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Abstract: By optimizing rice husk silica mass and sonication time, SBA-15 was
successfully synthesized in a more efficient and environmentally friendly way. The
solution of Pluronic P-123 was mixed with the solution containing NaOH and various
masses of rice husk silica (4-12 g), followed by sonication for a certain time (30-150 min).
The mixture was filtered and washed with distilled water and ethanol until neutral, then
dried at 110 °C for 2 h and calcined at 500 °C for 6 h. The results showed that the optimal
mass of rice husk silica was 8 g while the optimal sonication time was 30 min. The
product has a cylindrical pore shape with good crystallinity and pore structure regularity.
The specific surface area (Sger), the pore diameter (Dgyy), the specific pore volume (Vi),
and the wall thickness (W) of the product were 601 m? ¢!, 4.76 nm, 0.88 mL g'', and
5.02 nm, respectively. These results are not considerably different from the porosity of
SBA-15, synthesized previously using conventional hydrothermal techniques from
various silica sources. In addition, it is also comparable to the porosity of SBA-15

produced from TEOS by sonochemical methods as well as with commercial SBA-15.
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m INTRODUCTION

The mesoporous silicate family, which includes
Santa Barbara Amorphous No. 15 (SBA-15), folded sheet
mesoporous material No. 16 (FSM-16), and the MA4IS
family (Mobil Composition of Matter No. 41, MCM-41;
Mobil Composition of Matter No. 48, MCM-48; and
Mobil Composition of Matter No. 50, MCM-50) has
attracted the attention of researchers to the point where it
now occupies a superposition in materials science because
of its potential to be applied in various fields. As a material
having a regular pore structure with a diameter of 2-50
inhibit
nanoparticle aggregation, stabilize the position, and

nm, it can minimize crystal formation,
improve the special surface of the material. Therefore, it
can be used in various surface-related applications, such
as catalysis [1-3], gas separation [4-7], drug delivery [8-9],
energy storage [10-11], membranes [12-13], and sensors
[14-15]. According to their pore size, mesoporous silicates
can provide access to relatively large molecules and

enhance diffusion. This is an advantage when compared

to micro materials such as zeolites [16]. SBA-15 was
originally synthesized by Zhao et al. [17] using a
poly(ethylene
poly(ethylene oxide) template commercially known as
Pluronic P-123. SBA-15 has
hexagonal pore shape similar to MCM-41, but it has tiny

oxide)-poly(propylene oxide)-

a two-dimensional

mesopores on the pore walls that link parallel mesopores
[18-19]. As a result, SBA-15 outperforms MCM-41 in
terms of adsorbent and catalyst applications.
Furthermore, the SBA-15 family has thicker pore walls,
resulting in superior thermal and hydrothermal stability
than the M41S and FSM-16 families [20-22].

In general, commercial materials such as tetraethyl
orthosilicate (TEOS) [23-25] and sodium silicate [26-27]
are utilized as silica precursors in the production of SBA-
15, which are, of course, relatively expensive. Several
natural materials have been used as a source of silica in
the synthesis of SBA-15, including sugarcane bagasse
(28], brickyard ash [29], coal gangue [30], oil palm ash

[31], and rice husk ash [32-34], to reduce production
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costs. Rice husk ash is the most potent natural material
because it contains more than 90% of SiO, [35-37].
Moreover, rice is widely grown in Asian countries such as
China, India, Pakistan, Cambodia, Indonesia, Laos,
Malaysia, Myanmar, Philippines, Thailand, Vietnam, etc.
[38], giving large opportunity to use the rice husk ash as
the source of silica in the synthesis of SBA-15. According
to Barrera et al. [39], the silica/surfactant ratio has a
significant impact on the mechanism of mesoporous
development in the synthesis of SBA-15. Other report
suggests that a low silica/surfactant ratio causes the
mesoporous material to be difficult to create, but a high
ratio causes the structure's regularity to be compromised
[40]. Therefore, it is quite clear that the silica/surfactant
ratio is one of the important key factors in the successful
synthesis of SBA-15. However, to the best of our
knowledge, the report that deals with the optimization of
the silica/surfactant ratio, especially in cases where rice
husk silica is used as the source of silica, is rarely found.
Therefore, in order to obtain the best ratio of
silica/surfactant in the more efficient synthesis of SBA-15
from rice hush ash, it is quite challenging to conduct
research on the optimization of the silica/surfactant ratio.

SBA-15 is typically
hydrothermal technique [23-34], which involves heating

synthesized using the

the reactants with air in a closed container (autoclave).
The hydrothermal approach is less cost-effective and does
not adhere to the green chemistry principle since it takes
a long time and a lot of energy to complete the reaction.
Several studies have wused alternative methods to
synthesize SBA-15, such as the sonochemical approach,
which involves the use of ultrasonic waves [41-45].
Ultrasonic waves can cause chemical reactions in liquids
by causing micro-cavitation bubbles to develop. High
temperatures and pressures can be produced by burst
bubbles, allowing chemical reactions to take place [46].
Because it consumes less time and energy, the
sonochemical approach is considered as more cost-
effective and supports green chemistry principles.

The sonication time affects product quality in the
synthesis of several materials; for example, the thermal
stability of the
polystyrene/montmorillonite nanocomposites [47], the

product in the synthesis of
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morphology and dispersion of the product in the
synthesis of cellulose nanocrystals [48], the specific
surface area of the product in the synthesis of micron-
sized vermiculite particles [49], the properties of the
product in the synthesis of methylcellulose-
montmorillonite films [50], and so on. In case of SBA-
15 synthesis, Chaeronpanich et al. [51] has reported that
increasing sonication time could increase the specific
surface area, specific pore volume, and pore diameter of
the product. Unfortunately, there is still no report that
focuses on the optimization of sonication time in the
synthesis of SBA-15 using rice husk silica as a precursor.
The information about the effect of sonication time on
the efficiency of the SBA-15 synthesis is essential to
reduce the time and energy required for the synthesis.

Therefore, based on the above-mentioned ideas,
we report the results of our systematic study on the
optimization of the rice husk silica to surfactant ratio
(Pluronic P-123) as well as the optimization of the
sonication time to obtain a more efficient and
environmentally friendly SBA-15 synthesis method.
Optimization of the ratio of rice husk silica to Pluronic
P-123 was carried out by varying the mass of rice husk
silica for a certain number of Pluronic P-123 surfactants.
The characterization data of SBA-15 synthesized in this
study were compared to SBA-15 synthesized previously
using conventional hydrothermal techniques from
various silica sources. More specifically, the data was
also compared with SBA-15 produced from TEOS by
sonochemical methods as well as with commercial SBA-
15.

m EXPERIMENTAL SECTION
Materials

The rice husk was taken from the rice huller in the
districts of Klaten, Central Java, Indonesia. Chemicals
used in this study were purchased from Merck
(Germany), i.e., Pluronic P-123 (M-Clarity™ quality level
=MQ100, MW: 5800 g/mol), HCI (37%), NaOH (100%),
toluene (99.5%), ethanol (96%). All of the chemicals are
analytical reagent grade and used without further
purification. Distilled water was used in all experiments.
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Instrumentation

Ultrasonic emission is performed using a Bransonic
220 ultrasonic instrument (Taiwan) with a frequency of
48kHz and a heating power of 100 W at a room
temperature (25 to 32°C). X-ray diffraction (XRD)
patterns were recorded at room temperature using Cu K
powder irradiated at = 0.154nm on an X-ray
diffractometer, Shimadzu 6000 (Japan). A Shimadzu
FTIR Prestige-21 (Japan) was used to measure a Fourier-
transform infrared (FTIR) spectroscopic spectra, which
were acquired in the transmittance mode in the range of
4000-400 cm™ at room temperature using the KBr disc
pellets. The nitrogen adsorption-desorption isotherm was
measured at liquid nitrogen temperature using a
Quantachrome NovaWin2 version 2.2 (USA). Samples
were outgassed overnight at 250 °C before measurement.
Using adsorption data at a relative pressure (P/P,) of 0.03
to 0.1, the Brunauer—-Emmett-Teller (BET) surface area is
calculated using the multipoint BET method. At a relative
pressure of 0.95, isotherms were used to calculate a
mesoporous volume. The Barrett-Joyner-Halenda (BJH)
approach was used to calculate the average mesoporous
diameter based on the nitrogen isotherm adsorption
branch. The pore size distributions were calculated using
the BJH model. Transmission electron microscopy (TEM)
JEOL JEM-1400 (USA) was used to examine the features
of the SBA-15 pores.

Procedure

Extraction of silica from rice husk

Rice husk (2 kg) was washed with water, dried in the
sun, and then burned to ashes in the open air. This ash
(100 g) is placed in 125 mL of concentrated HCI which has
been diluted to 500 mL with distilled water. To make rice
husk silica, the mixture was agitated at 60 °C for 3 h, then
filtered with Whatman 42 filter paper, rinsed with
distilled water, dried at 120 °C for 24 h, then calcined at
600 °C for 6 h. FTIR and XRD were used to characterize
the product.

Synthesis of SBA-15 with variations in the mass of rice
husk silica

To make a sodium silicate solution, 4 g of rice husk
silica, and 10 g of NaOH were added to the distilled water
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(100 mL). The mixture was agitated for 2 h at 80 °C, and
then incubated for 12 h. Pluronic P-123 (4 g) was
dissolved in 100 mL of 1.6 M HCI, then heated to 45 °C
while stirring to dissolve it. The sodium silicate solution
(100 mL) was added to the Pluronic P-123 solution (100
mL), then was sonicated for 60 min and heated at 60 °C
for 1 h. After filtering the mixture with Whatman 42
filter paper, it was rinsed with distilled water and ethanol
until the pH was neutral. The resulting solid was dried at
110 °C for 2 h, then calcined at 500 °C for 6 h to produce
a white powder denoted as SBA-15 (4 g, 60 min). The
same procedure was done 4 times with different
amounts of rice husk silica (6, 8, 10, and 12 g,
respectively). The resulting material was denoted as
SBA-15 (6 g, 60 min), SBA-15 (8 g, 60 min), SBA-15 (10
g, 60 min), and SBA-15(12 g, 60 min), respectively. The
methods of FTIR, XRD, GSA, and TEM were used for
characterization of the product.

Synthesis of SBA-15 with variations in sonication
time

The procedure of SBA-15 synthesis above was
carried out four times, each time with the optimal mass
of rice husk silica and a sonication time of 30, 90, 120,
and 150 min, respectively. The materials were labeled as
SBA-15 (X g, 30 min), SBA-15 (X g, 90 min), SBA-15 (X
g, 120 min), and SBA-15 (X g, 150 min), respectively,
where X represents the optimal mass of rice husk silica.

m RESULTS AND DISCUSSION
Rice Husk Silica

The silica extracted from rice husk is in the form of
a white powder, which matches nicely the properties and
color of commercial silica [52]. The FTIR spectra of rice
husk silica and commercial silica (for comparison) are
presented in Fig. 1. It is easily seen that the two spectra
are closely resemble one each other, indicating the
success of silica extraction from rice husk. Table 1 gives
some distinctive bands for siloxane groups (Si-O-Si)
and silanol groups (Si-OH) in the rice husk silica.

The XRD patterns for both rice husk silica and
commercial silica (Fig. 2) reveal broad peaks around 23°,
which are typical of amorphous silica [52], suggesting
that the extraction of silica from rice husks has been

Suyanta and Mudasir



Indones. J. Chem., 2022, 22 (4), 1090 - 1106

successfully carried out. This XRD pattern data supports
the FTIR spectra, suggesting the success of silica
extraction form rice husk.

SBA-15 Synthesized by Varying the Volume of
Sodium Silicate

FTIR spectra analysis

The FTIR spectra of SBA-15 produced with varying
amounts of sodium silicate and those of commercial SBA-
15 are given in Fig. 3. Both spectra show multiple
characteristic absorption bands for mesoporous silicates
dominated by siloxane (Si-O-Si) and silanol (Si-OH)
groups, similar to the spectra of rice husk silica.
Furthermore, due to Si-O stretching vibration on the
silanol group, absorption exhibits around 970 cm™ [55].
The broad peak at 3460 cm™ belongs to the remaining
absorbed water molecules in the samples overlapped with
the O-H bond stretching vibration of the silanol groups
[56]. The bending vibration of the O-H of water appears
at wavenumber 1635 cm™ [54,57]. The strong characteristic
peak of siloxane (Si-O-Si) appears at 1082 cm™ [53]. The
rocking vibration of the Si-O bond is observed at
490 cm™ [53]. On the basis of these data, it can be stated
that the use of sodium silicate solution with a mass of 4, 6,
8, 10 and 12 g in this study has resulted in a material
containing a -Si-O-Si- network and a Si-OH group.

The spectra of SBA-15 (4 g, 60 min) and SBA-15
(12g, 60min) show a lower absorption intensity,
indicating that the formation of the -Si-O-Si- network
and the Si-OH group in the two samples is not flawless.
This is most likely caused by a very low or very high-mass
ratio of silica to surfactant in these two samples. The
formation of the —Si-O-Si- network and the -Si-OH group
can be hampered by a silica/surfactant ratio that is either
too small or too large [39]. On the other hand, the samples
of SBA-15 (6 g, 60 min), SBA-15 (8 g, 60 min), and SBA-
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15 (10 g, 60 min) exhibit relatively high absorption
intensities, indicating that the —-Si—-O-Si- network and
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Fig 1. FTIR spectra of rice husk silica (a) and
commercial silica (b)
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H
O
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Fig 2. XRD diffractograms of rice husk silica (a) and
commercial silica (b)

Table 1. Important FTIR absorption bands of rice husk silica and their interpretation

No Wavenumber Interpretation Reference
1 464 cm™ Rocking vibration of Si-O bond [53]
2 802 cm™ Symmetric stretching vibration of Si-O-Si [53]
3 1104 cm™ Asymmetric stretching vibration of Si-O-Si [53]
4 1635cm™ Bending vibration of the O-H of water (54]
5 3448 cm™ O-H Vibrations of silanol groups and adsorbed water [54]
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Fig 3. The FTIR spectra of: (a) SBA-15 (4 g, 60 min), (b)
SBA-15 (6 g, 60 min), (c) SBA-15 (8 g, 60 min), (d) SBA-
15 (10 g, 60 min), and (e) SBA-15 (12 g, 60 min), and (f)
commercial SBA-15

-Si-OH are well-formed. Because FTIR spectra only
provide information on the functional groups present in
a material, FTIR alone is insufficient to draw a conclusion
about the appropriate mass of rice husk silica in the
of SBA-15.
characterization data generated by other analytical

synthesis Therefore, more diverse

methods are necessary.

XRD pattern analysis

Fig. 4 shows the effect of rice husk silica mass used
in the synthesis on the number, diffraction angle, and
intensity of diffractogram peaks. The diffractogram of
commercial SBA-15 is also presented as a reference. The
peaks of [100] are found in all of the diffractograms,
which are typical of 2D hexagonal formations. The peak
number for diffractogram of SBA-15 (4 g, 60 min) is
limited to only one peak, [100] with quite low intensity.
This is probably due to insufficient amount of silica
present in the sample, preventing the creation of micelles
that serve as the hexagonal structural template [39]. On
the other hand, each diffractogram of SBA-15 (6 g, 60 min),
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SBA-15 (8g, 60 min), SBA-15 (10g, 60 min), and
commercial SBA-15 contains three peaks ([100], [110],
and [200]), whereas the SBA-15 (12g, 60 min)
diffractogram exhibits two peaks ([100] and [110]). The
presence of additional peaks in the diffractograms,
especially peaks [110] and [200], suggests the occurrence
of mesoporous regularity growth in the samples [39].
The diffraction angle of [100] peak gets bigger in
the order of SBA-15 (4 g, 60 min) < SBA-15 (6 g, 60 min)
<SBA-15 (8 g, 60 min) < SBA-15 (10 g, 60 min), but gets
smaller at SBA-15 (12 g, 60 min). The diffraction angle
is inversely proportional to the interplanar spacing
(di0o), where the dig decreases as the diffraction angle
increases. So, it can be concluded that the use of more
rice husk silica, from 4 to 10 g, dioo gives rise to a smaller
d-spacing, but the use 12 g results in a bigger d-spacing.
The similar trends have also been reported by Mendelez-
Ortiz et al. [57]. The value of dip can be used to obtain
the lattice parameters a, (where a, = 2d;00/ \3), which can

A

100

—_—
o
~

(b)

Intensity (a.u.)
1/—-
=

(d)

A
L

v

20 (deg)
Fig 4. The XRD diffractogram of: (a) SBA-15 (4 g,
60 min), (b) SBA-15 (6 g, 60 min), (c) SBA-15 (8¢g ,
60 min), (d) SBA-15 (10 g, 60 min), and (e) SBA-15 (12 g,
60 min), and (f) commercial SBA-15
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then be used to calculate the pore wall thickness (W)
using the equation Wr = ay — Dgu, where Dy is the
average pore diameter acquired from the GSA data.

The peak intensity, especially the main peak [100]
indicates the crystallinity of SBA-15 [58]. Fig. 4
demonstrates that the crystallinity of each sample
produced in this study is still lower than that of
commercial SBA-15. For the synthesized samples, the
peak intensity [100] rose as the mass of rice husk silica
used increased (from 4, 6, 8, and 10 g), but reduced when
12 g was used. This shows that the crystallinity of SBA-15
grew as the mass of rice husk silica used increased but
declined as the mass of rice husk silica used climbed too
high. A similar thing has been documented by other
studies [39]. Based on the discussion on the FTIR spectra
and XRD diffractogram, it can be stated that SBA-15
materials which have high crystallinity and relatively good
hexagonal structure regularity are SBA-15 (6 g, 60 min),
SBA-15 (8 g, 60 min), and SBA-15 (10 g, 60 min). These
three samples were further analyzed quantitatively using
a GSA to determine their porosity.

Gas adsorption analysis

The adsorption-desorption isotherms of the SBA-15
(6 g, 60 min), SBA-15 (8 g, 60 min), and SBA-15 (10 g,
60 min) samples are shown in Fig. 5 together with the
isotherm of commercial SBA-15 for the purpose of
comparison. According to the IUPAC classification, all
four curves are classified as type IV, which is typical of
mesoporous materials [59-60]. Generally, these isotherms
exhibit a similar trend, which has five stages. There is a
considerable increase in the volume of N, adsorbed at a
relative pressure of 0.03 to 0.1, indicating the presence of
single-layer N, adsorption on the surface of SBA-15,
including external and internal surfaces. This stage is used
as the basis for measuring the pore surface area using the
BET method. Furthermore, the adsorption curve rises at
a relative pressure of roughly 0.4, indicating the presence
of multilayer N, adsorption across the entire surface.
Because of the condensation of N, in the capillaries
included in SBA-15, the adsorption curve dramatically
increased at a relative pressure of about 0.4-0.7. The curve
is nearly gentle at relative pressures above 0.6, indicating
that only a little quantity of N, is adsorbed. Only the exterior
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Fig 5. The adsorption-desorption isotherms of: (a) SBA-
15 (6 g, 60 min), (b) SBA-15 (8 g, 60 min), (c) SBA-15
(10 g, 60 min), and (d) commercial SBA-15

surface of SBA-15 can still adsorb nitrogen molecules at
this point. The short slope of the curve at this point
illustrates the limited exterior surface area of the
materials. Finally, due to the adsorption of N, in the
interparticle region, the re-adsorption curve increases
slightly for relative pressures close to 1.

A formation of hysteresis loop when the pressure
is reduced, suggesting that the volume of desorbed gas
does not equal the volume of adsorbed gas. This can
happen as a result of the previously described capillary
condensation. The hysteresis loop in the three samples
of SBA-15 in this study is type H1 which is characteristic
with
cylindrical channels open on both sides [61]. For all the

of mesoporous materials one-dimensional
samples, type IV isotherms with steep H1 hysteresis
loops at relative pressure P/P, of 0.4-0.8 can be observed,
implying the formation of a uniform large mesopore.
The bigger the pore diameter, the further right the
inflection location, whereas the sharpness of the curve
after the inflection reflects the uniformity of the
mesoporous size distribution [62]. Furthermore, at this
stage, the height of the curve is proportional to the pore
volume of the materials. From Fig. 5, it is observed that
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the distribution of mesoporous size is relatively uniform
but the uniformity is slightly lower compared to
commercial SBA-15.

The porosity of the SBA-15 (6 g, 60 min), SBA-15 (8
g, 60 min), and SBA-15 (10 g, 60 min) samples are shown
in Table 2 together with the porosity of commercial SBA-
15 for the purpose of comparison. The porosity data of the
four samples (Table 2) reveal that the Sger and Vi trends
follow the crystallinity trend, according to the order
Commercial SBA-15 > SBA-15 (8 g, 60 min) > SBA-15 (10
g, 60 min) > SBA-15 (6 g, 60 min). The crystallinity trend,
however, does not appear to be related to both of the Dgju
as well as the W trend.

Fig. 6 shows that the commercial SBA-15 has a
narrow pore size distribution with the highest intensity of
about 5 nm, while the samples SBA-15 (6 g, 60 min), SBA-
15 (8 g, 60 min), and SBA-15 (10 g, 60 min) had relatively
wide pore size distributions with the highest intensity of
about 4.3, 4.1, and 3.5 nm, respectively. This is supported
by the XRD diffractogram in Fig. 4, which shows that the
commercial SBA-15 diffractogram contains three peaks
with the highest intensity when compared to other
samples. Among the three samples synthesized with
variations in the mass of rice husk silica, SBA-15 (10 g, 60
min) was the most homogeneous sample, characterized
by a narrower curve with higher peaks. As for the samples
of SBA-15 (6 g, 60 min) and SBA-15 (8 g, 60 min), the
pore size distribution was more varied, with short and
wide peaks. The pore diameter with the highest intensity
on each curve is slightly different when compared to the
average pore diameter of each sample in Table 2. This is
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because the average pore diameter covers all the pores in
each sample.

Based on the porosity data in Table 2 and the pore
size distribution in Fig. 6, it is evident that each
synthesized sample has its own advantages in certain
parameters, and no sample excels in all parameters.
Although the SBA-15 (6g, 60 min) sample has the
biggest pore diameter and thickest pore wall, it has the
smallest specific surface area and specific pore volume.
Although the SBA-15 (6 g, 60 min) sample has the biggest

(d)

0.028

0.024
0.020
(c)

0.016

00124  (b)

Dv(D)(cc/nmig)

0.008
(a)

0.004

0.000 T T T T T —>
3 4 5 6 7 8 9
Pore diameter

Fig 6. Pore size distribution of (a) SBA-15 (6 g, 60 min),
(b) SBA-15 (8 g, 60 min), (c) SBA-15 (10 g, 60 min), and
(d) Commercial SBA-15 samples

Table 2. The porosity of SBA-15 (6 g, 60 min), SBA-15 (8 g, 60 min), SBA-15 (10 g, 60 min), and commercial SBA-15

Sample Sper (m?/g) Dpm (nm) Vg (mL/g)  di (nm) ap (nm) Wy (nm)
SBA-15 (6 g, 60 min) 325 4.79 0.37 9.58 11.66 6.87
SBA-15 (8 g, 60 min) 652 3.98 0.65 8.89 10.27 6.29
SBA-15 (10 g, 60 min) 626 3.52 0.56 8.27 9.55 6.03
Commercial SBA-15 660 6.21 0.98 10.63 12.28 6.07

Seer : specific surface area, BET
Dsn
Ve

digo : interplanar spacing

: pore diameter, BJH adsorption
: specific pore volume

a  :lattice parameter, for hexagonal = 2di00/\3
Wr :silica wall thickness, for hexagonal Wr=ao - Dejn
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specific surface area and specific pore volume, the pore
diameter is smaller and the pore walls are thinner than the
SBA-15 (6 g, 60 min) sample. Moreover, although the
SBA-15 (10 g, 60 min) sample has a narrower pore size
distribution, it has flaws in several other characteristics.
Nevertheless, the SBA-15 (8 g, 60 min) sample has been
chosen as the one out of the three with the best
accumulative porosity properties. The reasons for this
choice are that the sample has the largest specific surface
area and specific pore volume, while the pore diameter
and pore wall thickness were not significantly different
from that of the SBA-15 (6 g, 60 min) sample. In addition,
the pore size distribution was better than that of the SBA-
15 (6 g, 60 min) sample although it is not as good as that
of the SBA-15 (10g, 60 min) sample. For further
experiments, we have only focused on the study of the
effect of sonication time on the effectiveness of the
synthesis of SBA-15 using an 8 g rice husk silica.

Effect of Sonication Time on the Synthesis
Efficiency of SBA-15

FTIR spectra analysis

The FTIR spectra of SBA-15 produced with varying
sonication times and those of commercial SBA-15 were
presented in Fig. 7. This figure revealed distinctive
absorptions for the siloxane and silanol groups, which
were nearly identical to those shown in Table 1. The high
intensity of these absorptions indicated the successful
formation of -Si-O-Si- and Si-OH groups in all
variations of sonication time. The spectra of the six FTIR
appeared to be identical to one another, with no new
absorption band shifts or substantial wavenumber shifts.
The difference may be seen in the intensity of the
absorption band, particularly at wavenumbers around
1096 cm™. The intensity of the absorption band decreased
little as the sonication time increased from 30 to 150 min.
So it can be stated that the sonication time of 30 min
resulted in the formation of the most perfect -Si-O-Si-
network, whereas extending the sonication time resulted
in damage to portions of the —Si-O-Si- network.

Fig. 8 show the effect of sonication time on the
intensity of the

number, diffraction angle, and

diffractogram peaks. The diffractogram of commercial
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Fig 7. The FTIR spectra of: (a) SBA-15 (8 g, 30 min), (b)
SBA-15 (8 g, 60 min), (c) SBA-15 (8 g, 90 min), (d) SBA-
15 (8 g, 120 min), (e) SBA-15 (8 g, 150 min), and (f)
commercial SBA-15
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/ ( b,) (200)
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Fig 8. The XRD diffractogram of: (a) SBA-15 (8 g, 30
min), (b) SBA-15 (8 g, 60 min), (c) SBA-15 (8 g, 90 min),
(d) SBA-15 (8 g, 120 min), and (e) SBA-15 (8 g, 150 min)
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SBA-15 is also presented as a reference. The existence of
three diffractogram peaks, [100], [110], and [200], was
seen in all diffractograms, showing that the mesoporous
silicate SBA-15 could be produced with any sonication
time utilized in this investigation.

The 20 of these diffractograms are 1.04, 0.99, 1.020,
0.97, and 0.96 for the sonication time of 30, 60, 90, 120,
and 150 min, respectively. It is clear that except for the
increase in sonication time from 60 to 90 min, where the
peak changed to the right, the diffractogram's peak
location shifted to the left as the sonication time was
increased. The d,o samples can be obtained quantitatively
using Bragg's Equation [63]: A = 2digsin®, where A =
wavelength of X-ray (0.154 nm), and 6 = diffraction angle.
So, we find the diq are 8.47, 8.89, 8.62, 9.06, and 9.18 nm
for sonication times of 30, 60, 90, 120, and 150 min,
respectively. In general, increasing the sonication time
increases the di, except for increasing the sonication
time from 60 to 90 min. Mendelez-Ortiz et al. [57]
reported similar results, where the value of di¢ generally
increased with increasing reaction time.

Fig. 8 indicates a drop in peak intensity [100] as
sonication time is increased from 30 to 60, 90, and 120
min, but an increase when sonication time is raised to 150
min. This indicates that the crystallinity of SBA-15 varies,
as evidenced by fluctuations in the [100] peak intensity.
The highest peak intensity was produced if the sonication
time was decreased to 30 min, which was getting closer to
the intensity of commercial SBA-15. Table 3 shows the
results quantitatively compared to commercial SBA-15,
wherewith the sonication times of 30, 60, 90, 120, and 150
min, the relative crystallinities were 87.51, 74.81, 60.63,
35.64, and 43.26%, respectively. It was mean that with
increasing sonication time, there is a trend of decrease in
relative crystallinity. This is in line with the findings of On
et al. [64], who found that a long sonication period might
produce hydrolysis, which damages the pore wall and
reduces pore size.

The higher energy received by the SBA-15 material,
which is created together with the longer sonication time,
can also cause damage to the pore structure. However, it
appears that silicate anions formed by hydrolysis and
exposed to sonication energy can polymerize again to
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form siloxane groups, resulting in a considerable
increase in crystallinity when 150 min of sonication
time. Perhaps, there is competition between the
hydrolysis and deconstruction of siloxane groups by
the one hand, with the
polymerization process of silicate anions forming new

energy exposure on

siloxane groups on the other. Several earlier studies [65-
67] also found that increasing sonication time or
hydrothermal duration increased or decreased product
crystallinity in the synthesis of various materials.

According to the FTIR spectra and XRD
diffractogram analysis, the samples of SBA-15 (8 g, 30
min), SBA-15 (8 g, 60 min), and SBA-15 (8 g, 90 min)
show outstanding crystallinity and usually high
hexagonal structure regularity. These three samples
were quantitatively evaluated using a gas sorption
analyzer to determine the porosity.

Gas adsorption analysis

The adsorption-desorption isotherms of the SBA-
15 (8 g, 30 min), SBA-15 (8 g, 60 min), and SBA-15 (8 g,
90 min) samples are shown in Fig. 9 together with the
isotherm of commercial SBA-15 for the purpose of
comparison. The curves of all samples exhibit a type IV
isotherm which is characteristic for mesoporous
materials. In general, the isotherm curves in this figure
are not different to the type IV curve of Fig. 5. However,
Fig. 9(a) reveals a distinct difference, in which the
inflection point shifts to the right, and both the slope and
height of the curve increase. It is indicating that the
material has a larger pore diameter, more uniform
mesopore, and a higher pore volume. In addition, the

Table 3. The relative crystallinity of SBA-15 synthesized
with variation of sonication time compared to
commercial SBA-15

Sample Intensity Relative
(counts) crystallinity (%)*
Commercial SBA-15 2009 100
SBA-15 (8 g, 30 min) 1758 87.51
SBA-15 (8 g, 60 min) 1503 74.81
SBA-15 (8 g, 90 min) 1218 60.63
SBA-15 (8 g, 120 min) 716 35.64
SBA-15 (8 g, 150 min) 869 43.26

* compared to commercial SBA-15
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Fig 9. The adsorption-desorption isotherm of (a) SBA-15
(8 g, 30 min), (b) SBA-15 (8 g, 60 min), (c) SBA-15 (8 g,
90 min), and (d) commercial SBA-15

appearance of curve 9(a) more closely resembles the
isothermal curve of commercial SBA-15 (Fig. 9(d)). This
indicated that the sample has a diameter, volume, and
uniformity of pores that are closer to the commercial
SBA-15 as shown in Table 4 and Fig. 11.

The porosity of the four materials (Table 4) shows
that the order of the specific surface area (Sger) from large
to small is Commercial SBA-15 > SBA-15 (8 g, 90 min) >
SBA-15 (8 g, 60 min) > SBA-15 (8 g, 30 min). It is clear
that the SBA-15 materials increase in specific surface area
with increasing sonication time. A similar case was also
reported by Chaeronpanich [51]. However, the difference
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in specific surface area in the present study is not
significant, and each has a fairly large surface area (> 600
m?/g). The order of pore diameters from large to small is
Commercial SBA-15 > SBA-15 (8 g, 30 min) > SBA-15
(8 g, 90 min) > SBA-15 (8 g, 60 min). The order of the
specific pore volumes from largest to smallest is
Commercial SBA-15 > SBA-15 (8 g, 30 min) > SBA-15
(8 g, 60 min) > SBA-15 (8 g, 90 min). The order of pore
wall thickness from thick to thin is Commercial SBA-15
> SBA-15 (8 g, 60 min) > SBA-15 (8 g, 90 min) > SBA-
15 (8 g, 30 min). Among the synthesized SBA-15, the Sger
trends follow the crystallinity trend, which peaked in the
SBA-15 (8 g, 30 min) sample. The crystallinity trend, on
the other hand, does not appear to be linked to the Dgjy,
Vm, and Wr trend.

The pore size distributions of SBA-15 synthesized
with varying of sonication time and those of commercial
SBA-15 are given in Fig. 10. The pore size distribution of
SBA-15 (8 g, 30 min) (Fig. 10(a)) is similar to the pore
size distribution of commercial SBA-15 (Fig. 10(d)),
both having peaked at a pore diameter of about 5 nm.
However, Fig. 10(d) is sharper with a higher peak
intensity, which indicates that the uniformity of
commercial SBA-15 is still higher than that of SBA-15 (8
g, 30 min). On the other hand, the pore size distributions
of SBA-15 (8 g, 60 min) (Fig. 10(c)) and SBA-15 (8 g, 90
min) (Fig. 10(d)) are relatively wide, having peaked at
4.5 and 4 nm, respectively, with diameters ranging from
3 to 7 nm. Among the three synthesized materials, SBA-
15 (8 g, 30 min) material has the highest pore volume at
the same pore diameter, as demonstrated by the height

Table 4. The porosity of SBA-15 (8 g, 30 min), SBA-15 (8 g, 60 min), and SBA-15 (8 g, 90 min), and Commercial SBA-

15

Sample Sper (m*/g)  Dpu (nm)  Vgu (mL/g)  die (nm) @ (nm) Wy (nm)
SBA-15 (8 g, 30 min) 601 4.76 0.88 8.47 9.78 5.02
SBA-15 (8 g, 60 min) 635 3.98 0.65 8.89 10.27 6.29
SBA-15 (8 g, 90 min) 652 4.32 0.61 8.62 9.95 5.63
Commercial SBA-15 660 6.21 0.98 10.63 12.28 6.07

SBET : specific surface area, BET

Dgju : pore diameter, BJH adsorption

Vi : specific pore volume

digo :interplanar spacing

a0 :lattice parameter, for hexagonal = 2d00/ V3

Wr : silica wall thickness, for hexagonal Wr=ao - D
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Fig 10. Pore size distribution of (a) SBA-15 (8 g, 30 min),
(b) SBA-15 (8 g, 60 min), (c) SBA-15 (8 g, 90 min), and
(d) Commercial SBA-15 samples

of its curve, which generally exceeds the other two curves.
For the same pore diameter, SBA-15 (8 g, 30 min) has a
longer pore length than SBA-15 (8 g, 60 min) and SBA-15
(8 g, 90 min).

Each sample of SBA-15 synthesized with this
variation of sonication time has advantages in certain
parameters, according to the porosity data in Table 4, but
no sample is superior in all parameters. The most regular
pore structure, as well as the largest pore diameter and
specific pore volume, is found in sample SBA-15 (8 g,
30 min), however, it has the smallest specific surface area
and thinnest pore wall. The pore structure of sample SBA-
15 (8 g, 60 min) is fairly regular, with the thickest pore
wall but the smallest pore diameter. The sample SBA-15
(8 g, 90 min) exhibited a higher specific surface area but a
less uniform pore structure and the smallest specific pore
volume. Overall, SBA-15 (8 g, 30 min) is the best of the
three samples because it has the most regular pore
structure, the largest pore diameter and specific pore
volume, and takes the least amount of sonication time.
Although not the best, the surface area and pore wall
thickness of this sample were not substantially different
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from the others.

TEM analysis

The TEM image of SBA-15 (8 g, 30 min) and
commercial SBA-15 (as a reference) are presented in Fig.
11. The TEM image of SBA-15 (8 g, 30 min) sample (Fig.
11(a)) reveals a significant degree of pore regularity
although it is not as good as commercial SBA-15 (Fig.
11(b)). According to Fig. 11, the typical pore diameter
and pore wall thickness of this material is around 5 and
5.5 nm, respectively. These results match well to those
obtained by XRD and GSA data, indicating that the pore
diameter and pore wall thickness of this material was
4.76 and 5.02 nm, respectively. For commercial SBA-15,
TEM images show the pore diameter and wall thickness
of 6.5 and 5 nm, respectively. This is also close to the
results obtained from XRD and GSA data, which are 6.21
and 6.07 nm, respectively.

Table 5 compares the porosity of SBA-15 (8 g,
30 min) produced in this study to those achieved by
other researchers employing a hydrothermal technique
and a variety of silica sources [17-19,35-37], and also to
the commercial SBA-15. The SBA-15 prepared in this
work, i.e. SBA-15 (8 g, 30 min) which requires a shorter
synthesis time and a less expensive silica source, is shown
to be comparable to both those previously published in a

+55nm
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Fig 11. The TEM image of (a) SBA-15 (8 g, 30 min) and
(b) commercial SBA-15

Suyanta and Mudasir



Indones. J. Chem., 2022, 22 (4), 1090 - 1106

1101

Table 5. the porosity of SBA-15 produced in the present research along with those obtained by other workers and the

commercial SBA-15

Synthes'1s time Method Silica source SBET_ Doy Vo Reference
(min) (m*g")  (nm)  (cm¥/g)
1200 hydrothermal TEOS 700 7 0.98 68
180 hydrothermal TEOS 795 7.89 1.289 69
1440 hydrothermal TEOS 948 5.5 1.3 70
4320 hydrothermal TEOS 835 6.7 0.7 71
2880 hydrothermal Rice husksilica 310 6.85 0.43 72
1440 hydrothermal TEOS 558 6.5 0.8 73
1440 hydrothermal Rice husk silica 656 11.73 1.092 74
1440 hydrothermal = Sodium silicate solution 869 5.7 1.24 75
1440 hydrothermal TEOS 674 3.92 0.66 76
1440 hydrothermal TEOS 1000 4.99 1.250 77
* hydrothermal TEOS 660 6.21 0.98 Commercial SBA-15
30 Sonochemical Rice husk silica 601 4.76 0.88 This study

* There is no information

Table 6. the porosity of SBA-15 produced in the present research along with those obtained from many studies using

the sonochemical method and TEOS as silica source, and the commercial SBA-15

Synthes.1s time Method Silica source SBET_ Doy Vo Reference
(min) (m*g") (nm) (cm’/g)
60 Sonochemical TEOS 562 4.7 0.65 78
120 Sonochemical TEOS 606 4.9 0.74 78
180 Sonochemical TEOS 618 4.6 0.72 78
240 Sonochemical TEOS 570 44 0.62 78
60 Sonochemical TEOS 760 6.5 0.76 42
* Hydrothermal TEOS 660 6.21 0.98  Commercial SBA-15
30 Sonochemical  Rice husk silica 601 4.76 0.88 This study

* There is no information

variety of publications as well as commercial SBA-15. As
shown in Table 6, the porosity of SBA-15 (8 g, 30 min)
obtained in this work is also comparable to the results of
several works that use sonochemical method and TEOS as
a silica source. Our results are generally comparable to
those previously reported by some researchers [38-43],
although we use non-commercial silica, extracted from
rice husk. The successful use of low-cost materials such as
rice husk silica with shorter synthesis times is promising
and challenging for the future commercial synthesis of
low-cost SBA-15.

m CONCLUSION

SBA-15 has been successfully synthesized from rice
husk silica utilizing a sonochemical method. The

optimization of mass ratio of rice husk silica to
surfactant (Pluronic P-123) and the sonication time has
led to the more efficient and eco-friendly synthesis
method. It has been observed that the amount of rice
husk silica used and the sonication time have a
significant impact on crystallinity, Sger, D, Vem, Wi,
and pore size distribution of the SBA-15 products. In
general, the best results has been obtained from using 8
g of rice husk silica and a 30 min sonication time. The
product has a specific surface area of 601 m* g™, a wall
thickness of 5.02 nm, an average pore diameter of 4.76
nm, a specific pore volume of 0.88 mL g™, and a narrow
pore size distribution (3-6.5 nm). The characteristics of
the synthesized SBA-15 in this study are quite
comparable to those of SBA-15 synthesized by using
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commercial silica materials (TEOS) and the hydrothermal
method, which consumes much more time and energy. In
addition, the characteristics of SBA-15 synthesized in this
study are also quite comparable to those of commercial
SBA-15. Therefore, the synthesis method developed in
this study is recommended to be used for further synthesis
of SBA-15 because it is
environmentally friendly. The obtained SBA-15 from this

more efficient and
study is potentially applied in the catalysis processes as
well as in the adsorption study of hazardous pollutants
such as heavy metals and dyes.
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