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The valorization of inorganic silica components from rice husk has been considered an important research
topic over the last few decades. However, owing to various problems, such as the difficulty in controlling
precise morphological properties, complex extraction and manufacturing processes, and the use of
hazardous acids, the technology for producing high value-added silica for industrial applications is still
insufficient. In this study, we developed a method for obtaining size-controlled spherical silica from rice
husk using an eco-friendly and simplified process that overcomes the above-mentioned limitations.
Silica particles were obtained by extraction from rice husk in alkaline media under mild conditions (80
°C) followed by pH adjustment with acetic acid. Therefore, the use of strong acids was excluded, no
special equipment was required for the process, and the overall synthetic process was significantly
simplified. The silica particles obtained through this method were uniformly spherical in shape, with
a surface area of more than 200 m? g~ Our results indicate that the preparation of silicate solution
under appropriate conditions and the use of polyethylene glycol (PEG) additives during the precipitation
step are important for obtaining spherical silica. Moreover, by adjusting the temperature in the
precipitation step, the size of the spherical silica particles can be controlled in the range of ~250 nm to
~1.4 pm. Our study contributes to the development of rice husk-derived silica that can be applied to
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Introduction

Rice husk, a residue from the rice milling process, is one of the
most produced biomass materials in the world. The Food and
Agricultural Organization (FAO) reported a global rice produc-
tion of 996 million tons in 2018." This statistic indicates that
approximately 200 million tons of rice husk were produced in
a single year, as rice husk accounts for approximately 20% of
produced rice. Therefore, the effective treatment of rice husk

“Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, Miilheim an der
Ruhr, 45470, Germany

*Convergence R&D Division, Korea Institute of Ceramic Engineering and Technology
(KICET), Cheongju, Chungbuk 28160, Republic of Korea. E-mail: leejinh1@kicet.re.kr
‘Division of Chemical Engineering & Bio Engineering, Hanyang University, Seoul,
04763, Republic of Korea

‘Energy and Environment Division, Korea Institute of Ceramic Engineering and
Technology (KICET), Jinju, Gyeongnam 52851, Republic of Korea. E-mail: jchun@
kicet.re.kr

‘Department of Materials Science and Engineering, Korea University, Seoul 02841,
Republic of Korea

/Department of Chemical Engineering, Dankook University, Yongin, Gyeonggi 16890,
Republic of Korea

T Electronic  supplementary information available. See DOL
10.1039/d1na00668a

} Current address: School of Chemical Engineering, Jeonbuk National University,

Jeonju 54896, Republic of Korea.

(EST)

© 2021 The Author(s). Published by the Royal Society of Chemistry

and its conversion into a high value-added material are very
important topics for research. Notably, the average content of
silica (SiO,) in rice husk lies at 10.6%, which represents the
highest ratio of silica components among different biomate-
rials.”> This means that rice husk can be an environmentally
friendly and inexpensive source of silica, and thus, many
researchers have focused on the utilization of silica from rice
husk.**

The widely adopted approach for obtaining inorganic silica
from rice husk is through direct combustion. This is a simple
and cost-effective process, which can control the surface area,
purity, and crystallinity of silica by adjusting the combustion
conditions.>® Chemical treatments, such as acid leaching, have
also been investigated to obtain high-purity silica with a large
surface area from rice husk.”™® For example, it was reported that
silica particles with a purity of more than 99.5% could be
successfully obtained through acid leaching followed by pyrol-
ysis, with a surface area of 85 m* g~ '.° Vayghan et al. reported
that silica particles with a purity of 98% were obtained from pre-
combustion acid-treated rice husk; the particles had a surface
area of more than 280 m> g~ '.* However, these methods not
only result in the release of greenhouse gases or rely on the use
of strong acids but also have clear limitations in terms of the
shape and porous structure of the silica products."** Although
research on producing silica with a high purity and surface area
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Fig. 1 Schematic representation of the procedure used to obtain morphology-controlled silica particles from rice husk.

through an eco-friendly process in which strong acids are
replaced with an ionic liquid has been published, some limi-
tations still exist in terms of precise morphology control of silica
and the need for very expensive reagents.’

To obtain the high value-added silica required for various
applications in modern industries, including the cosmetics,
catalyst, biomaterial, and energy device industries,"*™ it is
essential that the silica particles derived from rice husk have
precise and specific morphological properties. Accordingly,
synthetic methods based on bottom-up processes, which obtain
nano- or micro-particles through chemical reactions of precur-
sors at the atomic or molecular level, have received increasing
research interest over recent years.”” In particular, various
studies have investigated the production of nanostructured
silica with well-defined mesopores through bottom-up
processes using a rice husk-derived silicate solution.*>*

However, some critical problems are yet to be solved,
including the following: (i) synthetic methods are complex; the
steps include the acid leaching of rice husk, pyrolysis, silicate
extraction in alkaline media, and reprecipitation with
hazardous reagents (e.g., ammonia, sulfuric acid, and hydro-
chloric acid) (Fig. 1). The acid leaching of rice husk usually
relies on the use of strong acids. Alkali extraction sometimes
progresses at temperatures above the boiling point of the
solution,**"*>?® in which case the evaporation of the solvent has
to be safely prevented. This results in large energy consump-
tion, and an increase in the process cost due to multiple steps
and special equipment. This makes it difficult to apply the
developed methods to real industries; (ii) although most studies
have focused on controlling the pore structure and surface area
of produced silica, there is a lack of research centered on the
shape of silica particles; (iii) although several studies have re-
ported on the production of spherical silica particles from rice
husk, results included an uneven size distribution or aggrega-
tion of particles, and high-risk acids were still required during
the acid leaching or precipitation steps.*** Therefore, to obtain
high value-added silica from rice husk through precise
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morphological control for use in real industries, the above-
mentioned problems must be solved comprehensively.

In this study, we developed and investigated an eco-friendly
and facile method for obtaining size-controlled spherical silica
particles from rice husk. Specifically, we obtained silica parti-
cles by alkali extraction under mild conditions, followed by
precipitation with acetic acid (Fig. 1). Therefore, the use of
strong acids was excluded, no special equipment was required,
and the overall synthetic process was simplified. The silica
particles obtained through this method were uniformly spher-
ical in shape with a large surface area. Our results indicate that
the preparation of silicate solution under appropriate condi-
tions and the use of polyethylene glycol (PEG) additives during
the precipitation step are important for obtaining spherical
silica particles. As PEG has a sufficient number of ethylene
oxide (EO) chains to stabilize the silicate species, it is presumed
that even a small amount of PEG additive can control the
morphology of the silica particles. PEG also has the advanta-
geous of low toxicity and low cost, meaning that the
manufacturing process can be made cheaper and safer.
Furthermore, by adjusting the reaction temperature during
precipitation, the size of the silica particles could be controlled
in the range of ~250 nm to ~1.4 pm. Thus, we expect the
developed method to have a great impact on the production of
rice husk-derived silica for use in the practical industrial
applications.

Results and discussion
Extraction of silica from rice husks

Initially, the effect of the NaOH concentration on the silica
extraction yield from rice husk was investigated. Five concen-
trations of NaOH, 0.1, 0.15, 0.2, 0.5, and 1.0 M, were used to
extract silica from rice husk at 80 °C. As shown in Fig. 2a, the
use of 0.1 M NaOH could extract a small quantity of silica from
rice husk, only 1%. After increasing to only 0.15 M concentra-
tion, silica extraction increased to 73%. Over 0.2 M NaOH, the

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00668a

Open Access Article. Published on 08 October 2021. Downloaded on 11/16/2025 4:01:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) 10
9
o 4
I
2
2 50
v
£
X
L}
g
=]
92}
0
0 0.2 04 0.6 0.8 1
NaOH concentration (M)
(b)

75

Silica extraction Yield (%)
3

20 40 60 80 100

Reactiontemperature(°C)

Fig. 2 Silica extraction yield depending on (a) the NaOH concentra-
tion at 80 °C and (b) the temperature using 0.2 M NaOH.

silica extraction yield was consistent at around 80%. In this
experiment, the solid content in the NaOH leaching solution
was 6 wt%. Therefore, 0.13 g-NaOH/g-rice husk was enough to
extract silica from rice husk. The reaction temperature was
investigated to find optimum reaction conditions when 0.2 M
NaOH was used to extract silica (Fig. 2b). The reaction
temperature of 25 °C was too low to extract silica from rice husk
effectively, with only 1.4% silica yield. With increasing
temperature, silica extraction yields increased up to 80 °C. The
silica extraction yields at 80 °C were around 80%. However, the
silica extraction yield did not significantly increase even as the
temperature increased up to 100 °C. These results show that
sufficient silica can be extracted from rice husk even under mild

Table 1 Compositions of raw rice husk and NaOH-treated rice husk®
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conditions, low NaOH concentration and low reaction temper-
ature below 100 °C.

The rice husk used in this study was composed of 52 wt%
carbohydrates, 29 wt% lignin, and 14 wt% ash (Table 1). After
treating with 0.2 M NaOH solution at 80 °C, the composition of
the extracted solution was 46 wt% ash, 23 wt% lignin, and
19 wt% carbohydrates (Table 1). This result shows that some
carbohydrates and lignin in rice husk were also leached into the
solution, 9% and 19%, respectively. However, we found that if
the ratio of leached carbohydrates and lignin is not relatively
high, it does not interfere with the morphology control of silica
particles, which are synthesized using the extracted solution in
the next process. This will be further discussed in the next
section.

On the other hand, when silica in rice husk was extracted
under harsh conditions (150 °C), a large amount of carbohy-
drates and lignin was also leached into the solution. The
composition of the extracted solution under harsh conditions
was 31 wt% ash, 36 wt% lignin, and 24 wt% carbohydrates
(Table 1). This indicates that almost 21% of carbohydrates and
56% of lignin in rice husk were leached into the solution.
Accordingly, although the silica extraction yields under harsh
conditions slightly increased due to high temperature and
pressure (Fig. S11), morphology-controlled silica particles could
not be obtained in the next process due to the large amounts of
organic components in the extracted solution. The effect of the
extraction conditions on the production of silica particles will
be covered in the next section.

Synthesis of spherical silica particles from rice husk-derived
silicate solution

Uniformly spherical silica particles were synthesized using
a silicate solution extracted from rice husk under mild condi-
tions (80 °C). To reduce the risk and related environmental
hazards, acetic acid was used in place of a strong acid during
precipitation. The overall synthetic process is summarized in
Fig. 1, and the detailed procedures are described in the Exper-
imental section. Spherical silica particles obtained by adjusting
the pH of the silicate solution at room temperature (25 °C) were
denoted as SS-1. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of SS-1 showed
the formation of uniformly spherical particles (Fig. 3a-c), with
the particle size distribution indicating an average particle size
of approximately 800 nm (Fig. 3d). The X-ray diffraction (XRD)

Carbohydrates
(Wt%) Lignin (wt%) Ash? (wt%) Others (wt%)
Raw rice husk 52 29 14 5
Extracted silicate solution (80 °C) 19 23 46 12
Residual solid (80 °C) 62 31 3 4
Extracted silicate Solution (150 °C) 24 36 31 9
Residual solid (150 °C) 88 12 — —

@ Ash means inorganic solid components. ® See Tables 2 and S1 for the silica content in the ash.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a and b) Scanning electron microscopy (SEM) images, (c) transmission electron microscopy (TEM) image, (d) particle size distribution, (e)

X-ray diffraction (XRD) pattern, and (f) nitrogen (N,) physisorption isotherms of spherical silica particles (SS-1), obtained by precipitation at room

temperature (25 °C).

pattern of SS-1 only exhibited a broad peak at around 22°, which
is typical of amorphous silica (Fig. 3e). The porous structure of
SS-1 was generated by removing organic components. PEG
molecules were confined in the silica to stabilize silicates
during precipitation. After washing and calcination, the space
occupied by PEG molecules and lignin was converted into
pores. The pore size distribution calculated from the adsorption
branch of the nitrogen (N,) physisorption isotherms showed
a main pore size of ~4 nm (Fig. 3f and S2aft). SS-1 had a large
surface area of 291 m” g~ ', owing to the presence of micropores
with mesopores on the silica particles. The silica purity of SS-1
was 97.76%, as determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) analysis (Table 2). In
addition, no hazardous elements such as heavy metals were
detected. Residual carbon components originating from lignin
or the PEG additive were successfully removed by calcination at
550 °C (Table 2). Finally, approximately 0.1 g of SS-1 was

Table 2 Inorganic compositions and carbon content of SS-1, S-1, and
S-2
Components SS-1 S-1 S-2
ICP-OES Sio, 97.76  98.15 97.85
Na,O 2.000 1.763 2.030
Al,O3 0.017 0.011 0.018
Fe,0; 0.017  0.003 0.002
CaO 0.039 0.018 —
MgO 0.057  0.007 —
K,O 0.067 0.046 0.097
MnO 0.032 0.004 —
Elemental analysis Carbon (after drying) 6.64 1.80 8.09
Carbon (after calcination) 0.03 0.02 0.13

6968 | Nanoscale Adv., 2021, 3, 6965-6973

obtained per 1 g of rice husk; the silica production yield from
the silicate solution was ~93% (Fig. S3t). Additionally, our
result showed that 2% of the sodium containing impurities
could easily be removed by washing with a diluted acetic acid
solution (see the ESIT). Notably, the purity of the spherical silica
increased to 99.9% by additional washing (Table S1t). The
overall analysis results confirmed the synthesis of uniformly
spherical silica nanoparticles with high purity and a large
surface area from the rice husk-derived silicate solution.

PEG plays an important role in the control of the particle
morphology of silica during the precipitation. For comparison,

Intensity (a.u.)

10 20 30 40
26 ()

5 60 70 00 02 04 06 08 10
P/P,

Fig. 4 (a and b) SEM images (inset: TEM image), (c) XRD pattern, and
(d) N, physisorption isotherms of silica particles (S-1), synthesized
without the polyethylene glycol (PEG) additive.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Surface area, pore volume, average pore size, and average particle size of silica particles

SS-1 SS-2 SS-3 SS-4 S-1 S-2

Silicate extraction conditions Mild (80 °C) Harsh (150 °C)
Precipitation temperature 25°C 5°C 40 °C 60 °C 25°C 25 °C

Additive PEG PEG PEG PEG None PEG

Surface area (m* g™ ) 291 221 328 407 294 294

Pore volume (cm® g™) 0.301 0.131 0.381 0.659 0.659 1.19

Average pore size (nm) 4.13 2.38 4.64 6.48 8.98 16.1

Average particle size (nm) 789 (+81) 1355 (£290) 400 (+124) 250 (£71) N/A N/A

bulk silica particles (S-1) were prepared with an identical
procedure to SS-1 in the absence of the PEG additive. Fig. 4a and
b show the overall morphology of S-1; only large-sized particles
with irregular shapes were observed in the microscope images
of S-1, indicating that PEG is an essential additive for control-
ling the spherical shape of silica particles. Similar phenomena
were observed in previous studies that produced spherical silica
using polymer additives.**** The silicate species were hydro-
lyzed and condensed for the silica growth, and therefore they
have a number of hydroxyl groups, allowing interaction with EO
chains in PEG by hydrogen bonding. When EO chains are long
enough, the silicate species can be stabilized by interaction with
EO chains during the precipitation process, leading to the
formation of spherically shaped particles. As shown in Fig. S4,f
absorption peaks related to the stretching and bending mode of
the functional groups in PEG were also observed in the IR
spectrum of SS-1 (before calcination). Referring to the results of
previous studies,*** we assumed that the molecular weight of
the PEG polymer (M,: 2700-3300) used in this study was suffi-
cient to produce uniform spherical particles.

The pore properties (e.g., pore size and pore volume) of S-1
were also changed in the absence of the PEG additive. The
silicate species were precipitated with bulky organic compo-
nents (e.g., lignin) to form irregular particles. Mesopores of S-1
were generated by removing lignin molecules after calcination,
which is different from the formation of mesopores of SS-1.
Lignin is composed of phenolic macromolecules which are
larger molecules than PEG, resulting in an increased pore size
(~9 nm) and pore volume (0.659 cm?® g~') of S-1 compared to
those of SS-1 (Fig. 4d, S2bt and Table 3). For these reasons, S-1
showed a very large difference in the particle shape and pore
properties from those of SS-1, while the other physicochemical
properties of S-1 are similar to those of SS-1: purity (98.15%,
Table 1), surface area (294 m” g~ '), and amorphous crystallinity
(Fig. 4c). The concentration of PEG used when producing the
silica particles also affects the uniformity of their shape. When
less than 0.4 g of PEG per 200 mL of silicate solution was used,
only irregular particles were obtained (data not shown). There-
fore, we assumed that a certain concentration of PEG or higher
is required to interact with the hydroxyl group of silica suffi-
ciently for uniform spherical silica to form.

Interestingly, the conditions under which the silicate solu-
tion is extracted from the rice husk also affected the
morphology of the silica particles obtained from the silicate
solution. When the silicate solution was extracted under harsh

© 2021 The Author(s). Published by the Royal Society of Chemistry

conditions (150 °C), only irregularly shaped particles (S-2) were
obtained (Fig. 5a and b). Even though PEG was added in the
same way as in the preparation of the SS-1 sample, the
morphology of the S-2 particles differed from that of the SS-1
particles. The silicate solution extracted under harsh condi-
tions contained a relatively large amount of dissolved organic
components compared to that extracted under mild conditions
(80 °C). Although there is a difference in absolute values, both
PEG and organic components (e.g., lignin) are negatively
charged at neutral pH. Accordingly, we suggest that the organic
components hinder the interaction of PEG with silicate species,
thereby reducing the effect of the addition of PEG. Therefore, S-
2 particles exhibited an irregular shape similar to that of S-1, but
not that of $S-1. The surface area of $-2 (294 m”> g~ ') was similar
to that of S-1, but its pore volume (1.19 cm® g~') and average
pore size (~16 nm) were larger than those of S-1 (Fig. 5d, S2c¥
and Table 3). This tendency may also be affected by the presence
of organic components. As a large amount of organic compo-
nents that had assembled with the precipitated silica was
removed during the post-treatment process (washing and
calcination), relatively large pores and large pore volumes could
form on the surface of the S-2 particles.

The specific conditions, under which the silicate solution
was extracted, affected not only the morphology of the silica
particles, but also the efficiency of the particle collection
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Fig. 5 (a and b) SEM images (inset: TEM image), (c) XRD pattern, and
(d) N, physisorption isotherms of silica particles (S-2), synthesized
using a silicate solution extracted under harsh conditions.
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Fig.6 SEMimages of (a) SS-2 (5 °C), (b) SS-1 (25 °C), (c) SS-3 (40 °C), and (d) SS-4 (60 °C). Each value in parentheses represents the temperature

of the precipitation process.

process. Fig. S51 shows the filtration process of the SS-1 sample.
When 100 mL of distilled water was used in each washing cycle
of SS-1, the filtering time was only 8 s, and a rapid colour change
of the sample was observed. Although the filtering speed of the
S-1 sample was lower than that of the SS-1 (25 s/100 mL) sample,
the S-1 sample could be collected by filtration. However, it
proved impossible to separate the S-2 sample from the reactant
solution because the filtering speed was extremely low. We
assume that a large amount of organic components was filtered
out along with silica particles, thereby blocking the space
between particles and interfering with the penetration of the
solvent. Therefore, the S-2 sample was collected and washed via
centrifugation (5000 rpm for 5 min), which inevitably increased
the processing time.

Size-control of spherical silica particles

By adjusting the temperature during the precipitation step, the
size of the spherical silica particles could be controlled in the
range of hundreds of nanometers to one micrometer. When the
temperature was lowered to 5 °C and the precipitation reaction
proceeded, the average particle size increased to ~1.4 pm
(Fig. 6a and S6at). On the other hand, as the temperature
during the precipitation step increased to 40 °C and 60 °C, the
average particle sizes decreased to ~400 nm and ~250 nm,
respectively (Fig. 6¢, d, S6b and c7). The particle size is closely
related to the nucleation rate; as the reaction temperature
increased, the nucleation rate also increased.*®*” Accordingly,
a large number of small nuclei were formed at high tempera-
ture, and the growth of these nuclei leads to the formation of
small-sized particles. This trend corresponds to the result
shown in Fig. 6.

The pore sizes of the silica particles also changed depending
on the temperature during the precipitation and aging steps
(Fig. 7). The SS-2 sample showed type I isotherms, which are
observed in the microporous materials. Meanwhile SS-1, SS-3,
and SS-4 samples exhibited type IV isotherms typical of

6970 | Nanoscale Adv., 2021, 3, 6965-6973

mesoporous materials (Fig. 7a). An abrupt increase of adsorp-
tion volumes and hysteresis at high P/P, indicates the presence
of large-sized mesopores. This means that the mesopores of SS-
4 exhibit a larger size than SS-1 and SS-3. As the temperature
increased from 5 to 60 °C, the main pore size of the silica
particles increased from less than 2 nm to approximately 10 nm
(Fig. 7b). This tendency is thought to be related to the change in
the hydrophilicity of PEG with temperature. An increase in
temperature results in the dehydration of EO chains, thereby
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Fig. 7 (a) N, physisorption isotherms and (b) pore size distributions of
SS-1(25°C), SS-2 (5 °C), SS-3 (40 °C), and SS-4 (60 °C). Each value in
parentheses represents the temperature of the precipitation process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decreasing the hydrophilicity of the chains.*®* Accordingly,
more stretched PEG molecules were confined to the silicate
frameworks of SS-2 during precipitation at 5 °C, leading to the
formation of micropores (<2 nm). Low hydrophilicity at
increased temperature induces large EO-EO aggregates. It
weakens the interaction between EO chains and silicates when
the PEG and silicate oligomers cooperatively assembled. As
a result, the size of the pores generated by the PEG aggregates
increased at high temperature (Fig. 7b).

Conclusions

In summary, we developed an eco-friendly and facile method to
synthesize size-controlled spherical silica particles from rice
husk. Through the alkali extraction of a silicate solution from
rice husk under mild conditions followed by precipitation using
acetic acid with a PEG additive, morphology-controlled silica
was successfully obtained without the use of strong acids and
special equipment. The obtained silica particles had
a uniformly spherical shape with a high purity and large surface
area. We found that the addition of PEG during the precipita-
tion step was important for obtaining spherical silica particles.
The use of a silicate solution under appropriate conditions
affected not only the morphology of the silica particles, but also
the efficiency of particle collection and washing. Additionally,
by adjusting the reaction temperature during precipitation, the
size of the silica particles could be controlled in the range of
~250 nm to ~1.4 pm. The findings of this study contribute to
the development of rice husk-derived silica that can be applied
to practical industrial applications.

Experimental section
Materials

Rice husk was obtained from a rice processing facility in the
Chungbuk region, Rep. Korea, which was harvested in 2019. It
was collected directly from the outlet of the rice husking unit of
the milling machine. Rice varieties also influence the properties
of silica obtained from rice husk.*” However, in this study, rice
husk obtained from various varieties of rice was used because
the rice mill factory from which we obtained the rice husk
collected them in the same tank regardless of the variety of rice.
Sodium hydroxide powder was purchased from Daejung
Chemicals & Metals Inc. (Rep. Korea). It was dissolved in
distilled water and used in the experiments. Acetic acid (99.7%,
Kanto Chemicals) and PEG (M;: 2700-3300, Aldrich) were used
as received without further purification.

Extraction of silica from rice husks

Rice husk was washed with deionized water three times before
use. The washed rice husk was dried at 80 °C overnight. The
dried rice husk was immersed in NaOH solution so that the
solid content was 6% (w/v). The sample was heated in a heating
oven (ThermoStable™ “OF-105”, Daihan Scientific Co., Rep.
Korea) set at a specific reaction temperature for 3 h. After the
reaction, the solution was separated from the solids using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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vacuum filtration (Circulating Aspirator (WJ-15, SIBATA)) and
filter paper (Whatman no. 41, 20-25 um). To measure the silica
extraction yield, acetic acid was added to the solution to adjust
the pH to 7.0. The precipitation was thoroughly washed with
deionized water and dried at 80 °C overnight, followed by
calcining at 900 °C (ramp rate: 5 °C min~ ") for 6 h. The silica
extraction yield was calculated using eqn (1) below:

Silica extraction yield = weight of ash
precipitated/weight of ash in RH x 100 (1)

Synthesis of spherical silica particles from rice husk-derived
silicate solution

In a typical synthesis of SS-1, 0.4 g of PEG was dissolved in
200 mL of the silicate solution at room temperature (25 °C).
Then, 5 mL of acetic acid was added to the silicate solution.
After stirring overnight at room temperature, the resulting
solution was filtered and washed with distilled water. The
washed product was then calcined at 550 °C (ramp rate:
2°C min ") for 2 h. The overall synthetic procedure for the other
SS samples was similar to that of SS-1, except that the reaction
temperature was adjusted to 5 °C (SS-2), 40 °C (SS-3), and 60 °C
(SS-4), before the addition of acetic acid. The S-1 sample was
obtained through the same synthetic procedure as SS-1, with
the exception of PEG not being used prior to the addition of
acetic acid. The S-1 and SS series samples were synthesized
using a silicate solution extracted under mild conditions (80
°C). In contrast, a silicate solution extracted under harsh
conditions (150 °C) was used for the synthesis of the S-2 sample.
The synthetic method for S-2 was the same as that for SS-1.
However, after the addition of acetic acid and further stirring,
we were unable to collect the silica product by filtration owing to
very slow filtration. For this reason, the silica product was
separated by centrifugation at 5000 rpm for 5 min and washed
with distilled water several times.

Material characterization

The composition of rice husk was measured according to the
standard procedure provided by the National Renewable Energy
Laboratory (NREL).**** Briefly, acid hydrolysis was performed
with concentrated and diluted sulfuric acid to dissolve cellulose
and hemicellulose. The composition of carbohydrate was ana-
lysed by using a high-performance liquid chromatograph
equipped with a refractive index detector (Agilent 1200, USA).
An Aminex HPX-87P column (BioRad, USA) was used. The acid-
soluble lignin content was measured via UV spectroscopy (V-550
UV-vis spectrophotometer, Japan) at 320 nm. The acid-insoluble
lignin and ash contents were determined by burning the
samples at 575 °C. A field-emission scanning electron micro-
scope (FE-SEM; JEOL, JSM-7000F, Japan, acceleration voltage:
10.0 kV) and a transmission electron microscope (TEM; JEOL,
JEM-2000EX, Japan, acceleration voltage: 200 kV) were used to
analyze the material morphologies. SEM images were obtained
without additional metal coating. The particle size distributions
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of spherical silica were analyzed using Image]J software on the
SEM images. Powder X-ray diffraction (XRD) patterns were ob-
tained using a Bruker D8 Advance (Bruker Corporation, USA) at
a scan rate of 6.00° min~'. The nitrogen (N,) adsorption/
desorption isotherms were obtained at 77 K using a Tristar
3020 system (Micromeritics Inc., USA). The samples were
degassed at 300 °C for 6 h before measurements. The surface
areas were calculated from the measured isotherms according
to the Brunauer-Emmett-Teller (BET) method, and the pore
volumes were taken at the P/P, = ~0.995 single point. The pore
size distributions were calculated by the Barrett-Joyner-
Halenda (BJH) method from the adsorption branches of the
isotherms. The inorganic composition and carbon content of
the silica samples were determined by using an inductively
coupled plasma-optical emission spectrometer (ICP-OES; Per-
kinElmer Inc., Optima 8300 DV, USA) and a CS 744 carbon/
sulfur analyzer (LECO Corporation, USA), respectively. Fourier-
transform infrared (FTIR) analysis was performed using the
attenuated total reflection (ATR) mode on a Nicolet iS 50 FTIR
Spectrometer (Thermo Fisher Scientific, USA).
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