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INTRODUCTION

Magnetic iron oxide nanoparticles i.e. Fe;04 (magnetite),
v-Fe,O; (maghemite) and o-Fe,O; (hematite) have great potential
as information storage materials [ 1], magnetic recyclable nano-
catalysts [2], adsorbents in adsorption/separation processes [3]
and applications in biomedical areas [4]. When the size of nano-
particles ranging from 10 to 20 nm in diameter, magnetic nano-
particles have single magnetic domains and normally show
superparamagnetic behaviour at room temperature, known as
superparamagnetic iron oxide nanoparticles (SPIONs) [5].
Mixed oxides of iron with certain transition metal ions such
as copper, nickel, manganese, cobalt and lanthanide metals
also have superparamagnetic properties and are therefore inclu-
ded in the SPION category. However, the most commonly used
SPIONSs in various biomedical applications are magnetite and
maghemite nanoparticles [6] since they are relatively safer than
other nanoparticles, such as manganese, which can cause neuro-
logical disorders [7] or lanthanides, which are dangerous for
patients with kidney problems [8], etc.

The size of SPION is small enough that it behaves like a
single magnetic unit, rotating in the presence of a magnetic
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-
Rice husk silica has been used as a raw material for the sonochemical synthesis of MCM-48 (RH-MCM-48). Silylation on the outer |
surface of RH-MCM-48 using trimethylchlorosilane before removal of the template to prevent the formation of iron oxide in the outer of |
RH-MCM-48. The impregnation of Fe** into the externally silylated-RH-MCM-48 porous system was done by optimizing the concentration
of Fe™*, contact time and temperature. The XRD pattern, N, adsorption/desorption isotherms and TEM images showed that RH-MCM-48 |
has an ordered /a3d cubic mesostructure with high specific surface area and narrow porous size distribution. FTIR spectra confirmed the |
successful implementation of external silylation. Moreover, DR-UV-vis spectra, EPR spectra and magnetization curve show that the |
impregnation of Fe** into the externally silylated-RH-MCM-48 pores produce a superparamagnetic iron oxide nanoparticles formed |
inside the pores and induces partial isomorphic substitution of Si**by Fe** on the wall pores. |
|
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field without remanent magnetization, which can cause
agglomeration after the magnetic field is released [9]. To reduce
the tendency of SPION particles to aggregate and increase
their dispersibility and colloidal stability, it is necessary to
apply a coating [6]. Some compounds have been used for
coating the SPIONS, i.e. polysaccharide [10], B-cyclodextrin
[11], polyethyleneimine [12], efc. On the other hand, silica
materials especially meso-porous silica nanoparticles (MSNs)
like MCM-41, MCM-48, SBA-15 and SBA-16 are the most
popular matrices used as potential carriers in drug delivery
system [13,14], adsorbent [ 15-18], catalyst [19-21], efc. Their
advantageous properties i.e. well-ordered internal mesopores
(usually around 2-6 nm) with large pore volume (0.6-1 cm*/g)
and surface area (700-1500 m%g), adjustable particle size (50-
200 nm), durability, shape and easy surface modification, make
them ideal plat-forms for designing multifunctional
nanosystems [22-24].

Few researchers have combined those two superior materials
in which SPIONs are dispersed in the pores of various hosts
e.g. MCM-41 [25], MCM-48 [26] and SBA-15 [27,28]. How-
ever, as far as we know, there is no report dealing with the use
of externally silylated MCM-48 as a host material. Silylation
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on mesoporous silica nanoparticles (MSNs) has been widely
reported [29,30], but is mostly not specific and carried out on
the entire (inner and outer) surface of MSNs with the purpose
to increase hydrophobicity and hydrothermal stability; whereas
selective silylation on the outer surface of MSNs is hardly
reported. In fact, three-dimensional cubic mesoporous system
of MCM-48 has a larger surface area and pores volume than
two-dimensional hexagonal mesoporous system of MCM-41
or SBA-15 [31]. In terms of mass transfer, MCM-48 which
has a gyroidal structure is also superior to MCM-41 [32-34],
therefore it is more suitable for some applications.

On the other hand, rice husks have been utilized as a source of
silica in the synthesis of mesoporous silicate materials [35-37]
due of its high silica content. MCM-41 produced from rice husk
has been reported to have chemical and physical properties
(e.g. crystallinity and porosity), which are not much different
from those produced by commercial silica, such as tetraethyl
orthosilicate (TEOS) [38]. Based on this finding, it is expected
that the synthesis of mesoporous materials such as MCM-48
using rice husks as a source of silica will also be highly feasible
and it is economically more profitable. Moreover, in terms of
synthesis method, ultrasonic sonication has been well known to
take less time and give product with the quality which is not much
different than that produced by the hydrothermal method [39].

This study reports the first synthesis and characterization
of superparamagnetic iron oxide in the pores of externally
silylated MCM-48 (silyl-RH-MCM-48) in which MCM-48 is
ultrasonically synthesized from rice husk silica. To get the
optimum results, some parameters influencing the synthesis
such as Fe* concentration, contact time and temperature on
preserving of the host (silyl-RH-MCM-48) have been syste-
matically optimized. The products are confirmed by FTIR, XRD,
TEM, DR-UV-vis, EPR and other characterization methods.
The successful external silylation on RH-MCM-48 and impre-
gnation of iron oxide inside the pores of silyl-RH-MCM-48 is
an essential achievement because it can protect the oxidation
of iron oxide and therefore extend the duration of its magnetic
properties.

EXPERIMENTAL

Rice husk was taken from the rice huller at Bantul District,
Yogyakarta, Indonesia. Chemicals used in this study were
purchased from Merck (Germany) i.e. H,SO, (95-97%), NaOH
(100%), cetyltrimethylammonium bromide (CTAB) (> 98%),
trimethylchlorosilane (TMCS) (> 99%), Fe(NO3);-9H,0 (=
98%), toluene, diethyl ether and acetone. Most of the chemicals
were of analytical reagent grade and used without further
purification. Distilled water was used in all experiments.

Ultrasonic emission is carried out using a Bransonic 220
ultrasonic instrument with a frequency of 48 kHz and heating
power of 100 W at room temperature range of 25 to 32 °C. X-ray
diffraction (XRD) patterns were obtained at room temperature
on an X-ray diffractometer Shimadzu model XD-3H, using
CuKo powder irradiated at A =0.15418 nm. Fourier-transform
infrared (FTIR) spectroscopic analysis was carried out by a
Shimadzu FTIR-8010PC and the spectra were recorded as the
transmittance mode in the range of 4000-400 cm™ at room

temperature using the KBr disc. The Nova 1200 Quantachrome
of gas adsorption analyzer (GAA) was used to measure the
nitrogen adsorption-desorption isotherm at liquid nitrogen
temperature. Before measurement, samples were outgassed at
250 °C overnight. The Brunauer-Emmett-Teller (BET) surface
area is determined based on the multipoint BET method by
utilizing adsorption data at a relative pressure (P/P,) of 0.05-
0.30. Mesoporous volume was obtained from isotherms at a
relative pressure of 0.95. The estimation of average meso-
porous diameter was based on the nitrogen isotherm adsorption
branch using the Barrett-Joyner-Helenda (BJH) method. The
BJH model was used to obtain the pore size distributions. The
features of the MCM-48 pores were observed using transmi-
ssion electronic microscopy (TEM) JEM-3010. Electron para-
magnetic resonance (EPR) JEOL spectrometer type JES R1X
was used to characterize the oxidation states of iron, while
diffuse reflectance ultraviolet-visible (DR-UV-Vis) UV 1700
Pharmaspec was used to characterize the isolated iron in the
framework materials. The magnetic properties of the samples
were analyzed using a vibrating sample magnetometer (VSM)
Oxford 1.2H with magnetic fields of up to 3T at room temperature.
The iron content of the loaded samples was determined by
Atomic Absorption Spectrometry (AAS-3300 Perkin-Elmer).

General procedure

Extraction of silica from rice husk: Amorphous silica
was extracted from rice husk ash by modifying the procedures
reported in previous literature [35,36]. The rice husk ash was
obtained from the dried and cleaned rice husk burning in the
open air. The obtained rice husk ash (100 g) was refluxed with
H,SO, solution (2 M, 500 mL) under magnetic stirring at 80 °C
for 4 h. The solid phase was separated by filtering, then washed
thrice with distilled water to remove excess H,SO,. Afterward,
the solid phase was heated at 110 °C for 10 h followed by calci-
nation at 600 °C for 6 h with the heating rate of 2 °C/min.

Synthesis of MCM-48 and its silylation: MCM-48 was
synthesized according to reported procedure [31] with some
modifications. Firstly, solution A and solution B were prepared.
To make solution A, RH-silica (4.00 g) and NaOH (1.25 g)
were added to distilled water (35 mL) then heated (80 °C)
while stirring constantly for 2 h. The solution was then cooled
to room temperature. Solution B was prepared by dissolving
CTAB (5.04 g) in distilled water (55 mL) while simultaneously
heating at 80 °C and continously stirring for 2 h. The surfactant
solution of CTAB was then cooled to room temperature. The
two solutions (A and B) were mixed under vigorous stirring
for 2 h, then the mixture was adjusted to pH 10 by dropwise
addition of 0.1 M H,SOj to produce silica-surfactant gel. The
obtained gel was then placed in the ultrasound-assisted reaction
apparatus, in a sealed glass bottle for 3 h at the frequency of
40 Hz and preserved at room temperature. The obtained product
was recovered by filtration, washed repeatedly with distilled
water and then dried at 110 °C for 6 h. The product was denoted
as as-RH-MCM-48. A portion of as-RH-MCM-48 was then
calcined at 550 °C for 5 h to produce calcined MCM-48 (cal-
RH-MCM-48), while the other sample was subjected to further
treatment to yield silyl-RH-MCM-48. Silylation was conducted
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in accordance with the procedure described in the literature
[29]. The as-RH-MCM-48 (1 g) was put into a 100 mL round
bottom flask, then 50 mL of TMCS/toluene solution (10 vol.
%) was added along with stirring at room temperature for 6 h.
The product was filtered and rinsed with diethyl ether followed
by acetone and then dried in a vacuum oven at 50 °C for 8 h.
The sample was then calcined at 550 °C for 5 h to give silyl-
RH-MCM-48.

Impregnation of Fe** into silyl-RH-MCM-48: Before
impregnation, silyl-RH-MCM-48 was first activated at 120 °C
for 3 h. Next, 100 mL of acidic solutions (pH = 1) of 0.01 M
Fe(NOs;); was added dropwise into the beaker glass containing
1 g of silyl-RH-MCM-48. The mixture was then magnetically
stirred for 2 h at room temperature, followed by incubation
for 5 h to maximize the loading. The solid phase was filtered,
washed with distilled water and dried at room temperature. To
ensure the formation of iron oxide nanoparticles, the loaded
sample was calcined at 500 °C in air for 8 h. The effect of Fe™
various concentrations (0.01, 0.05, 0.1, 0.25, 0.75 and 1 M),
contact times (2, 4, 6, 8 and 10 h) and mixing temperatures
(room temperature (room temperature, 40, 60 and 80 °C) on
the effectiveness of impregnation were also investigated in these
experiments. The final product was denoted as Fe,Os(x,y,z) @
silyl-RH-MCM-48, where x, y and z referred to Fe** molar
concentration, contact time and temperature, respectively.

The preservation/stability of host material was studied by
the XRD method, while the content of Fe in the composites
was determined by the AAS method. The optimal/best product
was further characterized by using FTIR, DR-UV-visible, EPR
and VSM methods. Fig. 1 gives the schematic illustration of
the external silylation of RH-MCM-48 and the impregnation
of Fe™* into the pores of silylated RH-MCM-48.

RESULTS AND DISCUSSION

XRD studies: The X-ray diffractogram of as-RH-MCM-48,
cal-RH-MCM-48 and silyl-RH-MCM-48 are shown in Fig. 2.
The as-RH-MCM-48 sample (Fig. 2a) shows an intense peak
at 20 = 2.47° due to [211] plane and a weak peak at 26 =4.51°
due to [232] plane; whereas cal-RH-MCM-48 sample (Fig. 2b)
exhibits an intense peak at 20 = 2.74° due to [211] plane, a
weak shoulder peak at 20 =2.98° due to [220] plane and a weak
peak at 20 =4.71° due to the [232] plane. These peaks matched
well with the characteristic /a3d cubic mesophase structure
and resemble the same as that of conventional siliceous MCM-
48 [40]. The calcination caused an increase in the peak intensity
of [211] plane approximately 2 times compared to the previous
one.

This change in peak intensity is caused by the significantly
improved diffraction contrast between the pores and the frame-
work after the removal of the surfactant template. In addition,
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Fig. 1. Schematic illustration of external silylation of RH-MCM-48 and the impregnation of Fe** into its pores
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Fig. 2. X-ray diffractogram of as-RH-MCM-48 (a), cal-RH-MCM-48 (b)
and silyl-RH-MCM-48 (c)

the peak of [211] shifts to the larger wavelength (from 2.47°
to 2.74°20), indicating that the removal of surfactant template
causes the decrease in unit cell volume. For silyl-RH-MCM-
48 sample (Fig. 2c), the intensity of all the peaks almost equal
to that of calcined-RH-MCM-48. This is easily understood as
the silylation does not occur in the internal surface so that the
scattering contrast is not affected and remain the same. In
addition, there is no significant difference in the position of
the peaks between cal-RH-MCM-48 and silyl-RH-MCM-48,
suggested that the silylation does not cause structural changes
in RH-MCM-48 sample.

The X-ray diffractogram patterns of Fe,O;(x)(2h)(rt) @
silyl-RH-MCM-48 samples resulted from Fe** impregnation
with various Fe** concentrations are presented in Fig. 3. For
comparison, the diffractogram of silyl-RH-MCM-48 was also
shown. The intensity of the [211] peak decreases along with
the increase in Fe** concentration. This is probably attributed
to the reduction of scattering contrast between the pores and
the framework of the mesoporous materials due to the incor-
poration of Fe,O; nanoparticles in the pores [41]. In general,
the insertion of material into the pore results in the increase of
the mutually cancelling phase between the one which is scattered
by the wall and the other which is dissipated by the pore. Ultima-
tely this reduces the intensity of scattering on the Bragg reflection.
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Fig. 3. Diffractogram of silyl-RH-MCM-48 (a) and Fe,O3(x)(2h)(1t) @silyl-
RH-MCM-48 with various Fe** concentrations: 0.01, 0.05, 0.10,
0.25,0.75 and 1 M (b-g)

The formation of iron oxide nanoparticles in the pores of
silyl-RH-MCM-48 is believed to be initiated by the formation
of hydrogen bonds between the silanol groups on the internal
surface of silyl-RH-MCM-48 and the hydrated ligands in the
Fe(I1I) cation such as two-core cation Fe,(OH),(H,O)s*", which
is present in quite abundant amounts in a solution of Fe(III) at
low pH [42]. During the filtering, washing and calcination
processes, there was a significant increase in the concentration
of Fe,(OH),(H,0)s*" so that it reached a supersaturated state
and precipitated to produce iron oxide nanoparticles. This
proposed mechanism (Fig. 4) can explain the non-formation
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Fig. 4. Mechanism of iron oxide nanoparticles formation in the silyl-RH-MCM-48 pores

of iron oxides on the outer surface of silyl-RH-MCM-48 where
the silanol groups have been deactivated with the trimethylsilyl
groups.

Compared with silyl-RH-MCM-48, all peaks correspon-
ding to Fe,O3(x)(2h)(rt) @silyl-RH-MCM-48 shift evidently
to the smaller diffraction angle (26), suggesting an increase in
the unit cell parameter (a;), which may be attributed to the
isomorphic substitution in which Si** (Pauling radius = 42 pm)
is replaced by Fe** (Pauling radius = 64 pm) [43]. A schematic
illustration for isomorphic substitution of Si* by Fe** is shown
in Fig. 5, which showed that at the end, Fe is negatively charged
that can undergo protonation and acted as a Brgnsted acid,
which has catalytic properties.

Fig. 5. Schematic illustration for isomorphic substitution of Si* by Fe**

When the concentration of Fe** is relatively small, namely
0.01, 0.05 and 0.1 M, the peaks of the [211] plane is still quite
sharp even though their intensity decreases. This suggest that
the cubic structure of silyl-RH-MCM-48 is preserved. On
contrary, when the concentration of Fe** > 0.25 M; a small
intensity and broad peaks are observed, indicating a breakdown
in the cubic structure. Similar results were also reported by
several researchers [44,45]. The structural damage is probably
due to excessive replacement of Si** by a larger ion size of
Fe**. The content of Fe in Fe,O5(x)(2h)(rt) @silyl-RH-MCM-
48 samples (Table-1) shows that the weight % of Fe increases
with the increasing Fe* concentration in the precursor solution.
The maximum Fe content without causing damage to the silyl-

TABLE-1
EFFECT OF [Fe**] IN PRECURSOR SOLUTION
ON THE Fe CONTENT IN THE SAMPLE

Sample code [Fe*] (M) Fe(‘?g;;m
Fe,04(0.01M,2h,rt) @silyl-RH-MCM-48 0.01 113
Fe,0,(0.05 M,2h,rt) @silyl-RH-MCM-48 0.05 2.21
Fe,0,(0.10M,2h,rt) @silyl-RH-MCM-48 0.10 2.43
Fe,04(0.25 M,2h,1t) @silyl-RH-MCM-48 025 2.96
Fe,04(0.75 M,2h,1t) @silyl-RH-MCM-48 0.75 3.64
Fe,0,(1.00 M,2h,rt) @silyl-RH-MCM-48 1.00 428

RH-MCM-48 structure in this study is 2.43 wt.%, i.e. when
the solution of Fe’* 0.1M was used. This condition has been
selected for further study.

There is no additional specific diffraction of crystalline
peaks in the wide-angle region (not shown here), indicating
the absence of bulky iron oxide and/or oxyhydroxides aggre-
gates on the outer surface of the materials. Meanwhile, the
existence of iron oxide nanoparticles formed in the pore system
of silyl-RH-MCM-48 are too small to be detected by X-ray
diffraction. Thus, the deactivation of external silanol groups
by trimethylchlorosilane (TMCS) has succsessfully arranged
Fe** ions into the pores and prevented the formation of bulky
iron oxide and/or oxyhydroxides on the outer surface.

Fig. 6 presents the effect of contact time of impregnation
on the X-ray diffractogram patterns for the sample of Fe,O;
(0.1M,y,rt) @silyl-RH-MCM-48. It is observed that the XRD
peak intensity only slightly decreases with increasing contact
time up to 10 h. This indicates that the cubic structure of silyl-
RH-MCM-48 was still preserved and the contact time of up to
10 h does not cause any serious damage to the host structure.
The Fe content in the silyl-RH-MCM-48 host (Table-2) shows
a slight increase in the contact time of 2 to 4 h, but after that,
it is almost constant. This indicates that a contact time of 4 h
is sufficient for impregnation and was selected for further study.

Fig. 7 shows the XRD diffractogram pattern of Fe,Os
(0.1M,4h,z) @silyl-RH-MCM-48 at various temperatures.
Increasing the temperature up to 60 °C does not cause a signi-
ficant reduction in peak intensity of the diffractogram. However,
at 80 °C and especially at 100 °C, a significant reduction in the
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Fig. 6. X-ray diffractogram of Fe,O3(0.1M)(y)(rt) @silyl-RH-MCM-48 with
various of contact time: 2, 4, 6, 8 and 10 h (a-¢)

TABLE-2
EFFECT OF CONTACT TIME ON THE Fe CONTENT
IN Fe,0,(0.10M,y,rt) @silyl-RH-MCM-48 SAMPLE

Sample code Contact Fe content
time (h) (wt.%)
Fe,05(0.10M,2h,rt) @silyl-RH-MCM-48 2 243
Fe,05(0.10M,4h,rt) @silyl-RH-MCM-48 4 2.68
Fe,05(0.10M,6h,rt) @silyl-RH-MCM-48 6 2.69
Fe,05(0.10M,8h,rt) @silyl-RH-MCM-48 8 2.73
Fe,05(0.10M, 10h,rt) @silyl-RH-MCM-48 10 2.75

intensity of the [211] peak is clearly observed; indicating the
existence of structural breakdown of the silyl-RH-MCM-48.

This phenomenon suggests the poor hydrothermal stability
of silyl-RH-MCM-48, which may be caused by the fact that
external silylation on RH-MCM-48 is not sufficient to increase
the hydrothermal stability. Some researchers [46,47] reported
that silylation of mesoporous silicates is able to increase the
hydrothermal stability significantly, however it should be noted
that the silylation carried out by previous researchers was done
on the whole materials, e.g. both outer and inner surfaces. While
in present experimental work, silylation was carried out only
on the outer surface. The outer surface of the mesoporous
material contributes only a small part (about 15%) to the total
surface, while the rest (about 85%) is the internal surface [48].

211

220

Intensity (a.u.)

26 (°)

Fig. 7. X-ray diffractogram of Fe,05(0.1M,4h,z) @silyl-RH-MCM-48 with
various temperature: rt, 40, 60, 80 and 100 °C (a-e)

Therefore, it is not surprising that the silylation of RH-MCM-
48 in present study does not increase its hydrothermal stability
significantly. The rapture of mesoporous structure by hydrolysis
is believed to be caused by a break of siloxane bridge to produce
silanol groups in accordance with the following reaction [49]:

=Si-O-Si= + H-O-H — =Si-OH + HO-Si= ()

Table-3 shows the effect of impregnation temperature on
the iron content in the sample. Up to 60 °C, the Fe content
increases with the increase in temperature. At higher tempera-
tures (60 °C), the effectiveness of collisions between the reactant
particles increases, so that more iron oxide nanoparticles are
formed in the pores and more Fe replaces Si in the framework.
The Fe content is relatively constant when the temperature
was raised up to 100 °C. The constant level of Fe content with
the increase of temperature indicates that the lower [211] peak
intensity (Fig. 7c-d) is caused by the structural damage due to
temperature increases and not caused by reducing of scattering
contrast between the pores and the framework due to the more
filling of the pore. Based on this result, the temperature 60 °C
was selected as the optimal temperature for impregnation.
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TABLE-3
EFFECT OF TEMPERATURE ON

THE Fe CONTENT IN THE SAMPLE

Sample code T(eggg) Fe(;:}(t).r;:;nt
Fe,0,(0.10M,4h,rt) @silyl-RH-MCM-48 RT 2.68
Fe,05(0.10M,4h,40) @silyl-RH-MCM-48 40 2.82
Fe,0,(0.10M,4h,60) @silyl-RH-MCM-48 60 2.96
Fe,05(0.10M,4h,80) @silyl-RH-MCM-48 80 2.98
Fe,05(0.10M,4h,100) @silyl-RH-MCM-48 100 2.95

FTIR studies: The FTIR spectra of as-RH-MCM-48, cal-
RH-MCM-48,; silyl-RH-MCM-48 and Fe,05(0.10M,4h,60 °C)
@silyl-RH-MCM-48 are presented in Fig. 8. All curves exhibit
the strong broaden peak near 3470 cm™ related to OH asym-
metric stretching vibration absorption of silanol groups and
adsorbed water molecules. Additionally, the peak near 949
cm™ is attributed to ~OH bending vibration of surface hydroxyl
groups [50]. Due to the emerging of internal silanol groups
after calcination, the intensity of 3470 cm™ and 949 cm™ peaks
in Fig. 8bis stronger than that of Fig. 8a. A broad high-intensity
absorption peak of 1080 cm™ corresponds to the Si-O-Si bond
symmetric stretching vibration of MCM-48 skeleton, whereas
the 1650 cm™ absorption peak corresponds to the bending vibr-
ation of adsorbed water (~OH groups are hydrophilic). The
band at 802 cm™ is associated with symmetric Si-O-Si stretching,
whereas the band at 468 cm™ is assigned to a SiO, bending
mode [51].

1650 1465

1080

949 802 (b)

Transmittance (a.u.)

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
Wavenumber (cm’1)
Fig. 8. FTIR spectra of as-RH-MCM-48 (a), cal-RH-MCM-48 (b) and silyl-
RH-MCM-48 (c) and Fe;03(0.10M,4h,60°C) @silyl-RH-MCM-48
(@

The IR spectrum (Fig. 8a) has several absorption peaks
originating from the surfactant functional group, i.e. CTMA®™.
Peaks at the wavenumber 2924 and 2854 cm™ related to the
asymmetric and symmetric stretching vibration of —CHjs,
respectively [47]. The peak around 1465 cm™ appears from

the scissoring vibration of -CH,— and asymmetries bending
vibration of CH;-N* group [47]. In Fig. 8b, no peak related to
the existence of CTMA® is observed, which indicates the
complete removal of surfactant by calcination treatment.

The spectrum of Fig. 8c shows the peaks at 2960 and
1442 cm™, associated with the asymmetric bending and C-H
stretching of methyl (-CH3;) groups produced by the silylation
process, respectively [52]. At the same time, the reduction in
peak intensity of the symmetrical strain of Si-OH is observed
at 3436 and 949 cm™'. Also, the weak peaks emerged at 849
and 764 cm™, which is the characteristics of Si-C rocking and
stretching vibrations, respectively [52]. The success of silylation
can also be proven by comparing a coefficient (R) for silylated
and unsilylated samples, where R is defined to represent the
ratio between the peak intensity of the Si-OH bond at around
949 cm™ and that of the Si-O-Si bond at around 1080 cm™ in
the same spectrum. As shown in Fig. 8, the R of Fig. 8c is
smaller than Fig. 8b, indicating that H in the silanol group on
the outer surface has been replaced by the trimethylsilyl (TMS)
group. These results suggested that the —Si(CHj3); groups have
successfully grafted on the outer surface of RH-MCM-48.

The spectrum (Fig. 8c) still has a peak of the Si-OH bond,
because the silylation was carried out only on the outer surface.
The reaction of silylation can be illustrated as [29]:

—T—O—H + Si(CH3);C1 —= —T—O—Si(CH3)3 + HCl ()

Silanol TMCS Silylated silanol

This external silylation is expected to improve the steric
hindrance of the outer surface and prevent the formation of
agglomerated iron oxides.

The weak peaks at 638 and 562 cm™" are related to Fe-O-Fe
vibration of y-Fe,O; [53] positioned in the pore of MCM-48,
while the weak peak at 495 cm™ is associated with Fe(II)-O-
Si bending mode vibration [54] in the MCM-48 framework
(Fig. 8d). Consistent with this interpretation, the band at 1080
cm ™' is due to the strain vibration of Si-O-Si group shifts to
1066 cm™. This is probably caused by the replacement of Si
in the skeleton by Fe, leading to the formation of Si-O-Fe bond
with higher reduced mass. In addition, as a secondary effect
the band at 468 cm™ which is attributed to SiO4 bending mode
shifts to 426 cm™. The other characteristic peak of Fe-O bonds
is observed at 450 cm™ and assigned to Fe—O stretching mode
[55]. This peak is overlapped with the peak of Si-O bending
vibration at 426 cm™. Thus, the FTIR characterization has
clearly indicated the formation of iron oxide nanoparticles in
the pore of MCM-48 as well as the occurrence of isomorphic
substitution of Si in the pore wall by Fe. The iron(IIl) salt is
fully decomposed, as indicated by the absence of a character-
istic infrared peak of nitrate at 1380 cm™.

Surface area: Fig. 9 shows the N, sorption isotherms of
cal-RH-MCM-48, silyl-RH-MCM-48 and Fe,O3(0.10M,4h,
60°C) @silyl-RH-MCM-48 along with the corresponding pore
size distribution curves calculated from the adsorption branch
by the BJH method. The BET surface area, total pore volume
and pore diameters values of these materials are listed in Table-
4. There is no significant difference between the isotherm of
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TABLE-4
POROSITY OF cal-RH-MCM-438, silyl-RH-MCM-48 AND Fe,0,(0.10M,4h,60°C) @silyl-RH-MCM-48
Sample Sper® (m?/g) vV, (10° m*/g) d,BJH® (nm)
cal-RH-MCM-48 984.28 0.763 2.589
silyl-RH-MCM-48 982.81 0.724 2414
Fe,05(0.10M,4h,60°C) @silyl-RH-MCM-48 932.32 0.495 2.066

“BET surface area was estimated by multipoint BET method using the adsorption data in the range of P/P, = 0.05-0.30; "Total pore-volume
calculated at P/P, = 0.95; “Pore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
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Fig. 9. N,-physisorption isotherms of cal-RH-MCM-48 (a), silyl-RH-
MCM-48 (b) and Fe;05(0.10M,4h,60°C) @silyl-RH-MCM-48 (c).
The inset shows the pore size distribution

cal-RH-MCM-48 (Fig. 9a) and silyl-RH-MCM-48 (Fig. 9b),
showing that modification of the outer surface with TMCS
does not change the texture characteristics of the material. This
is understandable to consider that the silylation has been carried
out on the outer surface only, hence it does not affect the porosity.
This isotherm profile fits the type IV isotherm of the [IUPAC
nomenclature, which is characteristic of mesoporous materials
[43]. An increase in isotherm curves at P/P, < 0.3 is due to the
adsorption of the single layer of N, on the mesoporous walls,
while the steep increase around 0.3 < P/P, < 0.38 is referred to
the capillary condensation in the pore of RH-MCM-48.

The sharpness of the capillary condensation steps in these
isotherms is due to the uniformity of pores and their narrow
size distribution. The high slope of the curve in the capillary
condensation stage of these isotherms is due to the presence
of relatively uniform pores, i.e. with a narrow size distribution.
These results are in accordance with the XRD patterns (Fig.
2b-c), exhibiting well-resolved secondary diffraction above
20 = 3.5° ([232] peak), indicating a highly long-range order of
these materials. These isotherms exhibiting the type H1 hyster-
esis loop, generally correspond to the capillary condensation
in the mesopores and are typical of mesoporous materials [43].
The long plateau at higher relative pressures indicates the occur-
rence of multilayer adsorption after capillary condensation on

the surface of the material. The narrow H4 type hysteresis loop
which emerges at 0.40 < P/P, < 1.00 indicates the narrow range
of pore sizes contained in the material. Finally, at P/P, close to
1, the isotherm curves increase again which caused by the
filling of gas in the interparticle space [56]. These results
suggested that the external silylation treatment does not alter
the ordered structure of RH-MCM-48 significantly, which is
consistent with the X-ray diffractogram data.

In case of Fe,O3(0.10M,4h,60°C) @silyl-RH-MCM-48
sample (Fig. 9c), the isotherm still displays type IV. The conden-
sation step is sharp enough at P/P, of around 0.3, however it is
less sharp as compared to those of both cal-RH-MCM-48 and
silyl-RH-MCM-48 samples. In addition, the step inflection
point slightly shifts to a higher relative pressure (Fig. 9c). These
observations indicated that the impregnation of Fe** has reduced
the ordered structure of RH-MCM-48 and the uniformity of
pore channels. This phenomenon may be caused by the isomor-
phic substitution of Si** in the skeleton by Fe*, which is in
good agreement with the data of X-ray diffractograms and FTIR
spectra. Similar results has also been reported by few researchers
[43,57].

Table-4 exhibits that there is almost no difference between
the cal-RH-MCM-48 and silyl-RH-MCM-48 samples in terms
of surface area, pore-volume and pore diameter. However,
Fe,03(0.10M,4h,60°C) @silyl-RH-MCM-48 sample shows a
remarkable decrease in all parameter compared to the other
two samples. This decrease may be caused by the filling of
iron oxide nanoparticles in the pores.

TEM studies: Fig. 10a exhibits various sizes (100-300
nm) of spherical cal-RH-MCM-48 particles formed in lower
magnification, while Fig. 10b in higher magnification. The
spherical shape of MCM-48 particles has also reported by Qian
et al. [43]. The ordered cubic arrays of the mesoporous frame-
work is confirmed (Fig. 10c), when the electron beam is perpen-
dicular to the pore axis (Fig. 10d), when the electron beam is
parallel to the pore axis.

These images show a highly ordered mesostructure and
well-developed mesopores. It was clear that the pore structure
was regular over the whole particle, indicating the formation
of a well-defined ordered mesoporous structure of MCM-48.
These results matched perfectly with the characterization data
of XRD diffractogram and N, sorption isotherms. Based on
the images (Fig. 10), the pore sizes were found to be about 2.5
nm in diameter and 0.7 nm in wall thickness.

DR-UV-vis spectra analysis: The DR-UV-vis spectrum
of Fe,05(0.10M,4h,60°C) @silyl-RH-MCM-48 is presented in
Fig. 11a. For the purpose of comparison, the spectrum of the
bulk Fe,Os (Fig. 11b) is also presented. It is clear that Fe,Os;
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Fig. 10. TEM images of cal-RH-MCM-48: low magnification (a), medium
magnification (b), high magnification with the electron beam was
perpendicular to the pore axis (c¢) and high magnification with the
electron beam was parallel to the pore axis (d)
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Fig. 11. DR-UV-vis spectrum of Fe,05(0.10M,4h,60°C) @silyl-RH-MCM-
48 (a) and bulk = y-Fe,0s (b)

bulk sample shows broad band with strong maxima at 560
nm, originating from all possible d-d transitions [58].

On the other hand, Fe,03(0.10M,4h,60°C) @silyl-RH-
MCM-48 sample exhibits two absorption peaks at the smaller
wavelengths, i.e. at 215 and 259 nm. This blue shift is caused
by the transformation of particle size from bulk to the mole-
cular size, known as the quantum size effect, that happen to
iron oxide nanoparticles in mesoporous [59]. This interpre-
tation matches well with the characterization data obtained
from both FTIR spectra and the N, sorption isotherms. The peaks
at 215 and 259 nm are attributed to the ligand-to-metal charge
transfer (LMCT) transitions involving the isolated framework

of Fe* in (FeO)™ tetrahedral geometry. This transition belongs
to the electronic transition of O*to the t,, and e, orbitals of
Fe**, respectively, in the network structure [60]. This
interpretation agrees very well with the presence of isomorphic
substitution of Si** by Fe** as illustrated in Fig. 5.

It is interesting to observe that in Fig. 10a has no absor-
ption above 350 nm, indicating that the sample is free of bulky
iron oxide and/or oxyhydroxides on the outer surface [26,61].
Also, the colour of sample is white, suggesting that there are
no bulky iron oxides. These results are easily understandable
since the external silanol group has been inactivated by the
hydrophobic trimethylsilyl group. It seems that trimethylsilyl
group acts effectively as a deactivator so that Fe** ions cannot
interact with the deactivated silanol groups via hydrogen bond,
which is the initial step in the formation of iron oxides. Mean-
while, some researchers [62-64] have also reported the similar
observations. This is quite understandable since they have used
unsilylated mesoporous silicates as a host material so that the
formation of iron oxides is not protected.

EPR spectra analysis: Fig. 12 shows the EPR spectrum
of Fe,05(0.10M,4h,60°C) @silyl-RH-MCM-48 recorded at
room temperature. This spectrum exhibits three different peaks
emerging at various g values (4.3, 2.2 and 1.9), suggesting
the presence of three different environments around the trivalent
iron. The weak peak at g =4.3 proves the presence of Fe in the
skeleton and is characteristic for the paramagnetic Fe** cations
isolated in strong rhombic distorted tetrahedral coordination
[26,65]. The strong peak centered at 2.2 is attributed to non-
framework (superparamagnetic) iron hydroxides/oxide nano-
particles located in the pores [26,65]. The rather strong peak
at 1.9 is attributed to the extra-framework of Fe™ or trivalent
iron framework (Fe™ species in octahedral coordination) [26].
Both DR-UV-Vis and EPR spectra also suggested that the
loading of trivalent iron in mesoporous matrix gives rise not
only to the iron oxide nanoparticles dispersed in the pores,
but also to the isomorphic substitution of Fe** in the framework
sites of Silyl-RH-MCM-48 structures.

Intensity (a.u.)

I I 1 I
0 1000 2000 3000 4000 5000
H (Gauss)
Fig. 12. EPR spectrum of Fe,05(0.10M,4h,60°C) @silyl-RH-MCM-48

VSM curve: The magnetization curve of Fe,03(0.10M,
4h,60°C) @silyl-RH-MCM-48 recorded on VSM at room
temperature is shown in Fig. 13. This magnetization curve shows
the absence of hysteresis, meaning that the composite exhibits
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Fig. 13. Room temperature magnetization curves for Fe,0;(0.10M,4h,
60°C)@silyl-RH-MCM-48

superparamagnetic behaviour at room temperature. Similar
finding has also been reported by several workers [26-28].
This superparamagnetic behaviour is believed to be originated
from the y-Fe,O; nanoparticles formed in the silyl-RH-MCM-
48 host pore. As shown in Fig. 13, an increase in the external
magnetic field up to 3T results in the increase in magnetization
up to 6 emu only without any saturation. This very low magne-
tization (compared to 76 emu/g for bulky y-Fe,Os) is probably
due to the spin canting resulted from the discontinuity of the
super-exchange bonds between the Fe cations [66].

Fig. 13 also shows that remanence (M;) and coercivity
(H.) are zero. Compared with the bulk of y-Fe,O; (M, = 63
emu/g and H. = 250-400 G), the absence of remanence and
coercivity in this curve can be attributed to the single magnetic
domain cluster bearing to nanocomposite. For bulky systems,
the coercivity is related to the motion of the magnetic domain
walls in the presence of a magnetic field; whereas in single-
domain particles, coercivity comes from the magnetization
rotation away from the easy axis [66].

The superparamagnetic materials can be attracted to the
magnetic field but there will be no more attraction between the
particles after the field being removed, therefore this materials
have great potential to be used for several applications. Also,
the Brownian rotation phenomenon and Ne “el relaxation mech-
anism, which have implications for the ability of superpara-
magnetic nanoparticles to transmit heat in an alternating
magnetic field can be exploited for cancer treatment when it
reaches hyperthermic temperatures [41].

Conclusion

Rice husk silica synthesis of MCM-48 (RH-MCM-48)
with an ordered /a3d cubic mesostructure has been successfully
synthesized by the sonochemical method using rice husk as a
source of silica. The products are spherical particles of varying
sizes (100-450 nm) with regular mesopores and a narrow pore

size distribution. The BET surface area, pore-volume and BJH
pore diameter were 984.28 m%/g, 0.763 x 10° m*/g and 2.589
nm, respectively. The success of deactivation using trimethyl-
chlorosilane (TMCS) on the outer silanol group of RH-MCM-
48 to produce silyl-RH-MCM-48 has been confirmed by FTIR
spectra. The optimal conditions for impregnation of Fe* into
the silyl-RH-MCM-48 pore system are Fe** concentration of
0.1 M, contact time of 4 h and mixing temperature of 60 °C.
The FTIR spectra, DR-UV-visible spectra, EPR spectra and
magnetization curve have suggested the formation of super-
paramagnetic iron oxide nanoparticles in the pore system and
the occurrence of partial isomorphic substitution of Si** in the
skeleton by Fe*. In addition, it has been interestingly found
that the external silylation is able to prevent the formation of
bulky iron oxides on the outer surface of MCM-48 host.
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