirmed
using XRD analysis. The silica gel had an average pore radius of
0.015 nm, a total pore volume of 290 mL/g, and a surface area of
374 m?%/g, indicating that it was micropore.

Furthermore, by incorporating additives into the sol-gel synthesis,
the porosity of the synthesised silica can be altered; hence, reducing the
aggregation phenomena. In a study done by Aphane et al. [129], sodium
silicate was added slowly into the polyethylene glycol (PEG) solution
before gradually adding the acid solution to initiate the
hydrolysis-condensation reaction. The amorphous silica obtained
possess mesoporous spherical shape with a particle size of less than
200 nm, which aggregated and formed micron-size agglomeration with
surface areas exceeding 500 m2/g, pore volume of 0.4 cm®/g, and pore
size of 2.5nm. Terzioglu et al. [127], on the other hand, added
pre-treated silica gel into a TEOS:ethanol solution before washing and
drying the gel. The silica aerogel’s surface area ranged from 238 to
726 m?%/g with a pore size of 3.24-10.22 nm. High mesopore fractions
were also observed with a density ranging from 0.273 to 0.849 g/cm®
and porosity ranging from 61.23% to 87.53%.

Besides the mentioned additives, Mao et al. [135] added cetyl
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trimethylammonium bromide (CTAB) and n-butanol into the sodium
silicate before slowly adding the acidic solution. T presence of CTAB
created a physically adsorbed layer surrounding the silica nanoparticles
due to the adsorption of the CTAB’s positive charge heads on the silica
surface. As a result, this behaviour protects silica nanoparticles from
aggregating by preventing hydroxyl group interactions between silica
nanoparticles and between silica and water. The silica particles
dispersed fully in the water phase at lower CTAB concentrations; how-
ever, there was considerable aggregation because the CTAB molecules
did not coat evenly on the silica surface. In the n-butanol phase, silica
nanoparticles were shown to disperse homogeneously as the concen-
tration rose. However, when the CTAB concentration got higher, the
silica nanoparticles dispersed in n-butanol and aggregation phenomena
occurred in the interfacial region between the n-butanol and water
phases. This is because high CTAB concentrations cause the formation of
bilayer self-arranged micelles.

Ageing temperature can also affect the surface area of the silica
produced. According to Liou et al. [123], rising the ageing temperature
from 20° to 50°C increased the surface area of the silica produced which
leads to the rapid growth of the silica framework. The surface area
decreased when the ageing temperature was increased from 50° to
120°C because the gelation rate was faster at higher formation tem-
peratures. Pore shrinkage occurred as a result of the thicker silica
framework formed and this led to a smaller surface area. Utama et al.
[41] aged the solution at 90 °C and discovered that the microstructure of
the amorphous silica recovered was identical to the commercially
available silica. Both silicas’ main particles were uniform and had a
spherical particle shape with sizes in a nanoscale. Commercial silica, on
the other hand, has a lower primary particle size compared to the silica
obtained. The resulting silica has a BET surface area of 53.59 m?/g,
which is comparable to the commercial silica. It can be concluded that
the silica produced is equivalent to the commercially available silica.

Mao et al. [135] also compared the effects of ageing temperature on
silica particle formation. Due to the predominance of precipitation over
dissolution processes, the silica particles produced at low temperatures
of 30 °C have a particle diameter of greater than 100 nm. It was also
noticed that minimal interactions between the silica surface and the
additive employed were thought to be the cause of small silica particle
aggregation. At 60 °C, a great uniformity and reduced size of silica
particles were achieved. This is due to the fact that the state of equi-
librium between the dissolution and precipitation processes correlates
with the increased interactions between the hydroxyl groups on the
silica surface and the additive employed. However, at 90 °C, substantial
desorption of the additive was detected, resulting in an increase in
particle size compared to 60 °C.

The formation of silica particles is a reversible process whereby both
the dissolution and precipitation processes simultaneously happen
during the ageing step. The equilibrium state between these processes
could be also controlled by changing the ageing time [135]. The per-
formance of various ageing times on the sol-gel synthesis of silica was
also compared by Liou et al. [123]. It was discovered that raising the
ageing period from 1 h to 12 h resulted in a significant increase in the
silica surface area. The surface area decreased as the ageing period
increased from 12 to 96 h. It was also noted that the ageing time has an
impact on particle nucleation and surface growth. Nucleation was
mostly caused by a small amount of silica precipitates that was formed in
the acidic solution at the start of the reaction. As a result, the surface
area of the silica was not high enough. When the ageing duration was
prolonged to more than 12 h, surface development limited the silica
formation. As a result, the particle size of the silica produced increased.
The silica surface area was greatly reduced due to the low probability of
nuclei increasing continuously.

Finally, Mao et al. [135] discovered that the phenomenon of
increasing silica obtained with the increase of the ageing period was
insignificant. Due to the equilibrium state of the dissolution and pre-
cipitation processes, excellent uniform size of silica particles was
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achieved at an ageing period of 8 h when compared to other ageing
times. Unfortunately, the silica particles tended to agglomerate after
16 h of ageing resulting in high particle size. Table 6 shows the previous
studies done on silica extraction from waste via the sol-gel method.

The dimensions and morphologies of the resultant materials are
influenced by the sol-gel chemistry parameters such as temperature,
water content, pH, surfactant or copolymer properties, and silica con-
centrations and sources. As a result, manipulating these factors enable
the development of silica at various size, mesostructure, and
morphology [5]. The modification of the sol-gel technique allows for the
preparation of a wide range of porous inorganic materials that may be
utilised in many applications including chromatography and catalysis
[143]. In sol-gel chemistry, pH is extremely important. The ultimate
aerogel structure is heavily reliant on hydrolysis and condensation
processes, both of which are influenced by pH [144]. Hydrolysis is
strongly favoured in an acidic environment in which molecules undergo
oligomerisation reactions and form linear or random chain structures
composed of Si-OH groups. On the other hand, condensation dominates
in a basic environment resulting in branching networks of Si-(0-Si) with
high stiffness and stability [120,144]. Furthermore, the pH value
significantly impacts silica dissolution and reprecipitation whereby
greater pH levels offer more porous structures due to the higher solu-
bility. In contrast, lower pH levels offer dense and fine porous structures
due to the lower dissolution [144].

Terzioglu et al. [145] studied the effects of acid type and gelation pH
on the silica aerogel properties. The surface area of silica prepared in the
presence of citric acid was greater than that of silica prepared in the
presence of nitric acid at the same gelation pH whereby the BET surface
area decreased as the gelation pH for acids increased. Citric acid gelated
aerogels had a greater mesopore fraction than nitric acid gelated aero-
gels. As a result, aerogels made under alkaline conditions had larger
pores and a lower surface area than those made under acidic conditions.
It was also discovered that silica aerogels with a higher gelation pH had
a lower density. According to Rahman and Padavettan [26], more than
half of the Si atoms were present on the surface of silica nanoparticles
were smaller than 5nm. As a result, one or more silanol groups
(=Si-OH) should be present on the surface. Therefore, the degree of
chemical modification of silica is determined by the number of silanol
groups per gram of silica. The concentration of silanol groups rises as the
particle size decreases proportionally to the specific surface area.
However, the fact that the quantity of silanols decreases as the particle
size decreases implies that these nanoparticles may be chemically
reactive and ideal for catalytic applications. Ceramic nanoparticles have
a greater ability to chemically bind and even dissociate a range of haz-
ardous organic compounds than their conventional and commercial
counterparts. The increase in surface area at the nanoscale is directly
connected to this unique adsorption property.

Haque et al. [143] used a sol-gel technique with various acids and
solvents to produce ultrafine silica nanoparticles with dimensions of
2-6 nm. From the photoluminescence spectrophotometer (PL) investi-
gation, silica nanoparticles were produced with formamide and HCI was
observed to have spherical shape with greater crystallinity and
well-defined boundaries. Additives can improve aerogels’ structural and
morphological properties without affecting their original features. The
most favoured method is to use additives containing organic entities,
surfactants, and cross-linking agents in the chemical treatment. Poly-
ethylene glycol (PEG) is the most reliable and conventional additive for
aerogel synthesis. However, it has been replaced with isocyanate or
di-isocyanate, which has higher solubility and reactivity with silanol
groups resulting in increased strength, density, and porosity. Additives
also serve as modifying agents and could play roles such as limiting
shrinkage, reducing capillary tensions, and preventing crack formation
while drying [144]. Other than that, silica nanoparticles with particle
diameters greater than 100 nm were discovered by Mao et al. [135] at
low ageing temperatures. Due to the equilibrium state between disso-
lution and precipitation processes correlative with increased interaction
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Table 6
Extraction of silica from waste via sol-gel method.
Materials Investigation parameters Silica properties produced References
Acid pH Additive Aging Purity Particle size Pore size
(type) o Qe) (M) o6 (o) (om)
Biomass powerplant fly ash HCl - 6-7 - Room 12 93.63 20-40 3 [122]
temperature
Electrostatic precipitators HCl 1-2 10 - - 24 ~94-97 20-70 — [12]
thermal powerplant fly ash
Palm oil mill fly ash HyS04 - 8.75 - 90 1.67 93.4 - - [41]
Coal fly ash H,S04 0.5 4 PEG 55 Overnight  98.8 - <200 2.5 [129]
99.3
Biomass fly ash HCl 1 4 CTAB 30, 60, 90 4,8,16 ~43.7 20-30 - [135]
Thermal powerplant fly ash H,S04 - 3,5,7, TMCs 25 24 - - - [132]
9,11
Fly ash HCl 2 1-4 - - - - - - [136]
Volcanic fly ash HCl 3 6-7 - - - - - 0.031 [134]
Fly ash HClL 2 7,9,11, CTABr - 72 > 90 - 3-5.29 [133]
13
Coal fly ash, Pulp waste HCl 3 5 - - - - - - [137]
Bagasse fly ash H,SO4 1.69 10 - Room Overnight  93.3 - - [138]
temperature
Coal fly ash HCl 2 - Pluronic 100 72 - - 4.9 [131]
P123
Biomass fly ash H,S04 - 7 - - - - 4x10%- - [139]
20 x 10°
Bagasse fly ash H,SO4 & HCl 1 7 - - 18 92.5 - - [140]
Bagasse fly ash HClL 1 7 - Room 18 - - 0.3806 [141]
temperature
Palm oil mill fly ash H,S04 - 9 - - 18 82 - — [142]
Coal fly ash HCl 1 <10 - - - 99.9 40-50 10-30 [130]
Rice hull ash HNO3, 1 4 TEOS Room 18 - - 3.24 - 1022  [127]
CeHgO7 temperature
Rice husk ash CgHgO7, 1 3-11 - 20-120 1-96 99.48 - - [123]
CoHy04
Rice husk ash HCL, 1 7 - - - 98 - 99 9-12 8.4-15 [85]
CH,COOH

between hydroxyl groups on the silica surface and the surfactant
employed, silica nanoparticles with greater uniform and smaller size
were also detected at an ageing temperature of 60 °C.

4. Mesoporous silica nanoparticles (MSNs) properties

In general, there are several types of MSNs families such as MCM and
SBA. Among the members of the MCM family, MCM-41 is the most

MCM-48

a)

MCM-50

studied members. It is an amorphous silica array of unidirectional with
2D hexagonal mesopore structure that possessing a huge surface area
larger than 1000 m%/g and average pore diameter in the range of
2-20 nm [146]. Other MCM family members such as MCM-48 has a
cubic structure, whereas MCM-50 has a lamella-like structure [4].
SBA-15 and SBA-16 are among the members of the SBA family that have
been widely investigated for various applications. SBA-15 has a
well-ordered and regular 2D hexagonal architecture with

SBA-15 SBA-16

o Spherdcal pore

Cylindrical opening

Cylindrical

Fig. 8. (a) Structure of MCM-41, MCM-48 and MCM-50 [149] (b) SEM images of different MCMs (MCM-41 [151].
(a) Reprinted with permission from Royal Society of Chemistry and and SBA-15 and SBA-16 [150]. Reproduced from Frontiers. (b) Reprinted with permission from
Elsevier, MCM-48 [152]. Reproduced from MDPI and MCM-50 [153]. Reprinted with permission from Royal Society of Chemistry) and SBAs(SBA-15 and SBA-16)

[150]. Reprinted with permission from Elsevier..
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interconnecting micropores, larger pore size or diameter ranging from 2
to 30 nm, high pore volume of up to 2.5 cm®/g, large surface area of
600-1000 m?/g, and outstanding hydrothermal stability [147,148]. In
comparison, SBA-16 exhibits a complex 3D array of well-ordered mes-
oporous channels with cage-like architecture in a cubic body-centred
symmetry [146]. Fig. 8 compares the structures and SEM images of
MCM-41, MCM-48, MCM-50, SBA-15 and SBA-16.

4.1. Physical properties

Silica has a molecular weight of 60.08 gmol™* and a density of
2648 g/cm® [154]. It has four oxygen atoms around the core Si atom,
where the spatial atom of Si exhibits tetrahedral coordination. Con-
trolling the particle size, surface area, aggregation behaviours and
morphology of silica are vital, since large particle size and irregular
morphologies limit the applications. Table 7 shows typical physical
properties of silica including particle size, specific surface area and
morphology produced from various waste sources and chemical
methods. In general, it can be seen that the final particle size and surface
area of silica depends on the silica source and method of synthesis.
Yadav et al. [12] synthesized spherical shaped silica nanoparticles
(20-70 nm) from FA using sol-gel method and observed that the
morphology of the silica nanoparticles remained intact even after acidic
treatment or purification. Donphai et al. [155] used hydrothermal
method to synthesis MCM-41 from bagasse heavy ash and the FESEM
and FETEM images indicated that the MCM-41 was finely dispersed with
cluster sizes of approximately 200-300 nm and BET surface area of
1022 m?%/g.

Porous silica tends to have higher surface area which makes it more
desirable due to high demands in many sectors and industries. Chan-
drasekar et al. [156] synthesized hexagonal and cubic mesoporous silica
from powerplant bottom ash via hydrothermal method. SEM images of
the synthesized MCM-41 showed that the particles have a chip-like
morphology and aggregated particles together with particle size of less
than 2 pm. Meanwhile, SEM images of SBA-15 showed aggregation of
both worm-like and spherical particles followed by the presence of small
irregular particles due to its amorphous silica phase.

Park et al. [157] prepared mesoporous silica from bottom ash using
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sol-gel method. TEM images of the mesoporous silica samples showed
disordered pore structures with 1D mesopores. The mesoporous silicas
obtained had significantly larger mesopores and the pore structure was
more disordered. This was due to the addition of swelling agents which
were 1-butanol and mesitylene. Falk et al. [158] synthesized silica
nanoparticles from sugarcane bagasse ash via sol-gel method. TEM im-
ages of silica powder obtained clearly indicated 3D array of nano-
particles. It is possible to observe uniform and individual nanoparticles
with sizes smaller than 10 nm. High agglomeration state is favoured by
the gel drying process in which the destabilization of the system favours
the agglomerated state of the particles that are initially well distributed
in a 3D network (gel). The values of specific surface area obtained by
BET method was 124.89 mz/g. On the other hand, Mor et al. [9]
extracted spheroid nanosilica with an average diameter of 10-15 nm
from processed agricultural residue using sol-gel method. The physical
properties of silica material show a wide variation in accordance with
their source and synthesis method. It can be concluded from Table 7 that
the physical properties such as particle size and surface area of the
produced silica particles depend on the operating conditions employed.

4.2. Chemical properties

The chemical properties of silica material are directly influenced by
the major constituent of the waste. Several instruments have been
commonly used to evaluate the crystallographic structure, chemical
composition, and chemical bonds of silica. These include X-ray fluo-
rescence (XRF), X-ray diffraction (XRD), and Fourier-transform infrared
(FTIR) spectroscopy.

XRF investigation is typically performed to evaluate the chemical
composition of the ash waste as a source of silica. This analysis will
provide an understanding on the type of oxides and the quantity of silica
available in the waste. If the quantity of silica is not high enough, it
might not be economical to produce silica from the waste. XRF is also
used after the synthesis of silica to confirm the effectiveness of silica
extraction and to determine the quality of the silica produced. Table 8
summarises the oxides composition of silica obtained from various
sources. Nurwahid et al. [159] managed to produce nanosilica from
sugarcane bagasse ash with 98.4% purity and 96.3% of silica from

Table 7
Physical properties of the silica produced.
Source of silica Method Operating condition Particle size Surface area Reference
Surfactant Acid Conc. pH Heating Heating Aging
temperature Duration duration
Fly ash Sol-gel - HCl 1- 10 - - 24 h 20 — 70 nm - [12]
2M
Bagasse heavy Hydrothermal = CTAC HCl 1M 6.5 100 24h 200-300 nm 1022 m%/g [155]
ash solution
Powerplant Hydrothermal = CTAB Acetic - 10 100 48 h - ~2um 847-1393 m?/g [156]
bottom ash solution acid
(0.07 - Sol-gel P123 HCl - - - - 24 h 512 - 771 m%/g
4.75 mm) - - - - 72h 1-2um 753-986 m%/g  [157]
Sugarcane Sol-gel - HClL 1M 7 - - 24 h Less than 124.89 m?/g [158]
bagasse ash 10 nm
- HCl 1M 7 - - 24h 294 nm - [159]
Pumice stone Sol-gel - H,S04 5M 7 - - 24h 292 nm -
Rice husk ash Sol-gel - HCl 1N — - - — 10 - 15 nm - [9]
- HCI - - - - 24 h ~22 nm - [160]
Bamboo leaf ash Sol-gel - H,S04 1- 2-3 - - - 3.9 -6.2nm 544-575 mz/g [161]
10N
Silica fume (20 — Hydrothermal CTAB Ethyl - - - - 1.5h 3-6um,3 - 557.9, 559.2, [162]
400 nm) acetate 6 nm, 10 — 20 672.8 mz/g
um
Gold mine Hydrothermal P123 HCl - - 90-110 24-72h - 1um 448 — 661 mz/g [163]
tailings slurry
Paddy straw Sol-gel - H,S04 - 6.5 - - - 15 - 20 nm - [164]
Boron waste (2 — Hydrothermal CTAB H,S04 2M 10 105 24 h - Less than 1035.534 rnz/g [165]
5 um) 200 nm
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Table 8
Composition of oxides in various sources and silica produced from XRF analysis.
Source Chemical Chemical Reference
composition in the composition of final
source (%) silica (%)
Sugarcane bagasse - SiO, = 98.4 [159]
ash P,05 =0.6
AlLOs = 0.5
Others = 0.5
Pumice stone - SiO, = 96.3
P,0s = 0.9
AlL,Os = 0.8
Others = 2.0
Sugarcane bagasse SiO, = 49.8 SiO, = 96.8 [158]
ash Fe,03 =19.3 P,05 =0.8
Al,03 =15.6 Al,05 = 0.7
Others = 15.3 Others = 1.7
Residual sand of SiOy = 73.27 SiO, = 96.35 [166]
wastewater Fe,03 = 5.02 Fe,03 = 1.59
treatment Al,03 = 6.34 Al,03 = 1.59
Others = 15.37 Others = 0.47
Rice husk ash SiO, = 85.85 Si0, = 96.44 [70]
Fe;03 = 1.04 Fe;03 = 0.01
Al,O; = 1.86 Al,O; = 0.18
Others = 11.25 Others = 3.37
Biomass fly ash Si0, = 44.41 Si0, = 93.63 [122]
Fe;03 = 3.63 Fe,03 = 0.80
Al,O; = 10.80 Al,O; = 1.50
Others = 41.16 Others = 4.07
Rice husk ash - Si0, = 94.5 [10]
Fe,03 = 0.36
Ca0 =1.1
Others = 4.04
Coal fly ash SiO, = 45.15 SiO, = 98.62 [129]
Fe;03 =1.37 Fe,03 = 0.01
Al,03 = 24.20 Al,03 = 0.13
Others = 29.28 Others = 1.24
Coal fly ash SiO, = 33.07 Si0, = 94.27 [133]
Fe;03 = 33.61 Fe;03 = 0.90
Al,03 =19.81 Al,O3 = 3.04
Others = 13.51 Others = 1.79

pumice stone using sol-gel method, where HCl was used to titrate silicate
solution produced from bagasse ash and HySO4 was used to titrate sili-
cate solution produced from pumice stone. This purity is in the expected
range of silica synthesis with very minimal contaminants (2-5%) such as
phosphorus oxide, aluminium oxide, and sulphur oxide. Falk et al. [158]
extracted silica nanoparticles with slightly lower percentage of 96.8%,
which could be due to the shorter time of alkaline (NaOH) dissolution
process that was only an hour instead of four hours. The solubility of the
silica may be affected by the operating treatment time which in turn
influences the silica purity. However, its purity is still considered high as
HCI pre-treatment was performed on the ash. This result demonstrated
that the production of silica with a purity more than 95% from waste is
possible.

On the other hand, Silva et al. [166] also reported silica purity as
high as 96.35%. However, this study used different method of preparing
silica from waste, where the residual sand from wastewater treatment
plant was first calcined and mixed with a chemical activator. The
calcination step of the residual sand contributed to the increase in SiO5
percent in the waste. Meanwhile, the addition of chemical activator,
which was sodium carbonate, further decreased the metal oxides con-
tent and increased the SiO, purity. Steven et al. [70] managed to in-
crease the silica content in the extracted silica from rice husk ash using
an optimum experimental sequence, where the step started with an acid
leaching treatment and ended with drying of the silica product. The
method successfully produced high silica content from the rice husk ash.
This is because the acid leaching and gel washing steps successfully
remove almost all of the impurities.

Oliveira et al. [133] successfully synthesized mesoporous silica from
coal FA by determining the optimum pH condition during the synthesis
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process. The silica produced at pH 9 was found to have the highest purity
of 94.27%. This is because the properties of the silica product is greatly
influenced by the gelation pH of the process, where the hydrolysis
process is favoured as the pH value decreases. Therefore, more particles
are produced as compared to those produced at higher pH value. It can
be concluded that the purity of the silica product depends on the raw
material used, pre-treatments, and the conditions applied during the
synthesis.

Fig. 9 shows the XRD patterns of silica material produced from
various waste source. It can be seen that the XRD pattern of agricultural
and industrial waste such as sugarcane bagasse ash [158] and biomass
fly ash [122] has a high crystallinity with various components such as
quartz, cristobalite, and calcite. After the extraction of silica, a broad
peak at the angle of 20 = 22° appears, indicating that amorphoussilica is
formed [159]. The diffraction peak at 20 of 20° — 30° is the character-
istic peak of silica which is due to the disordered form of cristobalite.
This peak is corresponded to the reflection from plane (110) [161]. Mor
et al. [9] extracted nanosilica from rice husk ash where the extracted
silica showed a wide and broad peak centred at 22°. This clearly indi-
cated the presence of silica and the absence of other elements. The
absence of any other peaks indicates the purity of the synthesized silica
nanoparticles. However, the condition of silica production must me
optimized in order to obtain high purity silica nanoparticle. Pallavi et al.
[167] found that during acid leaching treatment, most impurities were
reduced as the temperature increased. This is because at higher tem-
perature, impurities can dissolve easily in the acid solution. Some im-
purities such as AlyO3 and P,Os do not require high temperature as
lower temperature is sufficient enough to remove them. However, some
acids have low boiling and decomposition temperature; thus, the uti-
lisation of high temperatures may cause the acid and water to evaporate
and affecting the solubility of the impurities. This in turn adversely af-
fects the purity of the obtained silica. Silva et al. [166] extracted porous
silica from residual sand of wastewater treatment where the X-Ray dif-
fractogram of the synthesised silica and commercial silica gel both
possess amorphous characteristics. The diffractograms showed a broad
peak at 26 of 27.79°, which indicated the successful formation of an
amorphous material.

FTIR analysis is typically carried out to confirm the component of
silica in the sample. Fig. 10 shows the compilation of typical FTIR
analysis for waste and silica produced ash, and product samples. In
general, peaks at 460, 700, and 1000 cm ™! are attributed to the Si-O-Si
bending, Si-O-Si symmetric stretching and Si-O-Si asymmetric stretch-
ing, respectively [168]. If the peaks are observed in the samples, it in-
dicates that the samples contain silica component. In certain cases,
additional peaks may be observed at 1400 cm ™!, which indicates C=C
aromatic from the graphite (waste). Additional peak at 950 cm™! could
be detected owing to the presence of water molecules (OH) in the silica
matrix [169]. Table 9 summarizes the typical functional groups and
wavenumbers observed in ash waste and silica nanoparticles.

4.3. Thermal properties

Thermogravimetric analyser (TGA) is used to understand the thermal
behaviour and thermodynamic analysis of the source of silica and syn-
thesized silica nanoparticles, where thermogravimetric curve shows
percent weight loss in relation to temperature of degradation. Fig. 11
shows the results of thermal analysis of silica derived from several
sources. In general, there are three temperature zones: (1) low temper-
ature (<100 °C) due to the physical moisture evaporation that occurs in
the samples; (2) intermediate temperature (100-400 °C) which attrib-
uted to the degradation process or cleavage of carbon compounds; and
(3) high temperature (>400 °C) where minimum change in mass is
attained.

Kauldhar and Yadav [164] synthesised silica from paddy straw
powder and the TGA curve (Fig. 11 (a)) showed that the amount of
characteristic loss in weight was recorded up to three different stages
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Table 9
Typical functional groups observed in MSNs.

Wavenumbers (cm ™) Functional groups

460 Bending vibration of -Si-O-Si-

800 Symmetrical stretching vibration of =Si on =Si-O-Si=
970 Stretching vibration Si-O from Si-OH (silanols)

1100 Asymmetric stretching vibration of =Si on =Si-O-Si=
1640 Bending vibration of -OH from water molecules

3460 Stretching vibration of -OH from Si-OH (silanol)
1460 C-H bending

2850 C-H symmetric stretching hydrocarbon

2920 C-H asymmetric stretching hydrocarbon

during thermal decomposition. During the first stage (0-120 °C), mod-
erate weight loss was observed possibly due to the existence of HoO
adsorbed on the surface of OH groups of the silica. A slightly higher
weight loss was then observed at the second stage (120-330 °C) which
can be explained by the decrease of silanol groups. Finally, a sudden
drop was observed at the last stage (330 °C) due to the carbonization of
volatile materials into gaseous components which occurred at higher
temperature. Besides, Miricioiu et al. [107] synthesized MCM-41 from
coal FA and their TGA curve of the material was quite different from
normal silica nanoparticles where only two intervals of weight losses
were observed (Fig. 11 (b)). The first stage was due to the loss of water
from the silica surface followed by the second stage where the
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mesoporous structure was disrupted completely. This indicates that the
MCM-41 has a low thermal stability as compared to silica produced by
Kauldhar and Yadav [164] which is possibly due to the different wall
thickness of material and the silica precursor used during the synthesis
and the extent of silica condensation within the inorganic pore wall
[171].

5. Application of MSNs extracted from waste

Many works have been carried out in producing MSNs from waste
and these MSNs have been used in various applications such as adsor-
bent [172], catalyst [173], drug delivery [174], coating and additives in
membrane preparation [175]. Huang et al. [165] synthesized meso-
porous silica from boron waste and utilized it as adsorbent for methylene
blue removal. The adsorption capacity of MCM-41 produced was
351.7 mg/g at 30 °C and the performances remained constant after 4
times of regeneration. This proposed approach could offer efficient way
to recycle waste and at the same time produce cheap silica precursor for
MCM-41 synthesis in comparison to commercial MCM-41. Usgodaar-
achchi et al. [74] also synthesized MSNs from rice husk for the removal
of methylene blue from aqueous solution. The MSNs exhibited excellent
monolayer capacity of 19.26 mg/g at 298 K which was a favourable
nature for the adsorption of methylene blue to the MSN. About 95% of
methylene blue removal was achieved in the first 30 min. On the other
hand, Wang et al. [176] prepared mesoporous silica nanospheres from
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coal FA for the uranium U(VI) decontamination. The mesoporous silica
displayed high U(VI) removal capacity of 98.9% at the dosage of
600 mg/L due to the interaction between the mesoporous silica and
uranyl ions and the oxygen/nitrogen atoms in the amidoxime group. All
the studies indicates that the use of MSNs as an adsorbent for the
treatment of wastewater are not only effective, but it is also low-cost.

MSNs have also been applied in the fabrication of composite mem-
brane for water and gas separation. Hubadillah et al. [177] used silica
extracted from waste rice husk to fabricate ceramic hollow fibre mem-
brane for water filtration application. Highly symmetrical and porous
ceramic hollow fibre membrane with a mechanical strength of
71.21 MPa and pure water flux of 303 L/m2h was obtained. The low
cost and green ceramic hollow fibre membrane also showed a great
potential for massive seawater desalination through membrane distil-
lation. This can be an alternative to the commercial of MSNs that is
typically much more expensive. In addition, the MSNs can also be used
as additive to tailor the membrane properties. Heng et al. incorporated
carbon dots grafted silica which was extracted from rice husk into pol-
ysulfone (PSf) membrane for dye removal. The membrane had an
excellent pure water permeability increment of 111% due to the
improved membrane hydrophilicity and enlargement of membrane
pores. It also exhibited 50.54% higher dye removal rate compared to
pristine PSf membrane. This proves that the application of waste-based
MSNs is an economical approach that is useful as an additive for the
membrane technology.

MSNs have also been used as adsorbent for gas separation. Park et al.
[157] synthesized mesoporous silica using power plant bottom ash
powder and used it as a support material for polyethyleneimine (PEI) to
capture CO,. An excellent CO, capture capacity of 218 mg/g was suc-
cessfully achieved. Henao et al.[178] used amine-functionalized meso-
porous silica derived from rice husk ash as to capture COs;. The
adsorbent exhibited high CO; adsorption capacity of 61.6 mg/g at
40 °C. The performance was outstanding which was attributed to its
uniform 2D hexagonal arrangement of cylindrical mesopores that
decreased the CO, mass transfer resistance and enhanced the interaction
with the CO, stream. This adsorbent is comparable to the commercial-
ised one. Zinc and carbon functionalized MCM-41 (C-Zn/MCM-41) was
synthesised from bagasse heavy ash for the adsorption of volatile
organic compounds (VOC) [155]. Compared to other adsorbents,
C-Zn/MCM-41 has an outstanding capacity in adsorbing formaldehyde,
hexane and toluene.

The use of extracted silica as a catalyst support has also been
investigated. Silica extracted from sugarcane bagasse ash and pumice
stone were used as the catalyst support for silver in the 4-nitrophenol
reduction reaction [159]. The Ag>0/SiO; from pumice stone showed a
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higher reaction rate of 0.0561 min~! compared to the ones prepared

using sugarcane bagasse ash due to its smaller particle size. However,
further research is still required to improve the properties of extracted
silica particularly in terms of reaction rate. Ramalingam et al. [179]
used ruthenium/copper nanoparticles incorporated with mesoporous
silica derived from rice husk ash for catalytic acetylation of glycerol. The
catalyst showed a high conversion of 98% and high shape selectivity
towards monoacetin formation of. Therefore, the as-prepared catalyst
can be used for a large-scale synthesis of renewable chemical products
and in acetylation reaction.

All of these studies indicated that the performances of silica nano-
particles extracted either from agricultural or industrial waste are
comparable to the commercial silica. This clearly suggests the potential
of using waste as a silica source for the synthesis of silica nanoparticles.
Such practice is of great benefit to the future chemical processes towards
cleaner production and circular economy.

6. Challenges and future prospective

Many commercial MSNs are produced using high-cost templates and
surfactants. In addition, the use of acid washing under high temperature
and atmospheric pressure makes the process of MSNs production costly.
As a sustainable solution, agricultural and industrial waste could be
utilized as precursor for MSNs synthesis. Table 10 shows the estimation
cost of MSNs produced from waste and from the current commercial
process. The evaluation is based on the price of raw materials and energy
used during the production. The value is compared with the price of
commercial silica of particle size of 10-20 nm and purity of 99.5%. The

Table 10
Cost estimation of silica production per kg using waste as a source.
Commercial Unit price  Chemical Unit
method method price
Precursor type  Sodium meta $ 60/kg Agricultural/ $0
and cost silicate Tetraethyl $142/ Industrial waste
orthosilicate 100 mL
Chemical type CO, $115/L NaOH HCl $88/kg
and cost $90.30/L
Processing 1300 °C - 80-120 °C -
temperature
Power 11-13 MW/h[9] $0.89 per 1.5kW/h [9] $0.07 per
required KW KW
“Market price $1330/kg

nano silica

# The price was accessed from Sigma-Aldrich website (https://www.sigmaald
rich.com/).


https://www.sigmaaldrich.com/
https://www.sigmaaldrich.com/

N.A. Abdul Razak et al.

extraction of silica using conventional commercial process is typically
energy and cost intensive due to the use of expensive precursors and
high processing temperature. In addition, high amount of CO; is
released during the synthesis process, which contribute to environ-
mental and global warming issue. Thus, a simple and economic viable
approach of waste utilization and waste minimization can produce nano
silica comparatively cheaper and less energy intensive than the com-
mercial one.

While the concept of turning waste into advanced technologies for
environmental applications may look like an attractive full-circle
approach, there are significant knowledge gaps about engineered
MSNs that should be addressed before transitioning these ideas from the
lab to the real world. One major challenge in the synthesis of MSNs is
how to maintain the characteristics and quality consistency of the ma-
terial. Among methods available for silica nanoparticles synthesis,
chemical routes remain popular due to the ease of control and high
purity product. However, not many studies have provided insights into
the synthesis and growth mechanisms for the formation of different
types of silica nanoparticles. To date, there is a lack of general principles
to guide the design and synthesis routes of MSNs to meet specific
functional requirements. As a result, there is a need for a better under-
standing and control of the synthesis process to ensure reproducibility in
the product. The agglomeration of MSNs is also an inherent issue that
substantially damages the performance in relevant fields. Most nano-
materials start to agglomerate due to physical entanglement, electro-
static interactions, or high surface energy during the synthesis
conditions. Finding a way to minimize the agglomeration of nano-
particles, particularly during the synthesis process, will also aids the
leap from laboratory to commercial applications. It can be concluded
that simplicity of synthesis method, environmentally friendly silica
precursor and low cost of raw material are the key features of using
agricultural and industrial waste to produce sustainable and greener
MSNs.
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