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ABSTRACT

Monitoring of the formation of ultrasmall Cs-AIMCM-41 nanospheres under hydrothermal condition has
been performed. It showed that when the CTABr surfactant, silica and alumina were mixed, homogenization
of raw materials was first taking place, where CTABr molecules first interacted with the inorganic species via
self-assembly into helical rod-like micelles. Hydrolysis, condensation and polymerization of silica and
alumina precursors were then initiated. In addition, the Cs* cation also participated during the formation of
MCM-41 structure where it counterbalanced the negative charge of the aluminosilicate surface. After 14 h,
the aluminosilicate oligomers were produced and fully enclosed the spherical micelles. Further increasing the
hydrothermal treatment to 24 h onwards, polycondensation silanol siloxane would take place leading to the
emergence of well-defined and highly ordered MCM-41 structure. This study came up with a clear picture on
the formation of Cs-AIMCM-41 hollow nanospheres in cationic-surfactant-templated. This suggested that
similar studies for other mesoporous materials such as MCM-48 and MCM-50 under different conditions and
approaches could also be explored.
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INTRODUCTION nanospheres was reported which was investigated by

Mesoporous materials are an important class of porous solids
having pore sizes from 2 to 50 nm (Kresge et al. 1992). Since
the first discovery of MCM-41 in 1992, a number of patents
and publications on the synthesis of this mesomaterial and
other new mesoporous silica (e.g. SBA, FDU, FSM, HMS, and
MSU) have been reported. The chemical interaction and self-
assembly mechanism between the surfactants and inorganic
precursors have been discussed (Inagaki et al., 1993; Tanev
and Pinnavaia, 1995; Bagshaw et.al 1995; Zhao et al., 1998;
Liu et al 2002).

Typically, the MCM-41 mesoporous materials are synthesized
in 2-dimensional structure (Bagshaw et.al 19950. Recently, the
preparation of nanosized MCM-41 is receiving intensive
attention due to their unique properties which are not found in
conventional MCM-41 solids (Naraya and Nayak, 2018; Maiti
et al, 2016). The synthesis of ultrasmall MCM-41
nanoparticles is highly demanded for advanced applications,
especially in biomedical and catalysis fields. However, the
detailed evolution of MCM-41 nanoparticles containing Al and
Cs elements have not been reported so far. In this chapter, the
evolutional formation of ultrasmall Cs-AIMCM-41 hollow

complementary analyses involving advanced characterization
techniques such as XRD, TEM, FTIR, Nz sorption, TGA/DTG
and XRF. The study was performed by interrupting the
formation at various intervals and the solids were
systematically characterized until well-ordered ultrasamall Cs-
AIMCM-41 hollow nanospheres was formed.

MATERIALS AND METHODS
Materials

Cesium hydroxide monohydrate (CsOH-H20, >99.5%), Ludox
AS-40 (40%), aluminum isopropoxide (98%), acetic acid
(CH3;COOH, >99.7%), were purchased from Sigma-Aldrich
GmbH, while cetyltrimethylammonium bromide (CTABI,
97%) was purchased from Merck Chemicals GmbH. All
chemicals were used without additional purification

METHODS

Ultrasmall CsMCM-41 with hollow nanospheres (CsM-30)
with a SiO2/Al203 ratio = 30 were synthesized as follows:
Clear Solution 1 was first prepared by dissolving CTABr
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(4.388 g, 97%) into distilled water (80.742 g). Solution 2 was
prepared by mixing CsOH-H20 (3.963 g, 99.5%) and Ludox
AS-40 (7.030 g, 40%). Solution 2 was then added into Solution
1 while stirring (400 rpm) before aluminum isopropoxide
(0.210 g, 98%) was added into the mixture and the precursor
with a final chemical composition of 4SiO2: 0.13Al20a:
1CTABr: 1Cs20: 400H20 was obtained. The stirring was
stopped after 15 min, and the reaction mixture was
hydrothermally treated at 100 °C. Samples were taken out at
different time intervals (0 h, 10 h, 14 h and 24 h) throughout
the hydrothermal process. The white solids were filtered,
washed thoroughly with distilled water and dried at 60 °C
overnight. These samples were denoted as M-0h, M-10h, M-
14h, and M-24h (Liu et al,. 2013; and Ghear et al., 2019).

Characterization

Powder X-ray diffraction (XRD) patterns were collected on a
Bruker-AXS D8 diffractometer with Cu Kg radiation (A =
1.5418 A). Fourier-Transform Infrared (FT-IR) spectra were
recorded with a Perkin Elmer’s System 2000 FTIR
spectrometer, using the KBr method (KBr: sample weight ratio
= 200:1). Transmission electron microscopy (TEM) images
were captured using a PHILIPS CM-12 TEM with an
acceleration voltage of 200 kV. The chemical composition and
the elemental mapping of the solids were obtained with an
Oxford Instruments X-Max 80 mm? Solid State EDX detector
which was equipped onto a JEOL JSM-6701F FESEM
microscope. Thermogravimetric/differential thermal
gravimetric analysis (TGA/DTG) was performed using a
Mettler TGASDTAS851 instrument at a heating rate of 20 °C
min-! under air flow. N2 adsorption-desorption isotherms were
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measured at -196 °C on a Micromeritics ASAP 2010
instrument. The solid was degassed for 15 h at 300 °C before
analysis. The chemical composition of the solids was also
determined using a Philips PW2404 X-ray fluorescence
spectrometer (XRF) (Ghear et al., 2019).

RESULTS AND DISCUSSION

The progressive formation of Cs-AIMCM-41 was monitored
by powder XRD instrument. No diffraction peak was observed
at 0 h indicating that an amorphous sample with non-uniform
structure was obtained (Figure 1a). After 10 h of heating at 100
OC reaction time, a weak diffraction peak at 20 = 2.23% due to
(100) plane started to appear (Naraya and Nayak, 2018). This
suggested that the Cs-AIMCM-41 oligomers had started
forming but were still not well developed (Figure 1b). As the
synthesis time was extended to 14 h, the diffraction peak of
(100) plane became more intense. In addition, three weak
peaks at 20 = 3.86°, 4.50° and 5.94° due to (110), (200) and
(210) planes started to appear (Naraya and Nayak, 2018).
Thus, it showed that the degree of meso-ordering of the sample
increased when the hydrothermal treatment was taking place
(Kresge et al., 1992). After the hydrothermal heating was
extended to 24 h, the peak intensity of these four diffraction
peaks increased explaining their uniform and ordered
distribution of the channel diameters in the resulting products.
Moreover, the XRD peaks was also slightly shifted to the
higher angle (2.15° to 2.23%) as the sample was heated from 10
h to 24 h. This indicated that the pore diameter of Cs-AIMCM-
41 gradually decreased with hydrothermal time due to the
formation of more rigid Si-O-T (T = Si or Al) bonds (Liu et
al,. 2013). As a result, the progressive increase in unit cell
parameter occurs (Table 1).
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Figure 1. XRD patterns of solids after (a) 0 h, (b) 10 h, (c) 14 h and (d) 24 h of hydrothermal synthesis.
Table 1: Textural properties of the MCM-41 samples

Samples d100 Spacing Unitcell, a0  Surface area, Sget Pore volume, Pore diameter, D
(nm) (nm)2 (m?g?) Viotal (cmgt) (A)®
M-0h NA NA 122 0.520 0
M-10h 3.84 4.43 406 0.722 20.17
M-14h 3.96 4.57 468 0.828 19.78
M-24h 3.92 453 563 1.327 19.71
2d,
a, = ;" (Jenkins, 2006)
J

bFrom BJH analysis

The TEM images of the samples heated for different times were shown in Figure 2. The initial sample (0 h) showed 3D
irregular network where no specific shape could be identified (Figure 2a,b). This observation agreed with the XRD data (Figure
1a). When the heating time was extended to 10 h, the morphology of the sample changed significantly and nanospheres of ca. 34
nm embedded in bulk amorphous entities were seen (Figure 2¢,d). These bulk amorphous entities, however, disappeared as the
reaction time was extended to 14 h, leaving monodisperse nanospheres with reduced particle size (ca. 27 nm) (Figure 2e,f). As
seen, the mesoporosity was hardly detected at this stage due to low meso-ordering as also revealed by XRD data (Figure 1c). The
morphology of the Cs-AIMCM-41 solids gradually changed to nanospherical shape with hollow structure as the hydrothermal
treatment was heated to 24 h (Figure 2g,h). According to the TEM image, uniform mesopores at the core surface and uniform
shell thickness (ca. 6.0 nm) were seen on the nanospheres. Interestingly, the MCM-41 solid obtained in this work was different
from those reported in the literature (Liu and Xu, 2019; Slowing et al., 2006).
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The solid product yield versus the heating time was also plotted in order to understand the formation of Cs-AIMCM-41
hollow nanospheres (Figure 4.3). At 0 h, 40% of solid was successfully recovered. The solid product yield increased to 57% after
10 h which could be due to the polycondensation of silica and alumina species. More solid product precipitated out as the
hydrothermal heating period increased to 14 h and 24 h; 63% and 67% of yield were recorded, respectively.

Figure 2. TEM images of Cs-AIMCM-41 solids after (a,b) M-0h, (c,d) M-10h, (e,f) M-14h and (g,h) M-24h of hydrothermal
treatment.
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Figure 3. Yield of solids after (a) M-0h, (b) M-10h, (c) M-14h and (d) M-24h of hydrothermal heating.

The formation of Cs-AIMCM-41 was also studied by means of IR spectroscopy. For M-0h, the IR spectroscopy indicated that
some CTABr surfactant molecules were occluded in the solid indicating the direct interaction between CTABr with the
aluminosilicate oligomers (Figure 4a). It can be proven based on the presence of IR bands at 2928, 2858, 1463 and 800 cm
which were attributed to the presence of alkyl groups of CTABr (Franco and Oliveira, 2013). The IR bands at 3438 and 1640 cm~
! were attributed to the adsorbed moisture (HO-H group) (Rahman et al., 2017). As seen, M-0h showed the least intense bands
compared to the other three samples indicating that M-0h contained the lowest amount of occluded CTABr template.

Furthermore, the IR bands at 1223, 1091, 807 and 448 cm could be respectively assigned to the asymmetric stretching,
symmetric stretching and bending vibration of Si-O-T (T = Si or Al) (Figure 4a) (Ng et al., 2006). The siloxane (Si-O-Si)
oligomers were the basic units for the construction of the Cs-AIMCM-41 mesoporous structure. The bending mode of isolated
silanol (Si-OH) was detected at 925 cm™ (Petcu et al., 2017). At 10 h, the peak intensity due to Si-O-Si and Si-OH functional
groups was increasing (Figure 4b). However, no change in the peak intensity after 14 h occurred indicating that the completion of
hydrolysis and polycondensation of aluminosilicate networks (Figure 4c). In addition, the bands at ca. 1220 and 1096 cm* were
red shifted indicating that more Al atoms had been successfully isomorphous substituted into the MCM-41 mesoframework (Ng
et al., 2006).
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Figure 4. FTIR spectra of as-synthesized Cs-AIMCM-41 solids after (a) M-0h, (b) M-10h, (c) M-14h and (d) M-24h of
hydrothermal treatment.

The IR spectroscopy analysis was further confirmed by TGA/DTG analysis (Figure 5 and 6). Three steps of weight loss were
clearly observed by all samples. The first step of weight loss at below 135 °C was due to the removal of physisorbed water
(Watanabe, 2018). The amount of water adsorbed increased with synthesis time which was in line with the IR spectroscopy data
where M-0h released the least amount of physisorbed H20 (2.39%) due to its low surface area (122 m2g™t) (Table 1). On the other
hand, M-24h released the largest amount of physisorbed H20 (ca. 5.75%) which is due to its well-defined mesoporous structure
with larger surface area (563 m?g).

The second step of weight loss at 135-500 °C was attributed to the release of chemisorbed water and the decomposition of
occluded template via Hofmann elimination (Aiube and Oliveira, 2019). The amount of occluded CTA* during the formation of
MCM-41 framework increased with heating time. For M-0h, 10.09% of CTA* molecule decomposed, and it increased to 18.55%
(M-10h), 33.24% (M-14h) and 44.82% (M-24h). Therefore, it indicated that M-Oh and M-10h had a very low degree of
mesostructured ordering due to insufficient amount of CTA* template (Braga et al., 2011).

The third step of weight loss above 500 °C was due to the oxidation of the remaining organic components to carbon dioxide,
water and probably residual carbonaceous species (Petcu et al., 2017). At this step, small quantity of water was also produced
from Si—OH condensation forming siloxane (Si—O-Si) group. M-0h recorded 1.47% loss at this stage due to the amorphous
nature of framework and its weight loss was higher than the other three samples (M-10h: 1.67%, M-14h: 1.84%, M-24h: 2.38%).
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Figure 5. Thermograms of as-synthesized MCM-41 solids after (a) M-0h, (b) M-10h, (c) M-14h and (d) M-24h of hydrothermal
treatment.
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Figure 6. DTG curves of as-synthesized MCM-41 solids after (a) M-0h, (b) M-10 M-h, (c) M-14h and (d) M-24h of
hydrothermal treatment.
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The formation of Cs-AIMCM-41 hollow nanospheres was also studied by using N2 adsorption-desorption isothermal analysis.
Figure 7 showed the N2 adsorption-desorption isotherms of the four calcined samples. M-0h displayed a typical type 111 isotherm
revealing its macroporous/non-porous nature (Yildirim et al., 2011). As seen from Table 4.1, M-Oh had low surface area (122
m?g?1) and pore volume (0.5 cm® @), and the pore diameter was not detected due to its non-porous property. Hence, this
suggested that the mesostructured Cs-AIMCM-41 was not yet well established at this stage and this finding was supported by the
XRD and TEM results.

The N2 adsorption-desorption isotherm of the solids changed to type 1V with distinct slit-shaped hysteresis loops when the
heating time was extended (Figure 7b-d) where this revealed the presence of mesoporosity in the samples with slit-shaped pores
(Kruk et al., 1997). The samples (M-10h, M-14h and M-24h) showed remarkable increase in surface area, pore volume but
slightly reduced in pore dimeter (Table 1, Figure 7). Cs-AIMCM-41 hollow nanospheres (M-24h) recorded the highest surface
area (563 m? g 1) and pore volume (1.327 cm3gt) where their pore diameter was recorded to be 19.71 nm (Figure 8).

0]

(d)

200 cm’/g

Quantity adsorbed (cm’/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )

Figure 7. N2 adsorption (close symbol) and desorption (open symbol) curves of (a) M-0h, (b) M-10h, (c) M-14h and (d) M-24h.
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Figure 8. Pore size distribution of (a) M-0h, (b) M-10h, (c) M-14h and (d) M-24h.

The chemical composition of the samples was also determined using XRF spectroscopy analysis. As can be seen, the SiO2/Al203
ratio of M-Oh was 45.24, which was higher than that of the initial precursor solution (SiO2/Al20s3 ratio = 30). When the
hydrothermal treatment proceeded, the SiO2/Al20s ratio continued to decrease indicating the active participation of Al into the
amorphous samples. When the heating time was 10 h, the SiO2/Al20s3 ratio of M-10h was 43.13. It decreased to 32.41 at 14 h
before it further reduced to 30.11 after 24 h. In addition, the Cs was also found to actively participate in the formation of Cs-
AIMCM-41 hollow nanospheres. At 0 h, the Cs20/Al203 ratio was very low which was merely 0.07. It increased to 0.38 after 10
h before it reached 0.52 after 24 h. In the formation of MCM-41, Cs serves as extra-framework cation to counterbalance the
negative surface charge created by the isomorphous substitution of Al in the silicate framework structure (Ghear et al., 2019).

Table 2: Chemical composition of samples heated at different times.

XRF spectroscopy analysis (%6) Cs20/Al203 SiO2/Al203
Samples
SOz Al203 Cs20 Others molar ratio molar ratio
M-0h 97.57 1.83 0.35 0.25 0.07 45.24
M-10h 95.52 2.02 213 0.33 0.38 43.13
M-14h 94.35 2.47 2.85 0.33 0.42 3241
M-24h 93.32 2.63 3.79 0.26 0.52 30.11
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CONCLUSION

The monitoring of the formation of cesium aluminosilicate
(CsMCM-41) mesoporous material, under hydrothermal
condition has been performed. The results demonstrated that
when both surfactant, silica and alumina solutions were mixed
under moderate stirring for 15 min, the process comprises
homogenization of raw materials, where CTAB surfactants
were first self-assembled into helical rod-like micelles,
followed by hydrolysis, condensation and polymerization of
silica and alumina precursors. After 0-16 h, the aluminosilicate
oligomers which fully covered the helical cylindrical micelles
underwent further condensation until completion. A well-
defined and highly ordered CsMCM-41 which was thermally
stable was obtained after 24 h of hydrothermal treatment.
Thus, in summary, this study successfully gives a clear look on
the formation of CsSMCM-41 in cationic surfactant templated
system. A clearer picture of the formation of CSMCM-41 has
been obtained by observing the spectroscopy, microscopy and
thermogravimetry data, which eventually leads us to a more
comprehensive understanding of the self-assembly and
chemical interactions in the surfactant system. Similar studies
for other mesoporous materials under different conditions and
approaches are encouraged since it may reveal more useful
information for the understanding of the formation of
mesostructured materials.
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