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ABSTRACT: Biogenic silica nanoparticles (25—30 nm in
diameter) were synthesized from rice husks. The character-
izations revealed that the silica nanoparticles were composed
of smaller primary particles (ca. 4.2 nm in diameter), and their
clustering led to a porous structure with a surface area of 164
m?/g. Under the controlled melting catalyzed by K*, such silica
nanoparticle clusters can gradually fuse to form semicrystalline
porous silica frameworks with tunable pore size and structural

integrity.
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B INTRODUCTION

Silica is a very important industrial material and has found
widespread applications."”” In particular, silica nanoparticles
with high surface area (porous and/or with a small particle
size), are of high interest to many key chemical applications,
such as sorption, insulating, sensing, separation, and catalysis.3’4
Recently, porous silica for biomedical applications, such as
controlled release and biosensing, have also been explored.>®
Many approaches have been developed to synthesize porous
silica and silica nanoparticles. Usually, a silica precursor, such as
silicon alkoxide (typically silicon tetraethoxysilane) is used as
the silicon source.” '® While such methods are effective to
synthesize various silicas with controlled particle size,
morphology, and porosity, their main disadvantages are the
cost and sustainability issues associated with the silica
precursors. Silicon alkoxides are typically synthesized from a
multistep reaction route starting from the carbothermal
reduction of raw silica, such as sand.'®'?* Such chemical
processes are energy intensive and associated with high
temperature, high pressure, and strong acidity, and are thus
eco-hazardous."” Considering the ever increasing demand on
porous silica and silica nanoparticles for new applications,”” the
current approach to synthesize porous silica and silica
nanoparticles may not be sustainable and not match the cost
requirement. Thus, it is highly desirable to seek an alternative
approach that is more economical and environmentally benign.
The occurrence of silica in a wide range of biological system
has been well-known and investigated. 1S 1n particular, the
biomineralization of silica in diatoms,16718 the unicellular
photosynthetic organisms, which leads to the formation of
numerous hierarchical nanostructured silica, has inspired
extensive studies to prepare similar nanostructured silica in
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lab."”~! Although more than 10000 species of diatoms with
unique shape and structure of their silica based shells have been
known, to mimic the silica biomineralization via in vitro
materials bioengineering is still a challenge.'® Another typical
example of biomineralization of silica is the formation of silica
cell wall in rice husks (RHs).”*>* Although the silica structures
from RHs appear to be much less complicated and less visually
attractive compared to the ones from diatoms, the large
quantities of RH biomass offer an opportunity for mass
production of nanostructured silica for industrial applications.
RHs typically contain 20—22% total weight of rice grains." In
2007, the estimated global rice production is ca. 650 million
tons.”® However, owing to their tough, abrasive nature, low
nutritive properties, great bulk, and high ash content, efforts to
utilize RHs have been very limited. In some countries, RHs
have to be disposed with additional cost, and even leading to
pollution issues.”” Harvesting silica from RHs can not only take
full advantage of the highest possible value from RH biomass,
but also minimize the related environmental issues from the
current applications/disposals of RHs.

In RHs, silica is in hydrated amorphous form®® and counts
up to ca. 20 wt % of dry RH, depending on the variety, climate,
and geographic location.””** ™' Various approaches to extract
silica from RHs have been explored.”” Although the earlier
work mainly focused on the purity of the obtained silica, the
morphology and microstructure of RH silica have been largely
ignored.27 In this research, we intend to explore the intrinsic
morphology and microstructure of the biogenic silica in RH by
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controlling the pretreatment and reaction conditions to
maintain their original structure. Silica nanoparticles with
narrow size distribution and high surface area were synthesized.
Moreover, such silica nanoparticles could be subsequently
converted to semicrystalline porous silica frameworks with
tunable pore size, which may find wide applications because of
the increased crystallinity and structural integrity. Overall, we
present an economical alternative approach to synthesize high-
quality silica nanoparticles and porous frameworks from RH
biomass.

B EXPERIMENTAL SECTION

The RHs used in this research were obtained from Guangdong
Academy of Agricultural Science. Analytical reagent grade hydro-
chloride acid (37 wt %) and KNOj; were ordered from Alfa Aesar, both
of which were used as received.

The raw RHs were boiled in 10 wt % HCI solution for 2 h, rinsed
with deionized water, and then dried at 100 °C for 24 h. The dried
RHs were then pyrolyzed in a muffle furnace, which was preheated to
700 °C, for 2 h to prepare silica nanoparticles. A control sample was
prepared via the same pyrolysis condition but using water rinsed RHs
instead of HCI treatment. The silica nanoparticles synthesized from
the pyrolysis were then ultrasonicated in 0.20 and 0.50 M KNO,
solution, respectively, followed by 1 h of stirring. The samples were
then filtered and dried at 105 °C for 4 h. The dried samples were
subsequently pyrolyzed at 800 °C for 2, 4, and 8 h to form
semicrystalline porous silica framework.

Scanning electron microscopy (SEM) images were acquired on a
JEOL JSM 6330F field emission-SEM (FE-SEM). The samples were
sputter coated with a thin layer (ca. 3 nm) of Au/Pd prior to SEM
imaging. Transmission electron microscopy (TEM) imaging was
carried out using a FEI Tecnai G* F20 with field emission gun (FEG),
at a working voltage of 200 kV. Observations were made through the
holes of the carbon support film, so that no noise from the support
film was introduced.

Small angle X-ray scattering (SAXS) experiments were performed
on a Rigaku D/MAX-1200/2203F5 small angle apparatus with a
scattering angle 26 of 0.1—3.0°. Scattered X-ray intensity I(q) was
recorded as a function of the scattering wave vector g (q = 4zsin 0/, A
= 0.1540 nm, the wavelength of the incident X-ray). The surface area
and porosity of the selected silica samples were characterized using a
Micromeritics' Accelerated Surface Area and Porosimetry (ASAP)
2020 analyzer (Atlanta, Georgia, USA) by N, sorption at 77 K. The
samples were dried at 100 °C for 12 h prior to the test. X-ray
diffraction (XRD) patterns were recorded using a Bruker D8
diffractometer with Bragg—Brentano 6-26 geometry (20.0 kV and
5.0 mA), using a graphite monochromator with Cu Ka radiation.

B RESULTS AND DISCUSSION

In addition to hydrated silica,””*® RHs are mainly composed of
cellulose, hemicellulose, and lignin,32’33 and low concentrations
of various metal cations.”” Although the organic components
can be removed by thermal decomposition, care must be
exercised since some metal cations, especially K*, were reported
to be able to catalyze the melting of silica.>*™* Therefore, RHs
were first boiled in 10 wt % HCI solution for 2 h to remove
most of the metal cations. Silica nanoparticles were successfully
obtained by pyrolyzing the HCI treated RHs at 700 °C for 2 h.
As shown in Figure 1A, the synthesized silica nanoparticles
possess narrow size distribution of ca. 25—30 nm. The XRD
pattern (as shown in Figure S, which will be further discussed
below) clearly shows that such silica nanoparticles are
amorphous. In contrast, the sample synthesized via the same
reaction condition but using water rinsed RHs exhibited
significant aggregation (as shown in Figure 1B), because of the
K* catalyzed melting of silica as discussed above.**™’
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Figure 1. (A) SEM image of silica nanoparticles synthesized from HCl
treated RHs. The inset shows the observation of smaller primary
particles under TEM, as illustrated by the arrows. (B) SEM image of
silica particle agglomerates synthesized from the water rinsed RHs.

Although HCI pretreatment is shown to be effective to
remove metal cations to minimize the aggregation of silica
nanoparticles, potentially allowing the resultant silica to
maintain its original structure in cell wall, the SEM character-
ization could only disclose the formation of silica nanoparticles.
It is hard to further magnify to observe more detailed
microstructure within individual nanoparticles because of the
resolution limit of SEM. Considering silica typically precipitates
on cell walls, in cell lumen, and as extracellular deposits,25 their
biogenic nature indicates that even finer microstructures might
exist. To explore potential microstructures within individual
nanoparticles, TEM was adopted for further characterization.
The TEM inset presented in Figure 1A roughly shows that the
25—-30 nm silica nanoparticles are composed of clustering of
primary particles with a diameter less than 10 nm. But because
the primary particles severely overlap and adhere to each other,
it is hard to observe individual primary particles under TEM.

To further investigate the potential microstructures within
the silica nanoparticles from RHs, SAXS was selected. SAXS is a
primary tool to investigate the structure of mass fractal
aggregates since it can probe structure over several orders in
length scale, which includes both the primary particles and
fractal aggregates.** Mass fractal aggregates show three defining
features in I(q) versus q scattering data plotted on natural log—
natural log scale: a power law (I(q) ~ ¢”7°) region
corresponding to the surface scattering from the primary
particles; a second power law region (I(q) ~ g ") at lower q
values corresponding to the scattering from the aggregates; and
a curved crossover region between the two power laws.*'™*
This crossover region occurs at g value (q.) of the order of 1/g,
where a is the radius of the primary particles.*' ™ The
exponent D, can be interpreted as a fractal dimension, which is
a measure of the branching of the particle aggregates. The
exponent (D,—6) gives information about the surface structure
of the primary particles. Smooth particles have a surface-fractal
dimension D, = 2, which cause a Porod-decay (I(q) ~ ?_4);
while rough particles give slopes between —3 and —4.*'"*
Unlike TEM, which focuses on selected particles, SAXS offers
an advantage to give statistical information from a large amount
of sample. As shown in Figure 2, two regimes of power-low
scattering can be observed in the measured SAXS pattern
presented in the natural log—natural log plot. The results
indicate that the primary particle diameter of the silica
nanoparticles is about 4.2 nm (2a &~ 4.2 nm). Its surface
fractal dimension D; is about 2.1, indicating the presence of a
relatively smooth surface for the primary particles. The mass
fractal dimension D, is about 2.8, showing the self-similar
property of these silica nanoparticles. The D, value of 2.8 is
reasonable for a 3-dimentional fractal aggregate.

~
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Figure 2. SAXS pattern of silica nanoparticles from RH biomass.

The surface area characterization (Figure 3) further revealed
that such silica nanoparticles have a Brunauer—Emmett—Teller
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Figure 3. N, sorption isotherms of porous silica nanoparticles. The
inset shows the pore size distribution obtained from BJH adsorption.

(BET) surface area of 164 m*/g. If the silica nanoparticles (with
a diameter of ca. 25—30 nm) were solid (nonporous), they
should have a specific surface area of ca. 90—108 m?/g
(assuming the particles are spherical and without any surface
contact among particles, and the density of amorphous silica is
2.22 g/cm®).** Thus, the result of the BET surface area test
proved that those 25—30 nm silica nanoparticles were actually
porous, which was also consistent with the above TEM and
SAXS characterizations. The Barret-Joyner-Halenda (BJH)
analysis, as shown in the inset of Figure 3, revealed that such
silica nanoparticles possess a group of pores with a diameter
mainly ranging from ca. 2.0—9.0 nm, which is believed to be
contributed by the gaps between the primary particles. In brief,
the surface area and porosity characterization supplements the
TEM and SAXS results, suggesting that the 25—30 nm silica
nanoparticles are composed of smaller primary particles with a
diameter of ca. 42 nm. Those primary silica nanoparticles
cluster to form a porous structure.

The porous structure of RH silica, as confirmed by the BET/
BJH characterization discussed above, is possibly originated
from the limited marginal melting of primary silica nano-

979

particles during the synthesis. As aforementioned, RHs contain
potassium cations, which can catalyze the melting of silica
during pyrolysis, generating severe aggreg.;ation3’4_3’9 as shown
in Figure 1B. Although HCI treatment can effectively remove
majority of potassium cations, a trace amount of potassium
cations might remain even after HCI leaching, which could be
the cause for the clustering of primary nanoparticles to form
porous silica nanoparticles.

This potential cause inspires us to generate a secondary
porous structure by further partially melting the silica
nanoparticles. Ideally, one might be able to fabricate ordered
porous structure by tailoring the pretreatment of the
synthesized nanoparticles and subsequent pyrolysis conditions.

On the basis of the above motivations, two samples of the
synthesized silica nanoparticles were treated by KNOj; solutions
and subsequently treated under various conditions following
the procedures detailed in the Experimental Section. The
purpose for KNO; treatment is to introduce K* cations into the
porous structure of silica nanoparticles, which should promote
the melting of silica nanoparticles to form porous structure. It
was observed that upon contact with a drop of KNOj solution,
the porous silica nanoparticles can quickly absorb the solution
drop. It is expected that the different concentrations of KNO;
will lead to different levels of doping of K cations in silica
nanoparticles, which will result in different degrees of melting
and thus different pore structures and pore sizes. Figure 4

Figure 4. SEM images of meso/macroporous silica frameworks: (A)
0.20 M KNO;, pyrolysis at 800 °C for 2 h; (B) 020 M KNO,,
pyrolysis at 800 °C for 4 h; (C) 0.20 M KNOj;, pyrolysis at 800 °C for
8 h; (D) 0.50 M KNOs, pyrolysis at 800 °C for 8 h. The inset in C
shows a coin shaped disk made of the corresponding semicrystalline
porous silica framework.

shows the SEM images of a series of porous silica framework
synthesized from the above KNOj treated samples pyrolyzed at
800 °C for various durations. Figure 4A—C clearly shows the
gradual melting and pore structure formation progress of 0.20
M KNO; solution treated silica nanoparticles. After 2 h of
pyrolysis at 800 °C, the silica nanoparticles started to stick
together. After 4 h of treatment, the nanoparticles began to fuse
and form porous structure, with a pore size of ca. 20 nm. After
8 h of synthesis, well-defined pore structure formed, with pore
size ranging from ca. 25—40 nm. Treatment with a higher
concentration of KNOj; solution (0.50 M) apparently led to
more pronounced fusing of silica nanoparticles. Although the
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pore size did not change much compared to the 0.20 M KNO,
treated sample, it led to the formation of much thicker wall
(Figure 4D). These results confirm the above hypothesis that
one may tailor the pretreatment and pyrolysis condition to
synthesize meso/macroporous silica from RHs with tunable
structures. It should be noted that such secondary porous silica
is semicrystalline. As shown in Figure 5, the 25—30 nm silica

0.50 M KNO,, 800 °C, 8h

0.20 M KNO,, 800 °C, 8h

0.20 M KNO,, 800 °C, 4h
B 0.20 M KNO,, 800 °C, 21|

silica nanoparticles

Intensity

10 20 30
2-Theta (degrees)

40 50

Figure S. XRD patterns of KNO; solution treated silica nanoparticles.

nanoparticles from RHs are initially amorphous. Extended
pyrolysis of 0.20 M KNO; solution treated silica nanoparticle at
800 °C gradually enhanced the sample crystallinity. While the
0.50 M KNO; solution treated silica nanoparticle exhibited
even higher degree of crystallinity under the same pyrolysis
treatment. More importantly, with increasing crystallinity, the
silica nanoparticles can be processed to form any desirable
shape, and possess sufficient structural integrity (a coin shaped
disk as an example is presented in the inset of Figure 4C).
Thus, they might find wider applications and exhibit superior
performance compared to amorphous porous silica, such as
filtering, etc. While this work focuses on exploring the
possibility to form semicrystalline porous silica framework via
controlled fuse of silica nanoparticles, more detailed research is
underway to fine-tune the pore size and structure using various
dopants and reaction conditions, which will be reported later.

To explain the hierarchical structure of the porous silica
nanoparticles synthesized from RHs, and their melting progress
and porous framework formation, we propose a model as
shown in Figure 6.

S

Figure 6. Hierarchical structure model of silica nanoparticles
synthesized from RHs and the formation mechanism of porous silica
framework.
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The above characterization results have suggested that the
silica nanoparticles prepared from RH biomass are composed of
amorphous silica. The diameter of the primary particles is ca.
4.2 nm according to the SAXS characterization. At the next
level, primary particles cluster to form larger secondary particles
with a diameter of ca. 25—30 nm, as imaged under SEM
(Figure 1A). The mass fractal dimension is about 2.8 showing
3-dimensional self-similar property over the range of ca. 4.2 to
25—30 nm. At the next level, the secondary particles bundle to
form large clusters. Under elevated temperatures, particularly at
the presence of potassium cations, the silica particles gradually
melt and fuse together to form larger aggregates and
subsequently to form porous structures (and eventually to
form silica bulk with sufficiently long heating). Their
amorphous morphology converts to semicrystalline gradually
during the process.

This work represents a fine example to replicate the
microstructure of mineral in living organism and derive value
added products from biomass. While many chemicals have been
successfully derived from biomass, in many cases the feedstock
is food, such as polylactic acid from corn,** and ethanol from
sugar cane or grain.46 But in this case, RH biomass with little
value (sometimes even considered as biowaste) was the starting
material, which offers an advantage for further development
toward commercialization.

B CONCLUSIONS

In conclusion, biogenic porous silica nanoparticles with a
diameter of ca. 25—30 nm were successfully prepared from
HCl-treated RH biomass via controlled pyrolysis. The SAXS
and surface area characterizations further showed that the silica
nanoparticles were composed of smaller primary particles, and
the clustering of the primary particles leads to porous structure.
More importantly, by doping the synthesized silica nano-
particles with K* cations and tailoring pyrolysis conditions, the
silica nanoparticles can be further converted to semicrystalline
meso/macroporous frameworks with tunable pore size. Their
high surface area, low cost, and appreciable structure integrity
may lead to many new applications in the near future.
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